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1 
General introduction 
 

 

Human aging, health, and quality of life 

Probably everyone agrees with the statement ‘old age has its infirmities’, based on own experience or 

on our experience with aging relatives, friends, or neighbors. Everybody is familiar with the signs of 

growing old: the skin wrinkles and the hair turns gray. Functional and behavioral changes also occur. In 

the aged, sight and hearing slowly deteriorate. The ability of the eye to accommodate decreases, a 

process that starts at about 40 years of age, and the reaction to light and adaptation to dark decrease. 

Impairments of hearing, and even loss of perceptive hearing (presbycusis), occur. In particular, high-

frequency tones are perceived less well with advancing age. The senses of smell and taste also 

deteriorate with age. Impairments in these senses, however, are less obvious and are in general not 

considered to be as disturbing as dysfunctions of sight or hearing. Similarly, the respiratory, digestive, 

and endocrine systems, the heart and the circulatory system, and the skeleton and muscles deteriorate 

with age (e.g. Butler, 1997; Lamberts, van den Beld & van der Lely, 1997). 

The nervous system also ages. For example, in men the mean brain weight decreases non-linearly 

from 1391 grams in the third decade of life to 1161 grams in the ninth decade, and the decrease 

accelerates with higher age (Adams, Victor & Ropper, 1997, p. 612). Older studies reported a 

significant loss of cells in the brains of aged people, especially in structures such as the hippocampus 

and the cerebral cortex which are crucially involved in cognitive processes. In fact, this cell loss is 

considered to be the main reason why cognitive functions deteriorate in the aged. Recent stereological 

measurements, however, do not confirm these findings, making it less likely that neuronal cell death in 

the cerebral cortex and hippocampus contributes to the age-associated cognitive impairments of aging 

people. Instead, the cognitive deficits observed in the elderly might be due to more subtle changes at 

the neuronal level that compromise normal function (Morrison & Hof, 1997). 

Perhaps the most notable symptom which provides an early indication of the aging of the brain is the 

deterioration of memory. There are also well recognizable neurological signs of aging of the nervous 

system, such as alterations in stance, posture, and gait. Although these alterations are a consequence 

of aging of the nervous system per se and are not caused by disease processes (Adams, Victor & 

Ropper, 1997, p. 1050), they do make the elderly more susceptible to diseases. 

It is important to distinguish between the consequences of the normal aging process and of the first 

weak symptoms of disease. Early detection of age-related diseases might offer the opportunity to 

successfully intervene therapeutically, because intervention at a more advanced stage of a disease 

often drastically reduces the therapeutic efficacy (Molnar & Dalziel, 1997). Unfortunately, the distinction 

between disease and health is less clear in older people than it is in younger people. It is sometimes 

difficult to distinguish between the effects of aging per se and the effects of diseases which come with 

age. For example, symptoms of the early stages of Alzheimer’s disease, such as a deterioration of 

cognitive functions, might mistakenly be ascribed to the normal consequences of aging. Such false 

diagnoses are the main reason for missed opportunities to initiate treatment at a stage when disease 

progression might successfully be slowed down. 
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Although many people consider old age to be associated with disease and the need for help, 85% of all 

people aged 65 years and older are autonomous and are independent of the help of others. Normally, 

a healthily aging person is perfectly capable of coping adequately with these age-associated 

limitations, handicaps and burdens, and to lead a satisfying life despite these restrictions (Lehr, 1997). 

Most elderly people experience growing old as a normal phase in their development and accept the 

accompanying problems and limitations. 

Many different theories of aging are currently being discussed and are under scientific investigation. 

These theories range from the somatic mutation theory, which assumes that the accumulation of 

spontaneous mutations impairs functions with increasing age, through the detrimental effects of free 

radicals, which attack and oxidize the molecular components of cells, to the supposition that wear and 

tear are the main factors responsible for the observed age-associated deterioration of functions (see 

Ricklefs & Finch, 1995, for a very illustrative introduction to this topic). However, none of these theories 

is able to explain all age-related impairments. A commonly accepted concept of aging is missing. It is, 

however, reasonable to suppose that the maximum life span is determined genetically. There are no 

reliable reports of people older than 120 years. The individual life span is modified to a considerable 

degree by environmental influences and by the personal life style (Finch & Tanzi, 1997). The maximum 

life span in humans appears to be unaffected by the factors which are responsible for the increasing 

mean life expectancy. 

The prevalence of dementias and cerebrovascular diseases increases with age 

Aging is associated with an increase in the prevalence of a number of diseases, such as dementias, 

cardiovascular and cerebrovascular diseases, and cancer. In fact, these diseases are usually the main 

cause of death in the aged. 

Dementias 

The number of elderly people with cognitive impairments is steadily increasing because the proportion 

of elderly people in the population is steadily increasing (Butler, 1997). When dysfunctions due to 

cognitive impairments become so severe that the elderly person can no longer successfully manage 

his or her normal daily activities and needs help, then he or she probably suffers from a dementia. This 

class of diseases is characterized by a (progressive) deterioration of intellect, memory, judgment, and 

abstract thinking (American Psychiatric Association, DSM IV, 1994). Many different types of dementias 

are recognized, which can be classified using different systems. One of these classifications 

distinguishes four main groups of dementias (Heinitz, 1997):  

� Primary degenerative dementias, which predominantly affect the cerebral cortex, such as 

Alzheimer’s disease, Pick’s disease, and primary degenerative dementias of unspecified type, are 

the most frequent forms: 45 to 60% of people suffering from dementia are estimated to have a 

primary degenerative dementia. 

� Vascular dementias, which are caused by cerebrovascular dysfunctions, are estimated to account 

for 15 to 25% of all cases. 

� Mixed forms of primary and vascular dementias are estimated to account for 10 to 15% of all 

demented people. 

� Secondary dementias, i.e. diseases which give the impression that the individual is demented are 

not primarily caused by pathological changes in the brain. Instead, diseases such as severe 

depression, serious infections such as acquired immune deficiency syndrome (AIDS), and side 
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effects of medications (note that the elderly often receive co-medication for a number of diseases) 

appear to have detrimental effects on cognitive functioning, which manifest themselves as attention 

deficits, lack of concentration, and apathy. The pattern of symptoms can be very similar to that seen 

in patients suffering from primary dementias (Heston & White, 1991). About 10 to 15% of all 

dementias are estimated to be secondary to other diseases.  

The prevalence of dementia doubles every 6 years between the ages of 60 and 85 years. However, it 

should be noted that a highly heterogeneous group of disorders which affect the aged in a variable way 

are subsumed under the diagnosis dementia. The prevalence of dementia of the Alzheimer type (DAT) 

doubles even more rapidly, namely every 4.2 years (Molnar & Dalziel, 1997). 

Stroke 

From the fifth decade onward, the risk of stroke generally doubles every 10 years. The incidence of 

cerebrovascular diseases is considerably higher (30%) in men than in women, but there are no gender 

differences regarding the distribution of the different types of cerebrovascular diseases (Gorelick, 

1995). However, because women live longer than men, and because of the age-associated increase in 

the prevalence of cerebrovascular diseases, more women than men appear to be affected by these 

diseases (Schramm, 1997). Eighty to 90% of all cerebral ischemic strokes occur in people aged 65 

years and older (Reuter, 1997), and 60% of primary cerebral hemorrhages occur in people aged 75 

years and older (Schramm, 1997). Thus, ischemic cerebral stroke and hemorrhage are diseases which 

affect primarily old people. The accumulation of risk factors during life, such as exposure to harmful 

environmental influences (e.g. alcohol, tobacco, environmental toxins; Butler, 1997), or chronically 

impaired health (e.g. due to hypertension, diabetes mellitus, prior stroke), as well as genetic 

predisposition and their interaction with environmental influences might be responsible for the increase 

in cerebrovascular diseases with advancing age (Gorelick, 1995). 

Quality of life 

The incidence and prevalence data for dementias and cerebrovascular diseases show the enormous 

increase in the number of people affected with increasing age. However, the figures do not show the 

adverse consequences for each individual patient and his or her family, friends, the community and the 

health care system. Moreover, the caregivers are often of an advanced age and suffer from health 

problems themselves (Molnar & Dalziel, 1997). Thus, the costs to care for a patient might be high, and 

the quality of life of the caregiver might also be severely reduced. Caring for a dementing patient 

appears to have a stronger negative impact on the caregiver, i.e. spouse or other family members, 

than has care for patients suffering from other diseases (Walker, Salek, & Bayer, 1998). A number of 

instruments have been developed to assess the quality of life of patients and of his or her caregiver 

(reviewed in Walker, Salek & Bayer, 1998). 

Quality of life depends on a variety of factors such as contact with the family, social interactions with 

friends and neighbors, a sound financial situation, good housing conditions, and on how the own 

biography is perceived (Lehr, 1997). A considerable portion of the experienced quality of life, however, 

depends on the functional state and on the health of the individual. They are good predictors of the 

perceived well-being and quality of life of the aged (Lehr, 1997). Improvement of the quality of life, 

especially in the elderly, is a major goal of medical care (Arnold, 1997; Dolan, 1998). 

The average life span is increasing in industrialized and developing countries (Butler, 1997), mainly 

due to a decrease in disease-specific mortality. However, it seems inconsistent to increase the life 

span if this increase is not accompanied by a prolonged period of independence from the help of 
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others and a good quality of life. Figure 1 schematically shows that the number of years a person will 

experience chronic disabilities will also increase as the average life span increases (compare 

scenarios I and II in Fig. 1) if the onset of age-associated impairments is not postponed in parallel to an 

older age. Thus, both life span and health span should be increased (scenario III in Fig. 1). The main 

goal, however, should always be to ensure a good quality of life for as long as possible and to reduce 

the number of years with morbidity, i.e. years in which the quality of life is reduced due to chronic 

disabilities and dysfunctions. 
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Figure 1. Scenarios for 
prolongation of the average life 
span from 75 to 80 years. In 
scenario I, the mean life span is 
75 years, where the last 15 
years are characterized by an 
increase in age-related diseases 
and the accompanying chronic 
disabilities and dysfunctions. A 
5-year increase in the average 
life span to 80 years, as a result 
of reduction in mortality, is 
shown in scenario II. Final aim, 
however, is a clear compression 
of the years with morbidity, as 
depicted in scenario III (adapted 
from Köhler, 1990). 

 

 

Unfortunately, we are far from being able to prevent or cure dementias and cerebrovascular diseases. 

To fight dementias and cerebrovascular diseases and to improve the quality of life in the elderly 

requires insight into the processes underlying the aging process and into the pathopysiological 

processes underlying stroke and dementias. This information is needed to identify and characterize 

putative therapeutics, i.e. to develop new therapies. 

Ordered according to feasibility, the major goals with respect to dementias are to preserve the ability of 

the patient to manage his or her daily activities of living for as long as possible, i.e. slow down the 

progression of the disease, to cure the disease, and finally, to prevent the onset of the disease. 

For cerebrovascular diseases such as strokes and hemorrhages, ordered according to feasibility, the 

main goals are to preserve function after the infarct, to help the patient to regain as soon as possible 

as much of the lost or impaired functions as possible, to prevent new strokes, and to prevent strokes. 

The degree of behavioral impairment, together with the degree of suffering and pain, is a substantial 

determinant of the perceived severity of age-associated and of disease-induced limitations to living a 

normal, independent life. In order to gain an understanding of the processes underlying these 

behavioral impairments, relevant animal models of aging, of brain infarction and of dementia are 

needed. Such models are invaluable tools to gain the scientific insight needed to reach the above-

mentioned goals. These animal models should mimic the functional state, e.g. cognitive impairments 

and sensorimotor dysfunctions, associated with aging or disease. They are expected to provide insight 

into the processes underlying aging and disease, and to allow the assessment of effects of putative 
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therapeutics. An extremely important first step with respect to the use of animal models is a thorough 

evaluation of their reliability and validity. 

 

 

Animal models for assessing brain-behavior relationships 

In behavioral neurosciences such as neurobiology and comparative and physiological psychology, 

animal models provide a scientific approach to investigate brain-behavior relations. The final goal is to 

gain insight into human behavior and its underlying neuronal and neuroendocrinological processes. 

The most relevant information, of course, can be derived from the study of humans themselves. 

However, this is not always possible. For example, behavioral dysfunctions and the underlying 

processes in the brain cannot be investigated in humans, except when they are assessed in a clinical 

setting with patients as subjects. Even then, it is difficult to evaluate the damage caused by accidents 

or by illness. The extent and location of the damage, and its ‘history’, are often unclear. Moreover, the 

neurobiological variables associated with behavioral dysfunctions cannot be controlled sufficiently in 

experimental and clinical studies with human patients. As a consequence, in order to reach meaningful 

and interpretable results, the high intrinsic variability in these studies must be compensated by large 

sample sizes (Dunnett & Barth, 1991). 

A comparative approach that relies on animal models could be used to answer questions about 

behavioral dysfunctions and their underlying neural substrate. Animals with a known and reproducible 

dysfunction or damage may help us to understand brain (dys)functions and their effects on behavior. 

As Isaacson and colleagues (1971, p. 3) pointed out, the comparative approach aims at studying the 

effects of experimental manipulations of a brain structure in one or more species (including humans, if 

possible) in order to try to generalize about brain structures, functions, behavior, and how they are 

related. 

What is a model? 

In a broad sense, according to Kaplan (1973), “(...) we may say that any system A is a model for the 

system B if the study of A is useful for the understanding of B without regard to any direct or indirect 

causal connection between A and B.” (p. 263). 

In a more strict sense, “(...) models are isomorphs of one another (...). Both systems have the same 

structure, in the sense that whenever a relation holds between two elements of one system a 

corresponding relation holds between the corresponding elements of the other system. The systems 

need not stand in any causal connection, for what is required is only that the relations correspond, and 

to satisfy this requirement it is enough that we can put them into correspondence, that is, think of them 

as corresponding.” (Kaplan, 1973, p. 263). 

Consequently, in the behavioral neurosciences, animal models are living experimental systems 

(Tamura, Kawai & Takagi, 1997) used to analyze brain-behavior relationships under controlled 

conditions (Sanberg, 1986). McKinney (1984, p. 77) defined animal models as “(...) experimental 

preparations developed in one species for the purpose of studying phenomena occurring in another 

species”. 
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Normally a battery of psychological tests is used to assess aspects of behavior, where psychological 

test refers to careful observation in a standardized experimental setting (Bechtoldt, 1959). Testing then 

refers to the process by which these observations are collected (Bechtoldt, 1959). 

Willner (1986, 1991) contrasts the animal model with two other, closely related, experimental 

methodologies. The first one is drug screening, and the second is behavioral bioassay. Drug screening 

tests are designed to distinguish between potentially effective and ineffective drugs, whereas 

behavioral bioassays are designed to assess the functional state of, for example, a specific brain 

system. Both approaches can be successful, with no need to be isomorphs of a defined system that 

should be modeled. 

In drug screening, compounds are identified which are pharmacologically similar to a ‘lead’-substance. 

Many substances are evaluated in a test which allows a high throughput (see also Stephens and 

Andrews, 1991). For example, in the ‘four-plate-test’ an observation period of only 1 minute is sufficient 

to assess the putative anxiolytic effect of a test compound. In this test, a mouse is put in a cage, the 

floor of which is subdivided into four equal segments made of metal. Each crossing to another 

segment is punished by a mild, electric shock (Stephens &  Andrews, 1991). 

The behavioral bioassay is used to test, for example, the effects of compounds on specific 

neurotransmitter receptors. For example, unilateral, neurotoxic lesioning of the dorsal raphe nucleus by 

8-hydroxy-2-(di-n-propylamino)tetralin (8-OH-DPAT), a serotonergic agonist, induces unilateral circling 

in rats. Serotonergic receptor antagonists are able to inhibit this circling behavior, without inducing the 

behavior by themselves (De Vry et al., 1991). 

Drug screening and behavioral bioassay are two experimental methodologies, distinct from animal 

models, but they are not mutually exclusive. There is a fluent transition from drug screening and 

behavioral bioassay to animal models: the more precise the assumptions (or the knowledge) about 

underlying relations and processes, the more the criteria for an animal model will be fulfilled. 

 

 

Model building as an iterative process 

Model building can be considered as an iterative process (Britt, 1997). This process is depicted in Fig. 

2 as a flow-diagramm. It starts with a definition (or selection) stage in which the central question is to 

select which aspects of human normal or abnormal behavior, i.e. which ‘phenotype’ should be modeled 

(Gershenfeld & Paul, 1998). Models of human behavior or of behavioral dysfunctions are dealing with 

extremely complex phenotypes which cannot be measured directly (Smoller & Tsuang, 1998). In the 

consensus stage, consensus must be reached about the criteria, definitions and assumptions about 

what are expected to be valid representations of the phenotype(s) to be modeled. They must be 

broken down to testable components, i.e. into elemental phenotypes (Smoller & Tsuang, 1998) which 

should preferentially be testable in both humans and animals (Robbins, 1998). These testables need to 

be defined operationally; simplifications are unavoidable at this deduction stage. 

The next stage consists of constructing or refining the model. Then, the model is tested, using 

experimental approaches during the model testing stage. The results of testing are critically discussed 

and evaluted in the model evaluation stage. If the model is considered as acceptable, then the 

knowledge gained from the model approach can be used to refine or correct the concepts of whatever 

phenotype is being modeled in the induction stage. If the model proves to be unacceptable or 
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inadequate, it must be questioned whether the criteria used to build the model must be reconsidered, 

or whether the model needs reconstruction or refinement, based on the criteria agreed upon 

previously. There are no generally accepted criteria to terminate this process. However, a model will be 

considered as adequate if it reliably and validly (see below) represents the phenotype it is intended to 

model. Consequently, the process of model building will be finished as soon as the model is 

considered as adequate, or when it is judged as inadequate, a scientific cul-de-sac, with no realistic 

perspecitve for further improvement (see, for example Eijkenboom and van der Staay, 1999, who 

concluded that vincristine-induced hippocampal lesions in rats do not establish a suitable animal model 

of learning and memory deficits). It is not very likely that an animal model will ever reach one of these 

two states. 

 

 

Consensus stage:
find consensus on criteria, 
definitions, assumptions

Model building stage:
model construction and/or 
refinement

Model testing stage:
experimental approach

Model building and testing
as an iterative process

Is model
reliable and

valid?

Reconsider
criteria?

no

yes

Model evaluation stage:
evaluate results of 
experiement; expose model 
to criticism

no

Induction stage:
refine or correct concepts  
based on insight gained from 
model approach

Definition stage:
'phenotype(s)', i.e. aspect(s) 
of human normal or abnormal 
behavior to be modeled

yes

Deduction stage:  
operational definitions for 
concepts, traits, 'phenotypes'; 
simplification 

 

Figure 2. Flow diagram representing 
model building as an iterative 
process (see text for further 
explanations). 
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The concept(s) of validity 

With respect to animal models of behavioral dysfunctions, such as psychiatric disorders, additional 

criteria have been proposed which are related to their validity, i.e. whether a particular, operationally 

defined measure or variable actually measures the trait it is supposed to measure. According to Willner 

(1986, 1991) animal models should possess face validity, predictive validity, and construct validity. 

This distinction between different forms of validity helps to identify the weaknesses or limitations of a 

particular model and provides a framework for comparing models (Willner, 1991). 

Ellenbroek and Cools (1990) consider predictive validity, face validity, and construct validity, in that 

order, as a hierarchy of categories of validity, where construct validity is the highest category. Willner 

(1986), by contrast, sees these categories as relatively independent. Whereas predictive and face 

validity primarily address the empirical state of a model, the construct validity addresses its theoretical 

status and is therefore considered as a more basic concept (Willner, 1986). 

Although students of animal behavior are aware of the importance of considering the validity of the 

models they use, papers dealing explicitly with this topic are scarce. Most papers are restricted to the 

concept of construct validity (e.g. Royce, 1977; Markou & Koob, 1991), perhaps because it has 

received a lot of attention in psychological testing theories, but there are some papers dealing with 

other aspects of validity (Willner, 1986; Ellenbroek & Cools, 1990; Moser, 1990). 

Predictive validity 

The outcome of a test is frequently used to predict, for example, future behavior. A test with high 

predictive validity makes it possible to venture a sound prognosis (Lienert, 1969). Ingram and Reynolds 

(1986) assessed the predictive validity of scores in a battery of sensorimotor tests carried out at a 

particular age in mice with respect to the lifespan of these animals. They found that a better 

performance at 24 months of age predicted a longer lifespan. An animal model possesses predictive 

validity if it predicts behavior in the situation it is supposed to model, i.e. if it allows extrapolation of the 

effect of a particular experimental manipulation from one species to other species, including humans. 

For example, a drug characterized as a cognition enhancer in animal models of cognitive impairment 

or dementia should also act as a cognition enhancer in humans. 

Face validity (or phenomenological validity) 

With respect to models of behavioral dysfunctions, face validity is usually restricted to the similarity of 

symptomatology (Willner, 1986). For example, according to McKinney and Bunney (1969), an animal 

model should at least meet the requirement that it resembles the condition to be modeled with respect 

to its etiology, its symptomatology, its underlying processes, and its treatment. In most cases, however, 

these requirements will not be met. In fact, the etiology and the underlying (pathological) processes of 

many neuropathological diseases such as dementias (e.g. of the Alzheimer type; Roses, 1996; Nitsch, 

1996) and stroke (Adams, Victor & Ropper, 1997), and even normal aging, which also might lead to 

behavioral dysfunctions (Evans et al., 1984; Flicker et al., 1985; Era, Jokela & Heikkinen, 1986; 

Masoro, 1991), are still only poorly understood. 

Construct validity 

Construct validity refers to the theoretical clarification of what a test measures (Lienert, 1961). Animal 

models possess construct validity if their procedures are theoretically sound. Implicitly, a construct is 

defined by a network of associations (Cronbach & Meehl, 1955; Runkel & McGrath, 1972, pp. 162-

163). The construct validity is not established by determining the relation between a test and an 
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accepted criterion. Instead, it aims to establish relationships which are based on the definition of a trait. 

This network of associations has been elaborated by Campbell and Fiske (1955). Their multitrait-

multimethod matrix approach allows assessment of the reliability and the validity of measures which 

are believed to be related to a specific trait. Unfortunately, this approach has not yet been adopted by 

students of animal behavior. A first, incomplete, attempt to use the multitrait-multimethod approach in 

the validation of measures for the trait anxiety has demonstrated that this approach is suited to animal 

research (van der Staay, Kerbusch & Raaijmakers, 1990; van der Staay, 1992). 

In addition to these different concepts of validity which are of special relevance to animal models 

(Willner, 1986; Ellenbroek & Cools, 1990), other concepts of validity have been proposed (see, for 

example Lienert, 1969; Runkel & McGrath, 1972, pp. 158-172; Fischer, 1974). 

 

 

Table 1. Schematic overview of animal models for the study of behavioral dysfunctions. The scheme has been 
modified from Gamzu (1985). Examples from the categories of animal models printed in italics are described and 
discussed in this book. The scheme focuses on the type of subject (independent variable) and is not concerned 
with the type of dependent variable measured. 
 

Normals  Deficits   

  Naturally occurring  Experimentally induced 

Normal subjects, i.e. animals 
without any observable behavioral 
deficit 

 Old animals  Transgenic and knockout animals 

  Genetic lines  Animals with CNS-specific lesions 
or with cerebral ischemic damage 

  Selected extremes from a 
particular animal population, e.g. 
good vs. poor learners 

 Animals with disruptions induced 
electrically, pharmacologically, or 
by hypoxia, anoxia 

 

 

Types of animal models to study behavioral dysfunctions 

The animal models which have been proposed for the study of behavioral dysfunctions can be 

classified into two main groups: those using normal subjects and those using subjects with behavioral 

deficits. The second group can further be subdivided into models which are based on naturally 

occurring deficits or dysfunctions and models in which deficits or dysfunctions are induced 

experimentally (see Table 1). 

Animal models of behavioral dysfunction serve two main aims: 

� first, to enhance our understanding of the underlying substrates and mechanisms, i.e. the brain-

behavior relation. This is done experimentally by, for example, inducing dissociations between 

processes, subprocesses and modulating influences, either pharmacologically or through the 

destruction of neural tissue (D’Mello & Steckler, 1996). 

� second, to assess the effects of putative neuroprotective, anti-degenerative, revalidation-

supporting, and/or cognition-enhancing compounds or treatments (Allain et al., 1998). 

Of the animal models summarized in Table 1, three main categories, namely aging, CNS-specific 

lesions, inducing cholinergic system (dys)functions, and cerebral ischemia, induced experimentally by 
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occlusion of brain arteries, will be considered more closely. In the experiments described in this book 

we used the three categories of models, either alone or in combination. Genetic lines are an additional 

aspect of some of the experiments reported. With respect to behavior, emphasis is mainly on learning, 

especially (spatial) discrimination learning, and on sensorimotor (dys)functions. 

Genetic strains 

One approach is to characterize and select specific genetic strains or genotypes which show a strong 

expression of a particular trait or characteristic of interest, for example increased emotional reactivity 

(e.g. van der Staay, Kerbusch & Raaijmakers, 1990; Fernández-Teruel et al., 1994; Fujita, Annen & 

Kitaoka, 1994) or a high voluntary alcohol intake (e.g. Deitrich, 1993). Thus, various behavioral, 

anatomical and neurochemical characteristics are associated with genetic variation. For example, 

there are strain differences in cognitive functioning, i.e. in tests designed to measure learning and 

memory, in rats (e.g. van der Staay & Blokland, 1996a), and mice (e.g. Klapdor & van der Staay, 

1996). 

Cholinergic neurotransmission 

Central cholinergic neurotransmission, which appears to undergo massive changes in patients 

suffering from dementia of the Alzheimer type, has been found to show clear genetic variability in 

rodents. Overstreet and co-workers (1984; overview: Overstreet, 1992) genetically selected a line of 

rats with increased sensitivity to the acetlycholinesterase (AChE) inhibitor, diisopropyl fluorophosphate. 

Roderick (1960) showed that cortical cholinesterase activity responded to bi-directional selection in two 

genetically heterogeneous populations of different origin. Genetic variability of AChE in the cortex was 

also found by Kerbusch and coworkers (Kerbusch, van der Staay & Hendriks, 1981) in a classical 

Mendelian cross-breeding study with rats, and by Kerbusch (1974) and Raaijmakers (1978) in diallel 

cross studies with mice. 

The aging rodent 

The survival characteristics of populations are also under genetic control, although, according to Finch 

and Tanzi (1997), the heritability of lifespan appears to be relatively small. Takeda and co-workers 

(Takeda et al., 1981; Takeda, 1999) have selected two sublines of mice, each consisting of a number 

of independent breeding series, one of which shows biological characteristics of accelerated aging 

(SAM-P: senescent-accelerated prone mouse), whereas the other shows normal aging (SAM-R: 

senescent-accelerated resistant mouse). The SAM-P mouse shows an earlier onset of age-related 

deterioration in learning and memory and the deterioration is correlated with the accelerated aging 

(Miyamoto et al. 1986). 

These examples demonstrate that parameters of the cholinergic system and survival characteristics 

respond to genetic selection. Further evidence for genetic factors in aging is provided by the fact that 

different inbred strains of mice (Russell, 1972; Ordy, 1975) and rats (Burek, 1978; Masoro, 1980; 

Gleiser & Shain, 1986) show considerable differences in the mean and distribution of their lifespan. 

Old animals have been suggested to be good animal models for human aging (e.g. Schuurman et al., 

1986; Gallagher & Pelleymounter, 1988; Barnes, 1990). Certainly, small rodents possess a number of 

clear advantages for aging research: they have a relatively short lifespan (2 to 3 years), their 

environment can be strictly controlled, and they show age-related behavioral impairments (e.g. Elias & 

Elias, 1976). The age-associated impairments of cognitive functioning (e.g. Campbell, Krauter & 

Wallace, 1980; van der Staay, van Nies & Raaijmakers, 1990; van der Staay, Krechting, Blokland & 

Raaijmakers, 1990; van der Staay & de Jonge, 1993) and of sensorimotor performance (e.g. 
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Campbell, Krauter & Wallace, 1980; Ingram & Reynolds, 1986; Markowska et al., 1990) of rodents are 

well documented. 

Pathological conditions, for example Alzheimer’s disease. 

Old animals have also been proposed as animal models for senile dementia (e.g. Schuurman et al., 

1986). It is, however, a matter of debate whether the old animal can be considered as a model for 

gerontopathological states seen in humans. A general limitation of this model is that it lacks any true 

analogy to the human disease state it is supposed to model (Gamzu, 1985). As Mervis (1981) pointed 

out, animal models of the aging brain suffer from the major limitation that animals do not show the 

pathologies that characterize the age-related neuropathologies seen in human brains, for example 

which characterize those associated with Alzheimer-type dementia. Senile neuritic plaques and 

neurofibrillary tangles, both key morphological changes of this disease, have not been detected in the 

aging rodent brain. 

CNS-specific lesions: lesioning of the cholinergic projections 

In the central nervous system of patients suffering from Alzheimer’s dementia, the activity of cortical 

choline acetyltransferase (ChAT), the enzyme that synthesizes acetylcholine (ACh), is reduced and 

there are fewer markers of other neurotransmitter systems, such as serotonergic, glutamatergic, and 

peptidergic systems (McGeer & McGeer, 1975, 1978; Gottfries et al., 1983; Winblad et al. 1985; 

Lieberman & Abou-Nader, 1986; Farooqui, Liss & Horrocks, 1988; Procter, 1996). The most 

pronounced decline, however, is in the activity of ChAT (McGeer & McGeer, 1978; Perry, 1980; 

Collerton, 1986). A severe functional deterioration of the central cholinergic system (Coyle, Price & 

DeLong, 1983; Procter, 1996) is one of the most important and consistent symptoms of Alzheimer-type 

dementia (Collerton, 1986).  

There is a profound degeneration of ACh-releasing cells in the nucleus basalis of Meynert (nbM), 

which is localized in the basal forebrain, in Alzheimer patients (Coyle, Price & DeLong, 1983; Davison, 

1987). As this nucleus provides the major cholinergic input to the neocortex, an experimental approach 

to mimic this sign of Alzheimer’s disease consists of lesioning the animal homologue of the nbM, the 

nucleus basalis magnocellularis (nbm), in rodents. 

Ischemia induced by occlusion of the middle cerebral artery 

Occlusions of the middle cerebral artery (MCA) in rats or mice provide an animal model to investigate 

the pathophysiology of permanent focal cerebral ischemia (Welsh et al., 1987), to screen potentially 

neuroprotective substances (e.g. Obana, Pitts & Nishimura, 1988; Gotti et al., 1990; Hara et al., 1991; 

Yamamoto et al., 1991; Park & Hall, 1994; Hunter, Green & Cross, 1995; Sauter & Rudin, 1995), or to 

assess ischemia-induced behavioral and neurological disturbances (e.g. Tamura et al., 1985; 

Bederson et al., 1986; Yamamoto et al., 1988, Markgraf et al., 1992; van der Staay, Augstein & 

Horváth, 1996a,b). 

 

 

Tests to assess behavioral deficits  

This schematic overview of animal models (see Table 1) focused on the type of subject, i.e. the 

independent variable, and was not concerned with the question how the dependent variables are 

measured. Two different categories of dependent variables must be considered in animal models of 
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behavioral dysfunction. First, the pathologic features, such as the degree of neuronal damage or the 

extent of the damage to circuit and systems (e.g. changes in neurotransmitter activity, cell loss, extent 

and location of lesions or infarcts), and second, the behavioral features (dysfunctions induced). We 

used spatial discrimination tasks to assess behavioral dysfunction at the cognitive level in the 

experiments described in this book. 

Spatial discrimination learning  

Aging in humans is generally accompanied by a decline in memory performance. One of the types of 

memory that shows an age-related decline is the memory for spatial information (Evans et al., 1984; 

Light & Zielinski, 1983; Moore, Richards & Hood, 1984; Perlmutter et al., 1981; Sharps & Gollin, 1987). 

Similarly, visuospatial discrimination is disturbed in patients suffering form Alzheimer’s disease 

(Adams, Victor & Ropper, 1997). Age-related deficits in spatial memory are not exclusively restricted to 

humans: aged rats often show an impaired performance in spatial learning tests (Barnes, 1988a; 

Gallagher & Pelleymounter, 1988) and pathological changes are detected in a number of selected 

neural regions involved in spatial memory performance (Flood & Coleman, 1988). As Barnes states, 

“(...) in both primates and rodents tasks that have a strong spatial component tend to give old animals 

particular difficulties. This offers an interesting point of convergence between the human and the 

animal literature, as aged humans also have difficulty with certain spatial problems.” (1990, p. 187). 
Thus, aged rats might serve as a useful model of age-related memory dysfunction and spatial 

discrimination tasks might be useful to assess cognitive impairments. 

Types of spatial discrimination tasks 

A broad range of mazes has been established to assess spatial discrimination performance in rodents 

(e.g. Hodges, 1996). These mazes can be broadly classified as ‘sequential choice’ or 'alley' mazes and 

‘free choice’ mazes (Crannell, 1942; Lachman & Brown, 1957). Sequential mazes consist of a fixed 

starting position and one correct route to the goal, which, for example, might either provide a food 

reward, or the opportunity to escape form an aversive testing environment (see also Chapter 3.1). In 

‘free choice’ spatial discrimination tasks, food reward or an opportunity to escape can be found in all or 

only a subset of alternative locations, e.g. at the ends of the arms of a radial maze (e.g. Olton, Becker 

& Handelmann, 1979; Levin, Kaplan & Boardman, 1997) or at the entrance to an escape tunnel 

(Barnes, 1979). The animal is free to visit the alternative locations in whichever order and along 

whichever route it wants. 

The distinction between ‘sequential choice’ and ‘free choice mazes might be somewhat artificial, 

because the circular maze (Barnes, 1979; Bardgett, Newcomer & Taylor, 1996) and the Morris water 

escape task (Morris, 1984), for example, share some characteristics of both types of tasks: there are 

no constraints in the order to negotiate the maze or in the route(s) to the goal, except the boundaries of 

the testing apparatus itself. However, only one correct goal (the escape platform in the Morris water 

escape task, and the escape tunnel in the circular maze) is provided. 

In spatial orientation tasks it is important to distinguish between tasks measuring working memory 

(WM) and those measuring reference memory (RM) (Honig, 1978; Olton, Becker & Handelmann, 

1979). The rat must remember a list of places already visited in order to avoid revisits. This list of 

locations already visited in a trial is held in the WM (Olton & Samuelson, 1976), and the information it 

contains is relevant only within a specific trial. The RM holds trial-independent information about, for 

example, the locations where the food reward or the escape opportunity can be found. We used three 

different spatial discrimination tasks in the experiments described in this book: 
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� The seven-choice task in a radial maze was used as representative of ‘alley mazes’. This task is 

believed to measure spatial RM. 

� The holeboard was selected as a representative of appetitively motivated ‘free-choice’ mazes. The 

holeboard measures both spatial WM and RM simultaneously, as only a subset of all holes is baited 

with a food reward (van der Staay, van Nies & Raaijmakers, 1990). 

� The Morris water escape task was used as another representative of ‘free-choice’-mazes. Learning 

in this task is aversively motivated. The standard Morris task measures predominantly RM (Mundy, 

Barone and Tilson, 1990). WM versions of the Morris water escape task have also been developed 

(e.g. Whishaw, 1987, 1995; van der Staay & de Jonge, 1993; Petrie, 1995). Both versions of the 

Morris water escape task have been used. 

Sensorimotor tests 

The majority of patients with infarcts caused by occlusion of the MCA do not suffer from spatial 

orientation problems but often experience sensorimotor dysfunctions (Adams, Victor & Ropper, 1997). 

For this reason we used not only the seven-choice task and the Morris water escape task in its RM 

version and its WM version, but also sensorimotor tests to assess the effects of occlusion of the MCA. 

The tests were selected from the literature and have previously proven to be sensitive to the effects of 

aging, or to the effects of experimentally induced damage to the brain. 

 

 

Short description of the experiments 

We have examined various animal models of behavioral dysfunctions. This section provides an 

overview of the experiments performed. The reasons why we chose a particular experimental 

approach are discussed in the introductions to the separate chapters. Three types of animal models 

are considered: 

� old animals, as a model of normal human aging, 

� animals with lesions of the nucleus basalis magnocellularis as an example for CNS-specific lesions, 

and more specific, as a model for Alzheimer’s disease, and 

� animals with permanent occlusion of the MCA as an example of experimentally induced brain 

ischemia, and more specific, as a model for ischemic stroke. 

In the majority of experiments, we assessed spatial discrimination performance in either the holeboard, 

seven-choice task, or in different versions of the Morris water escape task. In some experiments we 

also evaluated sensorimotor functions. Alternative approaches, and suggestions of how to improve 

animal models and how to evaluate behavioral, especially cognitive, (dys)functions, are discussed. 

In Chapter 2 , we evaluated the effects of age on various aspects of spatial discrimination learning of 

rats in Morris water escape tasks. 

In a series of three experiments, we compared the acquisition-curves of aged rats of three different 

strains with those of their younger conspecifics in Chapter 2.1. In a second series of experiments, we 

investigated the effects of age on performance of rats in the standard Morris water escape task and in 

a repeated acquisition version of this task, which measures spatial WM (Chapter 2.2). Because 

longitudinal studies are quite time-consuming, even in rodents with their relatively short life-span, the 
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most frequently applied experimental design in aging research consists of cross-sectional comparisons 

between age groups. In the third series of experiments, we evaluated whether the Morris water escape 

task is appropriate for a longitudinal study with aged rats. The results are described in Chapter 2.3. 

Finally, we assessed the replicability of the standard Morris water escape experiments in 24-month-old 

Wistar rats, by comparing the performance of aged rats across thirty-six experiments (Chapter 2.4). 

In Chapter 3 , we evaluated lesioning of the nbm by the neurotoxin ibotenic acid as an animal model of 

dementia of the Alzheimer type. We assessed the effects of bilateral ibotenic acid lesions of the nbm 

on the acquisition of spatial discrimination of adult rats in a complex spatial holeboard discrimination 

task in Chapter 3.1. 

We studied the effects of bilateral nbm lesions on the performance of rats in a seven-choice problem in 

a radial alley maze in a series of experiments. In the first experiment of Chapter 3.2, we investigated 

the effects of nbm lesions on the acquisition of this task. In the second experiment, we assessed the 

effects of the lesions on the retention of the seven-choice task, on the acquisition of a new problem, 

and on the re-acquisition of the originally acquired problem. In addition, we also investigated whether 

the lesion affected the number of proactive and retroactive errors in the second experiment. The 

results of this analysis are reported in Appendix 6.3. In the third experiment of Chapter 3.2, we 

investigated the effects of different lesion coordinates on the acquisition of the seven-choice task. 

Finally, in Chapter 3.3, we tested the effects of nbm lesions on spatial learning and on a battery of 

neurological tests, using young and aged Wistar rats. 

In Chapter 4 , we assessed the effects of unilateral MCA occlusion (MCA-O) on the behavior of mice 

and rats. In Chapter 4.1, we investigated the recovery of sensorimotor functions in Wistar Kyoto rats 

with cerebral infarction, induced by unilateral MCA-O. In Chapter 4.2, we present the results of three 

experiments which addressed strain differences and effects of the occlusion site on sensorimotor 

impairments in rats with cerebral infarction. Using CFW1 mice, we studied the effects of unilateral 

occlusion of the MCA on the acquisition of the Morris water escape task in the first experiment of 

Chapter 4.3, and the effects of the MCA-O on the retention of the standard version of the Morris water 

escape task, which had been acquired before MCA-O, in the second experiment. Finally, we 

investigated the effects of occluding the MCA in C57BL mice which had been trained in the repeated 

acquisition version of the Morris task (Chapter 4.4) which measures predominantly spatial WM. 

The Appendices  provide additional information which we consider to be relevant to an understanding 

of the experiments we performed. Appendix 6.1 gives an example of the calculation of the measure 

‘choice correspondence of reinforced visits’. We used this measure in Chapter 3.1 to determine 

whether rats develop a food search strategy in a holeboard discrimination task. We present further 

evidence of the sensitivity of the seven-choice task in a radial alley maze, which was used in Chapters 

3.2 and 3.3, for studying the effects of age on learning in Appendix 6.2. We addressed the question 

whether nbm lesions affect the number of proactive and retroactive errors in Appendix 6.3, based on 

data from the second experiment reported in Chapter 3.2. Finally, the question whether the deficits in 

cortical ChAT activity induced by lesioning of the nbm recover over time, and whether the process of 

recovery is different for young and aged rats was raised in Chapter 3.3. We addressed this question by 

using the results from the experiment reported in Chapter 3.3 and additional data from an unpublished 

pilot study. The results of this exploratory analysis are reported in Appendix 6.4. 

 



   15 

2 
Age-related changes in learning and memory  
in rats, assessed in the Morris water escape task 
 

 

Every living organism is affected by changes as consequence of the normal aging process. These 

changes affect the basal metabolism, the regulation of blood and tissue chemistry, the regulation of 

body temperature, the absorption and digestion of food, the resistance to injury and disease, and the 

speed of healing processes and recovery from diseases (Kisker, 1972). The aging organism becomes 

more vulnerable to adverse environmental influences. 

In addition to these changes, sensorimotor changes also occur with advancing age. There is a 

pronounced deterioration of vision, hearing, smell, and, albeit to a lesser degree, taste with aging. 

Proprioception, however, appears to be unaffected by age (Adams, Victor & Ropper, 1997). On the 

(sensori)motor level, activity decreases, reaction time increases, and fine-tuned motion becomes 

compromised. Body posture, stance, and gait change as the individual ages. The typical ‘senile’ gait, 

for example, is characterized by a “(...) slightly stooped posture, varying degree of slowness and 

stiffness of walking, shortening of the stride, slight widening of the base, and a tendency to turn en bloc 

(...)”. (Adams, Victor & Ropper, 1997, p. 122). 

The volume of the brain decreases, the gyri shrink, and the sulci, which separate the gyri, become 

wider. Cognitive functions appear to decline steadily with advancing age, although this decline is 

normally slow and mild. The most pronounced age-associated cognitive changes are observed in the 

learning of new material, in problem solving, and in particular, in general memory. Aged people show 

signs of benign forgetfulness, also called age-associated memory impairment (AAMI). Diagnostic 

criteria for AAMI are the absence of dementia, a performance in standard tests of memory functions 

that is at least one standard deviation below the mean, and an age of at least 50 years (Adams, Victor 

& Ropper, 1997; Giannakopoulos et al., 1997). 

Because AAMI is generally considered a symptom of normal aging, the transition to more severe forms 

which are symptomatic for dementias, a group of disorders that is characterized by progressive loss of 

cognitive abilities, is often not recognized in time. Moreover, it is difficult to know whether a symptom is 

part of the normal age-related changes or whether it is the first manifestation of a dementia. As a 

consequence, therapeutic interventions which might be able to delay the progression of the disease 

are not as effective as they could be, or are ineffective, because they were not started early enough. 

One needs to have an understanding of the normal aging process in order to be able to identify 

pathological changes in the aged. However, these processes are still poorly understood. Animal 

models might be helpful for gaining further insight into normal aging. 

The proportion of aged people in the population is increasing steadily (Martin, 1991; Holden, 1996; 

Butler, 1997), and the age distribution of the population is no longer pyramid-shaped but is slowly 

becoming mushroom-shaped (Holden, 1996). The increasing proportion of people aged 65 and older is 

a big challenge to society and its institutions, to health care policymakers, to the health care system, 
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and to the private sector (Butler, 1997). They are all responsible for establishing conditions which 

ensure a good quality of life for the aged, now and in the future. 

What is aging? 

All attempts to define the aging process are hampered by a lack of knowledge (Masoro, 1991). Aging 

might be considered as an interdisciplinary life span problem (Ordy, 1975). Ingram (1983), for 

example, proposed the definition: “Aging is the manifestation of time-related biological processes that 

result in decreased viability and increased vulnerability of the organism and thus enhance the 

probability of death.” (p. 225). Hazzard (1991) defined aging as “time-dependent decline in function 

which affects all tissues and organ systems” (p. 645). Increasing insight into the role of genes in the 

process of aging has brought forward the evolutionary theory of aging which states that “organisms in 

age-structured populations senesce because of weakening of the force of natural selection as they 

grow older, which allows certain gene action to reach deleterious levels of expression.” (Martín & Mian, 

1997, p. 18). Alzheimer’s disease, for example, normally occurs when people have exceeded their 

reproductive age, and the occurrence of Alzheimer-specific pathology has no direct effect on the 

reproductive success of the afflicted. 

Changes in selected biomarkers (e.g. Ingram & Reynolds, 1986), or in chronological age and survival 

curves (Ordy, 1975; Barnes, 1990) could serve as measures of aging. Distributions based on age of 

death can easily be obtained, whereas measures of gradual changes due to the aging process are 

much more difficult to obtain. Thus although death as end-point has been used as a criterion for the 

definition of aging, this has been criticized as being a poor measure of biological aging (Collier & 

Coleman, 1991; Ingram, 1996). Instead, the ‘biological or functional age’ might be used (Ingram & 

Reynolds, 1986; Barnes, 1990). There is increasing evidence that different functions age at different 

speeds (Campbell, Krauter & Wallace, 1980; see also Chapter 2.3). 

The aging rodent 

Although aging research in animals has been performed for many decades (e.g. Stone, 1929a,b), it 

has only recently gained extensive attention, and in fact could be considered a relatively young 

discipline of increasing importance to biology, medicine, and experimental psychology. Changes 

occurring with age might be due to extrinsic factors, e.g. environmental or ecological hazards, or due to 

factors intrinsic to the organism (Finch, 1991). Investigations of the effects of external factors on life 

expectancy are the province of toxicology (Tucker, 1993) and of experimental animal science. The 

latter has tended to focus on the effects of housing conditions (e.g. Clough, 1991), handling (Meaney 

et al., 1991), bacteriological state (Sebesteny, 1991), virological state (van der Logt, 1991), and diet 

(e.g. Coates, 1991; Roth, Ingram & Lane, 1995) on aging rodents. Normally, extrinsic factors are highly 

controlled and standardized in experimental aging research in order to eliminate them as sources of 

confounding effects. The intrinsic factors are under strong genetic control (Finch, 1991): this is not only 

true for the life expectancy of different species, including humans (Mann, 1997; Yashin, Iachine & 

Harris, 1999), but also for different genetic strains and lines within specific species (e.g. for rats: Burek, 

1978; Mos & Hollander, 1987; Deerberg, 1991; for mice: Russell, 1972; Ordy, 1975; Jucker & Ingram, 

1997). 

Further evidence for the notion that the survival characteristics of populations are under genetic control 

has been provided by Takeda and coworkers (1981). They have developed sublines of mice which 

show biological characteristics of accelerated aging (SAM-P: senescent-accelerated prone mouse) 

compared with a control line which is considered to show normal aging characteristics (SAM-R: 
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senescent-accelerated resistant mouse). Two of these SAM-P lines, SAM-P8 and SAM-P10, age very 

rapidly and have a median life span of approximately 12 months (Jucker & Ingram, 1997). These SAM-

P mouse lines show an earlier onset of the age-related deterioration in learning and memory that is 

correlated with the accelerated aging. However, after evaluating the age-related neuropathological 

changes in the SAM-P lines, Jucker and Ingram (1997) concluded that these lines do not provide 

models for normal, though accelerated aging. Instead, they might be useful to study developmental 

dysfunctions of particular biological systems and their effects on the aging process. 

Appropriate lines of mice or rats can be selected from the enormous genetic pool provided by the 

numerous strains of rats and mice available (Altman & Katz, 1979; Festing, 1980); however, the 

availability of old animals is limited. The National Institute of Aging, for example, maintains colonies of 

the inbred Fischer 344 and Brown Norway strains, and of the Fischer 344*Brown Norway hybrids for 

gerontological studies, and provides animals from these colonies to investigators from other institutes 

and laboratories (Masoro, 1991; Sprott, 1991). However, aged rats from other strains, such as 

Sprague-Dawley rats (e.g. Brandeis et al., 1991) and Long-Evans rats (e.g. Gallagher & Burwell, 

1989), are also frequently used in experimental aging research. In Europe, the inbred Brown Norway 

(e.g. Burek, 1978; Mos & Hollander, 1987; van der Staay, van Nies & Raaijmakers, 1990) and WAG 

strains (e.g. de Koning-Verest, Knook & Wolthuis, 1980; Mos & Hollander, 1987), and different Wistar-

derived outbred strains, such as the Janvier Wistar (e.g. Gozlan et al., 1990; Huguet & Tarrade, 1992; 

Klapdor et al., 1997b) and Harlan Winkelmann Wistar strains (HsdWin:Wu previous name: WISW:Bor; 

e.g. Schuurman et al., 1987; van der Staay & de Jonge, 1993), have been used in experimental 

gerontology. 

We used four of the above-mentioned strains in the experiments described in this present chapter: the 

outbred Janvier and the Harlan Winkelmann Wistar strains, the inbred Fischer 344 strain, and the 

Fischer 344 * Brown Norway hybrids. 

Effects of age on (spatial) learning and memory 

Because longitudinal studies are quite time-consuming, even in rodents with their relatively short life-

span of 2 to 4 years, the most frequently applied experimental design in aging research consists of 

cross-sectional comparisons between age groups. Most commonly, the behavior of a group of young 

adult rats is compared with that of a group of old rats. These cross-sectional age comparison studies 

have consistently revealed that cognitive performance is impaired at advanced age. The experiments 

described in this chapter focus on learning and memory in tasks which possess spatial components. 

Spatial discrimination tasks range from straight alleys and two-compartment boxes to mazes of varying 

complexity, among them the holeboard, the radial maze, and the Morris maze. 

Ordy and colleagues (1978) assessed avoidance of a food-cup at the end of a straight alley, the 

approach of which had been punished by footshock. The running time of the oldest group was faster 

and the distance run greater than that of the middle-aged and adult groups, when retention was tested 

2 and 6 hours after shock, indicating poor retention of the aversive experience. In an inhibitory 

avoidance task, which also has a spatial component, namely distinction between an illuminated and a 

dark area, Schuurman and colleagues (1986) tested 2-, 13-, 19-, and 25-month-old Wistar rats. They 

found an age-related decrease in inhibitory avoidance, with the 25-month-old rats showing virtually no 

avoidance at all. 

Birren (1962) tested Sprague-Dawley rats, approximately 3-, 15-, and 24-months of age, in a two-

choice water maze task and found that the aged rats had retarded acquisition of the task. The 
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acquisition of a position response, and of a series of reversals in a Y-maze was assessed by 

Botwinick, Brinley, and Robbin (1962) in young, middle-aged, and aged rats. Clear deficits of the oldest 

group were only apparent in the reversals, which faded away when further reversals were given. When 

the test was made more difficult, by designing a maze pattern with four serial choice points, the oldest 

group was slower to learn the original problem, an impairment that was also seen in the first reversal. 

Again, this difference rapidly faded away with further reversals (Botwinick, Brinley & Robbin, 1963). In a 

14-unit T-maze (Stone maze) in which the rats were rewarded with food, aged rats made more errors 

on their way to the goal than their young counterparts (Ingram, 1985). Similar results were found in a 

shock-motivated 14-unit T-maze, where aged Fischer 344 rats (Kametani et al., 1989; Spangler et al., 

1994), aged Brown Norway rats, and aged Fischer 344*Brown Norway rats were found to perform 

worse than young conspecifics (Spangler et al., 1994). 

Age-related impairments in spatial memory have been reported in rats tested in the circular maze, 

where holes are located equidistantly around the periphery of a circular platform. One of these holes 

provides access to an escape tunnel. Aged rats made consistently more errors before finding the 

escape tunnel than young rats did (e.g. Barnes & McNaughton, 1985; Barnes, Eppich & Rao, 1989; 

Gallagher & Burwell, 1989; Algeri et al., 1991). 

The effects of aging on the spatial memory performance of rats have also been studied in a holeboard 

task, which allows the simultaneous assessment of spatial working memory (WM) and spatial 

reference memory (RM). Olton, Becker, and Handelmann (1979, p. 314) defined WM, based on a 

concept of Honig (1978) as type of memory needed to solve a WM procedure. “In a working memory 

procedure, stimulus information is useful for one trial of an experiment, but not for subsequent trials 

(...). The animal must remember not only which stimuli have been presented, but also when they were 

presented (...).”. In fact, WM is defined by the procedure applied to test it. In contrast, WM as defined 

by Baddeley and colleagues (Baddeley & Hitch, 1974; Baddeley & Lieberman, 1980) refers to an 

aspect of the memory system that stores information and processes it. This appears to be the task of 

the short term memory. RM refers to information that is not only useful within a single trial, but that is 

useful across a series of trials, usually the entire experiment (Olton, Becker, and Handelmann, 1979, 

1980). Typically, information about how a task must be solved, and where the baits can be found in, for 

example, a radial arm maze, or a holeboard, is stored in RM. 

Testing Brown-Norway rats of five ages (4, 13, 19, 25, and 30 months) in a holeboard task where 4 of 

16 holes were baited with a food reward, we observed a clear age-related decline of spatial WM and 

RM performance (van der Staay, van Nies & Raaijmakers, 1990). The decline was most profound 

between 19 and 25 months of age. The speed of visiting holes and the development of a preferred 

pattern of hole visits did not influence spatial discrimination performance. 

Means and Kennard (1991) tested 3-, 12-, and 22-month-old Fischer 344 rats in a two-choice win-stay 

water escape task. This task is run in a circular water tank with a T-shaped barrier that separates the 

start partition opposite to the horizontal stem of the T, and two choice partitions, one of which is 

provided with an escape platform. From a fixed starting position, a rat was forced to choose the 

segment containing the escape platform (the information run). In the choice run both segments were 

accessible, but only the partition provided with an escape platform during the information run contained 

the platform, i.e. a win-stay strategy is required. The partition which contained the escape platform was 

determined semi-randomly. Aged rats were impaired in acquiring this version of the task. When inter-

trial intervals of variable length are inserted between the information run and the choice run, the time-
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dependent decay of WM performance can be measured in this task. Again, impairments were seen in 

the aged rats, whereas the performance of the young and middle-aged rats did not differ. 

Age-related impairments in spatial discrimination learning have been reported in rats tested in different 

versions of the radial arm maze. Aged rats have been found to perform worse than their younger 

counterparts in both the WM version of this task, in which all arms are baited with food reward, (e.g. 

Steward, Mitchell & Kalant, 1989; Luine, Bowling & Hearns, 1990; Kadar et al., 1990; Huidobro et al., 

1993), and the version in which only a subset of arms is baited to allow the simultaneous assessment 

of WM and RM (Pitsikas & Algeri, 1992; Arendash, Sanberg & Sengstock, 1995). 

By contrast, no age differences were found in non-spatial versions of the radial maze task, modified to 

measure either WM or RM (Barnes et al., 1987). Similar differences between spatial and non-spatial 

versions were found for the 8-arm radial water maze: the clearest impairments of both WM and RM 

were seen in the spatial version, where 25-month-old rats made more errors than their 3- and 11-

month-old conspecifics (Pitsikas & Algeri, 1992). These clear differences between non-spatial and 

spatial versions of tests support the notion that the processing of spatial information is compromised in 

aged rats (Barnes, 1990). Life-long calorie restriction protected against the decline in spatial orientation 

performance, emphasizing that external factors can strongly affect the aging process (Foster & Lal, 

1991; Roth, Ingram & Lane, 1995). 

The Morris water escape task is the most frequently used task to assess spatial orientation in rats. 

Age-associated impairments in spatial discrimination performance in the Morris task are well 

documented (e.g. Gage, Dunnett & Björklund, 1984; Decker, Pelleymounter & Gallagher, 1988; 

Steward, Mitchell & Kalant, 1989; Meaney et al., 1991; Sirviö et al., 1991; Fischer et al., 1991; Nilsson 

& Gage, 1993; Yamazaki et al., 1995; Abrous et al., 1997; Fong, Neff & Hadjiconstantinou, 1997). 

Description of the experiments performed 

Because of its prominent role in the investigation of age-related cognitive impairments, we chose the 

Morris water escape task as the behavioral paradigm in the experiments described in this chapter. We 

assessed different aspects of the age-associated changes in Morris water escape behavior, and 

discuss the implications of our findings for experimental designs in aging research. 

� We investigated the effects of age on the performance of rats of different strains in the Morris water 

escape task by comparing the performance of old rats with that of younger counterparts in a cross-

sectional design (Chapter 2.1). Cross-strain comparisons might provide information about the 

generality of behavioral changes observed (Barnes, 1990). 

� Cross-sectional experiments with only two ages have as drawback the possibly erroneous 

conclusions drawn about the shape of the underlying aging function. Aging appears to follow a non-

monotonic function in most cases (Markowska et al., 1989; Barnes, 1990; Baxter & Gallagher, 

1996), but can be differentiated on the basis of individual processes (van der Staay, Blokland & 

Raaijmakers, 1990). Therefore, we studied the effects of aging on performance of the water escape 

task in a cross-sectional experiment with rats of four different ages, followed by an experiment 

involving two age groups (Chapter 2.2,  first and second experiments). 

� Longitudinal studies might provide an alternative to cross-sectional designs to investigate the 

progressive age-related decline in spatial learning and memory. In two experiments, we repeatedly 

tested aging rats in the Morris water escape task. The animals acquired the task at the age of 

approximately 24 months. They were re-tested about 3 and 6 months later. The last test was 

performed at an age of approximately 30 months. At this age less than 50% of the population had 
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survived (Chapter 2.3). The 50% mortality point might be taken as a criterion to judge animals as 

old (Barnes, 1990). 

� Successful spatial navigation in the standard Morris task relies on an intact RM, but the Morris task 

can be modified in such a way that WM can also be assessed (Whishaw, 1985, 1987). We 

investigated the effects of age on the performance of young and old rats in this modified version of 

the Morris task in the third experiment of Chapter 2.2. 

� Finally, when performing Morris water escape experiments with aged outbred Harlan Winkelmann 

Wistar rats, we got the impression that behavioral shifts in the strain occurred over time, i.e. that the 

replicability of results was poor. Old rats of this strain apparently lost their ability to successfully 

negotiate the circular water tank. We investigated this further in Chapter 2.4. 
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2.1 

Effects of age on Morris water escape behavior of 
outbred Wistar, hybrid Fischer 344*Brown Norway, 

and inbred Fischer 344 rats 
 

 

Abstract 

The aim of the present study was to assess whether strains of rats which are available for 

gerontological research show the expected age-associated decline in spatial orientation performance 

in the Morris maze. The standard Morris water escape task, where a rat is required to find an invisible, 

submerged escape platform in a water tank, is a test system that has consistently been found to be 

sensitive to age-associated changes in spatial orientation performance. The spatial discrimination of 

adult and aged outbred Janvier Wistar (WISRJ) rats, young and old inbred Fischer 344 (F344) rats, 

and hybrid Fischer 344*Brown Norway (FBNF1) rats was compared in three separate experiments. In 

an additional experiment we assessed the possible influence of transport stress on the performance of 

aged F344 rats in the Morris water maze task. 

We conclude that gerontological or gerontopharmacological studies of spatial discrimination learning in 

the Morris task should not be performed with F344 rats. FBNF1 rats and WISRJ rats appear to be a 

better choice. We cannot comment on the usefulness of these rat strains for non-behavioral studies or 

for behavioral studies of aspects other than spatial discrimination learning. 

 

 

Introduction 

According to Barnes (1979), spatial discrimination tasks could serve as valuable experimental 

paradigms to study the cognitive and neurobiological changes which accompany aging. To be 

considered as a valid tool in aging research, spatial discrimination tasks should be sensitive to these 

naturally occurring events. The standard Morris water escape task is a test system that has extensively 

been used to investigate age-associated changes in the spatial orientation performance of rats. 

The results of age comparison studies have, however, proved to be variable ranging from no age-

related impairments (Lindner & Schallert, 1988) and transient acquisition deficits in aged rats (Rapp, 

Rosenberg & Gallagher, 1987), to severe and permanent impairments in the ability of aged rats to find 

and escape onto a submerged platform (Aitken & Meaney, 1989; Lindner & Schallert, 1988; van der 

Staay & de Jonge, 1993; Bickford et al., 1997). 

A factor that may have influenced this variation in the occurrence and severity of age-associated 

deficits is the rat strain used. Lindner and Schallert (1988), for example, found no age-related 

impairment in performance of the Morris water escape task in an age comparison study with 3-, 24-, 

and 28-month-old Long-Evans rats. By contrast, they found a clear age-dependent decline in water 

escape performance when using Fischer 344 rats. The latter finding is in line with the majority of cross-
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sectional studies on water escape behavior in rats (e.g. Aitken & Meaney, 1989; Gage, Dunnett & 

Björklund, 1984; Rapp, Rosenberg & Gallagher, 1987; van der Staay & de Jonge, 1993; Fong, Neff & 

Hadjiconstantinou, 1997). 

Many factors appear to determine a rat’s performance in the Morris water escape task, for example, 

housing conditions, the test environment, schedule and time of testing, and the equipment used 

(Andrews, 1996). Therefore, testing young(er) and old(er) rats of different strains in the same test 

environment might provide an answer to the question whether age-related impairments in Morris water 

escape behavior are a general phenomenon (Barnes, 1990), or whether they reflect the effects of 

conditions which are unique for a particular laboratory (Andrews, 1996). 

The aim of the present study was to assess whether strains of rats which are readily available for 

gerontological research show the expected age-associated decline in spatial orientation performance 

in the Morris maze when tested under the experimental conditions in our laboratory. To this end, we 

carried out three experiments in which we compared the performance of adult and aged outbred 

Janvier Wistar (WISRJ) rats, young and aged Fischer 344*Brown Norway (FBNF1) hybrid rats, and 

inbred Fischer 344 (F344) rats. The WISRJ strain is often used in aging research in Europe (e.g. 

Gozlan et al., 1990; Huguet & Tarrade, 1992; Roux et al., 1994, 1995; Klapdor et al., 1997b), whereas 

the F344 strain and the FBNF1 hybrids have been selected by the National Institute of Aging, 

Bethesda, USA, as being especially suited for aging studies (Masoro, 1991; Sprott, 1991). The FBNF1 

hybrids show a normal distribution of age-related pathologies which occur in the later phase of life 

(Sprott, 1991). Interestingly, these rats do not suffer from an age-related decline in the acquisition of 

the Stone 14-unit T-maze up to 31 months of age, whereas all other rodent strains tested so far show 

this age-associated impairment (Ingram et al., 1994). 

 

 

Experiment 1: acquisition of the standard water escape task by 12- and 24-
month-old outbred Janvier Wistar rats. 

Material and Methods 

Animals: adult and aged male Janvier Wistar rats (WISRJ) were supplied by the Centre d’Elevage 

Roger Janvier (le Genest Saint Isle, France). They were allowed to habituate to the animal facilities of 

our laboratory (CNS-Research, Bayer, Cologne, Germany) for at least 1 week, before behavioral 

testing started. The results in the present experiment are for the  control rats used in a drug-finding 

study. The 12-month-old (n=10) and 24-month-old rats (n=9) were given orally a 1% tylose suspension 

30 minutes before each of the daily acquisition sessions. Tylose was used as the solvent of the drug 

tested and has earlier been found not to have an effect on learning behavior in the Morris task (data 

not shown). 

Apparatus: the Morris water escape performance was assessed in a water tank which consisted of a 

circular black tub with a slightly sloping wall (Material: polyethylene; inner dimensions: diameter at top 

153 cm, diameter at bottom 143 cm, depth 63 cm), filled with 43.5 cm of clear tap water at a 

temperature of approximately 22°C (see Fig. 1). The  escape platform consisted of a black polyethylene 

cylinder (diameter 10.8 cm), submerged 1.5 cm below the surface of the water. In this version of the 

test the water was not made opaque because the black escape platform was virtually invisible in the 

black tank. The water tank was situated in a room illuminated by white fluorescent tubes. Abundant 
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extra-maze cues were provided by the furniture in the room, including desks, computer equipment, a 

second water tank, the presence of the experimenter, and by a radio on a shelf that was playing softly. 

All testing was done between 9:00 and 15:00. A video camera, mounted in the center above the 

circular pool, provided a picture of the pool on a TV-monitor. The movements of the rat were registered 

automatically by a video-tracking system (EthoVision®, Noldus Information Technology, Wageningen, 

The Netherlands) and stored in an MS-DOS compatible microcomputer. 

 

 

N

W

S

E

Platform position

Alternative platform positions

N, E, S, W:   Start positions  

Figure 1. The Morris water escape task. 
The invisible, submerged escape 
platform was always in the same 
quadrant. A trial was terminated as soon 
as the rat had swum and climbed onto 
the escape platform, as depicted in this 
illustration (left panel). The platform 
position in quadrant West, the alternative 
platform positions, and the four 
alternative start positions (N, E, S, W) at 
the rim of the pool are schematically 
shown in the right panel. 

 

 

Procedures (acquisition): the animals received four trials during five daily acquisition sessions. A trial 

was started by placing a rat into the pool, facing the wall of the tank. Each of four starting positions 

(north, east, south, and west) was used once in a series of four trials; their order was randomized. The 

escape platform was always in the same quadrant. A trial was terminated as soon as the rat had 

climbed onto the escape platform or when 90 seconds had elapsed, whichever event occurred first. A 

rat was allowed to stay on the platform for 30 seconds. Then it was taken from the platform and the 

next trial was started. If a rat did not find the platform within 90 seconds it was put on the platform by 

the experimenter and was allowed to stay there for 30 seconds. After completion of the fourth trial (on 

the fifth day after completion of the probe trial, see below), the rat was gently dried with crêpe paper 

and returned to its home cage. The animal was kept warm under an infrared bulb (Original Hanau 

Solilux, 150 W) fixed about 60 cm above the floor of the cage. 

Probe trial: after the fourth trial of the fifth daily session, an additional trial was given as a probe trial: 

the platform was removed, and the time the rat spent in the four quadrants was measured for 60 

seconds. In the probe trial, all rats started from the same start position, opposite to the quadrant where 

the escape platform had been positioned during acquisition. 

Statistical analysis 

Acquisition: four different measures were taken to evaluate the performance of the rats during 

acquisition training: escape latency, traveled distance, distance to platform, and swimming speed. 

� Escape latency is the time (s) taken to find and escape onto the submerged platform (Morris, 1984). 
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� Traveled distance (cm) is the total distance swum to find and escape onto the submerged platform 

(Morris, 1984). 

� Distance to platform (cm) (Gallagher, Burwell & Burchinal, 1993) was calculated as the mean 

distance to the platform across all samples drawn by the video-tracking system between the start of 

a trial and the moment the rat climbed onto the platform. 

� Swimming speed was calculated as traveled distance (cm) divided by escape latency (s). 

The measures were averaged per rat within each session. Age differences in the acquisition of the 

water escape task were assessed with an analysis of variance (ANOVA; Winer, 1971) with repeated 

measures over sessions. In addition, age differences in particular sessions were analyzed by ANOVA. 

Probe trial: the following measures were evaluated for the probe trial: time (s) in quadrants, traveled 

distance (cm) in quadrants, time (s) in annulus, and traveled distance (cm) in annulus. The swimming 

time and distance swum per quadrant were assessed with a repeated measures ANOVA over 

quadrants (time in the quadrant north, east, south, and west are considered as levels of the repeated 

measures factor), complemented by ANOVAs on the swimming times per quadrant. Time in the 

annulus and traveled distance in the annulus were analyzed by an ANOVA with the factor Age. 

 

Results 

Acquisition 

Escape latency (Fig. 2, upper left panel): averaged over the sessions, the aged Janvier rats had longer 

escape latencies than the middle-aged rats (General mean: F1,17 = 21.13, p < 0.01). The escape 

latencies decreased across the five daily acquisition sessions (Sessions: F4,68 = 10.15, p < 0.01) to a 

similar extent (Sessions by Age interaction: F4,68 < 1.0, n.s.). However, when individual sessions were 

considered, age differences were apparent from the third day of training onward (Fs1,17, and associated 

p-values for sessions 1 to 5, in that order: 3.01, n.s.; 3.02, n.s.; 6.38, p < 0.05; 22.01, p < 0.01; 11.69, 

p < 0.01). 

Traveled distance to reach the escape platform (Fig. 2, upper right panel): the old rats swam, on 

average, further before they found the escape platform than the middle-aged rats did (General mean: 

F1,17 = 15.78, p < 0.01). The distance swum decreased over the five training sessions (Sessions: F4,68 

= 10.00, p < 0.01) to a similar extent (Sessions by Age interaction: F4,68 = 1.77, n.s.). The age 

differences were evident from the third session onward, when individual days of training were 

considered (Fs1,17, and associated p-values, for sessions 1 to 5, in that order: 0.58, n.s.; 3.26, n.s.; 

6.99, p < 0.05; 32.62, p < 0.01; 8.13, p < 0.05). 

Distance to platform (Fig. 2, lower left panel): the mean distance to the escape platform was smaller for 

the middle-aged than for the aged rats, averaged over the five acquisition sessions (General mean: 

F1,17 = 16.49, p < 0.01). The distance to the platform decreased across training sessions (Sessions: 

F4,68 = 10.72, p < 0.01) to a similar extent in both age groups (Sessions by Age interaction: F4,68 = 1.73, 

n.s.). The age differences were evident from the second session onward, when individual days of 

training were considered (Fs1,17, and associated p-values for sessions 1 to 5, in that order: 0.25, n.s.; 

5.63, p < 0.05; 6.33, p < 0.05; 16.15, p < 0.01; 8.89, p < 0.01). 

Swimming speed (Fig. 2, lower right panel): on average, the  two age groups had a similar swimming 

speed (General mean: F1,17 = 2.34, n.s.). The speeds changed slightly over sessions (Sessions: F4,68 = 
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3.17, p < 0.05), but similarly in both the middle-aged and the aged rats (Sessions by Age interaction: 

F4,68 < 1.0, n.s.). 
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Figure 2. Morris water escape task: 
acquisition of a water escape task in a circular 
pool by middle-aged and old Janvier Wistar 
rats. The means and standard errors of the 
means (SEM) of the latency (s) (upper left 
panel) and the traveled distance (cm) (upper 
right panel) to escape onto a submerged 
platform, the distance to platform (cm) (lower 
left panel), and the swimming speed (cm*s-1) 
(lower right panel) are depicted for the five 
acquisition sessions. 
 

 

 

Probe trial 

Time in quadrants (Fig. 3, upper left panel): the time spent in the four quadrants was different 

(Quadrants: F3,51 = 12.62, p < 0.01), indicating that there was a bias for the training quadrant. This bias 

was present in the middle-aged, not in the aged rats (Quadrants by Age interaction: F3,51 = 3.01, 

p < 0.05). 

Traveled distance in quadrants (Fig. 3, lower left panel): on average, middle-aged and aged rat swam 

a similar distance during the 60-seconds probe trial (General mean: F1,17 < 1.0, n.s.). Although the 

distances swum in the quadrants were different (Quadrants: F3,51 = 12.61, p < 0.01), a bias for the 

previous training quadrant was obvious for the middle-aged rats only (Quadrants by Age interaction: 

F3,51 = 2.74, 0.10 > p > 0.05). 
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Time in the annulus (Fig. 3, upper right panel): there was no difference between the two age-groups for 

the time spent in the annulus (F1,17 = 3.01, n.s.). 

Traveled distance in the annulus (Fig. 3, lower right panel): the middle-aged and the aged Janvier rats 

swum a similar distance in the annulus (F1,17 = 2.69, n.s.). 
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Figure 3. Performance of ten middle-aged and 
nine old Janvier Wistar rats in the probe trial. 
The means and standard errors of the means 
(SEM) of the times (s) spent in the four 
quadrants (upper left panel), the traveled 
distance in quadrants (cm) (lower left panel), 
the time (s) in the annulus (upper right panel), 
and traveled distance in the annulus (cm) 
(lower right panel) are shown. 

 

 

 

Experiment 2: acquisition of the standard water escape task by 3- and 24-
month-old hybrid Fischer 344*Brown Norway rats 

Material and Methods 

Animals: male Fischer 344*Brown Norway (FBNF1) hybrids were supplied by Harlan Sprague Dawley 

(Indianapolis, USA). All rats had been shipped to our institute (Cologne, Germany) at least 1 month 

before behavioral testing started. The animals were housed in groups of three to five in standard 

Makrolon® type IV cages on sawdust bedding in an air-conditioned room (temperature: about 20°C, 
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humidity: 60%). All rats were kept under an artificial 12/12-hour light-dark cycle (lights on from 7:00 to 

19:00). The data in the present experiment were for eight 4-month-old rats and eight 26-month-old rats 

used as controls in a study in which the behavioral effects of a putative cognition-enhancing compound 

were tested. The control rats were given orally a Na-citrate buffer 30 minutes before each of the daily 

acquisition sessions. Na-citrate buffer was used as the solvent of the drug tested and was found not to 

have an effect on learning behavior in independent control experiments. 

Apparatus: the same apparatus as in the first experiment was used. 

Procedure: the procedure to assess the acquisition was identical to that used in experiment 1. The 

probe trial was performed as in experiment 1, except that the trial was terminated after 30 seconds. 

Statistical analysis: the data of the acquisition and the probe trial were analyzed as in experiment 1. 

 

Results 
Acquisition 

Escape latency (Fig. 4, upper left panel): averaged over the sessions, the aged FBNF1 hybrids had 

longer escape latencies than the young rats (General mean: F1,14 = 29.40, p < 0.01). In the first training 

session, the escape latency of the young rats was only marginally shorter than that of the aged rats 

(F1,14 = 3.27, 0.1 > p > 0.05). The escape latencies decreased across the five daily acquisition sessions 

(Sessions: F4,56 = 10.49, p < 0.01), but faster for the young rats (Sessions by Age interaction: F4,56 = 

3.57, p < 0.05). 

Traveled distance to reach the escape platform (Fig. 4, upper right panel): the old FBNF1 rats swam, 

on average, further before they found the escape platform than the young rats did (General mean: F1,14 

= 38.44, p < 0.01). There were no differences between the two age groups on the first training session 

(F1,14 < 1.0, n.s.). In the course of training, the rats reduced the swum distance to reach the platform 

(Sessions: F4,56 = 12.25, p < 0.01). The young rats, however, learned faster than the aged rats 

(Sessions by Age interaction: F4,56 = 6.37, p < 0.01). 

Distance to platform (Fig. 4, lower left panel): the distance to the escape platform, averaged over the 

five acquisition sessions, was shorter for the young than for the aged rats (General mean: F1,14 = 

64.59, p < 0.01). This difference between age groups was evident from the first day of training onward 

(Fs1,14 and associated p-values, for sessions 1 to 5, in that order: 6.11, p < 0.05; 32.79, p < 0.01; 

57.30, p < 0.01; 61.9, p < 0.01; 111.26, p < 0.01). Young and aged rats reduced the distance swum to 

reach to platform across training sessions (Sessions: F4,56 = 28.87, p < 0.01). This reduction was more 

pronounced for the young rats (Sessions by Age interaction: F4,56 = 6.48, p < 0.01). 

Swimming speed (Fig. 4, lower right panel): on average, the old rats swam slower than the young rats 

(General mean: F1,14 = 22.95, p < 0.01). Swimming speed was stable across sessions (Sessions: 

F4,56 = 2.08, n.s.; Sessions by Age interaction: F4,56 < 1.0, n.s.). 

Probe trial 

Time in quadrants (Fig. 5, upper left panel): the time spent in the four quadrants was different 

(Quadrants: F3,42 = 46.99, p < 0.01), indicating that there was a bias for the training quadrant, and this 

bias was stronger in the young rats than in the aged rats (Quadrants by Age interaction: F3,42 = 10.09, p 

< 0.01). This was confirmed by an analysis of the time spent in the training (west) quadrant (F1,14 = 

14.97, p < 0.01). 
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Figure 4. Morris water escape task: 
acquisition of a water escape task in a circular 
pool by young and old Fischer 344*Brown 
Norway hybrids. The means and standard 
errors of the means (SEM) of the latency (s) 
(upper left panel) and the traveled distance 
(cm) (upper right panel) to escape onto a 
submerged platform, the distance to platform 
(cm) (lower left panel), and the swimming 
speed (cm*s-1) (lower right panel) are 
depicted for the five acquisition sessions. 
 

 

 

Traveled distance in quadrants (Fig. 5, lower left panel): on average, the young rats swam further 

during the 30-second probe trial than the old rats did (General mean: F1,14 = 12.93, p < 0.01). The 

distances swum in the quadrants were different (Quadrants: F3,42 = 52.97, p < 0.01), but a bias for the 

previous training quadrant was obvious for the young rats only (Quadrants by Age interaction: F3,42 = 

20.72, p < 0.01). This was confirmed by an analysis of the distance swum in the training (west) 

quadrant (F1,14 = 55.92, p < 0.01). 

Time in the annulus (Fig. 5 upper right panel): the young spent more time in the annulus than the aged 

rats did (F1,14 = 23.31, p < 0.01). 

Traveled distance in the annulus (Fig. 5, lower right panel): the young rats swam further in the annulus 

than the aged rats did (F1,14 = 93.41, p < 0.01). 
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Figure 5. Behavior of eight young and eight 
old Fischer 344*Brown Norway hybrids in the 
probe trial. The means and standard errors of 
the means (SEM) of the times (s) spent in the 
four quadrants (upper left panel), the traveled 
distance in quadrants (cm) (lower left panel), 
the time (s) in the annulus (upper right panel), 
and traveled distance in the annulus (cm) 
(lower right panel) are shown. 
 

 

 

Experiment 3: acquisition of the standard water escape task by young and 
aged Fischer 344 rats 

Material and Methods 

Animals: male Fischer 344 (F344) rats were supplied by Harlan Sprague Dawley (Indianapolis, USA). 

All rats were shipped to our animal facilities at least 1 month before behavioral testing started. The 

data in the present experiment were from the control groups of animals used in a study in which the 

behavioral effect of a putative cognition-enhancing compound was assessed. Ten 6-month-old and ten 

26-month-old rats were used. These control rats were given orally a Na-citrate buffer 30 minutes 

before each of the daily acquisition sessions. 

Apparatus: the same equipment was used as in the previous experiments. 

Procedure: the rats were tested in the Morris water escape task as described in experiment 2. 

Statistical analysis: the data for the acquisition sessions and the probe trial were analyzed as in 

experiment 1. 
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Results 

Acquisition 

Escape latency (Fig. 6, upper left panel): averaged over the sessions, the aged F344 rats had longer 

escape latencies than the young rats (General mean: F1,18 = 41.85, p < 0.01). This age difference was 

found from the first training session on (F1,18 = 6.45, p < 0.05). The escape latencies changed across 

the five daily acquisition sessions (Sessions: F4,72 = 4.39, p < 0.01), but only for the young rats 

(Sessions by Age interaction: F4,72 = 4.88, p < 0.01). 

Traveled distance to reach the escape platform (Fig. 6, upper right panel): the old rats swam, on 

average, further before they found the escape platform than the young rats did (General mean: F1,18 = 

9.48, p < 0.01). On the first day of training, the old and young rats swam the same distance to reach 

the platform (F1,18 < 1.0, n.s.). There was no general effect of sessions (Sessions: F4,72 < 1.0, n.s.), 

because in the course of training the aged rats swam longer distances before they reached the 

platform, whereas in the young F344 rats, these distances decreased over sessions (Sessions by Age 

interaction: F4,72 = 7.19, p < 0.01). 
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Figure 6. Morris water escape task: 
acquisition of a water escape task in a circular 
pool by young and old Fischer 344 rats. The 
means and standard errors of the means 
(SEM) of the latency (s) (upper left panel) and 
the traveled distance (cm) (upper right panel) 
to escape onto a submerged platform, the 
distance to platform (cm) (lower left panel), 
and the swimming speed (cm*s-1) (lower right 
panel) are depicted for the five acquisition 
sessions. 
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Distance to platform (Fig. 6, lower left panel): the distance to the escape platform, averaged over the 

five acquisition sessions, was shorter for the young rats than for the aged rats (General mean: F1,18 = 

15.14, p < 0.01). This difference between age groups was evident from the third day of training onward 

(Fs1,18 and p-values, for sessions 1 to 5, in that order: 1.75, n.s.; 2.08, n.s.; 10.03, p < 0.01; 13.76, 

p < 0.01; 19.53, p < 0.01). There was no general effect of sessions (Sessions: F4,72 = 1.13, n.s.), 

because the mean distance to the platform increased slightly in aged rats in the course of training, 

whereas it decreased in the young F344 rats (Sessions by Age interaction: F4,72 = 4.39, p < 0.01). 

Swimming speed (Fig. 6, lower right panel): on average, the old rats swam slower than the young rats 

(General mean: F1,18 = 55.84, p < 0.01), but swimming speed increased over sessions (Sessions: F4,72 

= 14.35, p < 0.01). This increase was continuous for the young rats, whereas it was somewhat irregular 

across sessions for the aged rats (Sessions by Age interaction: F4,72 = 3.24, p < 0.05). 
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Figure 7. Performance of ten young and ten 
old Fischer 344 rats in the probe trial. The 
means and standard errors of the means 
(SEM) of the times (s) spent in the four 
quadrants (upper left panel), the traveled 
distance in quadrants (cm) (lower left panel), 
the time (s) in the annulus (upper right panel), 
and traveled distance in the annulus (cm) 
(lower right panel) are shown. 
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Probe trial 

Time in quadrants (Fig. 7, upper left panel): the time spent in the four quadrants was different 

(Quadrants: F3,54 = 7.63, p < 0.01), indicating that there was a bias for the training quadrant. This bias 

was present in the young rats but not in the aged rats (Quadrants by Age interaction: F3,54 = 2.97, 

p < 0.05). In particular, the young F344 rats spent more time in the training (west) quadrant than the 

aged rats did (F1,18 = 5.19, p < 0.05). 

Traveled distance in quadrants (Fig. 7, lower left panel): on average, the young rats swam further 

during the 30-second probe trial than the old rats did (General mean: F1,18 = 89.01, p < 0.01). The 

distances swum in the quadrants were different (Quadrants: F3,54=9.88, p < 0.01), but a bias for the 

previous training quadrant was obvious for the young rats only (Quadrants by Age interaction: F3,54 = 

6.07, p < 0.01). This was confirmed by an analysis of the distance swum in the training (west) quadrant 

(F1,18 = 20.84, p < 0.01). 

Time in the annulus (Fig. 7, upper right panel): the young rats spent more time in the annulus than the 

aged rats did (F1,18 = 13.36, p < 0.01). The aged rats hardly ever swam in the annulus. 

Traveled distance in the annulus (Fig. 7, lower right panel): the young F344 rats swam further in the 

annulus than the aged rats did (F1,18 = 17.74, p < 0.01). 

 

 

Discussion 

The expected age-associated deficits in spatial orientation performance in the Morris water escape 

task were found in the outbred WISRJ rat (exp. 1), the FBNF1 hybrids (exp. 2), and the inbred F344 

rats (exp. 3). These data corroborate the findings of others who observed that aged rats, compared 

with younger animals, exhibit an impairment in acquiring a standard Morris water escape task, and at 

best show only a weak bias for the previous training quadrant during the probe trial (e.g. 

Pelleymounter, Smith & Gallagher, 1987; Rapp, Rosenberg & Gallagher, 1987; Decker, Pelleymounter 

& Gallagher, 1988; Steward, Mitchell & Kalant, 1989; Brandeis et al., 1990; Rapp & Gallagher, 1996). 

The aged FBNF1 hybrids showed a clear deficit in the Morris task, whereas no such age-related 

impairment was found previously in the Stone 14-unit T-maze (Ingram et al., 1994). Although both the 

Morris water maze and the Stone maze used by Ingram and colleagues are aversively motivated, a 

possible explanation for the failure to find age-associated impairments in the Stone maze is that the 

aversive stimulus is an electric footshock. We have observed previously, when comparing adult rats of 

different strains, that electric footshock is a very ineffective motivator for FBNF1 rats in inhibitory and 

active avoidance tasks (van der Staay & Blokland, 1996a). 

The distance swum to reach the platform increased in the aged F344 rats across the five daily training 

sessions. A similar observation was reported by Lindner and Gribkoff (1991, experiments 3, and 4), 

who trained 23-month-old F344 rats, and by Mabry and colleagues (1996), who tested 22-month-old 

F344 rats in the standard Morris task in 5 successive training sessions. When Lindner and Gribkoff 

(1991) continued training for another 5 days, they found that the distance swum slightly deceased. 

However, the distance swum during the tenth session was not different from that swum during the very 

first acquisition session, confirming that 23-month-old F344 rats are already unable to acquire the 

Morris task. 
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The measure distance to platform (Gallagher, Burwell & Burchinal, 1993) shows that the aged rats in 

general swam at a greater distance from the platform than the young rats did. In fact, the mean 

distance to the platform ranged between about 60 to 40 cm; at the surface of the water the radius of 

the water tank was about 75 cm. The swimming of the aged rats can best be described as being 

dominated by a wall hugging strategy (Puumala et al., 1996). This behavior makes it less likely that rats 

will find the platform, unless they adopt an active exploration strategy and leave the rim of the tank 

faster and more frequently (Yau et al., 1994). The latter behavior was shown by the younger rats. The 

definition of an annulus that consists of a concentric area equivalent to the breadth of the escape 

platform and which is located equidistant from the rim of the pool (Denenberg et al., 1990) might help 

to identify a particular search strategy, namely swimming at a fixed distance from the rim. This strategy 

will automatically guide the animal to the escape platform. 

Cross-sectional studies comparing two age groups 

Cross-sectional experiments with rats of only two ages do not provide information about the shape of 

the underlying aging function. Age-associated cognitive impairments, motor coordination deficits, and 

sensory dysfunctions appear to occur quite independently at different ages (Gage, Dunnett & 

Björklund, 1984). Moreover, in most cases aging appears to follow a non-monotonic function 

(Markowska et al., 1989; Barnes, 1990; Baxter & Gallagher, 1996; Ingram, 1996). Cross-sectional 

designs with two age groups can answer one question only: do old(er) rats suffer from behavioral 

impairments when compared with young(er) conspecifics? This question can be answered affirmatively 

for the three strains tested. However, direct comparisons between the three strains should be made 

with care. It is not clear whether the old rats of the three strains are at the same stage of aging. There 

was a ceiling effect in the performance of the old F344 rats: they did not learn the water escape 

behavior and consequently, a further decline in (general) cognitive abilities in this strain will not be 

detected in the Morris task. By contrast, the aged rats of the other two strains tested were still able to  

learn. It is conceivable that a further decline might occur with increasing age. To obtain relevant 

information regarding this question and regarding the question at what age age-related deficits first 

occur, longitudinal studies, or cross sectional studies with multiple age points, are necessary (e.g. 

Ingram, 1996). A series of articles showing the preservation of the spatial memory of rats in the Morris 

task over many months, however, make the Morris water escape task less suited for longitudinal 

studies (e.g. Pitsikas, Biagini & Algeri, 1991; Gyger, Kolly & Guigoz, 1992; van der Staay & Blokand, 

1996b, and Chapter 2.3). 

Although the rats of the three strains were tested under highly standardized conditions, there were 

many differences between the three experiments. For example, the strains were reared under different 

conditions for a significant period of their lives. The FBNF1 and the F344 had been housed under 

identical conditions, because both genotypes came from the SPF barrier facilities of Harlan Sprague 

Dawley (Indianapolis, USA), where the animals are maintained under conditions strictly defined by the 

National Institute of Aging (Masoro, 1991; Sprott, 1991). Housing conditions for the WISRJ rats at the 

breeder’s facilities were clearly different from those of the F344 and FBNF1 rats. After shipment to the 

animal facilities of our laboratory, housing conditions for all animals were identical. 

Ideally, housing conditions should be standardized at the breeders. In aging research, this aspect of 

the animals’ history often constitutes a ‘black box’ which exerts important, although unrecognized and 

unrecognizable, effects on behavior later in life. The duration and distance of transportation (addressed 

below), duration of the adaptation period in the laboratory before testing, and many other factors might 

contribute to the behavior assessed. Moreover, the differences seen between the three strains might, 
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at least partially, represent inherent differences between the strains in the ability to acquire the Morris 

water escape task, which already existed when the rats were young (van der Staay & Blokland, 1996a). 

Swimming speed as confounding factor in age-comparison studies 

There was an age-related decrease in the swimming speed of the aged FBNF1 hybrids and the F344 

rats. The aged rats needed more time to reach the escape platform, they swam a longer distance 

before they escaped onto the platform, and they swam slower. This finding makes the measure time to 

escape onto the escape platform less suited to assess age-related impairments in learning and 

memory. Our data contrast with those of Brandeis and colleagues (Brandeis et al., 1990), who reported 

that swimming speed did not change with age, except for a transient decrease in swimming speed 

during the first training sessions. The measure escape latency in the experiments with FBNF1 and 

F344 rats might have been biased by the age-related decline in swimming speed. However, in all three 

experiments, the distance swum to reach the platform, which can be considered as an unbiased 

measure for spatial discrimination performance in the Morris task, was longer in the aged rats than in 

the younger rats. This finding supports the notion that the aged rats had a deficit in their spatial 

orientation performance. 

The adult and old Wistar rats did not differ with respect to their swimming speed, i.e. the impairment in 

the acquisition of the water escape task seen in the 24-month-old WISRJ rats, when compared with 

the 12-month-old rats, was not paralleled by an age-related decrease in the swimming speed. Thus, 

the age-related decreases in cognitive functions and in motor skills appear to progress independently 

(e.g. Gage, Dunnett & Björklund, 1984; Blokland & Raaijmakers, 1993a; Forster et al., 1996; van der 

Staay & Blokland, 1996b). 

The role of transport stress as a confounding factor 

In experiment 3, the aged F344 rats did not show any improvement in their ability to locate the platform 

across sessions. These rats had been supplied by Harlan Sprague Dawley, Indianapolis, USA, and 

had been transported to our laboratory (CNS-Research, Bayer, Cologne, Germany) as aged animals. 

We wondered whether the poor performance of these rats might have been due to the long and 

presumably stressful journey. It has been suggested that stress affects the performance of mice 

(Francis et al., 1995) and rats (Mabry et al., 1996; Hölscher, 1999) in the Morris water escape task. 

Therefore, we performed an experiment in which four 22- and four 24-month-old F344 rats were 

transported from Harlan Sprague Dawley (Indianapolis, USA) to Harlan CPB (Zeist, Netherlands) about 

3 months before shipment to our laboratory. Six 22-, and five 24-month-old Fischer 344 rats from the 

same aging colony, from the same barrier, and from the same cohorts at Harlan Sprague Dawley in 

Indianapolis were transported directly to our laboratory. The transportation was coordinated in such a 

way that all rats arrived at our laboratory at the same time. 

In the Morris water escape task, neither the 22- nor the 24-month-old rats showed any improvement 

over sessions, as had previously been found with 26-month-old rats (exp. 3). These data also fully 

corroborate observations by Lindner and Gribkoff (1991) and Marby and colleagues (1996). There was 

no evidence for the notion that the long, potentially stressful shipment from Harlan, Indianapolis, USA, 

to Cologne was the cause of the poor performance of the aged F344 rats. However, putative effects of 

transport-induced stress might not have been apparent because of ceiling effects. As the rats 

transported from the Netherlands did not perform better than those transported from the USA, we 

conclude that the poor performance is directly related to the age of the animals. 
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Therefore, it is not advisable to use aged (22 months and older) Fischer 344 rats in the Morris water 

task. If F344 rats are used in age comparison studies, then the rats should be younger than 22 

months. Rats of this strain aged 16 or 17 months already appear to show clear age-associated deficits 

in learning and memory (e.g. Steward, Mitchell & Kalant, 1989; Frick et al., 1995). These deficits are 

not so severe that the animals are no longer capable of learning. 

To summarize, aging studies on spatial discrimination learning in the Morris water escape task should 

not be performed with F344 rats aged 22 months or older. FBNF1 hybrids and WISRJ rats appear to 

be better suited. Inbred strains and F1 hybrids between inbred strains possess a number of advantages 

that make them valuable for aging research (Russell, 1972; Festing, 1991). They are genetically 

exactly defined, which increases the reproducibility of results due to the reproducibility of individuals. 

Moreover, the use of genetically defined strains offers the advantage of predictability. As their genotype 

is specified exactly, knowledge about the genotype accumulates with every experiment. Results from 

different studies in which the same genotypes are used can be compared more readily. 

By contrast, the WISRJ is an outbred strain, which is ‘genetically undefined’ (Festing, 1991). Owing to 

‘genetic drift’ in outbred populations, the replicability of results should not be taken for granted 

(Falconer & Mackay, 1996, pp. 48-64). Earlier, we had found that another rat strain supplied by Harlan 

Winkelmann, the outbred Wistar HsdWin:Wu (then called WISW:Bor), is not suited for studies which 

focus on spatial orientation learning in the Morris task (van der Staay, 1997, and Chapter 2.4). This 

strain has undergone considerable change, and the aged Wistar rats of this particular strain are no 

longer able to acquire the water escape response in the standard Morris task. Their learning curves 

are similar to those for the aged F344 rats in experiment 3 of the present study. 
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2.2 
Effects of age on the acquisition of a standard 
Morris task and of a repeated acquisition task 
in Wistar rats *  
 

 

Abstract 

The standard Morris water escape task in a circular pool predominantly measures spatial reference 

memory (RM), but a version of the task described by Whishaw (1985, 1987) makes it possible to 

measures spatial working memory (WM) as well. In this paradigm, each of the four start positions in 

the pool is used randomly in each series of  the four trial pairs of a daily training session, i.e. rats are 

randomly started from one of the four starting positions in the first trial of a pair and from the same start 

position on the next trial of the pair. The escape platform is positioned in a different position in each 

daily session. The decrease in escape latency and in the distance swum to reach the escape platform 

from the first to the second trial within a trial pair is considered a measure of spatial WM. 

We performed three experiments. In the first two experiments, we assessed the effects of aging on the 

acquisition of the standard Morris water escape task. Based on the results of these experiments, we 

compared the performance of 3-month-old rats with that of 24-month-old animals in the repeated 

acquisition paradigm to assess the effects of age on WM. The young rats acquired the task within the 

first sessions. In contrast, the 24-month-old animals did not acquire the task, even after 12 daily 

training sessions. It is not clear, however, whether the poor performance of the old rats on the repeated 

acquisition task reflects impaired WM or whether they did not acquire the procedural aspects of the 

task. 

 

 

Introduction 

The standard water escape task (Morris, 1984), in which a rat is required to localize a submerged 

platform, can be regarded as a task that predominantly measures spatial reference memory (Mundy, 

Barone & Tilson, 1990). Reference memory (RM) holds trial-independent information (Barnes, 1988b) 

about, for example, the position of the escape platform in the water tank. Young rats appear to acquire 

the reference memory version of the Morris water escape task faster than old rats (Aitken & Meaney, 

1989; Gage, Dunnett & Björklund, 1984; Rapp, Rosenberg & Gallagher, 1987; but see also: Lindner & 

Schallert, 1988). In fact, impairments in RM performance occur at a relatively early age (e.g. 18 to 19 

months, Steward, Mitchell & Kalant, 1989; 12 months, Aitken & Meaney, 1989; 16 months, Brandeis et 

al., 1990). The severity of the decrease in RM performance appears to be variable over studies and 

ranges from transient acquisition deficits (Rapp, Rosenberg & Gallagher, 1987) to permanent 

                                                           
* Part of this chapter has been published previously: van der Staay, F.J. & de Jonge, M. (1993). Effects of age on 
water escape behavior and on repeated acquisition in rats. Behavioral and Neural Biology, 60, 33-41. 
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impairments to locate and to escape onto, the submerged platform (Aitken & Meaney, 1989; Fong, Neff 

& Hadjiconstantinou, 1997). 

Most Morris water escape experiments have compared the behavior of only two age groups. This 

approach addresses the question whether aging affects performance in the task, but does not provide 

information about the mechanisms underlying the effects of aging on water escape behavior (Barnes, 

1990). Relevant information regarding the time course of the aging process and when age-related 

deficits first occur can be obtained from longitudinal studies or from cross-sectional studies with 

multiple age points (e.g. Ingram, 1996). The Morris water escape task appears to be less suited for 

longitudinal studies, because the spatial memory of rats for this task is preserved for several months 

(e.g. Pitsikas, Biagini & Algeri, 1991; Gyger, Kolly & Guigoz, 1992; van der Staay & Blokand, 1996b, 

and Chapter 2.3). Therefore, we performed two cross-sectional experiments to identify the age at 

which reliable age-associated impairments occur in the outbred Wistar rat strain (WISW:Bor). Rats of 

this strain have been used routinely for geronto(pharmaco)logical research in our laboratory. In the first 

experiment, we compared the acquisition of the standard Morris water escape task of 2-, 5-, 12- and 

19-month-old WISW rats. In the second experiment, we trained 3- and 24-month-old Wistar rats to 

escape onto the submerged platform. 

In addition to reference memory versions of the Morris water escape task, versions have been 

developed which allow the assessment of a working memory (WM) or short-term memory component. 

Whishaw (1985, 1987) described a repeated acquisition paradigm to test the formation of what he 

called a place learning set by rats. Within a daily training session of this repeated acquisition paradigm, 

each of four start positions (situated in the northern, eastern, southern, or western quadrant of the 

pool) is used randomly in each series of four trial pairs. Thus, rats are randomly started from each of 

the four starting positions per trial pair. From one daily session to the next, the escape platform is in a 

different quadrant, and each position is used once in a series of four consecutive sessions. Successful 

repeated acquisition is demonstrated when subjects have shorter latencies to find the platform during 

the second trial of a pair than during the first trial (one trial learning), i.e., when they show an improved 

WM performance. Contrary to Whishaw (1985, 1987), we consider performance in the repeated 

acquisition task to be a measure of WM (see also Grauer & Kapon, 1993). 

We adopted the paradigm described by Whishaw (1985, 1987) to assess age-related changes in the 

ability to show one trial learning and to assess spatial WM. As we found that older WISW rats suffer 

from clear age-associated impairments of spatial RM in comparison with younger rats, we used 3- and 

24-month-old rat to assess the effects of age on spatial WM, using the repeated acquisition paradigm. 

We expected that the performance of the 24-month-old WISW rats in the repeated acquisition task in 

the Morris water escape task would be worse than that of the younger rats. 

 

 

Experiment 1: acquisition of the standard water escape task by 2-, 5-, 12-, 
and 19-month-old outbred Wistar rats. 

Material and Methods 

Animals: we used 32 male Wistar rats (WISW:Bor; Winkelmann, Borchen, FRG) of four different ages: 

2, 5, 12, and 19 months (n = 8 per age-group). The breeder has renamed this strain twice HsdCpb:Wu, 

and subsequently HsdWin:Wu. The oldest rats were selected from a larger group. They appeared to 
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be healthy and showed no signs of abnormalities or physical impairments. Special care was taken to 

use only rats that were free of cataracts. The rats were group-housed (four animals per cage) in 

standard Makrolon® cages in a temperature (ca. 21.5°C)- and humidity (50%)-controlled vivarium. 

Lights were on from 7:00 to 19:00. When testing started, all rats were transferred to the experimental 

room where they were housed for the entire testing period. The light/dark regimen was the same as in 

the vivarium. 

Apparatus: the Morris water tank consisted of a circular white tub (diameter: 135 cm, depth: 60 cm) 

filled with 41 cm of water at a temperature of approximately 22°C. The escape platform was a clear 

Plexiglas cylinder (diameter: 9 cm) that was submerged 1.5 cm below the surface of the water. The 

water was made opaque by addition of dried skimmed milk (Glücksklee, approximately 250 grams). A 

video camera, mounted in the center above the circular pool, provided a picture of the pool on a TV-

monitor. Lines on the monitor defined quadrant boundaries and the position of the escape platform. 

Crossing a line, i.e. a quadrant entry, was scored when a rat moved across it with its whole body. The 

movements of the rat were registered manually and stored in an MS-DOS compatible microcomputer. 

The water tank was situated in a room illuminated by daylight and white fluorescent strip lights. 

Abundant extra-maze cues were provided by the furniture in the room, which included desks, computer 

equipment, a second water tank, the presence of the experimenter, and by a radio on a shelf that was 

playing softly. 

Procedure: the animals received four trials a day for 7 days. A trial was started by placing a rat into the 

pool, facing the wall of the tank. Each of four starting positions (north, east, south, and west) was used 

once in a series of four trials; their order was randomized. The escape platform was always in the 

same quadrant. A trial was terminated as soon as the rat had climbed onto the escape platform or 

when 60 seconds had elapsed, whichever event occurred first. A rat was allowed to stay on the 

platform for 10 seconds. Then it was taken from the platform and the next trial was started. Rats that 

did not find the platform within 60 seconds were put on the platform by the experimenter and were 

allowed to stay there for 10 seconds. 

After the fourth trial of the seventh session, an additional trial was given as a probe trial: the platform 

was removed, and the time a rat spent in the four quadrants was measured for 60 seconds. All rats 

started from the same start position (east) in the probe trial. 

Statistical analysis 

Two measures were analyzed:  

� escape latency (s), that is, the time taken to find and escape onto the submerged platform (Morris, 

1984), and 

� the number of times quadrants were entered (Lalonde & Joyal, 1991). This measure can be taken 

as an index for the distance swum or, alternatively, as an index of the extent to which a rat explored 

the water tank. 

The escape latencies and the number of quadrant entries within each session were averaged per rat. 

Age differences in the acquisition of the water escape task were assessed with an analysis of variance 

(ANOVA; Winer, 1971) with repeated measures over sessions. Where appropriate, the results of 

ANOVAs on differences between ages for particular sessions are included. Duncan's post hoc multiple 

range tests were performed to evaluate age differences in more detail. 
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Age differences in the swimming time during the probe trial were assessed with a repeated measures 

ANOVA over quadrants (time in the northern, eastern, southern, and western quadrant were 

considered as levels of the repeated measures factor), complemented by ANOVAs on the swimming 

times per quadrant, supplemented with Duncan's post hoc multiple range tests to evaluate age 

differences. 
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Figure 1. Acquisition of the Morris 
water escape task and performance in 
a probe trial of 2-, 5-, 12-, and 19-
month-old Wistar rats. Session means 
and standard errors of the means 
(SEM) are depicted. Upper panel: 
latencies (s) to escape onto a 
submerged platform. Center panel: 
number of quadrant entries. Lower 
panel: time (s) spent in each quadrant 
of the circular pool during a 1-minute 
probe trial. 

 

 

 

Results 

Escape latencies (see Fig. 1, upper panel): averaged over all sessions, the 19-month-old rats had 

longer escape latencies than the other rats (General mean: F3,28 = 4.2, p < 0.05). Rats of all ages 

learned to localize the escape platform faster in the course of training (Sessions: F6,168 = 33.2, 

p < 0.01), but there was no difference in the rate of improvement between the different age groups 

(Age by Sessions: F18,168 = 1.3, n.s.). However, on a session basis, there was a statistically reliable 
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difference in the escape latency for the different age groups in sessions 4, 5, and 6 (all Fs3,28 > 3.0, 

with associated probabilities < 0.05). Post hoc analyses confirmed that the performance of the 2-, 5-, 

and 12-month-old rats was similar and that the 19-month-old rats had longer latencies than the rats in 

the three other groups. 

Number of quadrant entries (see Fig. 1, center panel): averaged over all sessions, there was no 

difference between age groups in the number of quadrants entered (General mean: F3,28 = 2.0, n.s.). 

Rats of all age groups reduced the number of quadrant entries over the successive acquisition 

sessions (Sessions: F6,168 = 29.8, p < 0.01), but there was no difference in the rate of improvement 

(Sessions by Age: F16,168 = 1.5, n.s). 

Probe trial (see Fig. 1, lower panel): the rats spent most time in the quadrant where the escape 

platform had been during the training sessions (Quadrant: F3,84 = 111.3, p < 0.01). The pattern of 

occupancy of quadrants, however, was different for the different age groups (Age by Quadrant: F9,84 = 

4.7, p < 0.01). The oldest rats spent about one third of their time in the quadrant where the platform 

had been during the acquisition trials. In contrast, the 2-, 5-, and 12-month-old rats spent more than 

50% of their time in this particular quadrant (F3,28 = 5.8, p < 0.01; and confirmed by post hoc analysis). 

 

 

Experiment 2: acquisition of the standard water escape task by 3- and 24-
month-old Wistar rats. 

Material and Methods 

Animals: we used ten 3-month-old and ten 24-month-old male Wistar (WISW:Bor) rats (Winkelmann, 

Borchen, FRG). The old rats were selected from a larger group. They appeared to be healthy and 

showed no signs of abnormalities or physical impairments. Special care was taken to use only rats that 

were free of cataracts. The young animals were group-housed in standard type III Makrolon® cages, 

the old rats were group-housed in type IV Makrolon® cages, both with five animals per cage. All other 

conditions were as in experiment 1. 

Apparatus: the same apparatus was used as in the first experiment. However, to obtain an additional 

arbitrary measure for the distance swum, each quadrant was further subdivided by a pattern of lines (a 

4 * 4 matrix of squares, corresponding to a distance between grid lines in the pool of 16.9 cm). 

Crossing a line was scored when a rat moved across it with its whole body. 

Procedure: testing was performed as in experiment 1, with minor modifications. The animals received 

four trials a day for 5 days (there were seven sessions in experiment 1). Rats that did not find the 

platform within 90 seconds (in the first experiment: 60 seconds) were put on the platform by the 

experimenter and were allowed to stay there for 10 seconds. 

Statistical analysis 

In addition to escape latency and the number of times quadrants were entered, the number of line 

crossings and the swimming speed were analyzed. The number of line crossings can be taken as 

second index for the distance swum. The swimming speed was calculated as number of line crossings 

divided by the escape latency. 

The measures were averaged per rat within each session. Age differences in the acquisition of the 

water escape task were assessed with an analysis of variance (ANOVA; Winer, 1971) with repeated 
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measures over sessions. In addition, age differences on particular session means were analyzed by t-

statistics. 

 

Results 

Escape latencies (see Fig. 2, upper left panel): averaged over the acquisition sessions, the aged rats 

had longer escape latencies than the young rats (General mean: F1,18 = 56.6 p < 0.01). Both age 

groups learned to localize the escape platform faster in the course of training (Sessions: F4,72 = 15.9, 

p < 0.01). There was, however, no difference between ages for the rate of improvement (Age by 

Sessions: F4,72 = 2.1, n.s.). t-tests confirmed that the young rats reached the platform faster than the 

old rats during all sessions (all ts18 > -2.4, p’s < 0.05). 
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Figure 2. Acquisition of a water escape task in 
a circular pool by 3-, and 24-month-old Wistar 
rats. Session means and standard errors of 
the means (SEM) of latency (s) to escape onto 
a submerged platform (upper left panel,) 
number of line crossings (upper right panel), 
number of quadrant entries (lower left panel), 
and swimming speed (lower right panel) are 
depicted. 
 

 

 

Number of quadrant entries (see Fig. 2, lower left panel): averaged over all sessions, the aged rats 

made more quadrant entries than the young rats (General mean: F1,18 = 9.1, p < 0.01). In both age 
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groups, the number of quadrant entries decreased over the successive acquisition sessions (Sessions: 

F4,72 = 12.7, p < 0.01). There was a marginal difference in the rate of improvement (Sessions by Age: 

F4,72 = 2.1, 0.10 > p > 0.05). Age differences were statistically reliable in the fourth (t18 = -3.9, p < 0.01) 

and fifth (t18 = -3.4, p < 0.01) session. 

Number of line crossings (see Fig. 2, upper right panel): exactly the same results were found for 

number of line crossings. The aged rats made, on average, more line crossings before they reached 

the submerged platform (General mean: F1,18 = 13.2, p < 0.01). In both age groups, the number of line 

crossings decreased over the successive acquisition sessions (Sessions: F4,72 = 18.6, p < 0.01). The 

rate of improvement was only marginally different (Sessions by Age: F4,72 = 2.3, 0.10 > p > 0.05). 

Again, age differences were statistically reliable in the fourth (t18 = -4.9, p < 0.01) and fifth (t18 = -3.8, p 

< 0.01) session. 

Since the number of line crossings and the number of quadrant entries were highly correlated (young: 

rPM = 0.98; old: rPM = 0.92), they probably both provide a measure for the distance swum to reach the 

escape platform, and one may well dispense with one of the measures (Walsh & Cummins, 1976). 

Swimming speed (see Fig. 2, lower right panel): the swimming speed of the young rats was 

consistently higher than that of the aged animals (General mean: F1,18 = 78.8, p < 0.01) and increased 

slightly over sessions (Sessions: F4,72 = 7.41, p < 0.01). The increase was slightly faster in the young 

animals (Sessions by Age: F4,72 = 3.21, p < 0.05). t-tests confirmed that the young rats swum to the 

platform faster than the old rats during all sessions (all ts18 > 2.7, p’s < 0.05). 

 

 

Experiment 3: acquisition of a repeated acquisition task in the Morris 
water maze by 3- and 24-month-old Wistar rats. 

Material and Methods 

Animals: ten 3-month-old and ten 24-month-old male Wistar rats (WISW:Bor) were supplied by 

Winkelmann (Borchen, Germany). The old rats were selected from a shipment consisting of 40 

animals. They appeared to be healthy and showed no signs of abnormalities or physical impairments. 

Selection criteria were as in the first two experiments. Special care was taken to use only rats free of 

cataracts. Housing conditions were as described in the first experiment. 

Apparatus: the same equipment as in the first experiment was used. 

Procedure: the animals received pairs of trials, as described in the Introduction (see Fig. 3). The young 

and old rats were trained alternately. When all rats had completed a first trial pair, a second pair was 

given, etc., until all rats had received four trial pairs. The interval between trial pairs for each rat was 30 

to 45 minutes. Within a daily session, the escape platform remained in the same position, and over a 

series of four daily sessions, the platform was moved once to each of the four quadrants (the order 

was always: south, west, east, north). On the first day of testing, only two trial pairs were run in order to 

allow the old subjects to adapt to swimming in the pool. On the second day, the platform was kept in 

the same place as on the first day. After each trial pair, rats were gently dried with crêpe paper and 

returned to their home cages. The animals were kept warm under an infrared bulb (Original Hanau 

Solilux, 150 W) fixed about 60 cm above the floor of the cage. 
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All animals were trained on 12 successive days (first day, 2 trial pairs, all other days, 4 trial pairs, to a 

total of 46 trial pairs). Only two measures were registered: platform escape latencies and number of 

quadrant entries. 
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Figure 3. Schematic overview of 
the training procedure in the 
repeated acquisition task. Within 
a daily session, the escape 
platform remained in the same 
position, but was different in 
each of 4 successive daily 
sessions (the order was always: 
south, west, east, north). On the 
first day of testing, only two trial 
pairs were run in order to allow 
the old rats to adapt to 
swimming in the pool. On the 
second day, the platform was 
kept in the same place as on the 
first day. The start position at the 
rim of the pool is marked by an 
arrow, the platform position in 
the center of a quadrant is 
shown by ‘�’. 

 

 

Statistical analysis 

Two measures were analyzed: 1) escape latency (Morris, 1984), that is, the time taken to find and 

escape onto the submerged platform; and 2) number of times quadrants were entered (Lalonde and 

Joyal, 1991). The second measure might be taken as index for the distance swum to reach the 

platform. 
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Initial level of performance: in an analysis of performance during the first session, which consisted of 

only two trial pairs, we evaluated, using t-statistics, whether the level of performance of all age groups 

was the same at the start of the experiment. 

Comparison of the average escape latencies of the first with that of the second trials in pairs over all 

acquisition sessions: analysis of the entire learning curves, based on individual trials, was not possible, 

because the resulting repeated measures ANOVA exceeded the capacity of our computer. Instead, for 

each rat, the time (in s) taken to escape onto the submerged platform and the number of quadrant 

entries were averaged per session separately for the first and second trials of the pairs [average of first 

swims: (trial1,1 + trial2,1 + trial3,1 + trial4,1) / 4; average of second swims: (trial1,2 + trial2,2 + trial3,2 + 

trial4,2) / 4; the first subscript represents the number of the trial pair within a session, the second 

subscript represents the trial within trial pairs]. The acquisition curve of the repeated acquisition task 

was analyzed further with a two-way ANOVA with the factors Age (young vs. old), and the repeated 

measures factors Sessions (sessions 2 to 12), and Trial Pairs (average of first vs. average of second 

trials within a session). 

Comparison of the average escape latency of the second trials of the previous pairs with that of the 

first trials of the next pairs over all acquisition sessions:  a within-session decline in escape latencies 

would produce results indicative of one trial learning, whereas this effect could be a statistical artifact. 

With a steady decline over trials, the second trial of a pair would have a shorter latency than the first 

trial by definition. In order to assess whether our data on escape latencies represent a real effect and 

not a statistical artifact, we performed an additional analysis. Instead of comparing the mean escape 

latencies of the first swims of the trial pairs within a session with the mean of the second swims, we 

analyzed whether the latencies decreased, by comparing the mean of the second swims in the 

previous pairs with the mean of the first swims of the next pairs [average of previous swims: (trial1,2 + 

trial2,2 +  trial3,2) / 3; average of next swims: (trial2,1 + trial3,1 +  trial4,1) / 3]. The data were analyzed with 

a two-way ANOVA with the factors Age (young vs. old), the repeated measures factors Sessions 

(sessions 2 to 12), and Trial Pairs (average of the second trial of the previous pairs vs. average of first 

trial of the next pairs). 

Analyses based on individual trials over the second half of the learning curve: visual inspection of Fig. 

4 revealed that both age groups had reached a stable performance by the sixth session. Therefore, we 

assessed separately whether one trial learning had occurred, based on individual trials, for sessions 

six to twelve. An Age (young vs. old) by Sessions (6 to 12) by Trial Pairs (1 to 4) by Trials Within Pairs 

(first versus second swim) by age ANOVA was performed with repeated measures on the last three 

factors. 

All analyses were complemented with separate repeated measures ANOVAs within age groups. 

 

Results 

The results are summarized for escape latencies in Fig. 4, upper and center panel, and in Fig. 5. For 

quadrant entries, the results are depicted in Fig. 4, lower panel. 

Initial level of performance: analysis of the first session confirmed that the two age groups started at 

the same level of performance (escape latencies: t18 = 0.71, n.s.; quadrant entries: t18 = 0.14, n.s.). 

Comparison of the average escape latencies of the first with that of the second trials in pairs over all 

acquisition sessions (see Fig. 4, upper panel): the repeated measures analysis over sessions 2 to 12 
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revealed that, averaged over all sessions, the old animals took longer to find the submerged platform 

than the young rats (General mean: F1,18 = 10.62, p < 0.01). The escape latencies decreased in the 

course of training (Sessions: F10,180 = 12.84, p < 0.01) and the decrease was similar for young and old 

rats (Age by Sessions: F1,18 = 1.08, n.s.). The speed of learning was different for the two age groups 

(Age by Trial Pairs: F1,18 = 10.38, p < 0.01). Surprisingly, the decrease in escape latencies from the first 

to the second trials in pairs appeared not to increase with training (Trial Pairs by Sessions: F10,180 = 

0.82, n.s.), nor was there any indication of a differential acquisition over sessions for the two age 

groups (Age by Trial Pairs by Sessions: F10,180 = 1.18, n.s.). 
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Figure 4. Repeated acquisition in 3-, 
and 24-month-old Wistar rats. Session 
means and standard errors of the 
means (SEM) are depicted. Upper 
panel: latencies (s) of the first and 
second trial of pairs to escape onto a 
submerged platform. Center panel: 
latencies to escape onto a submerged 
platform (s) during the second swim of 
the previous pair and during the first 
swim of the next pair. Lower panel: 
number of quadrant entries of the first 
and second trial of pairs to find the 
platform. 
 

 

 

In order to analyze the Age by Trial Pairs interaction further, separate repeated measures analyses 

within age groups were performed. These analyses confirmed that the young animals had, on average, 

shorter escape latencies on the second trial of a pair than on the first trial (Trial Pairs: F1,9 = 85.85, 

p < 0.01), whereas the old rats did not show such an improvement (F1,9 < 1.0, n.s.). However, the 
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mean escape latencies decreased over sessions in both age groups (Sessions: young rats, F10,90 = 

13.30, p < 0.01; old rats, F10,90 = 5.29, p < 0.01). 

Comparison of the average escape latency of the second trials of the previous pairs with that of the 

first trials of the next pairs over all acquisition sessions (see Fig 4, center panel): escape latencies 

decreased over sessions (F10,180 = 12.80, p < 0.01) to a similar extent in both age groups (Age by 

Sessions: F10,180 = 1.55, n.s.). An Age by Trial Pairs interaction indicated that swim latencies developed 

differently from the second trial of the previous pair to the first trial of the next pair (F1,18 = 11.40, 

p < 0.01). 

Separate repeated measures analyses per age group revealed that the swim latencies of the young 

rats increased (F1,9 = 10.34, p < 0.05), whereas the old rats showed a very small, albeit statistically 

reliable, decrease in average swim latencies from the second swim of the previous trial pair to the first 

swim of the next trial pair (F1,9 = 6.37, p < 0.05). These results indicate that the one trial learning in 

young rats is not an artifact of a decrease in escape latencies over trials within sessions. They confirm 

that the escape latencies of old rats remain relatively constant within a session. 
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Figure 5. Mean latencies (s ± SEM) of 
3- and 24-month old Wistar rats to 
escape onto a submerged platform 
during the first and second trial of the 
first trial pair in sessions 1 to 12. The 
trial and session numbers are given on 
the horizontal axis. 
 

 

 

Analyses based on individual trials over the second half of the learning curve: this analysis confirmed 

that the aged rats had longer escape latencies than the young animals (General mean: F1,18 = 13.03, 

p < 0.01). There were fluctuations in the escape latencies over sessions (F6,108 = 3.01, p < 0.01), which 

were probably because the escape platform was more difficult to localize in the northern quadrant than 

in the other locations. This was true for both ages (Age by Session interaction: F6,108 = 1.11, n.s.). 

Escape latencies also fluctuated over pairs (F3, 54 = 28.08, p < 0.01), but these fluctuations were similar 

for the two age groups (Age by Pairs interaction: F3,54 = 2.48, n.s.). Escape latencies within pairs 

differed (F1,18 = 14.86, p < 0.05). Most importantly, an Age by Trials Within Pairs interaction (F1,18 = 

4.31, p < 0.05) indicated that the reduction in escape latency from the first to the second trial within 

pairs was different for the two ages, even after performance had stabilized. Additional analyses within 

age groups revealed that aged rats showed no improvement within pairs (F1,9 < 1.00, n.s.), whereas 

young rats showed a clear reduction in escape latency on the second trial of a pair (F1,9 = 84.92, 

p < 0.01). 
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Practice effects within sessions could have biased the previous analyses. To obtain an estimate of the 

one-trial learning performance which excludes practice effects within daily sessions, an additional 

analysis was performed with the repeated measures factor Sessions (session 1 to 12) and Trials (first 

and second trial within session) and the factor Age ANOVA . This analysis considered only the first two 

trials per session. The results are summarized in Fig. 5. 

The escape latency was, on average, shorter in young than in old rats (General mean: F1,18 = 9.20, 

p < 0.01). The escape latencies changed over sessions (Sessions: F11,198 = 7.64, p < 0.01), but this 

change was similar for the two age groups (Age by Sessions interaction: F11,198 = 1.30, n.s.). There 

was an effect of trials (F1,18 = 20.13, p < 0.01). An Age by Trials interaction (F1,18 = 5.57, p < 0.01), 

however, indicated that the decrease from the first to the second trial within the first trial pair of 

sessions was different for the age groups. The decrease in escape latency was not confirmed for the 

old rats when an ANOVA over Sessions 1 to 12 by Trials 1 to 2 within sessions was performed (Trials: 

F1,9 = 1.05, n.s.; Trials by Sessions interaction: F11,99 = 1.22, n.s.). For the young rats, on the other 

hand, this analysis confirmed that the escape latencies decreased from the first to the second trial 

within the first trial pairs of sessions (Trials: F1,9 = 45.74, p < 0.01). The magnitude of the reduction in 

escape latencies was not influenced by training over the 12 sessions (Trials by Sessions interaction: 

F11,99 < 1.0, n.s.) 

Number of quadrant entries (see Fig. 4, lower panel): the statistical analyses of the number of quadrant 

entries revealed results highly similar to those performed on escape latencies, and are therefore, not 

presented here. 

 

 

Discussion 

The results of the three experiments confirm that aged rats have an impaired ability to acquire the 

standard Morris task, which predominantly relies on spatial RM, and for the repeated acquisition task, 

which is considered to measure spatial WM. 

In the first experiment with 2-, 5-, 12-, and 19-month-old WISW rats we found that the 19-month-old 

rats needed more time to find the escape platform than the younger rats did, suggesting that the 

decrease in escape performance in the WISW:Bor strain occurs somewhere between 12 and 19 

months of age; the 12-month-old animals performed as well as the younger rats. The decrease in 

escape latency in the 19-month-old animals was most likely due to a decrease in swimming speed, and 

does not necessarily indicate an age-associated impairment in spatial learning and memory, because 

we did not detect age-related differences in the number of quadrant entries, an index of the distance 

swum to reach the platform. In the WISW strain, age-related impairments in spatial discrimination thus 

seem to appear in rats older than 19 months. This contrasts with the findings of other investigators who 

reported an earlier onset of the age-associated decrease in performance (e.g. 18 to 19 months, 

Steward, Mitchell & Kalant, 1989; 12 months, Aitken & Meaney, 1989; 16 months, Brandeis et al., 

1990). 

The second experiment showed that the 24-month-old rats needed more time to reach the escape 

platform than the 3-month-old WISW rats, and that they swam a longer distance, measured as number 

of quadrant entries, before they located and escaped onto the platform. These data corroborate the 

findings of others who found that aging rats, compared with young animals, exhibit an impairment to 
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acquire the water escape task in a circular pool (e.g. Brandeis, et al, 1990; Pelleymounter, Smith & 

Gallagher, 1987; Rapp, Rosenberg & Gallagher, 1987; Steward, Mitchell & Kalant, 1989; see also 

Chapter 2.1). Combining the information obtained in the first two experiments, we suggest that the 

age-related impairments in spatial orientation learning in the Morris maze of WISW rats occur in the 

period between 19 and 24 months of age. We found repeatedly, and without exception, that the 

acquisition of the standard Morris water escape task of 24-month-old WISW rats was poorer than that 

of young rats (data not shown). 

In the third experiment the 24-month-old rats were impaired in acquiring the repeated acquisition task. 

Because of the age-associated decrease in swimming speed the measure time to escape onto the 

escape platform might be less suited to assess age-related impairments in learning and memory in 

WISW rats. Distance swum, measured as number of quadrant entries, therefore, appears to be better 

suited to compare age-related changes in spatial RM in the standard water escape task than platform 

escape latency, due to the bias induced by differences in swimming speed. However, repeated 

acquisition is assessed within subjects. Thus, the occurrence of one-trial learning is basically 

independent of general differences in swimming speed between age groups. Although differences in 

swimming speed might complicate the interpretation of age differences, they do not interfere with 

interpretations concerning the occurrence of one-trial learning in the repeated acquisition paradigm. 

One trial learning is defined as a decrease in the time needed to find the platform from one trial to the 

next within a pair. This effect can be measured within age groups, irrespective of the basal swimming 

speed. 

The young rats acquired the repeated acquisition task quickly, whereas one-trial learning was not 

found in the aged rats. The comparison of the average escape latency of the first trial with that of the 

second trial of a trial pair over all acquisition sessions, the analyses based on individual trials over the 

first and the second half of the learning curve, and the analyses considering only the first two trials per 

session yielded very consistent results, which support the notion that old rats are not able to learn the 

specific aspects of the repeated acquisition task. The consistency of the results also shows that the 

statistical approach used is valid to evaluate the performance of rats in the repeated acquisition task. 

However, it might be worthwhile to consider the possibility of giving only one trial pair per session 

(Grauer & Kapon, 1993; Youngblood et al., 1997), or of introducing a longer inter-trial pair interval 

(Petrie, 1995), or of increasing the number of different positions of the escape platform in future 

research (Youngblood et al., 1997), in order to decrease interference between trial pairs and to simplify 

the data analysis and the interpretation of results. 

Young rats in fact very consistently needed less time and swam a shorter distance to escape onto the 

platform in the second than in the first trial of a trial pair from the first acquisition sessions onwards, 

with no further improvement when training progressed. Our data corroborate earlier observations made 

by Whishaw (1985, 1987) that one-trial learning already occurs within the first few trials of training. An 

additional analysis supported the notion that the improvement of the young rats within trial pairs does 

not represent a statistical artifact. 

The improvement from the first to the second trial of trial pairs found for young rats might have been 

due to an effect of practice: within sessions, the rats always swam to the same platform location. 

However, the improvement on the second trial was also found when only the first trial pair (i.e. the first 

and second trial) per session was considered. Moreover, although the development of some response 

strategy cannot be excluded definitively, we do not have any indication that the young rats used a 

strategy other than spatial orientation to solve the task. The old rats did not improve their performance 
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on the second trial of pairs, although the trials within pairs were given in close succession. Nagahara 

and McGaugh (1992) found that young rats showed an improved performance in the second trial of a 

pair in a comparable place learning task; there was a similar reduction in escape latency from the first 

to the second trial in a session after a short (15 s) and after a long (15 min) retention interval. 

Considering these findings, our results suggest that the old rats showed a rather severe short-term 

memory deficit, because it was already noticeable with the very short interval between the trials of pairs 

used in the present study. 

It is, however, not clear whether our data reflect an inability of aged WISW rats to acquire the 

procedural aspects of the task, or whether they really reflect an impaired WM performance. The 

occurrence of one trial learning depends upon procedural memory (M'Harzi et al., 1987), which in turn 

might be considered an aspect of spatial RM (Olton, Becker & Handelmann, 1979). In the repeated 

acquisition paradigm, one might consider the decrease in escape latencies over sessions to be an 

improvement in RM performance. 

The RM performance of the old rats appears also to be impaired in the standard Morris water escape 

task. The question whether RM and WM are independent measures in the repeated acquisition 

paradigm cannot be answered. For the holeboard task (van der Staay, van Nies & Raaijmakers, 1990) 

and the conefield task (van der Staay, Blokland & Raaijmakers, 1990), both of which allow the 

simultaneous assessment of WM and RM, the two spatial memory measures have been found to be 

independent of each other. In the repeated acquisition paradigm the acquisition of the procedural 

demands might be a prerequisite for an improvement in WM performance. In a study by Youngblood 

and colleagues (1997), sleep-deprived rats were tested in a repeated acquisition task in the Morris 

maze. They found sleep-deprived rats to be impaired in spatial RM, but not WM. This result suggests 

that the two memory components are dissociated in this task. 

The clear age-associated deficits in the ability to show one trial learning in old rats, and the speed of 

acquisition of this task in young rats might make this task suitable to test pharmacological compounds 

believed to affect learning and memory, i.e. substances which might ameliorate experimentally induced 

or age-associated memory impairments (Whishaw, 1985; Cohn, MacPhail & Paule, 1996). In this 

context it might be of interest to distinguish between impaired and unimpaired old animals (e.g. 

Gallagher & Burwell, 1989; Rapp & Gallagher, 1996; Fong, Neff & Hadjiconstantinou, 1997; Abrous et 

al., 1997, Anisman et al., 1998). The higher standard errors of the old rats in the present experiments 

indicate that not all aged animals had an impairment in acquiring this task. The question whether the 

poorer performance of old rats to show one trial learning in the repeated acquisition task reflects 

predominantly impaired WM, or whether it is caused by deficits in RM or conceptual learning, however, 

needs further investigation. 

 



   51 

2.3 
Longitudinal  assessment of spatial 
discrimination performance of aged rats in the 
Morris water escape task* 
 

 

Abstract 

It is generally accepted that rodents suffer from an age-associated decrease in spatial discrimination 

performance. This impairment is usually seen in cross-sectional studies, in which the performance of 

naive young animals is compared with that of naive aged animals. However, a few studies with a 

longitudinal design have shown that spatial discrimination performance is sometimes preserved in the 

aged animal, if the animal has acquired the task at a younger age. We extended these findings and 

performed two experiments in which albino Wistar rats acquired the Morris water escape task for the 

first time at the age of 25 months. They re-acquired the task approximately 3 and 5 months after they 

had originally learned it. 

After the rats had acquired the task in a first training series, we observed that the performance of these 

aged animals was not only preserved, but actually improved with repeated testing. Most of the 

improvement appeared in the first retention, about 3 months after the original acquisition. The effect 

was more pronounced in the first than in the second experiment. Possible reasons for the differences 

between experiments are discussed. Although the Morris water escape task may be suitable for the 

detection of age-related deficits in spatial learning performance in naive rats, we conclude that it is not 

suited for evaluation of age-associated decrements of spatial memory performance in old Wistar rats 

(up to an age of 30 months) in longitudinal studies. 

 

 

Introduction 

Age-related deficits in spatial discrimination tasks in rodents have been well documented in cross-

sectional studies. Old rodents show impaired performance in various types of spatial discrimination 

tasks (Stone 14-unit maze: Goodrick, 1968, 1975; Michel & Klein, 1978; the circular platform and the 

radial maze: Barnes, 1979; Barnes, Nadel & Honig, 1980; Wallace, Krauter & Campbell, 1980a; Davis, 

Idowu & Gibson, 1983; van Gool, Mirmiran & van Haaren, 1985; the holeboard: van der Staay, 

Raaijmakers & Collijn, 1986; van der Staay et al., 1988; van der Staay, van Nies & Raaijmakers, 1990, 

and the cone field: van der Staay, Krechting, Blokland & Raaijmakers, 1990; van der Staay, 

Raaijmakers & Blokland, 1990). The Morris water escape task (Morris, 1984) has received much 

attention in aging research since Gage and coworkers reported a clear age-related performance deficit 

in this task (Gage, Dunnett & Björklund, 1984). This age-related deficit has since been found in cross-
                                                           
* Part of this chapter (experiment 1) has been published previously: van der Staay, F.J. & Blokland, A. (1996b). 
Repeated assessment of spatial discrimination performance of aged rats in the Morris water escape task. 
Neurobiology of Learning and Memory, 65, 99-102. 
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sectional studies by different research groups (e.g. Rapp, Rosenberg & Gallagher, 1987; Aitken & 

Meaney, 1989; van der Staay & de Jonge, 1993), most of them being based on the comparison of one 

young and one aged group of rats. 

As Ingram (1985) pointed out, no distinction can be made between age and cohort differences when a 

cross-sectional approach is used. Therefore, one should ideally investigate the effects of aging on the 

performance in learning and memory tasks by using a longitudinal design, i.e. animals should be tested 

at regular intervals throughout their entire lifespan. However, it is conceivable that, in longitudinal 

studies, the previous experience with the test influences the performance in later retention series. 

Ideally, a task intended to be used in longitudinal approaches should be sensitive to age-related 

decreases in cognitive performance and should not be influenced by previous experience. 

Unfortunately, only a few longitudinal studies on complex spatial learning and memory have been 

performed, and the results of these studies are not in accordance with the above-mentioned ideal 

situation. 

In a longitudinal study Beatty, Bierley, and Boyd (1985) observed that Sprague Dawley rats showed a 

preserved acquisition and spatial memory performance up to 26 months of age in a radial maze task 

with a delay interval between the fourth and fifth trial. In additional studies, Bierley et al. (1986) found 

that spatial memory performance was unaffected in a radial maze task after a retention interval of 10 

months between the last series of learning sessions and retention of the task at 21.5 months of age. 

Caprioli et al. (1991), who used a working memory version of the radial maze task, found that 24-

month-old rats showed no signs of an age-related deficit when they had been trained at 4 and 13 

months of age. By contrast, 25-month-old rats with no previous experience showed clear acquisition 

deficits in this task. 

Using a longitudinal design, Gyger and colleagues (Gyger, Kolly & Guigoz, 1992) tested rats, which 

were kept under different feeding regimens, at 6, 12, 19 and 24 months of age in the Morris water 

escape task. The rats maintained their performance in the three training series of the task. Pitsikas and 

colleagues (Pitsikas, Biagini & Algeri, 1991) trained rats at 12 months of age in a Morris water escape 

task and re-tested these 'expert' rats when they were 24 months old. The learning curves of these rats 

were compared with those produced by 'naive' rats, i.e. rats which acquired the task for the first time at 

24 months of age. The aged 'expert' rats performed strikingly better than the aged 'naive' rats and 

better than the 4-month-old rats which were also tested. These data show that age-related deficits in 

complex spatial learning tasks cannot be shown in rats which have previous experiences of the tasks. 

The present study extends the assessment of the effects of previous learning on the retention 

performance in a standard Morris water escape task by old albino Wistar rats. These animals were 

trained for the first time on the Morris water escape task at the age of 25 months, an age at which 

Wistar rats usually show a spatial learning deficit (van der Staay & de Jonge, 1993; see Chapter 2.2). 

The rats were given two retention series consisting of five daily sessions each of the Morris water 

escape task approximately 3 and 5 months after they had originally learned it. 

 

 

Material and Methods 

Animals: outbred male Wistar rats (HsdWin:Wu) were supplied by Winkelmann, Borchen, Federal 

Republic of Germany at the age of 24 months. The animals were housed four to six in standard 
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Makrolon® type IV cages under an artificial 12 hour light/12 hour dark regimen (lights on from 7:00 to 

19:00) in a temperature (21.5°C ± 0.5°C) and humidity (50%) controlled animal roo m. Water and food 

were available ad libitum. Before testing, the animals were transferred to the experimental room where 

they were housed throughout the entire testing period. Housing conditions were similar to those in the 

animal room. 

The data in the present study are from two untreated control groups of animals used in two 

independent studies in which the behavioral effects of chronic dietary enrichment with different test 

compounds were assessed. Nineteen of the original forty animals and thirteen of the original twenty-

four animals completed the entire series of experiments in the first and second study, respectively. 

Behavioral testing 

Training: after approximately 3 to 4 months and 5 to 6 months, the rats were tested in a series of tests, 

consisting of the Morris water escape task, sensorimotor tests, and the open field test (see Table 1). 

 

 

Table 1. Experimental protocol of the two longitudinal studies with aged albino HsdWin:Wu rats. In the first study, 
testing was started with 40 rats. Nineteen rats survived till the end of all behavioral testing. In the second study, 
testing was started with 24 rats. Thirteen rats survived till the end of all behavioral testing. Only the data of these 
animals were used for statistical evaluations. The column ‘Animals (n)’ shows the number of animals in a 
particular phase of both studies. 
 

First study Second study 

Age in  
months/ 
weeks 

Event Animals 
(n) 

Age in 
months/ 
weeks 

Event Animals 
(n) 

24/0 Arrival at our laboratory 40 24/0  Arrival at our laboratory 24 

24/3 - 25/1 Acquisition of standard     
Morris water escape task 

35 24/3 Acquisition of standard     
Morris water escape task 

24 

   24/4 

25/1 

Open field 

Sensorimotor tests 

 

28/0 - 28/2 First retention of standard 
Morris water escape task 

31 27/1 First retention of standard 
Morris water escape task 

19 

28/3 

29/0 

Sensorimotor tests 

Open field 

 27/2 

27/3 

Open field 

Sensorimotor tests 

 

30/1 - 30/3 Second retention of standard 
Morris  water escape task 

23 29/3 Second retention of standard 
Morris  water escape task 

13 

31/2 Open field  29/4 Open field  

31/2 Sensorimotor tests 19 30/1 Sensorimotor tests 13 

 

 

The Morris water escape performance was assessed in a water tank which consisted of a circular 

black tub (Material: polyethylene; inner dimensions: diameter at top 153 cm, diameter at bottom 143 

cm, depth 63 cm), filled with clear tap water at a temperature of approximately 22°C. The escape 

platform consisted of a black polyethylene cylinder (diameter 10.8 cm), submerged 1.5 cm below the 

surface of the water. The water was not made opaque, because a black escape platform is virtually 

invisible in a black tank. The water tank was situated in a room illuminated by daylight and white 

fluorescent strip lights. Abundant extra-maze cues were provided by the furniture in the room, which 
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included desks, computer equipment, a second water tank, the presence of the experimenter, and by a 

radio on a shelf that was playing softly. All testing was done between 8:00 and 15:00. 

A video camera, mounted in the center above the circular pool, provided a picture of the pool on a TV 

monitor. Lines on the monitor defined quadrant boundaries and the position of the escape platform. In 

addition, to obtain an arbitrary measure of the distance swum, each quadrant was further subdivided by 

a pattern of lines (a 4 ∗ 4 matrix of squares). Crossing a line was scored when a rat moved across it 

with its whole body. The movements of the rat were registered manually and stored in an MS-DOS 

compatible microcomputer. 

The animals received four trials during five daily acquisition sessions. A trial was started by placing a 

rat in the pool, facing the wall of the tank. Each of four starting positions (north, east, south, and west) 

was used once in a series of four trials; their order was randomized. The escape platform was always 

in the same quadrant. A trial was terminated as soon as the rat had climbed onto the escape platform 

or when 90 seconds had elapsed, whichever event occurred first. A rat was allowed to stay on the 

platform for 30 seconds. Then it was taken from the platform and the next trial was started. Rats that 

did not find the platform within 90 seconds were put on the platform by the experimenter and were 

allowed to stay there for 30 seconds. After completion of the fourth trial the rat was gently dried with 

crêpe paper and returned to its home cage. The animals were kept warm under an infrared bulb 

(Original Hanau Solilux, 150 W) fixed about 60 cm above the floor of the cage. 

Probe trial: after the fourth trial of the fifth daily session of the original learning period and of the two 

retention series, an additional trial was given as a probe trial. The platform was removed, and the time 

a rat spent in the four quadrants was measured for 30 seconds in experiment 1 and for 60 seconds in 

the second experiment. In the probe trial, all rats started from the same start position, opposite to the 

quadrant where the escape platform had been positioned during acquisition. 

Statistical analysis 

Training: only the data of the rats which completed the entire series of testing were analyzed 

statistically. Three measures of the acquisition sessions were analyzed: 1) escape latency (Morris, 

1984), that is, the time taken to find and escape onto the submerged platform, 2) the number of line 

crossings, and 3) the swimming speed (number of line crossings divided by escape latency). The 

second measure can be taken as an index for the distance swum to reach the escape platform. The 

measures were averaged per rat within each session. The effects of the repeated acquisition of the 

water escape task were assessed with an analysis of variance (ANOVA; Winer, 1971) with repeated 

measures over the factors Training series (original learning and retentions approximately 3 and 5 

months after the original learning for the first and second study, respectively) and Sessions within 

Training series. 

Probe trial: the effects on the bias toward the training quadrant were assessed by a within subjects 

ANOVA over the repeated measures Quadrants and Training series. 

 

 

Results 

First study 

The results of this Morris water escape experiment are summarized in Fig. 1, and are depicted as 

curves with open symbols. 
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Training: the escape latency, i.e. the time taken to find and escape onto the submerged platform, 

decreased over the training series (F2,36 = 64.02, p < 0.01). Within Training series, the escape 

latencies decreased in the course of training (F4,72 = 7.91, p < 0.01). A Training series by Sessions 

within Training series interaction (F8,144 = 2.66, p < 0.05), however, indicated that the learning curves 

were different for the three training series. The rats found the platform faster in the two retentions than 

they had done during the acquisition. 
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Figure 1. Escape latencies (s); upper left 
panel], number of line crossings (upper right 
panel), and swimming speed (line crossings* 
s-1; lower left panel) of HsdWin:Wu rats in the 
first Morris water escape experiment at the 
age of approximately 25, 28, and 30.5 months. 
Session means and standard errors of the 
means (SEM) for the rats used for statistical 
analysis are shown as learning curves with 
open symbols. Session means and SEMs for 
all rats that completed a particular phase of 
the study are depicted as learning curves with 
filled symbols. Note that the number of 
animals decreased as the study progressed. 
The lower right panel shows the performance 
of aged Wistar rats in a probe trial, carried out 
after the last trial of the original acquisition and 
of the first and second retention. Means and 
SEMs for the time (s) spent in the four 
quadrants are depicted. 

 

 

 

The number of line crossings decreased over training series (F2,36 = 65.55, p < 0.01). The same holds 

true for the Sessions within Training series, where the rats learned to reduce the distance swum to find 

the platform (F4,72 = 3.41, p < 0.05). The learning curves within Training series were similarly shaped, 

although there was weak statistical support for the impression that the learning curve of the first 

acquisition was steeper than were those of the two subsequent training series (Training series by 

Sessions within Training series interaction: F8,144 = 1.94, 0.10 > p > 0.05). 
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The measure swimming speed changed from one training-series to the other (Training series: F2,36 = 

32.18, p < 0.01). The rats increased the swimming speed over Sessions within Training series (F4,72 = 

3.41, p < 0.05), the increase being different within the different training series (Training series by 

Sessions within Training series interaction: F8,144 = 2.78, p < 0.05). 

Probe trial: the rats had a clear bias for the training quadrant (Quadrants: F3,162 = 29.24, p < 0.01; see 

Fig. 1). There were no changes in the extent of this bias over the training series (Quadrants by Training 

series interaction: F6,162 < 1.0, n.s.). 

 

Second study 

The results of this experiment are summarized in Fig. 2, and are depicted as curves with open 

symbols. 
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Figure 2. Escape latencies [(s); upper left 
panel], number of line crossings (upper right 
panel), and swimming speed (line crossings 
*s-1; lower left panel), and performance in the 
probe trials (lower right panel) of HsdWin:Wu 
rats in the second Morris water escape 
experiment at the age of approximately 25, 
27.5 and 30.0 months. For further 
explanations see the legend of Fig. 1. Note 
that the symbols � and �  represent identical 
curves since all rats that were tested during 
the last training series survived the entire 
study. 
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Training: the escape latency, i.e. the time taken to find and escape onto the submerged platform, 

decreased over the training series (F2,24 = 7.63, p < 0.01). Within Training series, the escape latencies 

decreased in the course of training (F4,48 = 13.44, p < 0.01). The learning curves were similar for the 

three training series (Training series by Sessions within Training series interaction: F8,96  < 1.0, n.s.). 

There was a tendency to a decrease in the number of line crossings over the training series (F2,24 = 

2.91, 0.10 > p > 0.05). Analysis of the Sessions within Training series revealed that the number of lines 

crossed changed with repeated testing (F4,48 = 4.20, p < 0.01). The learning curves within Training 

series were different (Training series by Sessions within Training series interaction: F8,96 = 3.54, 

p < 0.05). 

A different picture emerged for swimming speed. This measure changed form one training series to the 

other (Training series: F2,24 = 6.16, p < 0.01). The rats increased their swimming speed over Sessions 

within Training series (F4,48 = 13.60, p < 0.01), but within the different training series the increase in 

swimming speed was similar (Training series by Sessions within Training series interaction: F8,96 = 

1.90, n.s.). 

Probe trial: the rats had a clear bias for the training quadrant (Quadrants: F3,108 = 5.76, p < 0.01; see 

Fig. 2). There were no changes in the extent of this bias over the training series (Quadrants by Training 

series interaction: F6,108 < 1.0, n.s). 

 

 

Discussion 

In both experiments, the ages at which the rats were tested and the intervals between acquisition and 

retention series of the task were very similar. The rats that took part in the last training series can be 

considered as 'old', as they had reached or exceeded the age at which survival in the normal aging 

population is 50 percent or less. In 30-month-old rats age−associated cognitive deficits would be 

expected. 

Both experiments showed that previous experience of the standard Morris water escape task facilitated 

and improved retentions of the task by old Wistar rats after retention intervals of approximately 3 and 5 

months. This effect was clearest in the first experiment, where the first retention started at a 

performance level that was indistinguishable from the performance level reached at the end of the 

original acquisition, i.e. the 28-month-old rats did not forget the task over a retention period of 3 

months. This was also true for the 30-month-old rats: they showed no signs of cognitive impairments 

when their performance was compared to that of the previous two acquisitions. These results are in 

agreement with those of other studies (Beatty, Bierley, & Boyd, 1985; Bierley et al., 1986; Caprioli et 

al., 1991; Pitsikas, Biagini & Algeri, 1991, Gyger, Kolly & Guigoz, 1992), although this preservation of 

cognitive performance has not been observed in the age range that was used here. 

In addition, the present study showed that the rats that learned a task at an age at which a dramatic 

acquisition impairment can be usually observed (van der Staay & de Jonge, 1993) were able to 

preserve this spatial memory up to an age of 30 months. The probe trials in both experiments revealed 

that the rats acquired the position of the platform, because they showed a clear quadrant bias. The 

bias for the training quadrant remained similar with repeated testing, giving further support the notion 

that spatial memory was preserved in these old rats. 
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We observed that the performance of the old rats in different sensorimotor tests (square bridge, paw 

test, footprint test; data not shown), which were also part of the present studies, became worse with 

repeated testing. This indicates that there is an age-related decline in sensorimotor functions. Such a 

decline has already been well documented by others (e.g. Marshall, 1982; Gage, Dunnett & Björklund, 

1984, 1989). This deterioration of sensorimotor function did not influence the cognitive performance in 

the Morris task, in agreement with previous findings (Gage, Dunnett & Björklund, 1984, 1989; 

Gallagher & Burwell, 1989). This suggests that aging is not a homogeneous process but can be 

differentiated on the basis of individual processes (Markowska et al., 1989; van der Staay, Blokland & 

Raaijmakers, 1990). Moreover, the present data suggest that repeated training in sensorimotor tasks 

does not lead to improved sensorimotor skills, whereas repeated testing in a learning task appears to 

enhance cognitive performance in very old rats. 

In a cone field task, which permits the automatic and simultaneous assessment of spatial working− 

memory and reference memory, two successive retention series after 4-month retention intervals were 

found to produce learning curves similar to those of naive adult Wistar rats trained at 4-, 8 and 12 

months of age, with no signs of either improvement or impairment from one acquisition to the next (van 

der Staay, Krechting, Blokland & Raaijmakers, 1990). Thus, even at a young age, rats did not retain 

this complex task. This finding contrasts with the data of the present study and does not corroborate 

the results of other studies which evaluated the spatial memory in longitudinal studies (Beatty, Bierley 

& Boyd, 1985; Bierley et al., 1986). It has been suggested that the cone field task is more complex 

than the Morris task (Blokland, Honig & Raaijmakers, 1994), and thus the preservation of the spatial 

memory might be related to the complexity of the task (i.e., rules and/or complexity of the spatial 

configuration of cues and locations). 

Differences between the two studies 

Cohort differences in longevity might be an explanation for the different results of the two studies. The 

second experiment was performed approximately half a year after the first experiment. In this time 

period there may have been genetic drift (see Chapter 2.4), or changes in the health status of the 

population from which the samples were derived. 

The survival characteristics of populations are under genetic control. The Senescence Accelerated 

Mouse (SAM: Miyamoto et al., 1986) shows that survival characteristics respond to genetic selection. 

Further evidence for genetic factors in aging is provided by the fact that inbred strains of mice (Russell, 

1972) show considerable differences in the mean and distribution of their lifespans. Similar differences 

between survival characteristics have been reported for inbred rat strains (e.g. Burek, 1978). 

The heritability of life expectancy in the male outbred Han:WIST rat strain, for example, has been 

estimated to be 51%. As a consequence of random combination of animals from sub populations of 

the outbred strain, a strong heritability may lead to pronounced shifts in the life expectancy of the 

offspring (Deerberg, 1991). The breeders of the rats in the present study 'refresh' or 're-vitalize' the 

outbred breeding nuclei at periodic intervals by introducing males of a sub-population of the same 

strain, which have been kept elsewhere. If this sub population is genetically different, and even more 

markedly if genetic drift took place in this sub population, then the life expectancy of the strain will be 

influenced considerably. This might be a cause for the differences between the animals used in the two 

studies. 
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Life expectancy and cognitive performance 

Loss of animals in the course of an experiment introduces a complicating factor, the implications of 

which are not yet well understood. Statistics are based on the data of the survivors only, and it is not 

clear whether the loss of animals (approximately half of the animals died before the last retention was 

finished) produced 'biased' groups, as the less vital rats (in terms of survival characteristics) did not 

complete the study. It is conceivable that two groups of animals existed: one group of impaired rats, 

and one group of unimpaired rats (cf. Goodrick, 1972). If the health status and consequently the 

longevity were strongly related to the degree of impairment in spatial discrimination tasks, then the 

unimpaired animals would have been the ones that survived, and the impaired rats would have died. 

The selective loss of impaired rats would lead to an improved mean performance level of the surviving 

sample. 

To get an impression whether this hypothesized relationship between health status, survival, and 

cognitive performance level might explain the improved mean performance levels during the first and 

the second retention, we plotted the learning curves of all animals that completed a particular phase of 

the experiment (curves with filled symbols in Figures 1 and 2, respectively). The learning curves were 

virtually identical. Thus, the longevity of an individual rat does not predict its learning performance in 

the Morris water escape task. If, however, the mean performance level during the first retention would 

have been lower than that calculated using only the data of the animals which also finished the second 

retention, then the data would suggest a relationship between longevity and learning performance. 

The above-mentioned hypothesis cannot be tested experimentally because animals die during 

experiments. Aging rats that are well below the 50% survival age might be better suited to assess the 

possible relationship between health status and cognitive performance in more detail. In this context, 

Bronson (1990) suggests that both healthy and ill-appearing animals should be used in aging studies 

and that the effects of aging should be distinguished from those induced by pathological changes, as 

determined by pathological analysis of the animals. 

 

 

Conclusions 

In conclusion, the standard Morris water escape task appears not to be suited as a tool to assess the 

age-related deterioration in spatial memory in Wistar rats in longitudinal studies, in which the same rats 

are tested repeatedly over a longer period. Although this is not favorable for longitudinal studies aimed 

at evaluating putative cognition enhancing drugs, this observation may be useful for toxicological 

studies in which the potential disruptive effects of chronic treatment with test compounds on cognitive 

performance is evaluated. Old rats preserved their performance over retention intervals of about 3 

months. They even slightly improved their performance from retention to retention and did not show 

any loss of spatial memory up to an age of 30 months. By contrast, cross-sectional studies assessing 

spatial learning consistently show an age-related impairment. 
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2.4 
Shift in the performance of 24-month-old 
Wistar rats in the Morris water escape task: 
a comparison across thirty-six experiments* 
 

 

Abstract 

Spatial discrimination learning in aged rats serves as an animal model of cognitive aging. We 

assessed the replicability of spatial discrimination performance in the standard Morris water escape 

task. To this end, the learning curves and the performance in a probe trial of 24-month-old outbred 

Wistar (HsdWin:Wu) control rats from 36 experiments were compared. These experiments had been 

performed at our laboratory under strictly controlled conditions over a period of 71 weeks. There was a 

very high variability in the learning curves between experiments. The initial performance level, i.e. the 

performance during the first session, did not change systematically across the 36 experiments. In 

contrast, the final performance level, i.e. the level reached in the fifth training session, decreased over 

the 71 week period, when the platform escape latency and the distance swum to reach the platform, 

measured as number of line crossings, were considered. In the last experiments of the series, learning 

curves were no longer seen: the rats did not improve their performance across the acquisition 

sessions. 

By contrast, the swimming speed and, in the probe trial, the bias for the quadrant where the platform 

had been positioned during training, did not change. This indicates that a decrease across experiments 

occurred predominantly with respect to spatial orientation learning, whereas the motor performance 

appeared to be unchanged. Explanations for this observation, such as differences in viability between 

shipments and the possible occurrence of genetic drift, are discussed. 

 

 

Introduction 

Changes in learning and memory in old rats are considered to reflect cognitive aging (Campbell, 

Krauter & Wallace, 1980; Ingram, 1985; Schuurman et al., 1986; Raaijmakers, Blokland & van der 

Staay, 1993). Deficits in spatial discrimination tasks in aged rodents, predominantly rats, are well 

documented in cross-sectional studies. Old, experimentally naive rats show impaired performance 

compared with young conspecifics in various types of mazes such as the Stone 14-unit maze (Ingram, 

1985; Goldman et al., 1991), the circular platform (Barnes, 1979; Barnes et al., 1990) and the radial 

maze (aversively motivated radial water maze: Pitsikas & Algeri, 1992; appetitively, i.e. food-motivated, 

radial maze: Wallace, Krauter & Campbell, 1980a; Marczynski, Artwohl & Marczynska; 1994; 

Arendash, Sanberg & Sengstock, 1995; Levin & Torry, 1996), the holeboard (van der Staay, van Nies 
                                                           
* This chapter is based on the publication: van der Staay, F.J. (1997). Shift in performance of 24-month-old 
Wistar rats in the Morris water escape task: a comparison across 36 experiments. Behavioural Brain Research, 
87, 213-222. 
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& Raaijmakers, 1990; Markel et al., 1995), and the cone field (van der Staay, Krechting, Blokland & 

Raaijmakers, 1990). 

The Morris water escape task (Morris, 1984) has become one of the most frequently used testing 

paradigms in aging research since Gage and colleagues reported a clear age-related performance 

deficit in this task (Gage, Dunnett & Björklund, 1984). This age-related deficit has since been 

confirmed in cross-sectional studies by different research groups (e.g. Rapp, Rosenberg & Gallagher, 

1987; Aitken & Meaney, 1989; van der Staay & de Jonge, 1993). 

Using the standard Morris water escape task and a short-term memory version of the task, we found 

clear deficits in the acquisition rate and in the performance in the probe trial of 24-month-old outbred 

Wistar (HsdWin:Wu, previous names WISW:Bor and HsdCpb:Wu, respectively) rats, when compared 

with young-adult rats (van der Staay & de Jonge, 1993). For several years, we used 24-month-old rats 

of this Wistar strain as a model of aging and age-related impairments in gerontopharmacological 

studies. The rats were tested under strictly controlled and standardized experimental conditions. 

However, we had the strong impression that, over the years, the learning curves in this Wistar strain 

became less pronounced, and in the end were even absent. 

One of the assumptions underlying the strictly standardized and controlled studies (e.g. Runkel & 

McGrath, 1972) is that they strongly increase the replicability of results. Our file of data from 

experiments in which the standard Morris water escape task was used provided the opportunity to 

address the question of replicability and of the stability of results over a longer period of time. To this 

end, we compared the learning curves and the initial (first day of testing) and final (fifth day of testing) 

performance of aged control rats of the HsdWin:Wu Wistar strain from 36 experiments, carried out 

over a period of 71 weeks. 

 

 

Material and Methods 

Animals 

Outbred male Wistar rats (HsdWin:Wu) were supplied by Winkelmann, Borchen, Federal Republic of 

Germany, at the age of 24 months. They were housed four to six in standard Makrolon® type IV cages 

under an artificial 12 hour light/12 hour dark regimen (lights on from 7:00 to 19:00) in a temperature 

(21.5°C ± 0.5°C) and humidity (50%) controlled vivarium. Water and food were available ad libitum. 

Before testing, the rats were transferred to the experimental room where they were housed throughout 

the entire testing period. Housing conditions were similar to those in the animal room. 

The data in the present study are from the control groups of animals used in 36 independent studies in 

which the behavioral effects of different test compounds were assessed. The control groups consisted 

of 8 to 12 animals each. The animals were given a tylose suspension orally, 30 minutes before each of 

the daily acquisition sessions. 

Behavioral testing 

Training: the Morris water escape performance was assessed in a water tank which consisted of a 

circular black tub (Material: polyethylene; inner dimensions: diameter at top 153 cm, diameter at 

bottom 143 cm, depth 63 cm), filled with clear tap water at a temperature of approximately 22°C. The 

escape platform consisted of a black polyethylene cylinder (diameter 10.8 cm), submerged 1.5 cm 
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below the surface of the water. The water was not made opaque, because a black escape platform is 

virtually invisible in a black tank. 

The water tank was situated in a room illuminated by daylight and white fluorescent strip lights. 

Abundant extra-maze cues were provided by the furniture in the room, which included desks, computer 

equipment, a second water tank, the presence of the experimenter, and by a radio on a shelf that was 

playing softly. All testing was done between 8:00 and 15:00. 

A video camera, mounted in the center above the circular pool, provided a picture of the pool on a 

video monitor. Lines on the monitor defined quadrant boundaries and the position of the escape 

platform. In addition, to obtain an arbitrary measure of the distance swum, each quadrant was further 

subdivided by a pattern of lines (a 4 * 4 matrix of squares). Crossing a line was scored when a rat 

moved across it with its whole body. The movements of the rat were registered manually and stored in 

an MS-DOS compatible microcomputer. 

 

 

Table 1. Overview of the Morris water escape experiments analyzed. The week number and the number of 
animals in an experiment are indicated. Note that in some weeks, two experiments (Exp. 1, Exp. 2) were run 
simultaneously. 
 

Week no. Exp. 1 Exp. 2 Week no. Exp. 1 Exp. 2 Week no. Exp. 1 Exp. 2 

1 8  25 8  49   

2 8  26 8  50   

3   27 8  51   

4   28   52   

5   29 8 8 53 8 8 

6   30   54 8 8 

7   31   55 8  

8   32 7 6 56 8  

9 12  33 8  57 8  

10   34   58   

11   35   59 8  

12 12  36   60   

13   37   61 8  

14 8  38   62 8 8 

15   39 8 8 63   

16   40 8  64   

17   41   65 8  

18 8  42 8  66 8  

19   43   67   

20   44 8  68 7  

21   45   69   

22   46   70 8  

23   47   71 8  

24   48 8     

 

 



   64 

The animals received four trials during five daily acquisition sessions. A trial was started by placing a 

rat in the pool, facing the wall of the tank. Each of four starting positions (north, east, south, and west) 

was used once in a series of four trials; their order was randomized. The escape platform was always 

in the same quadrant. A trial was terminated as soon as the rat had climbed onto the escape platform 

or when 90 seconds had elapsed, whichever event occurred first. A rat was allowed to stay on the 

platform for 30 seconds. Then it was taken from the platform and the next trial was started. Rats that 

did not find the platform within 90 seconds were put on the platform by the experimenter and were 

allowed to stay there for 30 seconds. After completion of the fourth trial the rat was gently dried with 

crêpe paper and returned to its home cage. The animals were kept warm under an infrared bulb 

(Original Hanau Solilux, 150 W) fixed about 60 cm above the floor of the cage. 

Probe trial: after the fourth trial of the fifth daily session, an additional trial was given as a probe trial. 

The platform was removed, and the time a rat spent in the four quadrants was measured for 30 

seconds. In the probe trial, all rats started from the same start position, namely opposite the quadrant 

where the escape platform had been positioned during acquisition. 

Statistical analysis 

Some rats were discarded from an experiment because they showed sensorimotor deficits, or because 

they were never able to find the escape platform. Thus the number of rats in some control groups was 

reduced  to 7 or, in one case, to 6 animals (see Table 1). 

Acquisition: four measures of the acquisition sessions were analyzed: 1) the number of line crossings, 

2) the number of quadrant entries (Lalonde & Joyal, 1991), 3) the swimming speed (number of line 

crossings divided by escape latency), and 4) escape latency (Morris, 1984), that is, the time taken to 

find and escape onto the submerged platform. The first two measures can be taken as an index for the 

distance swum to reach the escape platform. The measures were averaged per rat within each 

session. 

Probe trial: the time a rat spent in the quadrant where the platform had been during the training 

sessions was determined per rat as a percentage of the duration of the probe trial (30 seconds) and 

was taken as a measure for the rat’s bias for this part of the water tank. 

Correlations 

Pearson product moment correlation coefficients (rPM) were calculated  between the general means 

(average performance across five acquisition sessions) of line crossings, quadrant entries, swimming 

speed, escape latency, and percent time spent in the previous training quadrant in the probe trial, 

across the 292 24-month-old control Wistar rats from the 36 Morris water escape experiments. 

Analyses of variance 

The replicability of the results of the water escape task across the 36 experiments was assessed with 

an analysis of variance (ANOVA; Winer, 1971) with the factor Experiments (i.e. the 36 experiments) 

and repeated measures factor Sessions (i.e. the five acquisition sessions within experiments). In 

addition, the performance on the first and fifth (last) day of acquisition was analyzed by ANOVA, with 

the factor Experiments. 

Probe trial: the replicability of the bias toward the previous training quadrant in the probe trial across 

the 36 experiments was assessed by an ANOVA with the factor Experiments. 
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Regression analyses 

Acquisition: regression analyses were based on the 292 control animals in the 36 experiments. 

Estimates of intercept and slope were calculated for the first and fifth (last) session, respectively, with 

number of line crossings, number of quadrant entries, swimming speed and escape latency as 

dependent variables, and week number (see Table 1) as regressor (SAS/STAT REG-Procedure; SAS 

Institute, 1990). 

The regression across the first sessions was taken as an index of a change in initial performance over 

the 71-week period in which the experiments were performed. The regression across the fifth sessions 

was taken as an index for a shift in the performance level reached by the rats on the last day of 

training. 

Probe trial: the regression of the bias for the quadrant in which the platform had been situated during 

training was also determined, with week number as regressor. In addition, it was determined whether 

the rat spent more time than would be expected to occur by chance in the previous training quadrant. It 

was assumed that the bias for the training quadrant was at chance level when the rats spent about 25 

percent of the duration of the probe trial in that particular quadrant. Above chance level was calculated 

as percent time spent in the previous training quadrant minus 25. Per experiment it was determined by 

t-statistics whether this difference score deviated from zero. 

 

 

Results 

Correlation analysis 

The correlation coefficients between  the number of line crossings, the number of quadrant entries, the 

swimming speed, the escape latency, and the percent time spent in the training quadrant in the probe 

trial are summarized in Table 2. 

 

 

Table 2. Pearson product moment correlation coefficients (rPM) and associated probabilities between the general 
means (average performance across the five acquisition sessions) of line crossings, quadrant entries, swimming 
speed, and escape latency during acquisition, and of the percent time spent in the previous training quadrant 
during the probe trial, calculated across the 292 24-month-old control Wistar rats from 36 Morris water escape 
experiments. 
 

Measure  Lines crossed Quadrant 
entries 

Swimming 
speed 

Escape 
latency 

 Probe    trial 

       
Lines crossed rPM 1.000     
(mean performance) p < -            
Quadrant entries rPM 0.915 1.000    
(mean performance) p < 0.01 -                  
Swimming speed rPM 0.289 0.191 1.000   
(mean performance) p < 0.01 0.01 -          
Escape latency rPM 0.697 0.677 -0.395 1.000  
(mean performance) p < 0.01 0.01 0. 01 -         
Probe trial: percent rPM -0.181 -0.185 0.207 -0.336 1.000 
time in training quadrant p < 0.01 0.01 0.01 0.01 - 
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Acquisition: the platform escape latency showed a strong, positive correlation with both the number of 

quadrant entries (rPM = 0.677) and the number of line crossings (rPM = 0.697), respectively. There was 

a moderate, negative correlation between platform escape latency and swimming speed (rPM = -0.395). 

Swimming speed showed a very weak, but statistically reliable positive correlation with the number of 

quadrant entries (rPM = 0.191) and the number of line crossings (rPM = 0.289). 

Previously, we had found that the number of quadrant entries and the number of line crossings are 

highly correlated (van der Staay & de Jonge, 1993: young Wistar rats: rPM = 0.98; old Wistar rats: rPM = 

0.92). The correlation analysis performed for the present study fully corroborated our earlier findings 

(rPM = 0.915). Since the number of line crossings and the number of quadrant entries were highly 

correlated, they both provide a measure for the distance swum to reach the escape platform, and one 

may well dispense with one of the measures (Walsh and Cummins, 1976). Therefore, only the results 

on number of line crossings will be considered further. 

Probe-trial: weak, but statistically reliable, correlations were found between the four measures of 

acquisition and the bias of the animals for the previous platform position. Interestingly, there were very 

weak negative correlations between percent in this quadrant on one hand, and number of quadrant 

entries (rPM = -0.185), number of line crossings (rPM = -0.181), and latency to escape onto the platform 

(rPM = - 0.336), on the other. The rats with the shorter escape latencies and with the shorter distances 

swum to find the escape platform had a stronger bias toward the previous platform position in the 

probe trial. The swimming speed was positively correlated (rPM = 0.207) with the percent time spent in 

the previous training quadrant. 
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Figure 1. Acquisition of a water escape task in a circular pool by 24-month-old HsdWin:Wu rats. Session means 
of the control groups from 36 experiments of the distance swum (i.e. number of line crossings; left panel), 
swimming speed (i.e. line crossings * s-1; center panel), and latency (s) to escape onto a submerged platform 
(right panel) are depicted. 
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Analyses of variance 

Number of line crossings (see Fig. 1, left panel): 

Acquisition curves: averaged over the five sessions within experiments, the number of line crossings 

was different (Experiments: F35,256 = 4.01, p < 0.01). Within experiments, the number of line crossings 

in general decreased over sessions (Sessions: F4,1024 = 15.42, p < 0.01). The acquisition curves, 

however, had a different shape across the experiments (Experiments by Sessions interaction: F140,1024 

= 1.57, p < 0.01). 

First acquisition session (see Fig. 2): the number of line crossings on the first day of the acquisition of 

the task was different between experiments (Experiments: F35,256  = 4.93, p < 0.01). 

Fifth acquisition session (see Fig. 2): the performance level reached by the fifth acquisition session 

was different in the 36 experiments (Experiments: F35,256 = 2.43, p < 0.01). 

Swimming speed (see Fig. 1, center panel): 

Acquisition curves: averaged over the five sessions in the 36 experiments, the swimming speed was 

different (Experiments: F35,256 = 6.51, p < 0.01). Within experiments, the swimming speed in general 

increased across sessions (Sessions: F4,1024 = 143.60, p < 0.01). This increase, however, was different 

in the 36 experiments (Experiments by Sessions interaction: F140,1024 = 1.43, p < 0.01). 

First acquisition session (see Fig. 3): the swimming speed of the rats in the first acquisition session 

was different between experiments (F35,256 = 5.58, p < 0.01). 

Fifth acquisition session (see Fig. 3): the performance level reached by the fifth acquisition session 

was different in the 36 experiments (Experiments: F35,256 = 3.60, p < 0.01). 
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Figure 2. Number of line crossings of 24-month-old HsdWin:Wu rats in the Morris water escape task. Session 
means and standard errors of the means (SEM) are depicted. Estimates for intercept and slope of the regression 
equations based on the 292 control animals in the 36 experiments with line crossings of the first session and of 
the fifth (last) session as dependent variable, and week number as regressor, are also shown. 
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Figure 3. Swimming speed (line crossings * s-1) of 24-month-old HsdWin:Wu rats in the Morris water escape 
task. Session means and standard errors of the means (SEM) are depicted. Estimates for intercept and slope of 
the regression equations based on the 292 control animals in the 36 experiments with swimming speed of the 
first session and of the fifth (last) session as dependent variable, and week number as regressor, are also 
shown. 
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Figure 4. Escape latencies (s) of 24-month-old HsdWin:Wu rats in the Morris water escape task. Session means 
and standard errors of the means (SEM) are depicted. Estimates for intercept and slope of the regression 
equations based on the 292 control animals in the 36 experiments with escape latencies of the first session and 
of the fifth (last) session as dependent variables, and week number as regressor, are also shown. 

 

 

Escape latency (see Fig. 1, right panel) 

Acquisition curves: averaged over the five sessions within experiments, the escape latency, i.e. the 

time taken to find and escape onto the submerged platform, was similar (Experiments: F35,256 = 1.22, 

n.s.). Within experiments, the escape latency in general decreased over the training sessions 
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(Sessions: F4,1024 = 82.61, p < .01). The acquisition curves, however, had a different shape across the 

experiments (Experiments by Sessions interaction: F140,1024 = 1.28, p < 0.05). 

First acquisition session (see Fig. 4): the performance of the rats in the first acquisition session was 

marginally different between experiments (Experiments: F35,256 = 1.46, 0.10 > p > 0.05). 

Fifth acquisition session (see Fig. 4): the performance level reached by the fifth acquisition session 

was different in the 36 experiments (Experiments: F35,256 = 1.75, p < 0.01). 
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Figure 5. Percent time spent in the training quadrant during the probe trial of 24-month-old HsdWin:Wu rats in 
the Morris water escape task. Session means and standard errors of the means (SEM) are depicted. Estimates 
for intercept and slope of the regression equations based on the 292 control animals in the 36 experiments with 
percent time in the training quadrant during the probe trial as dependent variable, and week number as 
regressor, are also shown. 

 

 

Probe trial (see Fig. 5): the percent time spent in the training quadrant during the probe trial was not 

different in the 36 experiments (Experiments: F35,256 = 1.24, n.s.). In only 8 of the 36 experiments did 

the rats spend more time in the previous training quadrant than would be expected to occur by chance. 

Regression analyses (see Table 3, and Figures 2 to 5): there were no systematic shifts in the 

performance in the first acquisition session across the 71 weeks in which the 36 experiments were 

performed. However, analysis of the performance level reached on the fifth day of training revealed 

that for the number of lines crossed and for the escape latency, there was a shift toward a poorer 

performance. In contrast, the swimming speed appeared to be relatively constant across the 71-week 

period. The same was true for the bias of the rats in the probe trial. 
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Table 3. Estimates for intercept and slope of the regression equations for line crossings, swimming speed, 
escape latency of the first session and of the fifth (last) session of the acquisition, and percent time spent in the 
previous training quadrant during the probe trial for 292 control animals across 36 Morris water escape 
experiments. The regressor in this analysis was the week number in which an experiment was performed. 
 

Measure Parameter Estimate SEM t-value p|t| 

      
Lines crossed intercept 43.4166 1.944 22.333 < 0.01 
during the first session slope -0.0747 0.042 -1.756 0.10 > p > 0.05       
Lines crossed intercept 28.0833 2.561 10.963 < 0.01 
during the fifth session slope 0.1765 0.056 3.151 < 0.01       
Swimming speed intercept 0.7150 0.026 27.271 < 0.01 
during the first session slope -0.0009 0.000 -1.569 n.s.       
Swimming speed intercept 1.0577 0.037 28.051 < 0.01 
during the fifth session slope -0.0014 0.000 -1.737 0.10 > p > 0.05       
Escape latency intercept 65.9623 2.169 30.412 < 0.01 
during the first session slope -0.0379 0.047 -0.800 n.s.       
Escape latency intercept 32.6384 3.084 10.582 < 0.01 
during the fifth session slope 0.1968 0.067 2.918 < 0.01       
Probe trial: percent time intercept 36.9815 2.393 15.454 < 0.01 
spent in training quadrant slope -0.0831 0.052 -1.588 n.s. 
      

 

 

Discussion 

We assessed the replicability of the standard Morris water escape task using aged outbred Wistar 

(HsdWin:Wu) rats. The three major observations of the present study are: 

First, there was a very high variability in the acquisition curves between experiments (compare Fig. 1). 

This was also true for the experiments which were run in parallel (compare Table 1; and Figs. 2 to 5). 

In general, the old rats in the 36 experiments showed a very poor bias for the previous training 

quadrant during the probe trial. 

Second, the measures for acquisition of the Morris water escape task (quadrant entries, line crossings, 

escape latencies), averaged over the five training sessions (general means) were fairly highly 

correlated. By contrast, the correlations of these measures with the bias for the previous training 

quadrant during the probe trial were very weak. In fact, only between 3 and 11 percent of the variance 

of the performance in the probe trial can be predicted from the variance in the measures for the 

acquisition of the Morris task (calculated as r2
PM * 100; e.g. Ferguson, 1971). 

Third, whereas regression analysis revealed that the initial performance, i.e. the performance during 

the first session, did not change systematically across the 36 experiments, there was a decrease in the 

final performance level reached in the fifth training session across the 71-week period in which the 

experiments were performed. This shift in performance was statistically reliable for the platform escape 

latency and for the number of line crossings. In fact, in the last experiments of the series, the rats no 

longer improved their performance across the five training sessions, i.e. they no longer produced 

learning curves. 

No shift was found for the swimming speed and for the bias in the probe trial for the quadrant where 

the platform had been positioned during training. This indicates that predominantly spatial orientation 

learning decreased across experiments, whereas motor performance appeared to be unchanged. 

Whether this shift in spatial orientation performance has been caused by a shift in learning ability, or 
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whether other factors are involved, cannot be decided from our data. For example, the alternative 

explanation that not learning ability per se, but motivation to escape from the water had changed, 

cannot be rejected. 

Experimenter-induced differences 

The experiments were performed by seven highly experienced and well-trained technicians. Using the 

video-tracking system EthoVision® (Noldus Information Technology b.v., Wageningen, The 

Netherlands; Sams-Dodd, 1995; Spruijt, Hol & Rousseau, 1992) in parallel with the observation 

procedure reported in this paper, we found that the data obtained with our observation procedure, are 

highly reliable. They were correlated strongly with the corresponding measures obtained using 

EthoVision® (rPM > 0.90 for all measures in all sessions; unpublished results). Therefore, it is unlikely 

that the differences between experiments are due to the resolution of the observation method used. 

Environmental changes 

It is accepted that the phenotypes assessed in behavioral studies are the result of an interaction 

between the genotype and the environment (e.g. Strickberger, 1976, pp. 182-201). Moreover, 

genotype-environment interactions have been shown to affect aging and mortality (e.g. Ordy, 1975). 

Environmental changes, therefore, might act as strong sources of phenotypic change, even when the 

genotype is stable and does not change over time. However, environmental changes are an unlikely 

cause of the observed strong variability in the results from experiment to experiment on one hand, and 

of the gradual shift in performance across experiments, on the other. 

All animals were from the same outbred Wistar strain, bred by the same breeder. All rats were housed 

in the animal facilities of the breeder in the same room until they had reached the age of 24 months. 

Then, they were transported to the our laboratory, where they were always housed in the same animal 

room. The rats were allowed to habituate for one to three weeks before the Morris water escape 

experiment was performed. All testing was done in the same laboratory. Thus, the environmental 

conditions in the breeder’s animal house, and in the animal room and in our laboratory, where 

behavioral testing occurred, were highly stable and strictly standardized across experiments. 

Age-related sensorimotor impairments and age-associated pathological changes 

The animals were always selected from a larger group of rats. The rats appeared to be healthy and 

showed no signs of abnormalities or physical impairments. Special care was taken to use only rats free 

of cataracts. However, the number of rats that fulfilled the criteria was different between shipments. 

Although animals which did not pass the inclusion criteria of the visual health check for behavioral 

studies were not included in the studies, there were differences between cohorts for the number of rats 

which were found to be acceptable for Morris water escape experiments. It is conceivable that although 

no overt abnormalities and physical impairments were seen in the rats used in our experiments, the 

general health state might have been different between shipments. Consequently, the differences 

between experiments might have been due to differences in animal health characteristics. 

If swimming speed per se is considered as an index of motor performance, then it is unlikely that the 

shift in learning performance was due to decreased sensorimotor abilities, as the regression analysis 

did not reveal any systematic shift in performance over the 71-week period. Moreover, Gage and co-

workers found that the age-associated deterioration of sensorimotor function did not influence the 

cognitive performance of rats in the Morris task (Gage, Dunnett & Björklund, 1984, 1989). We made 

similar observations in a longitudinal study with Wistar rats which started when the rats were about 25 

months old and ended when the animals had reached the age of 30 months (van der Staay & Blokland, 
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1996b; Chapter 2.3). These findings suggest that aging is not a homogeneous process but can be 

differentiated on the basis of individual processes (Campbell, Krauter & Wallace, 1980; van der Staay, 

Blokland & Raaijmakers, 1990). It should be noted that the rats of the Wistar strain used in the present 

study are considered ‘old’ when they are the age of about 30 months, at which survival in the normal 

population is 50 percent or less (van der Staay & Blokland, 1996b). There may have been considerable 

differences between cohorts which went undetected, because the animals were generally tested at 24 

months of age, that is, long before overt signs of age-related sensorimotor impairments and age-

associated pathological changes occurred. Such processes, however, could have influenced rat’s 

behavior in a subtle manner. 

We did not perform pathological analyses at the end of the experiments, and consequently, the 

contribution of differences in health to the variability of the results cannot be estimated. Bronson (1990) 

suggests using both healthy and ill-appearing animals in aging studies and to separate the effects of 

aging from those induced by pathological changes, based on pathological analyses of all animals used 

in the study. Although this appears to be a good idea from the scientific point of view, it will be 

impractical in most cases. Instead, it might be more feasible to select rat strains which are relatively 

free of specific pathologies, or in which the incidence of age-specific pathologies can be considerably 

reduced. 

Genetic drift, or changes in gene frequency due to the dispersive process 

Although there was a high variability between experiments, the shift toward impaired performance 

across the 71 weeks was statistically reliable. The Wistar strain used was an outbred strain in which 

the genome is not fixed, as is the case in inbred strains and their F1 crosses. The decrease in 

performance on the fifth acquisition session might therefore have been due to genetic drift. 

The breeding nucleus used to maintain a line represents only a small sub-population of the original 

random bred population. In large populations the gene frequencies are inherently stable. By contrast, in 

small (sub)-populations changes in gene frequency due to random drift from generation to generation 

might occur in an erratic manner, without returning to that of the original larger population (Falconer & 

Mackay, 1996, pp. 48-64). Thus, if random drift was in effect, then it is conceivable that even the 

variability between experiments might have been caused by this process. In the (sub)-population of the 

Wistar strain used, the gene(s) which are responsible for the decrease in learning performance might, 

in the long run, have increased. Consequently, across experiments, there was a change toward poorer 

performance. 

Alternative approaches 

In those situations where it is mandatory to rely on highly reproducible and generalizable samples, one 

might use samples obtained from a heterogeneous stock or from a 'mosaic population' (van Zutphen, 

1993). A heterogeneous stock consists of the F1 hybrids from crossings between a selected number of 

inbred strains. In a 'mosaic population', inbred animals are also included. Because these stocks are 

based on inbred strains, they can be reconstructed whenever needed, and as long as the inbred 

strains involved are available (van Zutphen, 1993).  

Reproducibility of samples from heterogeneous stocks or from 'mosaic populations' can be attained by 

assigning F1 hybrids (and inbreds) to a sample in a predefined, fixed proportion. The inbred strains and 

the hybrids can be selected to provide samples which cover a wide genotypic and phenotypic range. 

The generalizability of results might profit from a broad phenotypic range. Festing (1993), however, 

states that the phenotypic variability in heterogeneous stocks is usually lower than expected, and that 
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where the variation is too large, the probability of false positive or false negative results might increase. 

Instead, he suggested using samples of animals from different inbred strains. 

The problem of replicability and generalizability is of special relevance if one wishes to establish a 

standard against which new results can be evaluated. Outbred rat strains in these cases might not 

provide the model of choice (Festing, 1993; 1999). An outbred Wistar strain was used in all 

experiments of the present study. In general, the use of outbred strains increases the generalizability of 

results, provided the strains are maintained under a breeding schedule that slows down, or prevents, 

inbreeding. At the same time, it reduces the reproducibility and predictability of results, due to the 

heterogeneity of genotypes, and consequently phenotypes within the strain. It should be noted, 

however, that genotypic differences do not always show up as phenotypic differences (Festing, 1993). 

In contrast, when using inbred rats, or F1 hybrids from crosses between inbred strains, the 

generalizability of results might be lower, whereas the reproducibility and predictability increase 

(Russell, 1972; McClearn & Hofer, 1999). This is a consequence of the reproducibility of individuals 

within specific inbred strains, and of F1 hybrids from crosses between inbreds. 

 

 

Conclusion 

These data support the notion that well-defined animal strains should be used to improve the 

reproducibility of results and to minimize the probability of genetic drift, which might strongly affect the 

replicability of results. The replicability and generalizability of results could be increased by using 

samples from a heterogeneous stock or from a 'mosaic population'. To our knowledge, however, no 

information is available on the feasibility of such alternative approaches, especially when it concerns 

the availability of animals for use in aging research and gerontopharmacology. 
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2.5 
Age-related changes in learning and memory  
in rats, assessed with the Morris water escape 
task: discussion and conclusions 
 

 

The aging rodent is an established animal model of human aging. Although the proportion of aged 

people in the population is steadily increasing (Martin, 1991; Olshansky, Carnes & Cassel, 1993; 

Holden, 1996; Butler, 1997), the processes underlying aging are still poorly understood. In the present 

study, we addressed a number of questions concerning the Morris water escape task (Morris, 1984) as 

a tool to assess age-related changes in cognitive functioning in rodents. This task is one of the test 

paradigms that has consistently been found to be sensitive to age-associated decline in spatial 

orientation performance (Gage, Dunnett & Björklund, 1984; van der Staay & de Jonge, 1993; Blokland, 

Honig & Raaijmakers, 1994; Socci, Sanberg & Arendash, 1995), although the severity of the deficits 

differs considerably between studies and might be only transient (e.g. Rapp, Rosenberg & Gallagher, 

1987). The standard Morris water escape task is believed to rely predominantly on spatial reference 

memory (RM). 

The first question concerned differences in the performance of young or adult rats, and aged 

conspecifics of different strains in the standard Morris water escape task. In a series of three 

experiments, described in Chapter 2.1, we compared the spatial discrimination performance of adult 

and aged outbred Janvier Wistar (WISRJ) rats, young and old inbred Fischer 344 (F344), and hybrid 

Fischer 344*Brown Norway (FBNF1) rats. The aged rats of the WISRJ and FBNF1 strains had a 

poorer acquisition of the platform escape behavior, and a weaker bias for the previous platform 

position in the probe trial than their younger counterparts. The aged rats of the Fischer 344 strain were 

unable to acquire the task. 

The second question addressed in more detail the age at which clear performance deficits in the 

Morris water escape task become apparent. In the first two experiments of Chapter 2.2, we assessed 

the acquisition of the standard Morris water escape task by 2-, 5-, 12-, and 19-month-old Winkelmann 

Wistar rats (WISW). We extended this assessment of age-related differences in the acquisition of this 

task by WISW rats by comparing the performance of 3-, and 24-month old animals in the second 

experiment of Chapter 2.2. These experiments revealed that, in this strain, clear age-related 

impairments in the acquisition of the task appear between 19 and 24 months of age. 

The third question addressed whether the age-related differences in the RM performance of WISW 

rats extend to spatial working memory (WM). In the third experiment of Chapter 2.2, we used 3-month-

old and 24-month-old WISW rats to assess the effects of age on WM in the repeated acquisition 

modification of the Morris task. In this task, which was originally designed by Whishaw (1985, 1987), 

one of the four start positions in the pool was chosen at random for each of the four trial pairs that 

constituted a session. The escape platform was in a different position on each daily session. The 

decrease in escape latency and distance swum to reach the escape platform from the first to the 

second trial within a trial pair was considered as a measure of spatial WM. 
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The young rats acquired the task within the first sessions. In contrast, the 24-month-old animals did not 

acquire the task, even after 12 daily training sessions. It was not clear, however, whether this poor 

performance of the old rats on the repeated acquisition task reflected impaired WM or whether they did 

not acquire the procedural aspects of the task. Earlier results obtained with the standard Morris task, 

however, showed that aged WISW rats can acquire the escape response, although they never reached 

the performance level of their young counterparts.  

Most studies on aging are cross-sectional, i.e. animals of different ages are tested in parallel in order to 

assess the effects of aging on, for example, cognitive performance. However, when comparing age 

groups in cross-sectional designs, one is also comparing different cohorts and, consequently, groups 

of animals with a different history (Barnes, 1990) and even with different survival characteristics (Mos & 

Hollander, 1987). A more elegant approach would be to study the process of aging in longitudinal 

experiments. Such studies have shown that spatial discrimination performance is sometimes 

preserved in aged animals, if they acquired the task at a younger age (e.g. Beatty, Bierley & Boyd, 

1985). Therefore, we addressed the question whether a longitudinal approach can be used, with the 

standard (RM) Morris task, to assess the effects of aging in old rats up to the age at which about 50% 

of the individuals of the rat strain used die a natural death (Chapter 2.3). Two experiments were 

performed in which WISW rats acquired the Morris water escape task for the first time at the age of 25 

months and then retention performance was tested approximately 3 and 5 months later. 

The performance of the aged animals was not only preserved, but actually improved in the retentions. 

The clearest improvement was seen about 3 months after the original acquisition, and the effect was 

more pronounced in the first than in the second experiment. A factor that could be responsible for the 

differences between experiments is genetic drift in the rat strain used, as discussed in Chapter 2.4. 

Although age-related deficits in spatial learning and memory performance in naive rats are consistently 

found in cross-sectional studies using the Morris water escape task (experiments 1, 2, and 3 in 

Chapter 2.1, experiments 1, and 2 in Chapter 2.2), this task appears to be unsuited for the evaluation 

of age-associated deficits of spatial memory performance in old Wistar rats (up to an age of 30 

months) in longitudinal studies. 

Because there appeared to be an undesirably large variations in the performance of WISW rats 

between experiments, we compared the results of 36 experiments which had been performed with 

aged WISW rats over a period of 71 weeks in order to determine whether the age-associated 

impairments in the Morris water escape task are replicable. These experiments had been performed at 

our laboratory under strictly controlled conditions. Results showed there to be a very high variability in 

the learning curves between experiments. The initial performance level, i.e. the performance during the 

first session, did not change systematically across the 36 experiments. In contrast, the final 

performance level, i.e. the level reached in the fifth training session, decreased over the 71-week 

period, when the platform escape latency and the distance swum to reach the platform, measured as 

number of line crossings, were considered. In fact, in the last experiments of the series, it was not 

possible to establish learning curves: the rats did not improve their performance across the acquisition 

sessions. 

By contrast, the swimming speed and, in the probe trial, the bias for the quadrant where the platform 

had been positioned during training, did not change. This indicates that spatial orientation learning 

decreased across experiments, whereas the motor performance appeared to be unchanged. The most 

obvious explanation for these differences between experiments is that the cohorts (shipments of rats) 

were different. 
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Mos and Hollander (1987) found a wide variation in the survival characteristics of the inbred WAG/Rij 

and Brown Norway (BN/BiRij) strains. In their 5-year study they observed short- and long-living cohorts, 

but there was no consistent trend. The failure to find a trend is consistent with the fact that the WAG 

and the BN strains are inbred. By contrast, our regression analyses support the notion that genetic drift 

had occurred in the outbred WISW rat strain, as reflected by the shift in performance of the aged rats 

in the Morris water escape task. 

Factors which might affect the measures used to evaluate spatial RM (and WM) in the Morris task(s) 

Ability to swim (neurological changes in swimming behavior) 

Age affects the ability of rats to move (Marshall and Berrios, 1979; Gage, Dunnett & Björklund, 1984, 

1989; Gallagner & Burwell, 1989), and the response speed is reduced in old rats (e.g. van der Staay, 

Blokland & Raaijmakers, 1990; van der Staay, van Nies &  Raaijmakers, 1990). In experiments 2 and 3 

of Chapter 2.1, we found that the aged FBNF1 hybrids and the aged inbred F344 rats swam slower 

than their young counterparts when searching for the submerged escape platform. A reduced 

swimming speed might be the consequence of age-related, neurological impairments, which need not 

per se be correlated with the decline in cognitive function. For example, deterioration of sensorimotor 

functions was found not to influence the cognitive performance in the Morris task (Gage, Dunnett & 

Björklund, 1984, 1989; Gallagher & Burwell, 1989; Bickford et al., 1992; van der Staay & Blokland, 

1996b; see also Chapter 2.3). These observations suggest that aging is not a homogeneous process 

(van der Staay, Blokland & Raaijmakers, 1990; Blokland & Raaijmakers, 1993a), but that the time 

course of age-related changes is different for distinct behaviors and their underlying processes. 

Nevertheless, it makes sense to assess the swimming behavior of aged rats that are going to be 

tested in the Morris task in order to be able to estimate the putative contribution of age-related 

neurological changes to the decline in measures which are believed to reflect spatial learning and 

memory. The procedure described by Marshall and Berrios (1979; see also Chapter 3.3) can be used 

for this purpose. 

The role of age-related impaired thermoregulation 

Old rats have a lower body temperature than younger conspecifics and thermoregulation is impaired: 

aged rats are unable to maintain normothermia after a short exposure to water at room temperature 

(21°C; Lindner & Gribkoff, 1991). Lindner and Gribk off (1991) then investigated the role of the loss of 

thermoregulatory control on the spatial performance of aged rats in the standard Morris task. They 

found that warming 23-month-old rats in a warm water bath (38°C) before exposure to the Morris tank 

improved the performance of some rats, but not that of others. It is conceivable that the magnitude of 

‘old age’ hypothermia is different for different rat strains. As we did not measure body temperature in 

our experiments, we cannot determine the contribution of possible hypothermia to the age-related  

differences in performance. 

Visual impairments 

Old rats might suffer from a reduced visual acuity which could conceivably interfere with successful 

acquisition of spatial learning tasks, such as the Morris water escape task. Recently, Lindner and 

colleagues (1997) reported that blind rats are able to acquire the spatial version of the standard Morris 

task, i.e. the version with a submerged platform. Even more surprising, blind rats were also able to 

acquire the cued version with great efficiency: their performance could not be distinguished from that of 

rats with normal vision. In an earlier study, Lindner and Gribkoff (1991) showed that visual acuity in 16- 

to 18-month-old F344 rats was not correlated with their poor spatial learning in the Morris task. This 
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result, however, does not exclude the possibility that such a relation emerges later in life, when visual 

acuity might be compromised more severely. It is not yet clear what implications these finding have for 

the Morris water task as such and for the age differences we found. Perhaps, blind rats and learning-

impaired rats compensate for their deficits by adopting non-visual strategies, for example by adopting 

egocentric cognitive maps (Moghaddam & Bures, 1996). In the case of the blind rats the strategies 

adopted appear to be highly efficient. 

Strategies to find the platform 

In food-search tasks, win-shift strategies appear to predominate over win-stay strategies (e.g. Olton & 

Schlosberg, 1978). Once a rat takes the food from a particular location, it is highly unlikely that the 

same location will contain food if the time between two successive visits is too short. By contrast, in 

tasks where an escape route must be found, a win-stay strategy might be more appropriate. In its 

natural habitat it is important for survival that an animal learns the shortest, and consequently, fastest 

route to escape from an aversive situation, such as an open area, as under laboratory conditions is 

provided by, for example, the Barnes circular maze, or the water in the Morris task. This might be one 

of the reasons why the Morris water escape task is acquired rapidly by young rats. 

However, aged rats and rats treated with ‘amnestic’ compounds, such as scopolamine, had an 

impaired ability to acquire the Morris task. One explanation might be that they do not switch to an 

active exploration strategy and instead spend more time hugging the wall (Puumala et al., 1996; Yau, 

Morris & Seckl, 1994). As a consequence, they do not negotiate the center of the pool as frequently as 

young or non-scopolamine-treated rats do. The measure distance to platform (Gallagher, Burwell & 

Burchinal, 1993) was greater for old rats in the three experiments of Chapter 2.1, which supports the 

notion that aged rats continued to swim at a larger distance from the platform, i.e. near the edge of the 

pool. As Yau and colleagues (1994) state, it remains to be determined whether this difference between 

young and aged rats reflects cognitive impairments or whether other factors play a role. 

Role of acquiring the procedural demands of the task for the WM modification of the Morris task 

As mentioned above, aged rats do not acquire the procedural demands of the standard Morris task as 

efficiently as young rats do, yet this is considered a pre-requisite for a good performance in the WM 

version of the Morris task. Unfortunately, from the data available (Chapter 2.2) we cannot determine 

how much the poor RM performance of old rats contributed to their very poor WM performance. The 

aged rats were able to reduce the escape latencies and the distance swum to reach the platform 

across sessions, which suggests that they learned the demands of the task, i.e. to escape onto the 

platform, albeit less efficiently than their young counterparts. It remains to be determined whether the 

measures for spatial WM and RM, as operationalized in the Morris task, are independent from one 

another, as has previously been shown, for example, for the spatial holeboard discrimination task (van 

der Staay, van Nies & Raaijmakers, 1990). 

Experimenter-induced variability 

The scoring method used, e.g. manual scoring versus automatic scoring using a video tracking system 

such as EthoVision® might affect the ‘resolution’ and the replicability of the results obtained. For 

example, in the experiments of Chapter 2.1 we used a video tracking system, whereas in the other 

experiments of Chapter 2 we scored performance manually. It is conceivable that manual scoring 

introduced experimenter-related variation. We addressed this problem in a series of studies and 

analyses (results not shown). When performance was scored manually and with EthoVision® (Noldus 

Information Technology b.v., Wageningen, The Netherlands; Spruijt, Hol & Rousseau, 1992; Sams-
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Dodd, 1995), we obtained very similar data. The data collected manually were strongly correlated with 

the corresponding measures obtained by using EthoVision® (rPM > 0.90 for all measures in all sessions; 

unpublished results). Therefore, manual scoring by an experienced experimenter can be considered as 

a reliable tool for the assessment of rats' behavior in the Morris task. We consider it highly unlikely that 

the manual scoring method introduced variation in the results which could explain the differences 

observed between age-groups or the differences between successive experiments. 

However, since video tracking systems operate automatically, any experimenter-related bias is 

effectively eliminated. In addition, more parameters (e.g., swim path, average distance to platform) can 

be obtained with video tracking systems such as EthoVision®, which thus allow a more detailed 

analysis of the behavior of rodents in the Morris task. For example, response strategies such as 

swimming at a fixed distance from the edge of the pool can be analyzed better with a video tracking 

system, because the position of the rat in the pool (X-Y-coordinates) is available for (re)-analysis. 

The Morris water escape task to assess age-associated cognitive decline in longitudinal studies. 

Ingram (1985) emphasized the potential value of longitudinal analyses in animal models of aging. 

Unfortunately, there have been only a few longitudinal studies on complex learning and memory in 

animal research (e.g. Beatty, Bierley & Boyd, 1985; Bierley et al., 1986). Our data show that the 

standard Morris task is not suited to assess the aging of spatial learning and memory in a longitudinal 

design. Rats tested repeatedly over a long period of their life do not show the age-related changes 

which are normally found in cross-sectional studies. 

Thus, although the Morris water escape task is one of the most frequently used test paradigms in 

aging research since Gage and colleagues reported a clear age-related performance deficit in this task 

(Gage, Dunnett & Björklund, 1984), some aspects of the task still have not been investigated in depth, 

and some results are inconclusive. For example, it is very important to understand the role of 

strategies, vision and extra-maze cues in orientation, and age-associated non-cognitive changes, such 

as sensorimotor impairments, when interpreting of age-related decreases in Morris water escape 

performance. For this reason, it makes sense to register behavior as precisely as possible, preferably 

using a video tracking system, so that different alternative hypotheses for the impairments found can 

be tested (e.g. wall hugging strategies: Puumala et al., 1996; egocentric strategies: Moghaddam & 

Bures, 1996). Although the Morris water escape task can be modified to assess either spatial WM or 

RM, it is still not clear, whether these two components of spatial memory really measure something 

different. 

The standard Morris task appears to be unsuited to investigate age-associated changes in spatial 

learning and memory in longitudinal designs. It remains to be determined how reproducible age-related 

impairments in the Morris task are. This aspect is addressed in more detail in Chapter 5. 

Given that currently available animal models often lack any true analogy to the human disease state 

they are supposed to model (Gamzu, 1985), a situation that may change with the development of 

transgenic rodent strains, the model of the aged rodent may be useful for evaluating the potential of 

pharmacological interventions in the aged (Mohs, 1988). Small rodents, especially, possess a number 

of advantages: they have a relatively short life span of 2 to 3 years, their environment can be strictly 

controlled, and they show clear age-related impairments of learning and memory (e.g. Elias & Elias, 

1976; Gage, Dunnett & Björklund, 1984; Rapp, Rosenberg & Gallagher, 1987; Aggleton, Blindt & 

Candy, 1989; Gallagher & Burwell, 1989; van der Staay & de Jonge, 1993; Ingram, 1988; Raaijmakers, 

Blokland & van der Staay, 1993). The short life span provides the opportunity to test the possible 
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prophylactic or therapeutic effects of drugs on the aging process in a short period of time (Mervis, 

1981). 

However, when selecting a specific rat strain one should be aware of the performance of adult rats and 

performance under normal conditions (Jucker & Ingram, 1997). If the performance in a certain learning 

task is poor during adulthood, the window for age effects is small or absent. This clearly holds true for 

shock-motivated tests with BN and F344*BN rats, two genotypes which are frequently used in aging 

research. They perform very poorly in shock-motivated tasks at all ages (van der Staay & Blokand, 

1996a). As a consequence, it may be necessary to select more than one strain for gerontological and 

gerontopharmacological studies and to use particular strains only in those tasks in which they have 

shown an age-related decline. 

Some investigators, for example Weindruch and Masoro (1994), are concerned about the overuse of 

one genotype, the F344 rat, in aging research. Instead, they recommend that every effort should be 

made to “(...) maximize the separation of the study of aging from that of diseases and to do so in a 

variety of animal models” (p. B88). In this context, Bronson (1990) suggests that both healthy and ill-

appearing animals should be used in order to separate the effects of aging from those induced by 

pathological changes, based on pathological analysis of all animals used. However, it might be more 

feasible to select rat strains which are relatively free from specific pathologies or in which the incidence 

of age-specific pathologies can considerably be reduced. This, for example, appears to be the case in 

F344 rats which, when fed with standard casein based rat chow, show a high prevalence of severe 

nephropathy. A soy protein-based diet, eventually in combination with caloric restriction, dramatically 

reduces the occurrence of this pathology in F344 rats (Shimokawa et al., 1993). 

Research on the processes and the consequences of normal aging, using animal models, has already 

contributed significantly to our understanding of human aging. Many factors contribute to the learning 

and memory performance seen in the aged animal. The heterogeneity of cognitive strategies, 

behavioral habits, and pathology-related effects, however, complicates the interpretation of age-related 

changes (van der Staay, Blokland & Raaijmakers, 1990). For this reason the tasks used to assess 

these changes must permit detailed analysis of the rat behavior. The Morris water escape task with its 

different modifications appears to fulfill this requirement. 
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3 
Behavioral consequences of lesioning the 
nucleus basalis magnocellularis (nbm) in rats 
 

 

Census projections indicate a steady increase in the number of aged people (Martin, 1991; Holden, 

1996; Butler, 1997) because life expectancy is increasing by 2 years each decade (Raleigh, 1997). 

Concomitantly with an increase of the proportion of the aged in the population (Butler, 1997), the 

number of patients suffering from Alzheimer's disease will increase dramatically (e.g. Brody, 1985; 

Anderson, 1986; Butler, 1997; Molnar & Dalziel, 1997). About half of the people aged 85 years suffer 

from Alzheimer’s disease, and it is exactly this age group that is growing faster than any other age 

group (Marx, 1996). Dementia of the Alzheimer type (DAT), a progressive clinical state characterized 

by a deterioration of intellect, memory, judgment, and abstract thinking, and eventually, impaired ability 

to carry out motor activities despite intact motor functions (American Psychiatric Association: DSM IV, 

1994), is among the most disabling impairments of elderly people. 

Symptomatology of Alzheimer’s disease 

One of the earliest, and perhaps the most conspicuous, symptom of the Alzheimer symptomatology is 

the deterioration of memory functioning (Flicker et al., 1985; Morris & Kopelman, 1986), the amnestic 

syndrome (Stam, 1987). This syndrome, which is considered as a first-order symptom of DAT (Stam, 

1987), consists of a complex of symptoms: memory deficits for recent events and disorientation in 

time, space, and person. Memory dysfunction first manifests itself as an increase in forgetfulness. 

However, in the early stage of the disease it is often difficult to distinguish between forgetfulness as 

early sign of DAT and normal, age-associated memory impairment (AAMI). Patients appear to be 

unable to remember facts and events which happened recently in their close environment, they forget 

what they had just discussed, and may ask the same questions over and over again. This impairment 

of recent memory appears also to underlie the disorientation seen in Alzheimer’s patients. Spatial 

disorientation first becomes obvious in new or less familiar environments. 

It is often claimed that remote memory is spared in patients with Alzheimer’s disease. Patients appear 

to remember events in their youth whereas they are unable to retain what has happened only a few 

minutes ago. However, the accuracy of remote memory often cannot be verified. In later stages of the 

disease, remote and long-term memory are definitely impaired (Stam, 1987). As the disease 

progresses, disorientation worsens as a consequence of impairments of remote memory. The patient 

now loses the ability to find his or her way in his or her old, familiar environment. Knowledge about the 

familiar environment is stored in long-term memory, which contains consolidated memory, i.e. 

information that is available and retrievable over long periods of time (hours to decades) (Stam, 1987). 

In later stages of the disease, people suffering from DAT lose their memory of their own life history and 

knowledge acquired through education and experience. They are suffering from apraxia, i.e. loss “(...) 

of highly complex and previously learned skills and gestures” (Adams, Victor & Ropper, 1997, p. 56), 

aphasia, “(...) a loss of production and/or the comprehension of spoken and written language (...)” 
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(Adams, Victor & Ropper, 1997, p. 477) and agnosia, the inability to perceive or distinguish sensory 

input which is not caused by pathological changes in the senses (Stam, 1987). 

With advancing dementia, judgment, i.e. logical and social abilities, deteriorates drastically. The 

demented patient shows, for example, deviant social behavior, i.e. behavior that is inappropriate in a 

particular social context. As the disease progresses, the patient becomes unable to discriminate 

between important details and minor matters, and to deduce underlying general principles and rules. 

Second-order symptoms of DAT are changes in mood and personality (Stam, 1987). Emotional 

responsiveness undergoes progressive changes. The patient appears to become emotionally 

unresponsive. Gestures, voice, and face become more and more expressionless. However, at times 

the patient may be over-reactive and hypersensitive. In advanced stages of Alzheimer’s disease, the 

patient is typically apathic and withdrawn, showing no signs of emotional responsiveness. These 

symptoms, however, are not specific for DAT. Depressive phases in Alzheimer’s patients, for example, 

might mistakenly be diagnosed as depression, whereas the poor performance of depressive, aged 

patients in cognitive tasks might mistakenly be diagnosed as symptoms of Alzheimer’s dementia. 

Stages in Alzheimer’s disease 

There are three stages in the development of DAT: mild, moderate, and severe (Heinitz, 1997; Molnar 

& Dalziel, 1997): 

In patients with mild dementia, personal activities of daily life (PADL) and social activities are impaired, 

but the patient is able to maintain an acceptable standard of personal hygiene, and judgment is still 

intact. The patient can live independently in his or her own home under minor supervision and with 

minor help of a caregiver. 

During the moderate stage of the disease, the symptoms worsen such that independent functioning of 

the patient suffering from DAT is only possible if extended supervision and help is provided. The 

mobility of the patient decreases. 

Residential care or long-term institutionalization is often needed during the final, severe stage of DAT, 

in which the disease has developed its full-blown symptomatology. The patient shows severe 

behavioral dysfunctions and his or her mobility is significantly reduced. He or she is unable to perform 

PADL without continuous supervision and help from caregivers. 

Pathology of Alzheimer’s disease 

The brains of Alzheimer’s patients are characterized by the presence of extracellular senile plaques 

(SP), intracellular neurofibrillary tangles (NFT) and neuronal and synaptic loss (Giannakopoulos et al., 

1997). SP are accumulations of the protein β-amyloid surrounded by dystrophic neurites and glial 

elements (Greenberg et al., 1996; Giannakopoulos et al., 1997). NFT are composed of abnormal 

modifications of cytoskeletal components which form paired helical filaments, mainly composed of 

microtubule-associated, abnormally phosphorylated τ-protein. Macroscopically, pronounced cerebral 

atrophy is seen (Adams, Victor & Ropper, 1997, p. 1053). None of these alterations, however, are 

considered as definite biological markers of DAT. 

In their large survey of the brains of elderly people with no apparent cognitive deficits, of elderly people 

with AAMI, and of DAT patients, Giannakopoulos and coworkers (1997) demonstrated that SP and 

NFT formation are age-related phenomena. However, the distribution of SP and NFT was different 

among the three groups. Surprisingly, they did not find evidence for the notion that SP deposits 

correlate with DAT. Compared with non-demented peers, DAT patients had a very high density of NFT 
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in the entorhinal cortex. Because of these degenerative processes, the entorhinal cortex loses its 

connections to the hippocampus, amygdala, and the neocortex, structures which are crucially involved 

in memory (e.g. Albert & Moss, 1992; Zola-Morgan & Squire, 1992). 

Giannakopoulos and colleagues (1997) concluded that early degenerative alterations in the 

hippocampal formation are correlated with the development of AAMI, whereas cellular degeneration in 

the neocortex is necessary for the development of DAT. Their results show that the patterns of change 

in the different cortical and subcortical structures are extremely complex. 

Genetics of Alzheimer’s disease 

Estimates of the prevalence of familial DAT range from about 10% (Wong et al., 1997) to less than 1% 

(Roses, 1996; Adams, Victor & Ropper, 1997, p. 1049). Recently, molecular genetic research has 

identified several mutations in two genes, called presenilin 1 (PS-1) and presenilin 2 (PS-2) (Kovacs et 

al., 1996), in addition to earlier found mutations of the amyloid precursor protein (APP) gene, which all 

appear to play a crucial part in the induction of familial DAT (Borchelt et al., 1997; Kovacs et al., 1996). 

Interestingly, these mutated gene products affect APP processing which favors amyloidosis, and lead 

in familial cases to an earlier onset of the disease (Nitsch, 1996). Typically, onset of familial forms is 20 

to 30 years earlier than in the non-hereditary, i.e. sporadic cases. Moreover, susceptibility for both 

familial and sporadic forms of DAT appears to be associated with the inheritance of the apolipoprotein 

(APO) E4 allele (Roses, 1996). 

The familial and sporadic forms of DAT appear to be phenotypically different. Based on the DAT-

related genes and gene mutations identified thus far, Roses (1996) distinguished between four types of 

the disease. The first one is familial and is caused by an autosomal dominant mutation of the APP 

gene. The second type is late-onset, familial or sporadic and is associated with the susceptibility gene, 

APO E4. The third type is an early-onset familial form and is associated with mutation(s) of the 

autosomal dominant PS-1 gene. The fourth type is familial and is related to mutations(s) of the 

autosomal dominant PS-2 gene. 

Although only a very small proportion of all DAT cases appears to be inherited, students of DAT expect 

that understanding of the hereditary forms will significantly contribute to our understanding of non-

hereditary forms. Therefore, efforts are being made to reproduce the DAT pathology in rodents through 

the introduction of human transgenes carrying the disease-causing gene mutation(s) (e.g. Loring et al., 

1996). While keeping in mind the heterogeneous phenotypes of different forms of DAT, the hereditary 

forms are believed to provide appropriate models of DAT. Attempts to design transgenic animal 

models expressing the key pathological changes of Alzheimer’s disease, SP and NFT, have been 

made for nearly one decade. Unfortunately, this line of research has already suffered major drawbacks 

(Marx, 1992; Greenberg et al., 1996). Although a key pathological feature, i.e. the massive deposit of 

SP has been modeled in transgenic mice, no functional deficits have been detected. It remains to be 

seen whether additional key pathological features can be modeled which will cause the behavioral 

dysfunctions seen in Alzheimer’s disease. It is unlikely that therapies for the key  pathological changes 

of DAT will become available in the near future. Despite an intense search for drugs to treat 

Alzheimer's disease, the therapeutic state is still low. 

Changes in neurotransmitter systems associated with Alzheimer’s dementia 

During the last two decades, approaches to find putative Alzheimer’s therapeutics have focused on the 

deterioration of neurotransmitter systems seen in DAT (e.g. Robbins et al., 1997). These therapeutics 

are expected to preserve or improve cognitive functioning (Jaen & Davis, 1993; Molnar & Dalziel, 



   84 

1997), especially memory performance, and to slow down or to halt the progressive deterioration seen 

in Alzheimer’s patients (Marx, 1996), thereby delaying the time when the patient becomes dependent 

on others to manage his or her PADL. 

The activity of many neurotransmitter systems is decreased in demented patients (Edwardson et al., 

1986; Whalley, 1989; Bierer et al., 1995), but the strongest decrease appears to occur in the 

cholinergic system (Jacobs & Butcher, 1986; Fibiger, 1991; Bierer et al., 1995). Many different 

strategies have been proposed for the treatment of this age-related decline of cognitive functions 

observed in the aged and, more severely, in demented people. However, because pathological 

changes in cholinergic neurotransmission in Alzheimer's disease appear to be of great importance, a 

major approach in the development of putative Alzheimer therapeutics focused on the compensation of 

cholinergic dysfunctions (Dunnett & Barth, 1991; van der Staay, Hinz & Schmidt, 1996a,b). 

Neuroanatomically, there is a profound degeneration of acetylcholine (ACh)-releasing cells in the 

nucleus basalis of Meynert (nbM), localized in the basal forebrain, in patients with DAT (Coyle, Price & 

DeLong, 1983; Jacobs & Butcher, 1986; Davison, 1987; Vogels et al., 1990), Moreover, there is a very 

profound increase in NFT in this nucleus in very old patients with DAT (Giannakopoulos et al., 1997), 

which compromises neuronal functioning. The nbM provides the major cholinergic input to the 

neocortex. 

Cell loss in the nbM and decrease of cholinergic activity in the cortex have also been observed in 

patients suffering from other types of dementias such as Picks's disease (Uhl et al., 1983; but not 

confirmed by Tagliavini & Pilleri, 1983), Parkinson’s disease (Candy et al., 1983; Whitehouse et al., 

1983; Tagliavini et al., 1984), Creutzfeldt-Jakob disease (Arendt, Bigl & Arendt, 1984), and Korsakoff's 

disease (Arendt et al., 1983). Taken together, these findings provide ample evidence that the 

degeneration and loss of cholinergic cells provide a morphological correlate of the reduced cortical 

cholinergic activity that might play a crucial role in several types of dementias. The precise relation 

between cell loss and reduced activity of cortical choline acetyltransferase (ChAT), however, remains 

to be determined (Plotkin & Jarvik, 1986). 

The degree of cholinergic dysfunction seems to be correlated with the severity of the dementia (Bierer 

et al., 1995). Moreover, a clear correlation between the severity of the cognitive impairments and the 

severity of the histological abnormalities (senile plaques – but see Giannakopoulos et al., 1997 – and 

the reduction of cortical ChAT activity) has been found in patients with Alzheimer's disease (e.g. Perry 

et al., 1978; Wilcock et al., 1982; Davies, 1985; Katzman, 1986; Whalley, 1989). There is also 

evidence that the dysfunction of cholinergic systems contributes to the neuropsychiatric changes, 

particularly psychosis, agitation, anxiety, and depression, seen in patients suffering from Alzheimer’s 

disease (Cummings & Kaufer, 1996). 

The nucleus basalis-lesioned rodent as a model of DAT 

The nucleus basalis magnocellularis (nbm) is considered the animal analogue of the nbM in humans 

(e.g. Wenk, Cribbs & McCall, 1984; Shaughnessy et al., 1994, 1996). The cell bodies of the nbm in 

rodents appear to be spread rather diffusely in the basal forebrain (Wenk, Cribbs & McCall, 1984). 

Approximately 80% to 90% of the efferents from the nbm to the neocortex, are cholinergic in rodents 

(Rye et al., 1984; Smith, 1988; Baskerville, Chang & Herron, 1993). The cholinergic projections 

originating in the nbm of the rat are represented schematically in Figure 1. Two additional groups of 

cholinergic nuclei have been identified in the basal forebrain: the diagonal band of Broca (dbB), and the 

medial septal area (msa; Wenk, Cribbs & McCall, 1984). The dbB projects predominantly to the 
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cingulate and the occipital cortices, whereas the msa sends cholinergic projections to the 

hippocampus. The mammalian cholinergic systems have been systematically reviewed by Woolf 

(1991). 
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Figure 1. Cholinergic efferents in the neocortex originating from the nucleus basalis magnocellularis in the rat 
(redrawn from Butcher & Woolf, 1986, and Woolf, 1991). Abbreviations used: cp , cautate-putamen complex; db, 
diagonal band; nbm, nucleus basalis magnocellularis; poma, magnocellular preoptic area; si, substantia 
innominata; frontal, frontal cortex;  parietal, parietal cortex; temporal, temporal cortex; visual, visual cortex.  

 

 

A widely used experimental model of the cell loss seen in the nbM of demented patients consists of 

inducing lesions in the nbm of rodents (Olton & Wenk, 1987). In most studies, the lesions are produced 

either electrolytically (e.g. Meyer & Coover, 1996; Ogasawara et al., 1996), or by injecting neurotoxins. 

Most commonly, the neurotoxins are glutamate analogues, such as kainic, ibotenic, quinolinic, or 

quisqualic acid (Smith, 1988; Wenk, 1996). However, substances such as colchicine, an anti-mitotic 

agent that appears to bind to tubulin and disrupts axoplasmatic transport (Mundy, Barone & Tilson, 

1990; Shaughnessy et al., 1994, 1996, 1998), and ethyl choline aziridinium (AF64A; Nakamura et al, 

1992; Männistö et al., 1993), a compound combining structural similarity with choline, i.e. ethylcholine 

that is recognized by the high affinity choline transporter, and a highly reactive cytototoxic aziridinium 

ring (Walsh, 1998), have also been used to produce nbm lesions. 

Recently, injections of N-methyl-D-aspartate (NMDA, e.g. Luiten et al., 1995; Wenk, Danysz & Mobley, 

1995), α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA, Hodges et al., 1996), or of the 

immunotoxin 192 IgG saporin, a monoclonal antibody against nerve growth factor (NGF) receptors that 

is coupled to saporin and which inactivates ribosomes (Berger-Sweeney et al., 1994; Chiba et al., 

1995; Dornan et al., 1996), have been used to produce nbm lesions. All of these lesion techniques 

produce a reduction in cortical ChAT activity. Whether or not the hippocampal formation is also 

affected by the lesion depends upon the size of the lesion and the lesion coordinates (Wenk Cribbs & 

McCall, 1984). The closer the lesions of the basal forebrain nuclei are to the midline, and the more 

posterior they are, the higher the incidence of effects on ChAT activity in the dorsal hippocampus. In 

studies aimed at assessing the role of the nbm on cognitive processes, destruction of projections to 

the hippocampus should be avoided. Hippocampus lesions per se have consistently been found to 
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impair (spatial) learning and memory (e.g. Okaichi & Oshima, 1990; Stubley-Weatherly, Harding & 

Wright, 1996). 

Whereas lesions of the nbm in rats have consistently been found to impair retention performance in 

inhibitory or passive avoidance tasks (e.g. Thal, Dokla & Armstrong, 1988; Casamenti et al., 1989; 

Männistö et al., 1993; Meyer & Coover, 1996; Ogasawara et al., 1996, but see, for example, Winkler et 

al., 1995), the effects of nbm lesions in other learning tasks appear to be less consistent (Mundy, 

Barone & Tilson, 1990; Dunnett, Everitt & Robbins, 1991; Torres et al., 1994). It has been suggested 

that the nbm has a role in both spatial working memory (WM) (e.g. Wozniak et al., 1989) and spatial 

reference memory (RM) (e.g. Givens & Olton, 1994). 

Description of the experiments performed 

In the present chapter, we assessed the effects of nbm lesions produced by bilateral injections of the 

most widely used neurotoxin, ibotenic acid, in two spatial discrimination tasks. Both tasks, a seven-

choice discrimination task in a radial alley maze and the spatial holeboard task, have previously been 

found to be sensitive to the effects of normal aging (see Raaijmakers, et. al., 1990; van der Staay, van 

Nies & Raaijmakers, 1990, and Appendix 6.2). The seven-choice task might be considered as a win-

stay problem that most probably depends upon an intact RM, whereas the holeboard discrimination 

task simultaneously assesses both spatial WM and RM (van der Staay, Raaijmakers & Blokland, 1990; 

van der Staay, van Nies & Raaijmakers, 1990; Beldhuis et al., 1992a,b; Markel et al., 1995). 

� In Chapter 3.1 we performed experiments to determine whether both, spatial WM and RM are 

affected by lesions in the nbm, using a spatial holeboard discrimination task. Previously, using a 

radial arm maze task in which only a subset of arms contained a food reward, Wirsching and 

colleagues (1989) found impaired WM and RM in rats which had received quinolinic-induced 

lesions of the nbm. There is experimental evidence that the WM and RM are independent from one 

another (e.g. van der Staay, van Nies & Raaijmakers, 1990).  

 It is advantageous to test the effects of nbm lesions on both memory components (WM and RM) in 

one and the same task (Dekker, Connor & Thal, 1991) because many factors appear to play a role 

in rat’s performance in learning and memory tasks, most of them being associated with the housing 

conditions and the testing environment (Andrews, 1996). These factors cannot be controlled as 

strictly if WM and RM are assessed in different testing paradigms. 

� In the first and third experiments of Chapter 3.2, we investigated whether bilateral lesioning of the 

nbm by ibotenic acid disrupts the acquisition of a seven-choice task in the radial alley maze. In the 

third experiment, we used a second set of lesion coordinates in addition to that used in the previous 

experiments. In the second experiment of Chapter 3.2, rats received nbm lesions after they had 

acquired the seven-choice task and then we assessed the effects of the lesions on retention, 

acquisition of a new problem, and re-acquisition of the originally acquired problem. We wondered 

whether the lesions disrupt performance in a task that had been acquired before lesioning the nbm. 

� It is conceivable that lesioning of the nbm in aged rodents provides a model of Alzheimer’s disease 

that shares more aspects of the Alzheimer symptomatology than lesioning the nbm of young 

rodents would do. In order to test this hypothesis, we tested young and aged Wistar rats in a battery 

of behavioral tests, consisting of a seven-choice task in an eight-arm radial alley maze, and a series 

of sensorimotor tasks. This experiment is described in Chapter 3.3. 
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3.1 
Bilateral lesioning of the nbm in rats: effects 
on spatial discrimination in the holeboard 
 

 

Abstract 

Postmortem examinations have shown that there is severe cell loss in the nucleus basalis of Meynert 

(nbM) in patients suffering from Alzheimer’s dementia. This cell loss profoundly decreases the number 

of cortical cholinergic projections and the resulting cholinergic hypofunction has been suggested to be 

one of the major causes for the cognitive impairments found in Alzheimer’s patients. The nucleus 

basalis magnocellularis (nbm) is considered the rodent analogue of the nbM in humans, and thus 

lesions of the nbm in animals might mimic the neurodegenerative processes associated with 

Alzheimer’s disease. In the present study we determined whether bilateral lesioning of the nbm in rats 

affects spatial learning in the holeboard, a task which allows the simultaneous assessment of spatial 

working memory (WM) and reference memory (RM). Both the WM and RM of the lesioned rats were 

impaired compared with those of intact or sham-lesioned control rats. This finding supports the notion 

that the nbm has a role in both WM and RM. 

 

 

Introduction  

The nucleus basalis magnocellularis (nbm) is considered the rodent analogue of the nucleus basalis of 

Meynert in humans (Smith, 1988). In patients suffering from Alzheimer’s disease, a progressive 

dementia, there is a massive loss of cells in the nbM. Of the cortical projections originating in the nbM, 

more than 90% are cholinergic in both primates and humans. In rodents, most of the projections from 

the nbm are to the neocortex, predominantly to the frontal and parietal part (Butcher & Woolf, 1986). Of 

these projections, about 80% to 90% appear to be cholinergic (Smith, 1988). 

Cell loss, either due to neurodegenerative processes in the nbM of Alzheimer patients, or due to 

experimentally induced lesioning of the nbm, leads to a profound decrease in the cortical cholinergic 

projections and to a reduction in the activity of cortical choline acetyltransferase (ChAT). This enzyme 

synthesizes acetylcholine (ACh). Cholinergic hypofunction has been suggested to be one of the major 

causes for the cognitive impairments found in Alzheimer’s patients. One approach to mimic the 

neurodegenerative processes associated with Alzheimer’s disease is to lesion the nbm in animals and 

to assess the effects of this experimentally induced decrease in cortical cholinergic activity on 

behavior, predominantly cognitive behavior (Smith, 1988). 

It has been suggested that the nbm has a role in both working memory (WM; e.g. Wozniak et al., 

1989), and reference memory (RM; e.g. Murray & Fibiger, 1985; Givens & Olton, 1994). The spatial 

WM and RM can be considered as operational definitions of presumably different memory processes 

(Olton, Becker & Handelmann, 1979; Frick et al., 1995). Evidence for this notion has been provided by 

various studies, in which different spatial discrimination tests were used (e.g. van Luijtelaar, van der 
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Staay & Kerbusch, 1989; van der Staay, van Nies & Raaijmakers, 1990; Frick et al., 1995). It remains, 

however, unclear whether these two spatial memory components are associated with different 

neuronal substrates (e.g. Olton, Becker & Handelmann, 1979, Kesner, DiMattia & Crutcher, 1987). 

The spatial memory of rodents has been assessed in sequential choice or ‘alley’ mazes such as the 

Stone 14-unit maze (Goodrick, 1968, 1975; Michel & Klein, 1978; Ingram, 1985; Goldman et al., 1991) 

and in ‘free-choice’-type mazes, such as the circular platform (Barnes, 1979; Barnes et al., 1990; 

Steckler et al., 1993 Bardgett, Newcomer & Taylor, 1996), the radial maze (aversively motivated radial 

water maze: Pitsikas & Algeri, 1992; appetitively, i.e. food-motivated, radial maze: Wallace, Krauter & 

Campbell, 1980a; Wirsching et al., 1989; Marczynski, Artwohl & Marczynska; 1994; Arendash, 

Sanberg & Sengstock, 1995; Levin & Torry, 1996), and the Morris water maze (e.g. Gage, Dunnett & 

Björklund, 1984; Rapp, Rosenberg & Gallagher, 1987, Aaltonen et al., 1991; Abe, Horiuchi & 

Yoshimura, 1997). The ‘free-choice’-type of mazes appear to be sensitive to the effects of aging and of 

lesioning of the nbm in rats. 

The alley mazes consist of a fixed starting position and one correct route to a fixed goal position, where 

incorrect alternatives such as visits to blind alleys or going back must be avoided. By contrast, in the 

‘free choice’ spatial discrimination tasks (Crannell, 1942; Lachman & Brown, 1957), food can be found 

in different places, and the rat is free to visit and revisit these baited places and unbaited alternatives in 

whatever order it wishes. Once a rat has visited a place and consumed the food pellet, its revisits to 

the same location remain unreinforced. The most efficient behavior is to visit only baited locations, and 

to visit them only once. The rat must remember a list of places already visited in order to avoid revisits. 

This list of visits is held in the WM (Olton & Samuelson, 1976), and the information it contains is 

relevant only within a specific trial. The RM holds trial-independent information about, for example, the 

locations where the food reward can be found. WM and RM can be assessed simultaneously in free 

choice mazes such as the radial maze (van Luijtelaar, van der Staay & Kerbusch, 1989; Shapiro & 

O’Connor, 1992; Marczynski, Artwohl & Marczynska; 1994), the cone field (van der Staay, Krechting, 

Blokland & Raaijmakers, 1990), and the holeboard (van der Staay, van Nies & Raaijmakers. 1990; 

Beldhuis et al., 1992a,b; Markel et al., 1995). 

Because of the presumed role of the nbm in both spatial WM (Wozniak et al., 1989) and spatial RM 

(Murray & Fibiger, 1985; Givens & Olton, 1994), we chose to use the holeboard as a representative of 

the ‘free choice’ mazes to assess the effects of bilateral lesioning of the nbm on spatial orientation 

performance. 

 

 

Material and Methods 

Animals 

Twenty male Wistar (Cpb:WU) rats were supplied by CPB, TNO, Zeist, the Netherlands. The animals 

were housed in standard Makrolon® cages and habituated to a reversed day/night cycle (lights on from 

20:00 to 8:00). Then, the rats were weight-matched and semi-randomly assigned to an untreated (n = 

6; mean body weight in grams ± SEM: 253 ± 4), a sham-lesioned (n = 6; 253 grams ± 4), or an nbm-

lesioned group (n = 8; 252 grams ± 3). The experimental protocol is summarized in Table 1. 
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Apparatus 

We used a holeboard (70 * 70 * 45 cm; see Fig. 2) constructed according to the descriptions given by 

Oades (1981a). All walls were made of transparent PVC, the floor consisted of gray polyvinyl chloride 

(PVC). There were 16 holes (diameter of 3.5 cm) in the floor. The distance between the holes was 10 

cm. The bottom of each hole consisted of a flattened cone of perforated aluminum, turned upside 

down. A cup filled with about twenty 45-mg food pellets (Campden Instruments) was placed under 

each aluminum bottom. The rat could not reach the pellets in these cups, which were to mask potential 

odor cues emanating from the reward in the baited holes. Thus, rats were unable to discriminate 

between baited and unbaited holes by olfactory cues (Willner, Wise & Ellis, 1986; van der Staay, van 

Nies & Raaijmakers, 1990). The holeboard was situated in a room which was equipped with a radial 

maze, two tables (one with the control equipment and the micro computer), and two chairs. Posters 

were hanging on the walls. The room was dimly illuminated by two red fluorescent strip lights. 

 

 

Table 1. Protocol of the experiment assessing the effects of bilateral lesions of the nucleus basalis 
magnocellularis (nbm) on the acquisition by young Wistar rats of a spatial holeboard discrimination task. The 
week numbers (*: after arrival at our laboratory) and the treatments and testing procedures are listed. 
 

Week*  Event 

0  Arrival at our laboratory of 20 male CPB:Wu rats 

  Individual housing, reversed day/night cycle (lights on from 20:00 to 08:00) 

2  Matching on body weight: assignment to control, sham-, or nbm-lesioned group 

  Stereotaxic operations 

3  Start of food deprivation and four adaptation sessions in the holeboard 

4-6  Acquisition of holeboard task 

9  Removal of the brains, histological verification of lesion, biochemical assays 

 

 

Surgical procedure 

The animals received stereotaxically guided lesions in the nbm for which a stereotaxic instrument 

(David Kopf) was used. The rats were anesthetized with a combination of Vetalar (i.m.: 50 mg/kg) and 

Rompun (s.c.: 2.25 mg/kg) (Guldin & Markowitsch, 1982). The bilateral nbm lesions were produced by 

ibotenic acid (4 µg in 0.4 µl phosphate buffer: pH 7.4) injected over 3.5 minutes, using the coordinates: 

AP -0.5, L 2.3, and DV 7.6 (with respect to bregma and to the surface of the skull; Paxinos & Watson, 

1986). The tip of the Hamilton syringe (28 gauge, needle point type 3) was left in place for 5 minutes, 

and then the syringe was retracted. In the sham-lesioned rats, the syringe was lowered to DV 6.6, i.e. 1 

mm above the lesion site; the other coordinates were as in the nbm-lesioned group (Wenk & 

Röskaeus, 1988; Wenk, Markowska & Olton, 1989). However, substances were not injected in the 

sham-lesioned group, in order to avoid mechanical damage to the target area. The untreated rats were 

left undisturbed until behavioral testing began. 

In the first 3 to 4 hours after surgery, the ibotenic-acid treated rats had seizures, with profound arching 

of the back. From previous studies we knew that during this period, the animals gnawed continuously, 
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mostly their own forepaws (O’Connell, Earley & Leonard, 1994). To prevent this automutilation, we 

fitted the animals with a ruff which they wore for the first 8 hours after surgery (see Fig. 1). 

One week after surgery, all animals except one nbm-lesioned rat had regained or exceeded their pre-

operation weights. The nbm-lesioned rat that did not recover well was excluded from the experiment. 

As matching had been performed on the pre-operation body weights, we evaluated whether the loss of 

one animal produced unequal groups. The pre-operation body weight of the nbm-lesioned group with 

only 7 animals was 256 ± 8 grams (mean ± SEM). Analysis of variance confirmed that the groups still 

were similar with respect to body weight (F2,16 < 1.0, n.s.). 

 

 

 

Figure 1. Typical position of 
ibotenic-acid treated rats in the 
first hours after surgery. The ruff 
prevented the rats from hurting 
themselves.  
 

 

 

Behavioral testing in the holeboard 

Adaptation sessions: in the second week after surgery, the body weights of all animals were gradually 

reduced to 85% of their free-feeding values. When the rats had reached their target weights, growth 

correction was applied during testing, using the growth curves of undeprived male Wistar peers. 

Beginning one day after the start of the food-deprivation regimen, the rats were habituated to the 

holeboard during 10-min adaptation sessions on 4 consecutive days. During adaptation all holes were 

baited with one 45-mg food pellet. Additional pellets were scattered randomly on the floor of the 

holeboard during the first 2 days. 

Acquisition of holeboard discrimination: the rats were then trained to collect pellets from a fixed set of 

four holes. A rat was placed in a clear Plexiglas start-box which could be connected to the holeboard in 

the middle of one side wall. A trial was initiated by raising the guillotine door between the start-box and 

the holeboard; it was terminated when the rat found all the food pellets or when 10 minutes had 

elapsed, whichever event occurred first. Hole visits were registered manually, using a keyboard with 16 

keys (representing the 16 holes) connected to an Apple //e microcomputer. A hole visit was scored 

when a rat turned its nose to the edge of a hole, moved its nose over the hole, or poked its nose in the 

hole (Oades, 1981a). In addition, infrared photocells detected automatically whether a rat poked its 

nose into a hole. The configuration of baited holes is depicted in Fig. 2. The rats were trained with 

massed trials on 16 consecutive days (days 1 and 2: 2 trials/day, days 3 to 16: 4 trials/day) to a total of 

60 trials. All testing was done between 9:00 and 13:00. 

After completion of the sixtieth trial, rats were returned to an ad libitum feeding regimen for 3 weeks. 

Then they were decapitated, the frontal cortex was dissected free, and the choline acetyltransferase 

activity of this brain sample was determined. 
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The mean body weights (± SEM), three weeks after the end of behavioral testing were 372 grams (± 

17) for the untreated, 364 grams (± 20) for the sham-lesioned rats, and 359 grams (± 23) for the nbm-

lesioned rats. Analysis of variance (ANOVA) confirmed that all groups had recovered similarly 

(F2,16 < 1.0, n.s.) 
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Figure 2. The holeboard apparatus is an open-field with 16 
holes in the floor. The startbox (S) is connected to the 
holeboard; opening a guillotine door gives access to the 
holeboard. The holes no. 4, 6, 11, and 13 were baited with one 
45-mg food pellet each. 

 

 

Statistical analysis 

Adaptation sessions: one measure of the adaptation sessions was analyzed statistically:  

� Number of nose-pokes, i.e. the number of times a rat poked its nose into a hole, deep enough 

to allow automatic detection by the infrared photocells in the holes. Nose-pokes in a holeboard are 

generally considered a measure of exploration (e.g. File & Fluck, 1994) 

Treatment effects on the adaptation sessions were analyzed by a one factorial ANOVA in which the 

three lesion conditions (untreated, sham-lesioned, and nbm-lesioned) were considered as three levels 

of the factor Treatment. Changes in the course of the adaptation period were assessed by a Session 

(sessions 1 to 4) by Treatment ANOVA with repeated measures on the first factor. 

Acquisition of holeboard discrimination 

Four measures of formal training were analyzed statistically: WM, RM, mean inter-visit interval, and 

choice correspondence of reinforced visits. 

� WM was defined by the ratio: (number of food rewarded visits)/(number of visits and revisits to the 

baited set of holes). Thus, this measure represents the percentage of all visits to the baited set of 

holes that were reinforced with food (van der Staay, Raaijmakers & Collijn, 1986; van der Staay, 

van Nies & Raaijmakers, 1990). 

� RM was defined by the ratio: (number of visits and revisits to the baited set of holes)/(number of 

visits and revisits to all holes). This measure expresses the number of visits to the baited set of 

holes as a percentage of the total number of visits to all the holes. As Olton and co-workers (Olton, 

Becker, Handelmann, 1979; Olton & Papas, 1979) point out, and as has been confirmed by van der 

Staay, van Nies, and Raaijmakers (1990) with the holeboard task, the two measures of spatial 

memory can be considered to be independent of each other because visits to the unbaited holes 

are not considered in the WM measure. 



   92 

� The mean inter-visit interval was determined by dividing the time elapsed between the first and last 

visits in a trial by (number of visits - 1). This variable provides a measure of the speed of visiting the 

holes. 

� Choice correspondence of reinforced visits: this measure compares the sequences of the 

reinforced hole-visits of two subsequent trials. The longest common sequence was taken as the 

measure of correspondence. This measure could range from 1 to 4: a score of 1 was awarded 

when sequences were completely different, and a 4 was scored whenever the sequences of all four 

reinforced visits were identical (van der Staay, van Nies & Raaijmakers, 1990). This measure 

reflects the variability in the spatial pattern for collection of the rewards, but it neglects all erroneous 

choices, i.e. visits to the never baited holes and revisits to holes of the baited set. Computer 

simulation revealed that the mean choice correspondence is 1.72 if the order of reinforced visits 

was purely random from trial to trial (see also Appendix 6.1). 

Mean block scores of ten trials each were calculated for WM and RM performance, for mean inter-visit 

interval, and for the choice correspondence of reinforced visits. Effects of lesioning of the nbm were 

evaluated by a Treatment by Trial blocks ANOVA, with repeated measures on the last factor. In 

addition, changes in the course of training were evaluated by a one-factorial (Treatment) ANOVA on 

the scores averaged over all trial blocks (General mean) and on the orthogonal trend components 

calculated over successive trial blocks. In this ANOVA the three lesion conditions (intact, sham-

lesioned, nbm-lesioned) were considered as three levels of the factor Treatment. 

The general mean evaluated whether there was a difference in the overall level of performance. 

Orthogonal trend coefficients were used to describe the learning curves and to assess whether the 

shapes of these curves were different between groups. These analyses were supplemented by 

ANOVAs on individual trial blocks. If a particular measure showed a parallel increase or decrease over 

sessions between treatment conditions, the result of the analyses on general means are reported. If 

measures diverged or converged between groups in the course of training, then ANOVAs on individual 

block means are also reported to indicate in which phase of training differences between treatment 

conditions appeared or disappeared. All analyses were supplemented by planned orthogonal 

comparisons which contrasted: 

� the untreated group with the sham-lesioned group (Contrast I), and 

� the untreated and sham-lesioned groups pooled with the nbm-lesioned group (Contrast II). 

Fisher’s LSD post hoc comparisons are reported when Contrast I identified differences between the 

intact and the sham-lesioned groups. 

Choline acetyltransferase (ChAT) activity in the frontal cortex 

The rats tested in the present holeboard experiment and the rats tested in a seven-choice task in a 

radial alley maze (see Chapter 3.2, first experiment) had been lesioned at the same coordinates. They 

were of a comparable age and were decapitated after a similar survival period after lesioning. 

Therefore, the data of the intact, sham-lesioned, and nbm-lesioned animals from both experiments 

were pooled and analyzed. 

Dissection of brain sample: brain samples were dissected eight weeks after lesioning. The rats were 

decapitated without anesthesia, and the severed head was kept in liquid nitrogen for about 5 seconds 

to cool the brain. Then, the brain was rapidly removed and dissected at 4-10°C in an open refrigerator . 
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In the coronal plane, the frontal cortical sample was delimited with a calibrated plastic T-square 

(Rosenzweig, Bennett & Diamond, 1972; Raaijmakers 1978; see also Chapter 3.2, Fig. 3). The tissue 

under the area that was covered by the T-square was not included. Rostrally, the frontal cortex sample 

was delimited by a horizontal knife-cut above the olfactory bulbi. 

Processing of brain tissue for measurement of ChAT activity: the brain sample was weighed on a 

cooled, pre-weighed aluminum block. Then, it was homogenized in 50 vol (2%, w/v) ice-cold 0.32 M 

sucrose containing 5 mM Tris-HCl (pH 7.4) (six strokes at 1200 rpm and 100 N force; centrifuge-

compatible tube; clearance 0.40 mm) with a teflon-in-glass homogenizer designed and built at the 

workshop of the Psychological Laboratory, University of Nijmegen, The Netherlands. 

The homogenate was centrifuged twice at 4°C for 10 minutes at 1000 x g. The pellet was washed 

between the centrifugation steps with 1.0 ml buffered sucrose. Then, the combined supernatants were 

centrifuged at 4°C at 17000 x g for 15 minutes. The  pellet was resuspended in 20 vol (5% w/v, with 

respect to fresh weight) buffered sucrose; this crude mitochondrial suspension is referred to as the 

synaptosomal suspension P2. 

ChAT activity: ChAT activity was measured according to the radiochemical method of Fonnum (1975). 

ChAT is the enzyme that catalyzes the formation of acetylcholine from acetyl-CoA and choline: 

[14C]Acetyl-CoA + Choline → [14C]Acetylcholine (labeled) + CoA.  

Twenty µl of the frozen (-60°C) P 2 suspension was mixed with 30 µl sodium phosphate buffer (50 mM, 

pH 7.4) and 50 µl of a solution of EDTA (20 mM) and Triton X-100 (0.2% v/v). Aliquots (20 µl) of this 

mixture were taken in triplicate. The incubation medium contained, in final concentrations: choline 

chloride, 6 mM (Calbiochem); EDTA, 20 mM (pH 7.4); NaCl, 300 mM; neostigmine, 0.1 mM; and 

[14C]Acetyl-CoA (57.6 mCi/mmol, Amersham) diluted with unlabeled Acetyl-CoA (Boehringer) (final 

concentration 0.2 mM). All solutions were made in sodium phosphate buffer (50 mM, pH 7.4). 

The P2 mixture (20 µl) was placed in a tube on ice and 50 µl of freshly made incubation medium was 

added. The tube contents were mixed and incubated for 30 minutes at 37°C. The incubation was 

stopped by the addition of 10 µl 14 % trichloroacetic acid (TCA) and the tubes were placed on ice for 

10 minutes. The content of the tubes was then transferred to a scintillation vial containing 1 ml sodium 

phosphate buffer (10 mM, pH 7.4); the tubes were rinsed with 4 ml of this buffer. Two milliliters of 

acetonitrile containing 10 mg tetraphenylboron (Kalignost) and 5 ml toluene scintillator (Packard) were 

added to the scintillation vials (the toluene scintillator contained 5 g PPO and 0.1 g POPOP per liter 

toluene), which were gently shaken by hand for 5 seconds. The contents were allowed to separate into 

two layers for 10 minutes. The aqueous phase containing acetyl-CoA was removed; the toluene phase 

contained ACh. A liquid scintillation spectrometer (Packard TriCarb) was used to measure the 

radioactivity. The counting efficiency was 92%, as determined with external standards. 

The ChAT activity was calculated as the nanomoles acetylcholine per mg protein formed per hour. 

Total protein was measured in each sample according to the method of Lowry et al. (1951) with the 

modifications described by Miller (1959). 

Statistical analysis 

Effects of lesioning on the ChAT activity in the frontal cortex were analyzed by an ANOVA in which the 

intact (n = 12), sham-lesioned (n = 12), and nbm-lesioned (n = 15) groups were considered as different 

levels of the factor Lesion. This analysis was supplemented by planned orthogonal comparisons which 

contrasted: 
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� the ChAT activity of the untreated group with that of the sham-lesioned group (Contrast I), and 

� the ChAT activity of the untreated and sham-lesioned groups pooled with that of the nbm-lesioned 

group (Contrast II). 

Histological verification of lesions 

Care was taken not to damage the brain tissue underlying the dissected sample tissue. This part of the 

brain was stored in 4% formalin solution for histological verification of the nbm lesion. The size and 

location of the nbm lesions were assessed in coronal sections (40-µm thick) cut through the entire 

lesioned area, using a cryostat microtome. The coronal sections chosen for histological verification 

roughly correspond to the levels -0.3, -0.8, -1.3, and -1.8 mm from bregma in the stereotaxic atlas of 

Paxinos and Watson (1986). Slide-mounted tissue sections were stained with cresyl fast violet. 

 

 

Results 

Behavioral testing in the holeboard 

Adaptation sessions 

The three groups of rats increased their number of nose-pokes from the first to the second and third 

adaptation sessions, whereas the number of nose-pokes did not change, or even decreased slightly in 

the fourth session, when compared with the number in the third session (Sessions: F3,48 = 37.65, 

p < 0.01; see Fig. 3). The change in the number of nose-pokes was not different between groups 

(Sessions by Treatment interaction: F6,48 = 2.19, n.s.). During the last adaptation session, the number 

of nose-pokes was virtually identical for the three groups of rats (F2,16 < 1.0, n.s.). 
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Figure 3. Number of nose-pokes during adaptation sessions of untreated, 
sham-lesioned and nucleus basalis magnocellularis (nbm)-lesioned male 
Wistar rats. The session means and the standard errors of the means 
(SEM) are shown.  
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Acquisition of holeboard discrimination 

WM performance (see Fig. 4, upper left panel): averaged over the six blocks of ten trials, the WM 

performance was different for the three groups (General mean: F2,16 = 29.2, p < 0.01). The average 

WM performance of the untreated control group and the sham-lesioned group did not differ (Contrast I: 

F1,16 < 1.0, n.s.), whereas the performance of the nbm-lesioned group was impaired (Contrast II: F1,16 = 

57.93, p < 0.01). 

The WM improved over the trial blocks (F5,80 = 39.33, p < 0.01) to a similar extent in the three groups 

(Trial blocks by Lesion interaction: F10,80 < 1.0, n.s.). 
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Figure 4. Working memory performance 
(upper left panel), reference memory 
performance (upper right panel), inter-visit 
intervals (lower left panel), and choice 
correspondence of reinforced visits (lower 
right panel) of untreated, sham-lesioned, and 
nucleus basalis magnocellularis (nbm)-
lesioned male Wistar rats. The means and the 
standard errors of the means (SEM) are 
depicted. The dotted line in the lower right 
panel indicates the chance level for choice 
correspondence. 

 

 

 

RM performance (see Fig. 4, upper right panel): averaged over the six trial blocks, RM performance 

was different for the three groups of rats (General mean: F2,16 = 26.75, p < 0.01). The average RM 

performance of the untreated control group and the sham-lesioned group was different (Contrast I: 

F1,16 = 6.90, p < 0.05). Fisher’s LSD post hoc comparisons of the general means confirmed that all 
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three groups performed differently; the intact rats performed the best, the nbm-lesioned rats performed 

the worst. The RM performance improved across the six successive trial blocks (F5,80 = 63.24, 

p < 0.01). This improvement was different for the three groups of rats (Trial blocks by Lesion 

interaction: F10,80 < 1.0, n.s.). The learning curves of the intact rats and of the sham-lesioned rats did 

not differ from one another (Contrast I: F5,80 = 1.72, n.s.), whereas the nbm lesion retarded 

improvement of RM performance (Contrast II: F5,80 = 7.25, p < 0.01). 

Inter-visit intervals (see Fig. 4, lower left panel): the average inter-visit interval was different for the 

three groups (General mean: F2,16 = 9.35, p < 0.01). The intact control rats and the sham-lesioned rats 

did not differ from one another with respect to the average time needed to visit a hole (Contrast I: 

F1,16 < 1.0, n.s.). These two groups pooled needed, on average, less time to visit a hole than the nbm-

lesioned rats did (Contrast II: F1,16 = 18.86, p < 0.01); this difference was already apparent in the first 

trial bock (F2,16 = 6,74, p < 0.05). 
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Figure 5. Effect of lesioning the nucleus basalis magnocellularis (nbm) in 
adult Wistar rats. The mean ChAT activity in the frontal cortex, calculated as 
nanomoles acetylcholine formed per milligram protein per hour, and the 
standard errors of the means (SEM) are shown for intact, sham-lesioned, and 
nbm-lesioned rats.  
Note that the rats tested in the present holeboard experiment and the rats 
tested in a seven-choice task in a radial alley maze (see Chapter 3.2, first 
experiment) had been lesioned at the same coordinates, were of a 
comparable age and were decapitated after a similar survival period. 
Therefore, the data of the intact, sham-lesioned, and nbm-lesioned animals 
from both experiments were pooled. The sizes of the pooled groups are 
depicted above the bars. 

 

 

 

The inter-visit interval decreased in the course of training (Trial blocks: F5,80 = 46.63, p < 0.01), and this 

decrease was affected by the treatments (Trial blocks by Lesion interaction: F10,80 = 4.99, p < 0.01). 

The decrease was not different for the intact and the sham-lesioned rats (Contrast I: F5,80 < 1.0, 

p < 0.01), but the decrease of the nbm-lesioned rats was different from that of the intact and sham-

lesioned rats pooled. (Contrast II: F5,80 = 9.72, p < 0.01). The decrease was predominantly linear 

(Linear trend component: F1,16 = 60.56). This trend component covered 71 percent of the variation over 

trial blocks. The linear component of the decrease in inter-visit interval over trial blocks was similar for 

the intact and the sham-lesioned rats (Contrast I: F1,16 < 1.0), whereas there was a steeper linear 

decreased in the nbm-lesioned rats (Contrast II: F1,16 = 12.03, p < 0.01). 
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Choice correspondence of reinforced visits (see Fig. 4, lower right panel): the choice correspondence, 

averaged over the six trial blocks, was different between the groups (General mean: F2,16 = 4.22, 

p < 0.05). The intact rats and the sham-lesioned rats did not differ for the mean choice correspondence 

(Contrast I: F1,16 = 1.31, n.s.), whereas that of the nbm-lesioned rats was lower than that of the two 

other groups pooled (Contrast II: F1,16 = 7.13, p < 0.05). 

The choice correspondence increased over the trial blocks (F5,80 = 18.07, p < 0.01) to a similar degree 

in all three groups of rats (Trial blocks by Lesion interaction: F10,80 = 1.67, n.s.) 

Choline acetyltransferase in the frontal cortex 

Lesioning of the nbm affected the ChAT activity in the frontal cortex (F2,36 = 46.6, p < 0.01; see Fig. 5). 

There were no differences between the two control groups, i.e. the intact and the sham-lesioned rats 

(Contrast I: F1,36 = 1.8, n.s.). The nbm lesion reduced the ChAT activity in the frontal cortex by 

approximately 27%, when compared with that of the intact and the sham-lesioned groups (Contrast II: 

F1,36 = 91.4, p < 0.01).  

Histological verification of the nbm-lesion 

The size and location of the lesions were in good agreement with those seen in other experiments 

performed at our laboratory, in which the same lesion coordinates were used (see Chapter 3.2, Fig. 8, 

left panel for a schematic representation of the lesions, induced by 0.4 µl ibotenic acid in the rats used 

in the present study to assess the effects of nbm lesions on ChAT activity). 

 

 

Discussion 

Bilateral lesioning of the nbm affected the performance of rats in a holeboard task. Both the WM and 

RM of the lesioned rats were impaired, compared with those of the intact control rats and the sham-

lesioned rats. This finding supports the notion that the nbm has a role in both WM and RM (e.g. Murray 

& Fibiger, 1985; Wozniak et al., 1989; Givens & Olton, 1994). The results of the present study are 

strikingly similar to those found in an age-comparison study in which the spatial holeboard 

discrimination task was used (van der Staay, van Nies, and Raaijmakers, 1990). The differences 

between young and aged rats observed by van der Staay, van Nies, and Raaijmakers (1990) very 

closely parallel those between intact and sham-lesioned rats on the one hand, and nbm-lesioned rats 

on the other, found in the present study. 

The lesion destroyed part of the nbm and resulted in a 27% decrease in ChAT activity compared with 

that of the intact and the sham-lesioned groups. This reduction in ChAT activity, assessed 7 weeks 

after lesioning, is within the range reported by others after ibotenic acid lesions of the nbm (e.g. 23-

28%: Dokla & Thal, 1989; 31%: Robbins et al., 1989; 25-30%: Shaughnessy et al., 1994, 1996). In the 

sham-lesioned rats of the present study, the syringe had been lowered to DV 6.6, i.e. 1 mm above the 

lesion site (Wenk & Röskaeus, 1988; Wenk, Markowska & Olton, 1989), and then retracted in order to 

avoid mechanical damage to the target area. There was no difference between the intact and the 

sham-lesioned groups with respect to cortical ChAT activity. This finding is in agreement with results of 

other studies involving multiple controls, i.e. intact rats, and sham-lesioned rats with and without 

infusion of vehicle (e.g. Männistö et al., 1993; Grigoryan et al., 1994b; Waite & Thal, 1996). It is not 

clear whether the acute effects of lesioning of the nbm are stronger than those measured 7 weeks 

after operation. It is still a matter of debate whether cortical ChAT activity recovers over time, as 
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reported results are conflicting (Wenk & Olton, 1984; Thal, Dokla & Armstrong, 1988; Shaughnessy et 

al., 1996). 

The WM performance of the nbm-lesioned group of rats differed from that of the other rats already at 

the start of the acquisition, whereas during formal training the three groups improved in parallel. This 

group difference may be because a WM procedure was applied during the habituation sessions: all 

holes were baited and revisits were not reinforced. Acquisition of the WM component may therefore 

have started during the habituation session, and the performance of the three groups may already 

have been different during this phase of the experiment (van der Staay, van Nies & Raaijmakers, 

1990). 

However, no differences were found between groups for the number of nose-pokes during adaptation 

sessions, a behavior that is considered as a measure for exploration (File & Fluck, 1994). The number 

of nose-pokes increased from the first to the second adaptation sessions in all groups, and no further 

change or a slight decrease was seen from the third to the fourth sessions. The increase from the first 

to the second sessions contrasts with findings reported by Voits and colleagues (1995), who observed 

a decrease in the number of nose-pokes on the second day of holeboard testing compared with the 

first day. They interpreted this reduction as habituation of nose-poke behavior. However, unlike the rats 

in the study by Voits et al. (1995), the rats in the present study were on a restricted feeding regimen, 

and food could be found in the holeboard apparatus. Motivational factors thus might have increased 

the number of nose-pokes in the second session. Extinction processes might have prevented a further 

increase in subsequent adaptation sessions, because once the pellets were eaten they were not 

replaced. Whatever processes might have modulated the changes in nose-poke behavior across 

adaptation sessions, they were not affected by the nbm lesions. 

The nbm lesion-induced impairment in RM performance emerged as a function of formal training. The 

similar RM performance among the groups at the beginning of the formal training indicates that the 

animals visited the baited holes at chance level. During habituation no clues were provided as to which 

set of holes would be baited during formal training. Thus, whereas the acquisition of WM may already 

have started in the habituation sessions, the acquisition of RM did not. 

Factors affecting WM and RM performance 

Many factors may influence WM and RM performance. The speed of visiting the holes in the holeboard 

could interfere with choice accuracy and cannot be ruled out as a factor that may have contributed to 

differences between WM and RM performances. In all but the fourth trial block, the nbm-lesioned rats 

visited the holes much more slowly than the intact and the sham-lesioned rats, which never differed 

from one another. With longer inter-visit intervals, the list of hole visits within a trial must be retained in 

WM for longer. However, the duration of the inter-visit intervals declined across the first three trial 

blocks and reached a plateau in the fourth trial block, whereas the difference in RM performance 

between the groups continued to increase, and a stable difference in WM performance between the 

controls and the nbm-lesioned rats was found across the trial blocks. These three measures thus 

followed differently shaped curves across trial blocks. 

The development of a response strategy for visiting the holes that contain food might facilitate 

performance in the spatial discrimination task (Hodges, 1996) because applying a strategy reduces the 

memory load, especially that of the WM. Oades and Isaacson (1978), for example, found that normal 

rats acquired their individual strategies to find food-containing holes. By contrast, hippocampus-

lesioned rats (Oades & Isaacson, 1978; Oades, 1981a), and rats with lesions of the ventral tegmentum 
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(Oades, 1982) were impaired in the development of a search strategy and made more erroneous 

visits. Thus, intact and brain-lesioned rats might adopt different ‘strategies’ to solve spatial 

discrimination problems. For this reason we analyzed the similarity of the sequences of rewarded food-

hole visits over subsequent trials as a potential source for the differences between the three groups. 

A slight reduction in the variability of visiting the baited holes was found for all groups. However, the 

nbm-lesioned rats developed a less pronounced food search strategy than the other two groups did. 

Thus the food search pattern of the intact and the sham-lesioned rats could have contributed to their 

better memory performance. However, it cannot be excluded that the increase in ‘choice 

correspondence’ is not a cause but a consequence of the better performance of the intact and sham-

lesioned rats. The differences between the three groups in choice correspondence, therefore, might be 

either a source or a consequence of the effects of the nbm lesion on the memory measures. 

To summarize, the results of analyses of choice correspondence of reinforced visits and of inter-visit 

intervals do not support the notion that factors unrelated to ‘cognitive processes’ caused the 

differences in the WM and RM performance between the three treatment groups. Although we cannot 

completely rule out that other factors, such as the motivational state, could have contributed to the 

differences found between the intact and sham-lesioned rats on one hand, and the nbm-lesioned rats 

on the other, we conclude that bilateral lesioning of the nbm impairs spatial discrimination learning in 

the holeboard in rats. 
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3.2 
Effects of bilateral ibotenic acid lesions of the 
nbm on the performance of rats in a 
seven-choice problem in a radial alley maze* 
 

 

Abstract 

We used a seven-choice task in an eight-arm radial alley maze, which has been found to be sensitive 

to age-associated impairments in learning and memory of rats, to study the influence of experimental 

lesions of the nucleus basalis magnocellularis (nbm) on spatial learning and memory in rats. The 

seven-choice task is a win-stay task and assesses spatial reference memory (RM). In the first 

experiment, bilateral lesioning of the nbm with ibotenic acid disrupted the acquisition of a seven-choice 

task in the radial alley maze. This finding was not replicated: in the third experiment bilateral lesions of 

the nbm at the same coordinates as in the first experiment had no effect on learning. A second set of 

lesion coordinates also had no effect. 

In the second experiment, rats received nbm lesions after they had acquired the seven-choice task. 

The effects of the lesions on the retention, the acquisition of a new problem, and on re-acquisition of 

the originally acquired problem were tested. Under these conditions, the nbm lesions did not affect 

performance in the discrimination task. 

Our results do not support the notion that cortical cholinergic activity originating in the nbm is critically 

involved in memory. However, it is possible that the lesion was too small to produce completed 

destruction of the nbm, or the task used was not sensitive enough to detect lesion-induced deficits, or a 

combination of both factors might have contributed to the inconclusive findings of our study. 

 

 

Introduction 

A pronounced degeneration of cholinergic pathways has been found in patients suffering from 

Alzheimer's disease (e.g. Coyle, Price & DeLong, 1983; Jacobs & Butcher, 1986; Davison, 1987; 

Sparks et al., 1992), and the resulting impairment of cholinergic neurotransmission is thought to be one 

of the major causes of age- and dementia-related cognitive impairments (cf. Hagan and Morris, 1988; 

Sahakian, 1988). Experimentally induced lesions of the nucleus basalis magnocellularis (nbm) and of 

the septo-hippocampal pathways have been used to study the role of central cholinergic 

neurotransmission in learning and memory processes in animals, as these lesions have been 

                                                           
* The results of the first experiment of this chapter have previously been reported as part of the publication: 
Raaijmakers, W.G.M., van der Staay, F.J., Drinkenburg, W.H.I.M. & Blokland, A. (1990). Age differences and 
effects of lesions in the nucleus basalis magnocellularis on a seven-choice task in a radial alley maze. In: van 
Bezooijen, C.F.A., Ravid, R. & Verhofstad, A.A.J. (Eds.), From gene to man. Rijswijk: Stichting Gerontologie en 
Geriatrie (ISBN 90-9003996-1), pp. 159-163. 
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suggested to mimic the mnemonic symptomatology seen in Alzheimer’s patients (Kesner, Adelstein & 

Crutcher, 1987; Olton & Wenk, 1987). 

We used a seven-choice task in an eight-arm radial alley maze, a task which is sensitive to age-

associated impairments in learning and memory of rats (see also Chapter 3.3 and Appendix 6.2), to 

study the influence of lesions of the nbm on spatial learning and memory in rats. The seven-choice 

task is a win-stay task which measures spatial reference memory (RM), because the start arm and the 

correct goal arm, where the bait can be found, are the same across trials and sessions. Performance 

in this task is independent of locomotor ability, which makes the test especially suited to assess the 

performance of animals which, due to the experimental manipulations they underwent, might suffer 

from (subtle) motor impairments. 

Three experiments were performed. In the first experiment, we assessed the effects of bilateral 

ibotenic acid-induced lesions of the nbm on the acquisition of a seven-choice spatial discrimination 

task. In the second experiment, rats acquired the seven-choice task before they received bilateral 

ibotenic acid lesions of the nbm. Then, we evaluated the effects of the lesion on retention, acquisition 

of a new task, and on re-acquisition of the originally acquired task. In the third experiment, we 

assessed the effects of two different lesion coordinates on the acquisition of the seven-choice task. 

 

 

Experiment 1: effects of bilateral ibotenic acid lesions of the nbm on 
performance of a seven-choice spatial discrimination task in a radial alley 
maze 

Material and Methods 

Animals 

Twenty male Wistar rats (Cpb:Wu) weighing approximately 280 grams were supplied by CPB, Zeist, 

the Netherlands. The rats were weight-matched and then semi-randomly assigned to an untreated 

(n = 6; mean body weight ± SEM: 281.5 ± 4.4 grams), a sham-lesioned (n = 6; 279.3 ± 3.7 grams), or a 

nbm-lesioned (n = 8; 280.4 ± 3.1 grams) group. The experimental protocol is depicted in Table 1. 

 

 

Table 1. Protocol of experiment 1, in which the effects of bilateral lesions of the nucleus basalis magnocellularis 
(nbm) on the acquisition of a seven-choice task in a radial alley maze were assessed. The week numbers 
(*: after arrival at our laboratory) and the treatments and testing procedures are listed. 
 

Week*  Event 

0  Arrival at our laboratory of 20 male Cpb:Wu rats 

  Individual housing, reversed day/night cycle (lights on from 20:00 to 08:00) 

2  Matching on body weight: assignment to control, sham-, or nbm-lesioned group 

  Stereotaxic operations 

3  Start of food deprivation and four adaptation sessions in the radial alley maze 

4-6  Acquisition of seven-choice task in the radial alley maze 

10  Removal of the brains, histological verification of lesion, biochemical assays 
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Apparatus 

The eight-alley radial maze consisted of a central platform (diameter: 26 cm) from which 8 alleys 

radiated equidistantly (Fig. 1). The alleys were 46 cm long and 10 cm wide. The gray side walls were 

38 cm high. All walls were made of gray polyvinyl chloride (PVC), except the end walls of the alleys, 

which were made of aluminum. A recess (5.0 cm * 4.0 cm * 4.7 cm) that contained a food tray was 

built about 2 cm above the floor into the end walls. The floor of the whole apparatus was made of 

Trespa. 

A cylindrical door (diameter: 49.5 cm, 16.6 cm above the floor when closed) that opened by moving 

down vertically until its upper edge reached the level of the floor of the apparatus allowed simultaneous 

access to the eight alleys. Hidden behind the closed door, about 5 cm above the floor of each alley, 

were black symbols on white screens (Munn, 1950) measuring 9.5 * 9.5 cm (Fig. 2). The screens could 

be illuminated, but the symbols were clearly visible whether or not the illumination behind the screens 

was switched on. When the door was open, the symbols provided distinct intra-maze cues in each 

alley. 

 

 

S: Start
G: Goal

S

 

Figure 1. The eight-arm radial alley maze. The 
start alley and the goal alley are marked with ‘S’ 
and ‘G’, respectively. The dotted circle in the 
center of the maze delineates the position of the 
cylindrical door, which simultaneously gave 
access or blocked all arms, respectively, by 
moving down or up. 
 

 

 

The experimenter controlled the opening and closing of the door. Visits to the alleys, operationalized as 

entering the alley by a rat’s body length, and visits to the food cups were registered automatically by  

photosensitive cells. An Apple //e microcomputer collected the data and controlled the duration of each 

trial. The radial alley maze was situated in a room that was illuminated by four red fluorescent strip 

lights and three 100-W bulbs, which were adjusted by a dimmer to provide illumination of about 50 lux 

at the floor of the apparatus. 

The room had three doors, two one-way screens, and one window (screens and window covered with 

black curtains). Further, the room contained a sink, a table along one wall on which the computer and 

the interface were situated, and a holeboard apparatus. None of these potential extra-maze cues, 

however, were visible to the rat in the alley maze. The experimenter sat in a chair in front of the maze, 

and was not visible to the rat during testing. 
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Figure 2. Symbols at the entrances of the 
eight alleys of the radial eight-arm alley maze. 
Hidden behind the closed door, about 5 cm 
above the floor of each alley, the symbols 
were depicted on white screens measuring 
9.5*9.5 cm. When the door was open, the 
symbols provided distinct intra-maze cues for 
each of the eight alleys. 

 

 

Surgical procedure 

The animals received stereotaxically guided lesions in the nbm, for which a stereotaxic instrument 

(David Kopf) was used. The rats were anesthetized with a combination of Vetalar (i.m.: 50 mg/kg) and 

Rompun (s.c.: 2.25 mg/kg) (Guldin & Markowitsch, 1982). The bilateral nbm lesions were produced by 

ibotenic acid (4 µg in 0.4 µl phosphate buffer: pH 7.4) injected over 3.5 minutes at the coordinates: AP 

-0.5, L 2.3, and DV 7.6 (with respect to bregma and to the surface of the skull; Paxinos & Watson, 

1986). The tip of the Hamilton syringe (28 gauge, needle point type 3) was left in place for 5 minutes 

and then the syringe was retracted. In the sham-lesioned rats, the syringe was lowered to DV 6.6 

(1 mm above the lesion site; other coordinates as in nbm-lesioned group), but substances were not 

injected. The untreated rats were left undisturbed until behavioral testing began. 

In the first 3 to 4 hours after surgery, the ibotenic-acid treated rats had seizures with profound arching 

of the back. We had observed in previous studies that during this period, the animals gnawed 

continuously, mostly their own forepaws (O’Connell, Earley & Leonard, 1994). To prevent this 

automutilation, we fitted the animals with a ruff which they wore for the first 8 hours after surgery (see 

Chapter 3.1, Fig. 1). 

Behavioral testing 

One week after surgery, all animals had regained or exceeded their pre-operation weights. The means 

(± SEM) were 312.4 grams (± 2.7) for the untreated rats, 291.2 grams (± 3.8) for the sham-lesioned 

rats, and 282.5 grams (± 3.9) for the nbm-lesioned rats. In the second week after surgery the body 

weights of all animals were gradually reduced to 85% of their free-feeding values. When the rats had 

reached their target weights, growth correction was applied, using the growth curves of undeprived 

male Wistar peers. 

Adaptation sessions: the rats were familiarized with the radial alley maze on 4 consecutive days 

(10 min/day). These adaptation sessions started 24 hours after the rats had been put on the restricted 

feeding regimen. A rat was put in one alley (no. 1), then the circular door was opened and the animal 

could enter freely all parts of the apparatus. The food trays of each alley, except that of the start alley, 

were baited with one food pellet (45 mg, Campden Instruments). Additional pellets were scattered on 

the floor of the alleys and of the central platform. The start alley was distinct from the other seven 

alleys: at the entrance to the center of the apparatus the rats had to cross a low barrier (1.5 cm high). 

Acquisition: when spatial discrimination testing in the seven-choice task began (1 week after the start 

of the adaptation sessions) all rats had reached their 85% target weight. During training, the rats were 

started from alley no. 1, and the alley 135° to the right of the start alley (no. 6; counted in clockwise 
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direction from alley no. 1) contained the food reward (four 45-mg food pellets). A trial was terminated 

as soon as the rat had found the food or when 10 minutes had elapsed, whichever event occurred first. 

Rats could enter and re-enter all alleys (including the start alley) freely during a trial. Thus, a correction 

procedure was applied.  All rats were trained with massed trials (days 1 to 3: 2 trials/day; all successive 

days: 3 trials/day) until they had reached the criterion of seven faultless trials in a series of nine trials. 

The illumination of the cues in the alleys (Fig. 2) was switched off. 

Dissection of brain samples 

The rats were decapitated without anesthesia in the eighth week after surgery. The severed head was 

kept about 5 s in liquid nitrogen to cool the brain. The brain was then rapidly dissected at 4-10°C in  an 

open refrigerator. The frontal cortex was dissected free. In the coronal plane the cortical sample was 

delimited with a calibrated plastic T-square (Rosenzweig, Bennett & Diamond, 1972; Raaijmakers, 

1978), and the tissue under the area covered by the T-square was discarded (see Fig. 3). Rostrally, the 

frontal cortex sample was delimited by a horizontal knife-cut above the olfactory bulbi. 

 

 

PC

FC

PC

FC

PC

FC

 

Figure 3. The calibrated plastic T-square (left panel) used to bilaterally 
dissect samples of the frontal cortex (FC; Chapters 3.1, 3.2, and 3.3) and 
parietal cortex (PC; Chapter 3.2, second and third experiment, and 
Chapter 3.3) of nucleus basalis magnocellularis (nbm)-lesioned rats. The 
approximate extensions and limits of these cortical areas according to 
Thompson (1978) are depicted in the right panel. 

 

 

Choline acetyltransferase (ChAT) activity in the frontal cortex 

ChAT activity in the frontal cortex sample was determined as described in Chapter 3.1. 

Statistical analyses 

Adaptation sessions: two measures of the adaptation sessions were analyzed statistically: number of 

alley visits and number of alleys visited. 

� Number of alley visits is the total number of entries in the alleys of the maze during a 10-minute 

adaptation session. This measure comprises information about exploration and the speed of 

adaptation (changes in the number of alleys visited over adaptation sessions). 

� Number of alleys visited is the number of alleys that were visited at least once during the adaptation 

sessions. The maximum score is 8. This measure indicates whether scanning and exploration of 

the apparatus are exhaustive. 

Treatment effects on the adaptation sessions were analyzed by a one-factorial analysis of variance 

(ANOVA) in which the three lesion conditions (untreated, sham-lesioned, and nbm-lesioned) were 

considered as three levels of the factor Treatment. Changes in the course of the adaptation period 
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were assessed by a Session (sessions 1 to 4) by Treatment ANOVA with repeated measures on the 

first factor. 

Planned comparisons contrasted: 

� the untreated group with the sham-lesioned group (Contrast I); and 

� the untreated and sham-lesioned groups pooled with the nbm-lesioned group (Contrast II). 

Acquisition of the seven-choice task: two measures of formal training were analyzed statistically: trials 

to criterion and errors to criterion: 

� Trials to criterion were the number of trials needed to reach the criterion of seven faultless trials in a 

series of nine trials. The criterion trials are included. 

� Errors to criterion were the number of errors (visits and re-visits of the never baited alleys, including 

all visits to the start alley) made to reach criterion summed over all trials. 

Four of the eight nbm-lesioned rats did not reach the criterion of seven faultless trials in a series of 

nine trials within 66 trials (censored data), when all rats of the untreated and sham-lesioned groups 

had already reached the criterion. Therefore, the treatment effects on the acquisition of the seven-

choice task were analyzed non-parametrically, using Kruskal Wallis one-way analysis by ranks 

(Ferguson, 1971, pp. 331-333) in which the three lesion conditions (untreated, sham-lesioned, and 

nbm-lesioned) were considered as three levels of the factor Treatment. In addition, planned 

comparisons (multiple comparisons of mean ranks: Daniel, 1978) contrasted: 

� the untreated group with the sham-lesioned group (Contrast I); and 

� the untreated and sham-lesioned groups pooled with the nbm-lesioned group (Contrast II). 

 

Results 

Adaptation sessions 

Number of alley visits (see Fig. 4, left panel): the lesions influenced the number of alley visits during 

the adaptation session. The nbm-lesioned rats entered the alleys more frequently than the rats of the 

other two treatment groups did during the adaptation sessions (General mean: F2,17 = 5.0; p < 0.05). 

There was no decrease or increase over adaptation sessions, as indicated by the repeated measures 

analysis (Session: F3,51 = 1.8, n.s.; Session by Treatment interaction: F6,51 < 1.00, n.s.). 

Number of alleys visited: all groups of rats visited all alleys of the radial alley maze from the first 

adaptation session onward (results not shown). 

Acquisition of the seven-choice task 

Trials to criterion (see Fig. 4, center panel): the treatment affected the number of trials needed to reach 

criterion (Kruskal-Wallis: Χ2
2 = 12.48, p < 0.01). Comparison of the performance of the untreated and 

sham-treated groups revealed that they needed a similar number of trials and errors to reach the 

criterion [Contrast I: critical delta (∆crit) = 6.69, observed delta (∆obs) = 2.58, n.s.). The observed 

differences in mean ranks for trials to criterion of the pooled untreated and sham-lesioned groups 

versus the nbm-lesioned group (Contrast II: ∆crit = 5.29, ∆obs = 9.26, p < 0.025), on the other hand, 

exceeded the critical difference. Thus, the nbm lesion heavily impaired acquisition of the spatial seven-

choice problem. 
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Errors to criterion (see Fig. 4, right panel): a similar picture was seen for the number of errors made 

until the criterion was reached. The treatment affected the errors to criterion (Kruskal-Wallis: Χ2
2 = 

9.07, p < 0.01). Comparison of the performance of the untreated and sham-treated groups revealed 

that they made a similar number errors before they reached criterion (Contrast I: ∆crit = 6.69, ∆obs = 

2.33, n.s.). In contrast, the observed differences in mean ranks for errors to criterion between 

untreated and sham-lesioned pooled versus nbm-lesioned groups exceeded the critical differences 

(Contrast II: ∆crit = 5.29, ∆obs = 7.92, p < 0.025). 
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Figure 4. Mean number of alley visits ± standard errors of the mean (SEM) during adaptation sessions 1 to 4 (left 
panel), and median and range of trials to criterion (center panel) and errors to criterion (right panel) of untreated, 
sham-lesioned, and nucleus basalis magnocellularis (nbm)-lesioned rats during acquisition of a seven-choice 
task in an eight-arm radial alley maze. 

 

 

Choline acetyltransferase activity in the frontal cortex 

The effects of the nbm lesion on ChAT activity in the frontal cortex are described in Chapter 3.1. The 

data of the present experiment were pooled with those of the holeboard experiment because the rats 

were approximately the same age, survival after lesioning was similar, and identical lesion coordinates 

had been used. In short, the nbm lesion reduced cortical ChAT activity by about 27% when compared 

with that of intact and sham-lesioned rats. 
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Experiment 2: effects of bilateral ibotenic acid lesions of the nbm 
on retention, acquisition of a new problem, and re-acquisition of 
the originally acquired problem in a seven-choice task 
Material and Methods 

Animals: twenty male Wistar rats (Cpb:Wu) weighing about 420 grams were supplied by CPB, Zeist, 

the Netherlands. The animals were housed in standard Makrolon cages and were habituated to a 

reversed day/night cycle (lights on from 20:00 to 08:00). The pre-operation weights were 

(mean ± SEM): 449.7 (± 13.0) grams for the intact rats, 440.8 (± 15.1) grams for the sham-lesioned 

rats, and 449.5 (±15.2) for the nbm-lesioned rats (all treatment groups: n = 6, due to the loss of two 

nbm-lesioned animals). There were no differences between the groups with respect to the pre-

operation weights (F2,15 = 0.16, n.s.). The experimental protocol is summarized in Table 2. 

Apparatus: the same apparatus was used as in experiment 1. 

 

 

Table 2. Protocol of experiment 2, in which the effects of bilateral lesions of the nucleus basalis magnocellularis 
(nbm) on the performance of rats in a seven-choice task in a radial alley maze were assessed. The week 
numbers (*: after arrival at our laboratory) and the treatments and testing procedures are listed. 
 

Week*  Event 

0  Arrival at our laboratory of 20 male Cpb:Wu rats, weighing approximately 420 grams 

  Individual housing 

  Reversed day/night cycle (lights on from 20:00 to 08:00) 

  Gradual reduction to 85% of the free-feeding body weight 

  10-minute adaptation sessions in the radial alley maze on four consecutive days 

8  First acquisition of problem A (massed trials: 3 trials per day) to criterion; one additional 
session of 

  3 trials when the criterion was reached 

11  Second acquisition of problem A (massed trials: 10 trials per day) to criterion 

  Free access to food 

15  Matching on trials to criterion problem A: assignment to control, sham-, or nbm-lesioned group 

  Stereotaxic operations 

18  First retention of problem A (massed trials: 10 trials per day) 

19  Acquisition of problem B (massed trials: 10 trials per day) 

19  Second retention of problem A (with massed trials in one session) 

  Free access to food 

20  Decapitation for biochemical assays 

 

 

Surgical procedure: the animals received stereotaxically guided lesions in the nbm, as in the first 

experiment. 
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Behavioral testing 

The body weights of all animals were gradually reduced to 85% of their free-feeding weights within 

about 1 week. 

Adaptation sessions: the rats were familiarized with the radial alley maze on 4 consecutive days 

(10 min/day) as in the first experiment. 

First and second acquisition of problem A: one week after the start of the adaptation sessions, all rats 

had reached their 85% target weight. The start position for problem A was alley no. 1; the goal alley 

(no. 6) with the food reward was 135° to the right of the start alley. The training procedure was as in the 

first experiment. In this phase of the experiment, the cues in the alleys were not illuminated. 

All rats were trained with massed trials (3 trials/day) until they had reached a criterion of seven faultless 

trials in a series of nine trials (1st acquisition of problem A). Twenty-four hours after a rat had reached 

the criterion, it received three additional trials in one session. When all rats had reached the criterion 

and received the three extra trials, they were trained again to criterion (10 trials/day; 2nd acquisition of 

problem A). No rat needed more than two sessions to reach the criterion a second time. Between the 

first and second series to reach criterion the rats were kept on the food-restricted regimen. Then, the 

rats were returned to an ad-libitum feeding regimen for about 3 weeks. The animals were matched on 

trials to criterion (1st acquisition of problem A) and were semi-randomly assigned to one of three 

treatment conditions: untreated (n = 6), sham-lesioned (n = 6), and nbm-lesioned (n = 8). 

After lesioning, the rats were allowed to recover from surgery for 2 weeks. By then, the animals had 

reached at least 95% of their pre-operation weights. One nbm-lesioned rat did not survive the 

anesthesia, and a second nbm-lesioned animal died during the recovery period. These losses reduced 

the number of nbm-lesioned animals to six. Taking into account the loss of these two nbm-lesioned 

rats, the pre-operation weights were (mean ± SEM): 449.7 (± 13.0) grams for the intact rats, 440.8 

(± 15.1) grams for the sham-lesioned rats and 449.5 (±15.2) for the nbm-lesioned rats (all treatment 

groups: n = 6). There were no differences between the groups with respect to the pre-operation 

weights (F2,15 < 1.0, n.s.). 

First retention of problem A: two weeks after lesioning, the weights of all animals were gradually 

reduced to 85% of their free-feeding weights within 1 week. Three weeks after the operation, retention 

of problem A was assessed with massed trials (10 trials/day) until the rats had reached the criterion of 

seven faultless trials in a series of nine trials. The illumination of the cues in the alleys was switched 

off. 

Acquisition of problem B: in the fifth week after lesioning, the rats were trained to criterion on a new 

problem (problem B) with massed trials (10 trials/day). Now, rats started from alley no. 7 and food 

could be found in alley no. 2, 135° to the left of the start alley. This time, the cues in the alleys were 

illuminated. 

Second retention of problem A: after completion of training on problem B, all rats were again trained on 

problem A to criterion within one single session. The cues in the alleys were not illuminated, as had 

been the case during the first acquisition of problem A. 

Dissection of brain samples: the procedure followed was as in the first experiment. However, two 

cortical samples, the frontal and the parietal cortices were dissected free. In the coronal plane, the 

cortical samples were delimited using a calibrated plastic T-square (Rosenzweig, Bennett & Diamond, 



   110 

1972; see Fig. 3), with the tissue under the areas covered by the T-square being discarded. Rostrally, 

the frontal cortex sample was delimited by a horizontal knife-cut above the olfactory bulbi. 

Choline acetyltransferase (ChAT) activity in the frontal and parietal cortex: ChAT activity in the frontal 

and parietal cortices was determined and analyzed statistically as described in Chapter 3.1. 

Statistical analyses 

Adaptation sessions: the number of alley visits and number of alleys visited were analyzed as in 

experiment 1. 

First and second acquisition of problem A, first retention of problem A, acquisition of problem B, and 

second retention of problem A: treatment effects on the two measures, trials and errors to criterion 

(see experiment 1 for details), were analyzed by a one-factorial (Treatment) ANOVA for each of the 

five phases of the experiment. The three lesion conditions (untreated, sham-lesioned, and nbm-

lesioned) were considered levels of the factor Treatment. The analyses were supplemented with 

planned comparisons. 

 

Results 

Adaptation sessions 

Number of alley visits (see Fig. 5, left panel): there were no differences between the treatment groups 

during the adaptation sessions, except in the first session (F2,15 = 3.85, p < 0.05). Planned 

comparisons revealed that the rats in the untreated (intact) group made more alley visits than the rats 

in the sham-lesioned condition (Contrast I: F1,15 = 7.22, p < 0.05). An additional comparison contrasting 

the alley visits of the sham-lesioned rats with those of the nbm lesion-lesioned rats revealed that these 

two groups of animals did not differ (F1,15 < 1.00, n.s.). 

The repeated measures analysis revealed that treatment groups did not differ for the number of alley 

visits averaged over all adaptation sessions (General mean: F2,15 = 0.92, n.s.). The number of alley 

visits changed over sessions (F3,45 = 4.75, p < 0.01), but this change was similar for the three groups 

(Session by Treatment interaction: F6,45 = 1.32, n.s.). 

Number of alleys visited: the rats visited all alleys of the radial alley maze from the second adaptation 

session onward (results not shown). 

Acquisition and retention sessions 

First and second acquisition of problem A: the results are summarized in Fig. 5, center and right panel. 

There were no differences between the treatment groups for the number of trials and errors to reach 

the criterion of seven faultless trials in a series of nine trials twice before lesioning (all Fs2,15 < 1.0, n.s.). 

These results confirm that matching on trials to criterion was successful, despite the fact that two nbm-

lesioned rats died. 

First retention of problem A: the nbm lesion had no effect on the number of trials (F2,15 = 1.12, n.s.) and 

errors (F2,15 = 1.29, n.s.) to reach the criterion. There was, however, a strong increase in the variance 

in the nbm-lesioned group. Therefore, the data were re-analyzed using the non-parametric Kruskal-

Wallis one-way analysis of variance by ranks (Ferguson, 1971, pp. 331-333). The non-parametric 

analyses corroborated the results of the ANOVAs (trials to criterion: H2 = 1.27, n.s.; errors to criterion: 

H2 = 0.32, n.s.). 
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Acquisition of problem B: again, nbm lesions had no effect on the number of trials (F2,15 = 2.52, n.s.) 

and errors (F2,15 = 3.55, 0.10 > p > 0.05) to criterion. The F-ratios for treatment effects on errors to 

criterion and the first planned comparison (Contrast I: intact versus sham-lesioned) for trials (F1,15 = 

3.87, 0.10 > p > 0.05) and errors (F1,15 = 4.39, 0.10 > p > 0.05) to criterion had associated probabilities 

close to 0.05. We used the planned comparisons I and II to detect specifically the effects of nbm 

lesions. These comparisons were, however, less suited to detect general effects of the operations. 

Therefore, we supplemented the analyses with two additional comparisons, which contrasted: 

� trials and errors of sham-lesioned rats with that of those of nbm-lesioned rats (Contrast III); and 

� trials and errors of intact animals with those of sham-operated and nbm-lesioned rats pooled 

(Contrast IV). 
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Figure 5. Number of alley visits during adaptation sessions 1 to 4 (left panel), trials to criterion (center panel) and 
errors to criterion (right panel) of untreated, sham-lesioned, and nucleus basalis magnocellularis (nbm)-lesioned 
rats during the first and second acquisition of problem A, first retention of problem A, acquisition of problem B, 
and second retention of problem A. The means and standard errors of the means (SEM) are shown. 

 

 

These comparisons revealed that trials and errors to criterion were similar for the sham-operated and 

the nbm-lesioned rats (Contrast III: F1,15 < 1.00, n.s., for trials to criterion; F1,15 < 1.00, n.s., for errors to 

criterion). The two operated groups pooled needed more trials to reach the criterion and made more 

errors than the intact animals (Contrast IV: F1,15 = 5.03, p < 0.05, for trials to criterion; F1,15 = 6.95, 

p < 0.05, for errors to criterion). Thus, the stereotaxic operation per se might have impaired acquisition 

of a new problem. 

Second retention (re-acquisition) of problem A: neither trials nor errors to criterion were affected by the 

nbm lesions. 
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ChAT activity in the frontal and parietal cortices: lesioning of the nbm affected the ChAT activity in the 

frontal cortex (F2,15 = 24.01, p < 0.01), and parietal cortex (F2,15 = 9.28, p < 0.01; see Fig. 6). There 

were no differences between the two control groups, i.e. the intact and the sham-lesioned rats 

(Contrast I for both cortex samples: F1,15 < 1.00, n.s.). The nbm lesion reduced ChAT activity in the 

frontal cortex by approximately 32.8%, in the parietal cortex by 22.9%, when compared with those of 

the intact and the sham-lesioned groups pooled (Contrast II for frontal cortex: F1,15 = 48.00, p < 0.01; 

Contrast II for parietal cortex: F1,15 = 18.20, p < 0.01). 
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Figure 6. Effects of lesioning of the 
nucleus basalis magnocellularis (nbm) in 
adult Wistar rats. The mean ChAT 
activity in the frontal cortex (left panel) 
and in the parietal cortex (right panel), 
calculated as the nanomoles 
acetylcholine formed per milligram 
protein per hour, and the standard errors 
of the means (SEM) are shown for intact, 
sham-lesioned, and nbm-lesioned rats. 
The group sizes are depicted in the 
figure. 
 

 

 

Experiment 3: bilateral ibotenic acid lesions of the nbm: effects of different 
lesion coordinates 

Material and Methods 

Animals: twenty male Wistar rats (Bor:WISW(SPF Cpb) weighing approximately 425.5 ± 4.6 grams 

(mean ± SEM) were supplied by Winkelmann (Borchen, Federal Republic of Germany). The rats were 

weight-matched and then semi-randomly assigned to a sham-lesioned (n = 8) or a nbm-lesioned 

(n = 12) group. Within these groups, half of the animals were assigned to one of two lesion coordinate 

conditions. 

Apparatus: the same eight-arm radial alley maze was used as in experiments 1 and 2. 

Surgical procedure: the animals received stereotaxically guided lesions in the nbm, using the 

stereotaxic instrument developed by Lohman and Peters (1976). The rats were anesthetized with a 

combination of Vetalar (i.m.: 50 mg/kg) and Rompun (s.c.: 2.25 mg/kg) (Guldin & Markowitsch, 1982). 

Two sets of coordinates were used to lesion the nbm. Half of the sham-lesioned animals (sham lesion 

A: n = 4) and half of the nbm-lesioned animals (nbm lesion A: n = 6) received injections of the toxin or 
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vehicle at the coordinates (AP -0.5, L 2.3, DV 7.6 ) with respect to bregma (Paxinos & Watson, 1986). 

The ventral coordinates were determined with respect to the surface of the skull. For the other sham-

lesioned (sham lesion B, n = 4) and nbm-lesioned animals (nbm lesion B, n = 6) the coordinates were 

AP -0.8, L 2.7, DV 8.0. 

Ibotenic acid (4 µg in 0.4 µl phosphate buffer: pH 7.4) or phosphate buffer alone (0.4 µl) was slowly 

injected over 4 minutes. The tip of the Hamilton syringe was kept in place for 1 minute and then the 

syringe was retracted. 

Behavioral testing 

Adaptation sessions: in the third week after surgery, the weights of all animals were gradually reduced 

to 85% of their free-feeding values. The rats were familiarized with the radial alley maze on 4 

consecutive days as in experiments 1 and 2. 

Acquisition: when spatial discrimination in the seven-choice task began (1 week after the start of the 

adaptation sessions), all rats had reached their 85% target weight. Testing was similar to the 

procedure described in experiment 1. All rats were trained with massed trials (day 1: 2 trials; days 2 to 

5: 4 trials/day; days 6 and 7: 6 trials/day; all successive days: 8 trials/day) until they had reached a 

criterion of seven faultless trials in a series of nine trials. 

Choline acetyltransferase (ChAT) activity: ChAT activity was determined as in the previous experiment. 

Dissection of brain samples: the frontal and the parietal cortices were dissected as described 

previously (exp. 2). Then the remaining neocortex and corpus callosum were removed, and the 

hippocampus was dissected free. The dorsal part was separated in situ from the rest of the 

hippocampus by a knife-cut perpendicular to the ventro-dorsal extension of this structure, starting at 

the junction between the inferior and superior colliculi. Adhering white matter was removed from all 

samples. 

Statistical analyses 

Adaptation sessions: the number of alley visits and the number of alleys visited during the four 

adaptation sessions were analyzed by a Lesion (pooled sham-operated, vs. nbm-lesioned using 

coordinates A, vs. nbm-lesioned using coordinates B) by Sessions (adaptations sessions 1 to 4) 

ANOVA, with repeated measures on the last factor. 

Acquisition: the same two measures as in the previous experiments were analyzed: trials and errors to 

criterion. The effects of nbm lesions on the two measures were analyzed by an ANOVA with the factor 

Lesion. 

Cortical and hippocampal ChAT activity: an analysis of variance with the factor Lesion on the ChAT 

activity of the frontal and parietal cortices and of the dorsal hippocampus was performed [SAS general 

linear model (GLM) procedure for unequal cell sizes, Freund & Littell, 1985]. 

These ANOVAs were supplemented with three planned comparisons, which contrasted: 

� the pooled sham-lesioned groups with the group of rats receiving nbm lesions at the first set of 

coordinates (Contrast I); 

� the sham-lesioned groups with the group of rats receiving nbm lesions at the second set of 

coordinates (Contrast II); 
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� the nbm-lesioned group with lesions at the first set of coordinates (nbm lesion A) with the nbm-

lesioned group of rats receiving nbm lesions at the second set of coordinates (nbm lesion B) 

(Contrast III). 
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Figure 7. Number of alley visits during adaptation sessions 1 to 4 (left panel), trials to criterion (center panel) and 
errors to criterion (right panel) of sham-lesioned and nucleus basalis magnocellularis (nbm)-lesioned rats. Two 
different sets of coordinates (A, B) were used to induce the lesions. The means and standard errors of the means 
(SEM) are shown. 

 

 

Results 

Body weights (data not shown) 

The rats in the different groups weighed the same before surgery (F2,17 < 1.00, n.s.), and 2 weeks after 

surgery, the rats had regained and exceeded their pre-operation weight. The nbm lesion did not affect 

body weight (Lesion: F1,17 = 2.13, n.s.). 

Behavioral testing 

Adaptation sessions 

Number of alley visits (see Fig. 7, left panel): lesioning of the nbm did not affect the number of alley 

visits during the adaptation session, averaged over the four sessions (General mean: F2,17 < 1.00, n.s.). 

The number of alley visits changed slightly across sessions (F3,51 = 3.80, p < 0.05), but similarly for the 

three groups (Lesion by Sessions interaction: F6,51 = 1.75, n.s.) 

Number of alleys visited: the rats visited all alleys of the radial alley maze from the first adaptation 

session on (results not shown). 
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Acquisition of the seven-choice task 

Lesioning of the nbm did not affect the number of trials (F2,17 = 1.19, n.s.; Fig. 7, center panel) and 

errors to criterion (F2,17 < 1.00, n.s.; Fig. 7, right panel) differently. 

ChAT activity in the dorsal hippocampus, the frontal and parietal cortices 

The effects of the lesions on the ChAT activity of the frontal and parietal cortices and of the dorsal 

hippocampus are summarized in Fig. 8. 
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Figure 8. ChAT activity in the frontal cotex (left panel), the parietal cortex (center panel) and the dorsal 
hippocampus (right panel) of the pooled sham-lesioned and the nucleus basalis magnocellularis (nbm)-lesioned 
rats. Two different sets of coordinates (A, B) were used to induce the nbm lesions. The number of animals per 
group is depicted in the left panel. The means and standard errors of the means (SEM) are shown. 

 

 

Frontal cortex: although both nbm lesions reduced the ChAT activity in the frontal cortex (F2,17 = 71.00, 

p < 0.01, and planned comparisons I and II; Contrast I: F1,17 = 37.04, p < 0.01; Contrast II: 

F1,17 = 140.77, p < 0.01), the nbm lesion B was more effective than the nbm lesion A in decreasing in 

ChAT activity (Contrast III; F1,17 =29.21, p < 0.01). Compared with the pooled sham-lesioned controls, 

the rats with the nbm lesion A had a 22.6% reduction in ChAT activity 6 weeks after surgery, and rats 

with the nbm lesion B a 44.2% reduction. 

Parietal cortex: the nbm lesions reduced the ChAT activity in the parietal cortex (F2,17 = 33.91, p < 0.01, 

and planned comparisons I and II; Contrast I: F1,17 = 21.21, p < 0.01; Contrast II: F1,17 = 66.29, 

p < 0.01) by 21.2%, compared with that of the pooled sham-lesioned rats. Animals with the nbm lesion 

A had a 15.3% reduction of ChAT activity compared with a 27.1% reduction in rats with nbm lesion B 

(Contrast III: F1,17 = 10.95, p < 0.01). 
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Dorsal hippocampus: the nbm lesions did not affect the ChAT activity in the hippocampus (Lesion: 

F2,17 = 2.45, n.s.). 

Histological verification of the lesions 

The location of the lesions in the nbm was verified histologically (Fig. 9). The schematic representation 

is based on the brains of 15 rats which received bilateral ibotenic acid injections at the coordinates AP 

-0.5 (with respect to bregma), L 2.3 (with respect to the midline), and DV 7.6 (with respect to the skull), 

and on the brains of 6 rats which received ibotenic acid injections at the coordinates AP -0.8, L 2.6, and 

DV 8.0. As already noted by Wenk, Cribbs, and McCall (1984), the contours of the lesions appeared to 

follow natural hydrophobic myelinated borders. They suggest that these structures in fact might guide 

the distribution of ibotenic acid. In sham-lesioned rats, no damage was found. 
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Figure 9. Schematic representation of the size and position of nucleus basalis magnocellularis lesions in cresyl-
violet stained slices. The area of cell loss is indicated by shading. The left series of slices represents the 
composites of the brains of 15 rats which received bilateral injections of 0.4 µl ibotenic acid at the lesion 
coordinates AP  -0.5, L 2.3, DV 7.6. The series depicted on the right is based on the slices from 6 rats which 
received bilateral injections of 0.4 µl ibotenic acid at the lesion coordinates AP -0.8, L 2.7, and DV 8.0. The AP-
coordinates are with respect to bregma (Paxinos & Watson, 1986). The dorsoventral coordinates are determined 
with respect to the surface of the skull. 

 

 

Discussion 

In the first experiment, bilateral lesioning of the nbm disrupted the acquisition of a seven-choice task in 

the radial alley maze. This finding was not replicated in the third experiment: lesioning of the nbm at the 



   117 

same set of coordinates as in the first experiment had no effect on learning. A second set of lesion 

coordinates also had no effects. 

In the second experiment, rats received nbm lesions after they had acquired the seven-choice task. 

Then, the effects of the lesions on the retention, the acquisition of a new problem, and on the re-

acquisition of the originally acquired problem were tested. Under these conditions, the nbm lesions did 

not affect rat’s performance in the discrimination task. 

Effects of nbm lesions on spatial discrimination performance 

The seven-choice task, similar to the stem-discrimination component of the T-maze task of Wenk, 

Markowska, and Olton (1989) and the win-stay task in the T-maze of Liljequist et al. (1997), is 

considered to assess spatial RM. Both the T-maze and the seven-choice task consist of a start alley, at 

the end of which choice alternatives are provided. However, the seven-choice task is probably more 

complex than T-maze tasks, because it provides seven alternative choices, only one of which is 

correct. 

Liljequist and colleagues (1997) found that ibotenic acid-induced nbm lesions did not affect 

performance in the T-maze in which choosing the left arm (win-stay) was always reinforced with food. 

The injection coordinates used by Liljequist and co-workers (1997) were similar to those used in our 

study. The injection volume, however, was 1 µl per side, compared with 0.4 µl in our experiments. 

In a T-maze alternation task, which consists of two components, a stem discrimination and an arm 

discrimination, Wenk, Markowska, and Olton (1989) compared the effects of bilateral nbm lesions 

induced with quisqualic or ibotenic acid. Stem discrimination might be considered as an index of spatial 

RM, whereas arm discrimination might provide a measure of spatial working memory (WM; Barnes et 

al., 1990). The lesion coordinates were similar to those used in our study. However, injections were 

made at two sites, with an injection volume of 0.5 µl per site. The ibotenic acid lesion induced a 

transient deficit in stem discrimination (RM), whereas quisqualic acid did not affect this component of 

the task. Ibotenic acid lesions of the nbm induced a permanent deficit in arm discrimination (WM), 

whereas the quisqualic acid-induced lesions affected arm discrimination only transiently. 

The performance of rats with combined ibotenic acid-induced lesions of the medial septal area (msa) 

and the nbm was found to be impaired in a serial reversal of a two-choice spatial discrimination task in 

a T-maze (Peternel et al., 1988) similar to that used by Wenk, Markowska, and Olton (1989). In this 

task, the rats were trained to a criterion of 14 correct choices in a series of 15 trials to visit one arm of 

the maze in order to obtain a food reward. Then, the other arm was the correct choice until the rat had 

again reached the criterion. Multiple reversals were given. The nbm-lesioned rats reached criterion in 

all reversals, but they always needed more trials than the sham-lesioned rats. Contrary to the findings 

by Wenk and co-workers (1989), Peternel and colleagues (1988) found no differences between the 

groups on stem discrimination. 

Connor and colleagues (1993) found that bilateral injections of ibotenic acid into the nbm (two 

injections per side) impaired non-matching to sample in a T-maze, a WM task. In this task, one arm of 

the maze was blocked during a forced run, followed by a free run in which both arms were open. The 

arm opposite to the arm of the forced run was baited with a food reward. The nbm-lesioned rats 

needed more trials to reach criterion than the sham-lesioned controls. 

Waite and Thal (1996) either produced combined excitotoxic lesions (ibotenic or quisqualic acid, or 

AMPA) of the nbm and msa, or destroyed the cholinergic cells in hippocampus and cortex, the main 

projection fields of the msa and the nbm, respectively, by intra cerebroventricular infusion of the 
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immunotoxin 192 IgG-saporin. The bilateral excitotoxic lesions of the nbm were produced by a series 

of four injections per side. Four additional injections per side were aimed at the msa and the diagonal 

band. Under these conditions, all lesions produced deficits in the acquisition of a Morris water escape 

task. The ChAT activity in the frontal and parietal cortices and the hippocampus after the ibotenic acid 

lesions was decreased by 62%, 79%, and 56%, respectively. 

Wirsching et al. (1989) trained rats until they had reached a stable performance in a radial arm maze 

task, which allows the assessment of WM and RM simultaneously. Then the nbm was lesioned 

unilaterally with 1 µl of quinolinic acid (120 nmol). The injection coordinates were similar to those we 

used. Both, the WM and the RM were permanently disrupted by the lesion. 

Kinoshita et al. (1992) observed an impaired acquisition of the Morris water escape response by rats 

with bilateral ibotenic acid lesions (0.5 µl ibotenic acid was injected on each side). This task measures 

spatial RM. 

From the above, it can be seen that heterogeneous results have been reported. Neither the task 

demands nor the lesions can directly be compared between studies. With respect to the lesions, a 

multitude of coordinates, neurotoxins and immunotoxins have been used. Ibotenic acid lesions were 

found to impair spatial RM, measured in the T-maze and in the Morris maze. However, the deficits 

occurred only after injection of 1 µl, after multiple injections of the neurotoxic compound, or when the 

nbm lesions were combined with lesioning of additional forebrain areas. In addition, the negative 

results of the study by Liljequist and colleagues (1997) with the simple win-stay task in the T-maze 

point to the possibility that the task must exceed a certain degree of complexity to become sensitive to 

the cognition-disrupting effects of nbm lesions. In this respect, the seven-choice task appears to be of 

‘borderline sensitivity’, i.e. its sensitivity seems to be insufficient to detect nbm-lesion induced deficits 

reliably. Olton and Schlosberg (1978), in their comparison of behavior in win-stay and win-shift tasks 

using the elevated eight-arm radial maze, concluded that rats are disposed to follow a win-shift strategy 

and that they show severely retarded learning if a win-stay strategy is required to solve the task.  

Influences of the lesions site and size 

The lesions in the nbm were quite small: we injected 0.4 µl ibotenic acid and probably destroyed only a 

part of the cells in the nbm. However, Wenk, Cribbs, and McCall (1984) found that lesions induced by a 

smaller injection volume (0.6 µl) destroyed more cells in the target area than a larger volume (1.0 µl) 

did, even though equimolar amounts of the toxin were infused. In most studies on the behavioral 

consequences of nbm lesions, the volume of neurotoxin, such as ibotenic, quisqualic, or quinolinic 

acid, injected was larger than the volume we injected. The most frequently used volume to induce nbm 

lesions is 0.5 µl (e.g. Stone et al., 1989; Shaughnessy et al., 1994), but larger volumes have also been 

injected (e.g. 1µl: Zawia, Arendash & Wecker, 1992; Liljequist et al., 1997; 1.5 µl: Ohara et al., 1997). 

In many studies, multiple injections of neurotoxins were given to destroy the nbm (e.g. two injections: 

Zawia, Arendash & Wecker, 1992; Connor et al., 1993; three injections: Steckler et al., 1993), or to 

destroy both the nbm and the msa with multiple injections (e.g. Grigoryan et al., 1994a; Hodges et al., 

1995; Robinson et al., 1996) in an attempt to induce maximum damage to the cholinergic forebrain 

system. With larger injection volumes and multiple injections, the probability of lesion-induced 

behavioral deficits seems to increase. 

The size and placement of the nbm lesions we induced might have induced ‘threshold’ damage, which 

sometimes does, and sometimes does not, lead to behavioral impairments. However, the lesion 

spared adjacent areas such as the diagonal band of Broca (dbB) and the msa. These two cell groups 
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provide cholinergic projections to the hippocampus, a structure that is critically involved in (spatial) 

learning and memory (Jarrard, 1993, 1995; Bunsey & Eichenbaum, 1996). The dbB might even 

account for 60% of the hippocampal cholinergic input (Wenk, Cribbs & McCall, 1984). The absence of 

effects of the nbm lesion on ChAT activity in the hippocampus, which was confirmed for both sets of 

our injection coordinates, supports the notion that neither the dbB nor the msa were damaged. The 

lack of remote damage after ibotenic acid-induced lesions, as compared with lesions induced by kainic 

acid, has already been described by Schwarcz and colleagues (1979) and by Guldin and Markowitsch 

(1981, 1982). 

Across the three experiments, the lesions induced a 22% to 44% reduction in ChAT activity in the 

frontal cortex. In the parietal cortex, the reduction ranged from 15% to 27%, when compared with the 

respective controls, i.e. the groups which were not lesioned or which had received a sham lesion. 

These decreases in cortical ChAT activity are well within the range reported by others (e.g. 23-28%: 

Dokla & Thal, 1989; 31%: Robbins et al., 1989; 25-30%: Shaughnessy et al., 1994; Shaughnessy et al., 

1996; 26%: Liljequist et al., 1997). Experiment 3 showed that lesioning of the nbm at the coordinates B 

(AP -0.8, L 2.7, and DV 8.0) was more effective in reducing cortical ChAT activity than lesions induced 

at coordinates A (AP -0.5, L 2.3, DV 7.6). This difference in effectiveness to reduce cortical ChAT, 

however, was not mirrored by a differential effect on the behavioral measures. 

A factor which might have affected the decrease in ChAT activity is the survival time after lesions. It is 

not clear whether ChAT activity in the cortex recovers after lesioning of the nbm. Wenk and Olton 

(1984), for example, reported complete recovery of ChAT activity after unilateral ibotenic acid lesion of 

the nbm within 3 months. A similar recovery was seen in a study by Robinson and colleagues (1996): 

18 weeks after the lesion, cortical ChAT activity was similar in sham-lesioned and ibotenic acid-

lesioned rats. By contrast, no recovery of cortical ChAT activity up to 3 months after bilateral nbm 

lesions was seen by Thal, Dokla, and Armstrong (1988). Reviewing the results on the decreases in 

ChAT activity in relation to the time elapsed after the lesion, Dekker, Connor, and Thal (1991) 

concluded that most studies did not find evidence for recovery. 

A problem inherent to lesion studies is the choice of optimal lesion coordinates to induce cell loss in the 

target area, while sparing adjacent structures which might induce behavioral deficits by themselves. 

Wenk, Cribbs, and McCall (1984) identified the optimal coordinates for nbm lesions using ibotenic acid. 

The lesion coordinates we used are within their range of coordinates found to induce maximal 

reduction of ChAT activity in the frontal neocortex. 

Small lesions in this respect might be more selective than large ones. However, the magnitude of the 

damage might be too small to induce behavioral effects. In contrast, bigger lesions, or series of lesions 

to destroy the entire nbm, might damage too much of the surrounding structures, resulting in 

nonspecific behavioral deficits, or behavioral impairments specific for the adjacent structure. In this 

case, the specific effects of lesioning the nbm cannot be distinguished from those caused by damage 

to surrounding structures. 

Recently, the validity of these experimentally induced deficits in learning and memory as an animal 

model for Alzheimer's disease or of specific symptoms of this disease has been questioned (Fibiger, 

1991; Dunnett, Everitt & Robbins, 1991). However, notwithstanding the problems associated with the 

nbm lesion model and the neurotoxins used to induce it, this model is still frequently used to test, for 

example, the effects of putative cognition enhancers (e.g. Riekkinen, Riekkinen & Sirviö, 1992; 

Männistö et al., 1993; Itoh et al., 1997; Liljequist et al., 1997) and neuroprotective compounds (e.g. 

Männistö, et al, 1993; O’Connell, Earley & Leonard, 1994). 
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Our results do not support the notion that the cortical cholinergic activity originating in the nbm is 

critically involved in memory. Two main reasons may account for this result. First, the lesion might have 

been too small, and thus the damage induced incomplete. Second, the task used might not have been 

sensitive enough to detect lesion-induced deficits; however, a combination of both factors might also 

have contributed to the inconclusive findings of the present study. The lesion-induced reduction in 

cortical ChAT activity that we measured was well within the range that has been reported to cause 

impairments in cognitive performance. 
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3.3 
Behavioral effects of bilateral lesions of the 
nbm, induced by ibotenic acid, in young adult 
and old Wistar rats 
 

 

Abstract  

Lesioning of the nucleus basalis magnocellularis (nbm) in rodents, the analogue of the nucleus basalis 

of Meynert in humans, has been suggested as an animal model for Alzheimer’s dementia. This 

nucleus, which provides the major cholinergic input to the neocortex, undergoes massive cell loss in 

patients suffering from Alzheimer’s disease. It is conceivable that lesioning of the nbm in aged rodents 

provides a model of Alzheimer’s disease that shares more aspects of the Alzheimer symptomatology 

than lesioning of the nbm of young rodents would do. In order to test this hypothesis and to assess the 

effects of aging, of ibotenic acid-induced lesions of the nbm, and of the interaction between age and 

lesion, we tested young and aged Wistar rats in a battery of behavioral tests. The battery consisted of 

a seven-choice task in an eight-arm radial alley maze and a series of sensorimotor tests. We found 

clear age-associated impairments in sensorimotor tests and in the acquisition of the seven-choice task. 

Lesioning of the nbm did not affect the performance of the rats in the sensorimotor tasks used. The 

nbm lesion had a transient effect on the acquisition of the seven-choice task. The nbm-lesioned rats 

made more errors before they reached criterion, but all rats eventually acquired this discrimination 

task. The effects of the lesion were similar in both age groups. We could not confirm our hypothesis 

that aged, nbm-lesioned rats would provide a better model of Alzheimer’s dementia than young nbm-

lesioned rats would. 

 

 

Introduction  

Lesioning of the nucleus basalis magnocellularis (nbm) in rodents has been suggested as an animal 

model for Alzheimer’s dementia (Smith, 1988). The nbm in rodents is considered the analogue of the 

nucleus basalis of Meynert in humans (Shaughnessy et al., 1996). This nucleus, which provides the 

major cholinergic input to the neocortex, undergoes massive cell loss in patients suffering from 

Alzheimer’s disease. As a consequence, a large reduction in the activity of choline acetyltransferase, 

the enzyme that synthesizes acetylcholine (ACh), has been found in the neocortex of Alzheimer 

patients. The reduction of cortical presynaptic markers in the neocortex appears to be correlated with 

the severity of the dementia (Perry et al., 1978; Bierer et al., 1995). 

Alzheimer’s disease has also been found to be associated with a decline in sensorimotor abilities 

(Franssen et al., 1991; Kluger et al., 1997). A similar, although less pronounced, decline occurs in 

normal aging (Era, Jokela & Heikkinen, 1986), and an age-related decline in sensorimotor functions 
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has consistently been found in rodents (e.g. Marshall, 1982; Gage et al., 1983; Schuurman et al., 1986; 

Ingram, 1988; Markowska et al., 1990). 

It is conceivable that lesioning of the nbm in aged rodents could provide a model of Alzheimer’s 

disease that shares more aspects of the Alzheimer symptomatology than lesioning of the nbm of young 

rodents would do, because aging per se appears to lead to degenerative changes in the basal 

forebrain nuclei of the rat (Fischer, Gage & Björklund, 1989). These naturally occurring changes may 

make the aged rat brain more vulnerable to the effects of excitotoxin-induced nbm lesions (Zawia, 

Arendash & Wecker, 1992; Stoehr & Wenk, 1995). In order to test this hypothesis and to assess the 

effects of aging, of ibotenic acid induced lesions, and of the interaction between age and lesion, we 

tested young and aged Wistar rats in a battery of behavioral tests that have previously been found to 

be sensitive to aging or to the lesioning of particular brain regions. Learning and memory were 

assessed in a seven-choice discrimination task in a radial alley maze, which has been found to be 

sensitive to the effects of aging (see Appendix 6.2, and Raaijmakers et al., 1990) and to the effects of 

lesioning the nbm in rats (see Chapter 3.1). 

We used a battery of functional tests for different reasons. First, in rodent aging studies it has been 

demonstrated repeatedly that the age-related decline in sensorimotor functions and in cognitive 

behavior is not a homogeneous process but can be differentiated on the basis of individual processes 

(Ingram, 1983; van der Staay, Blokland & Raaijmakers, 1990, and Chapter 2.3), i.e. age-related 

impairments might occur at different ages, depending on the behavior assessed. 

Second, the nbm consists of magnocellular neurons which are diffusely distributed adjacent to, and 

perhaps within, the substantia innominata, the ventral globus pallidus, and the dorsal part of the dorsal 

globus pallidus (Everitt et al., 1987). The globus pallidus is a brain region which appears to play an 

important role in the regulation of movements (Parent & Hazrati, 1995a,b). Lesion-induced 

sensorimotor impairments might interfere with the interpretation of possible disruptive effects on 

learning and memory, as assessed in cognitive tasks such as the seven-choice task. 

Third, functional tasks appear to be less affected by learning processes. They might, therefore, provide 

unbiased information about the disruptive effects of bilateral lesioning of the nbm and functional 

recovery (see also van der Staay, Augstein & Horváth, 1996a; but see Ingram & Reynolds, 1986, who 

found that certain psychomotor tests might also be confounded by learning). 

Finally, because the location and size of the lesioned area might extend to brains regions other than 

the nbm, the use of different tests makes it more likely that lesion-induced deficits will be detected. 

We assessed the effects of bilateral lesions on the performance in a spatial discriminatin task because 

spatial discrimination performance has been found to be impaired in elderly humans (Light & Zelinski, 

1983; Evans et al., 1984; Bruce & Herman, 1986; Uttl & Graf, 1993), and more severely so in 

Alzheimer’s patients (e.g. Liu, Gauthier & Gauthier, 1991). Spatial orientation tasks in rodents have 

been found to be sensitive to aging (e.g. Barnes, 1988a; van der Staay, van Nies & Raaijmakers, 1990; 

van der Staay & de Jonge, 1993), and this is also true for the seven choice discrimination task used in 

the present study (Raaijmakers et al., 1990; Appendix 6.2). 
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Material and Methods 

Animals 

Eighteen 4-month-old and nineteen 27-month-old male Wistar rats (Cpb:Wu) were supplied by CPB, 

Zeist, the Netherlands. The aged rats had been transferred to Organon International b.v., Oss, the 

Netherlands at the age of 24 months, where they were kept in the animal house until they were moved 

to the animal facilities of the Psychological Laboratory, University of Nijmegen, the Netherlands, at the 

age of 27 months. These rats weighed between 412 to 516 grams. The young animals were moved 

directly from the CPB to the Psychological Laboratory. The young rats weighed between 286 and 372 

grams. 

 

 

Table 1. Protocol of the experiment, in which the effects of bilateral lesions of the nucleus basalis 
magnocellularis (nbm) on the sensorimotor function and performance in a seven-choice task in an eight-arm 
radial alley maze of young and aged Wistar rats were assessed. The exact week numbers (*: after arrival at our 
laboratory), the approximate ages in months, and the treatments and testing procedures are listed. **: Note that 
the young rats were 7 months old during the last testing series, an age at which they can be considered adult. 
However, throughout this paper, the group is referred to as ‘young’ or ‘young adult’. 
 

Week* Approximate age (months)   Event 

 young** old   

0 4 27  Arrival at our laboratory, individual housing 

    Reversed day/night cycle (lights on from 20:00 to 08:00) 

1-2 4.5 27.5  Handling, open-field tests (data not shown) 

    Pre-lesion functional examination 

3    Bilateral lesioning of the nbm or sham operation 

5 5 28  First post-lesion functional examination 

6    Adaptation sessions in the radial alley maze  

7-9 6 29  Acquisition of seven-choice task 

10-11    Acquisition of a three-choice task (exploratory, data not shown) 

12 7 30  Second post-lesion functional examination 

    Retention of seven-choice task 

13    Removal of the brains for histology and biochemical assays 

 

 

All animals were housed individually in standard Makrolon® type III cages in a humidity and 

temperature controlled vivarium. They were habituated to a reversed day/night cycle (lights on from 

20:00 to 08:00). The animals received food (standard rodent chow, Hope Farms) and water ad libitum. 

The experimental protocol is summarized in Table 1. 

Nine 4-month-old and nine 28-month-old rats were randomly assigned to groups which received 

bilateral ibotenic acid lesions of the nbm in the course of the study. All other rats received bilateral 

sham lesions of the nbm. 
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Surgical procedure 

The animals received stereotaxically guided lesions in the nbm, using a stereotaxic instrument (David 

Kopf). The rats were anesthetized with a combination of Vetalar® (i.m.: 50 mg/kg) and Rompun® (s.c.: 

2.25 mg/kg) (Guldin & Markowitsch, 1981, 1982). The bilateral nbm lesions were produced by slow 

injection of ibotenic acid (4 µg in 0.4 µl phosphate buffer: pH 7.4) over 3.5 minutes at the coordinates: 

AP -0.8, L 2.7, and DV 8.0 (with respect to bregma and to the surface of the skull; Paxinos & Watson, 

1986). The tip of the Hamilton syringe was kept in place for 5 extra minutes and then the syringe was 

retracted. The sham-lesioned rats received the same treatment as the nbm-lesioned rats, but were 

given injections of phosphate buffer (0.4 µl, pH 7.4). 

In the first 3 to 4 hours after surgery, the ibotenic-acid treated rats had seizures, with profound arching 

of the back. From previous studies we knew that during this period, the animals gnawed continuously, 

mostly their own forepaws (O’Connell, Earley & Leonard, 1994). To prevent this automutilation, we 

fitted the animals with a ruff which they wore for the first 8 hours after surgery (see Chapter 3.1, Fig. 1). 

Functional examination 

About 1 week before the animals were operated on, baseline sensorimotor function was evaluated in a 

series of behavioral tests. The test battery consisted of a square bridge task, two grid tasks, two 

placing tasks, and a swim task. The first post-lesion functional examination was performed 

approximately 1 week after the operation. The second post-lesion functional examination was 

performed 9 weeks after lesioning. 

Traversing a square bridge: a rat was placed on a square bridge that was about 50 cm above the 

surface, equidistant from two escape platforms (Wallace, Krauter & Campbell, 1980b). The bridge was 

2 cm wide for the young adult rats and 6 cm wide for the aged rats. The diameter of the platforms was 

12.5 cm for the young adult and 17.5 cm for the aged rats. Preliminary results (data not shown) 

indicated that aged rats of the strain used were unable to stay on the bridge unless its width was 

increased to 6 cm. 

A rat was taken from its homecage and placed on one of the escape platforms for 15 seconds. Then, 

the rat was gently lifted by its tail and released as soon as it held the bridge with its four paws. The time 

the rat stayed on the bridge was measured to a maximum of 60 seconds. When a rat escaped to one 

of the platforms, the time was ascribed the maximum. A thick layer of plastic foam was placed beneath 

the bridge to cushion the rat's fall if it fell off. During the task, the room was illuminated by white strip 

lights. This test was performed twice in close succession: the rat was released in the middle of the 

bridge with its nose pointing to the left platform, and a second time with its nose pointing to the right 

escape platform. The mean of the two fall-off latencies was taken as score. 

The next two tests were performed using a grid (75 cm width x 100 cm height) made of a stainless 

steel bars (diameter 5 mm). The grid consisted of a  13 x 17 matrix of 5 x 5 cm holes. One short side 

of the grid was attached to a stainless steel table. The other side was attached to the ceiling by nylon 

threads. The experimenter could manipulate the incline of the grid by pulling the nylon threads. A 

mirror was positioned under the grid to allow recording of the movement of the rat’s feet by video 

equipment, in order to facilitate reliable scoring of paw placement. In order to reduce distracting visual 

stimuli, the room was dimly illuminated by red strip lights. 

Turning on the inclined grid was assessed by a modification of the procedures described by Marshall 

(1982) and by Whishaw, Connor, and Dunnett (1985). The grid was held in a horizontal position. A rat 

was placed on it, approximately in the center. The nose of the rat pointed to the edge of the grid that 
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was to be lowered. Then, the grid was lowered until it attained a negative inclination of 30° with res pect 

to the horizontal plane. The latency to turn on the grid was measured to a maximum of 60 seconds. If a 

rat turned 90° or more within 1 minute of lowering of the grid, a turning score of 1 was given. If the rat 

failed to turn on the grid, a turning score of 0 was awarded and the latency was set to 60 seconds. This 

test was performed twice in close succession. The mean of the two turning latencies was taken as the 

score. In addition, the sum of the two turning-scores was analyzed. The turning-score could range from 

0 (rat never turned on the grid) to 2 (i.e. the rat turned on the grid in both trials). 

Climbing on the inclined grid was assessed by a modification of the procedures described by Marshall 

(1982) and by Whishaw, O'Connor, and Dunnett (1985). Observation started immediately after a rat 

had turned 180°. Rats which failed to turn were tur ned by the experimenter. A step was operationally 

defined as the movement of a paw from one side of a square to one of the three other sides of the 

same square or to one of the sides of the adjacent squares. The number of steps was counted. Steps 

were classified as correct whenever a paw was placed on the grid. A step was classified as incorrect 

(misstep) whenever the rat put a paw through one of the holes, irrespective of whether or not the rat 

corrected this step. When the rat had made at least seven steps, it was taken from the grid and placed 

in its homecage. Scoring of climbing on the grid was done from the videotapes. The means of the 

scores of the two successive trials were analyzed. 

Visually triggered placing: the test was adapted from Marshall (1982). A rat was picked up by its tail 

and was slowly lowered toward the edge of a table until its nose was approximately 10 cm from the 

edge. The white tabletop contrasted sharply against the dark floor. Care was taken that the vibrissae 

did not touch the edge. A placing-score of 1 was awarded when a rat extended its forepaws towards 

the edge (the rat showed visual placing). Otherwise, a placing score of 0 was given. The sum of the 

two placing scores was analyzed. This score could range from 0 (rat never showed visually triggered 

placing) to 2 (i.e. the rat showed visually triggered placing in both trials). 

Contact placing: this task resembles visually triggered placing. The rat was lowered until its vibrissae 

touched the edge of the table (Whishaw, O’Connor & Dunnett, 1985). If a rat extended the forelimbs 

toward the edge as soon as it had made tactile contact with the table with its vibrissae, a placing score 

1 was given. Otherwise, a placing score of 0 was given. The sum of the two placing-scores was 

analyzed. This score could range from 0 (rat never showed contact placing) to 2 (i.e. the rat showed 

contact placing in both trials). 

Swim task: swimming behavior was assessed by a modification of the procedure described by Marshall 

and Berrios (1979). A glass aquarium (length: 80 cm, depth: 50, width: 40 cm) was used, filled to a 

depth of 35 cm with water that was kept at 30°C. Th e behavior of the animals was videotaped for a 

maximum of 5 minutes. The experimental room was illuminated by white strip lights. Swimming was 

scored by using two rating scales, one for swimming vigor and the other for swimming success 

(Marshall & Berrios, 1979). 

Swimming vigor was rated on a scale ranging from 3 to 0. A score of 3 was awarded when the rat 

moved its four limbs continuously. The score 2.5 was given when the rat occasionally floated, whereas 

floating more than swimming was assigned the value 2. When the rat only occasionally swam using its 

four limbs, a 1.5 was given. Occasional swimming using the hindlimbs only was assigned the value 1. 

A rat that did not use its limbs received the score 0. 

Swimming success was awarded the maximum value of 3 when the rat was able to keep its entire 

head above the water. When the ears, but not the eyes were under water, a score of 2.5 was given. A 
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2 was awarded when the rat usually had its eyes, but not its nose under water. When the head 

disappeared under the surface of the water for 6 seconds or longer the score 1 was awarded. A rat 

that sank to the bottom of the aquarium for 10 seconds or longer was given the score 0. If a rat scored 

1 or 0 on swimming success for the first time, it was immediately taken out of the water tank and 

observation was discontinued. 

Statistical analysis 

The effects of age and lesions on the performance of the rats across the three testing sessions (one 

pre-lesion, and two post-lesions assessments) were analyzed by analysis of variance (ANOVA) with 

the factors Age (young vs. old), lesion (sham-lesion vs. nbm-lesion) and the repeated measures factor 

Sessions (pre-lesion session vs. first and second post-lesion session). The same analyses were also 

performed on the ranked scores, because for some of the measures floor or ceiling effects were seen 

in particular groups. These effects might violate the assumptions underlying ANOVA. In addition, non-

parametric Kruskall-Wallace analyses were performed per session, with the four Age by Lesion groups 

as levels of Group. However, the results of the three statistical approaches were virtually identical and 

in no case gave rise to different conclusions. Therefore, the results of the repeated measures analyses 

will be reported, and data are depicted graphically as means and standard errors of the means. 

Swimming success and swimming vigor were analyzed by ANOVA with the factors Age (young vs. old), 

lesion (sham-lesion vs. nbm-lesion) and the repeated measures factors Sessions (pre-lesion session 

vs. first and second post-lesion session) and Blocks (minute 1 to 5 of a session). 

Seven-choice task 

Apparatus 

The eight-arm radial alley maze consisted of a central platform (diameter: 26 cm) from which eight 

alleys radiated equidistantly (see Chapter 3.2, Fig. 1). The alleys measured 46 cm in length and 10 cm 

in width. The gray side walls were 38 cm high. All walls were made of gray polyvinyl chloride, except 

the end walls of the alleys, which were made of aluminum. A recess (5.0 cm * 4.0 cm * 4.7 cm) that 

contained a food tray was built about 2 cm above the floor into the end walls. The floor of the whole 

apparatus was made of Trespa®. 

A cylindrical door (diameter: 49.5 cm, 16.6 cm above the floor when closed) that opened by moving 

down vertically until its upper edge reached the level of the floor of the apparatus allowed simultaneous 

access to the eight alleys. Hidden behind the closed door, about 5 cm above the floor of each alley, 

were black symbols on white, illuminated screens measuring 9.5 * 9.5 cm (see Chapter 3.2, Fig. 2). 

When the door was open, the symbols provided distinct intra-maze cues in each alley. 

The experimenter opened and closed the door. Visits to the alleys (operationalized as entering the alley 

by a rat’s body length) and to the food cups were registered automatically by photosensitive cells. An 

Apple //e microcomputer collected the data and controlled the duration of each trial. The radial alley 

maze was situated in an experimental room that was illuminated by four red fluorescent strip lights and 

three 100-W bulbs, which were adjusted by a dimmer to provide illumination of about 50 lux on the 

floor of the apparatus. 

The room had three doors, two one-way screens, and one window (screens and window covered with 

black curtains). Further, the room contained a sink, a table along one wall on which the computer and 

the interface were situated, and a holeboard apparatus. None of these potential extra-maze cues, 
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however, was visible to the rat in the alley maze. The experimenter sat in a chair in front of the maze,  

and was not visible to the rat during testing. 

Procedure 

Starting 2 weeks after surgery, the body weights of all young animals were gradually reduced to 85%, 

whereas those of the aged rats were gradually reduced to 77.5% of their free-feeding values. This 

differential deprivation schedule was applied in order to reduce the difference in motivation between 

the young and aged rats (Blokland & Raaijmakers, 1993b). When the rats had reached their target 

weights, growth correction was applied for the young rats during the period of deprivation, using the 

growth curves of non-deprived male Wistar peers. All rats were kept on the food deprivation schedule 

for 6 weeks, i.e. until retention had been tested. 

Adaptation: during the first deprivation week, the rats were familiarized with the radial alley maze on 4 

consecutive days (10 min/day). These adaptation sessions started 24 hours after the rats had been put 

on the restricted feeding regimen. The rats were put in one alley (no. 1) and then the circular door was 

opened, allowing free access to all parts of the apparatus. The food trays of every alley, except that of 

the start alley, were baited with one food pellet (45 mg, Campden Instruments). Additional pellets were 

scattered on the floor of the alleys and of the central platform. The start alley was distinct from the 

other seven alleys: at the entrance to the center of the apparatus the rats had to cross a low barrier 

(1.5 cm high). 

Acquisition: when spatial discrimination learning in the seven choice task began (1 week after the start 

of the adaptation sessions), all rats had reached their respective target weight. During training the rats 

were started from alley no. 1. The alley 135° to the right of the start alley (no. 6) contained the food 

reward (four 45-mg food pellets). A trial was terminated as soon as the rat had found the food or when 

10 minutes had elapsed, whichever event occurred first. Rats could enter and re-enter all alleys 

(including the start alley) freely during a trial. Thus, a correction procedure was applied.  All rats were 

trained with massed trials (days 1-3: 2 trials/day; days 3-10: 3 trials/day; days 11-end of training: 6 

trials/day), until they had reached a criterion of seven faultless trials in a series of nine trials. 

Retention: retention of the seven-choice task was assessed 6 weeks after the start of acquisition. 

Again, the rats were trained in massed trials (6 trials/day). Most rats reached criterion within three 

sessions. Very few rats needed a fourth session, in which the number of trials was increased to nine. 

Statistical analysis 

One measure of the adaptation sessions was analyzed statistically: number of alley visits. 

� Number of alley visits is the total number of entries into the alleys of the maze during a 10-minute 

adaptation session. This measure comprises information about exploration and the speed of 

adaptation (changes in the number of alleys visited over adaptation sessions). 

The effects of age and lesion on the adaptation sessions were analyzed by an Age (young vs. old) by 

Lesion (sham-lesioned vs. nbm-lesioned) by Sessions (sessions 1 to 4) ANOVA with repeated 

measures on the last factor. 

Two measures of the acquisition and the retention training were analyzed statistically: trials to criterion 

and errors to criterion. 

� Trials to criterion were the number of trials needed to reach the criterion of seven faultless trials in a 

series of nine trials. The criterion trials are included. 
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� Errors to criterion were the number of errors (visits and re-visits of the never baited alleys, including 

all visits to the start alley) summed over all trials to criterion. 

The effects of age and lesions on the two measures, trials and errors to criterion, were analyzed by a 

Age (young vs. aged rats) by Lesion (sham-lesioned vs. nbm-lesioned) ANOVA. 

Dissection of brain samples 

Brain samples were dissected 10 weeks after lesioning. The rats were decapitated without anesthesia, 

and the severed head was kept in liquid nitrogen for about 5 seconds to cool the brain. Then, the brain 

was rapidly removed and dissected at 4-10°C in an o pen refrigerator. 

Frontal and parietal cortex samples were dissected. In the coronal plane the cortical sample was 

delimited with a calibrated plastic T-square (Rosenzweig, Bennett & Diamond, 1972; Raaijmakers 

1978; see also Chapter 3.2, Fig. 3); the tissue under the area covered by the T-square was discarded. 

Rostrally, the frontal cortex sample was delimited by a horizontal knife-cut above the olfactory bulbi. In 

addition, the dorsal hippocampus was taken from a subset of the animals (see Table 2). 

 

 

Table 2. The number of hippocampal and cortical samples analyzed from sham-lesioned and nucleus basalis 
magnocellularis (nbm)-lesioned young and old Wistar (WU:Cpb) rats. 
 

 Young rats Old rats 

Brain sample  sham-operated nbm-lesioned sham lesioned nbm-lesioned 

Frontal cortex 9 9 10 9 

Parietal cortex 9 9 10 9 

Dorsal hippocampus 6 6 4 4 

 

 

Choline acetyltransferase (ChAT) in the brain samples 

The ChAT activity in the different brain samples was measured by the methods described in Chapter 

3.1. 

Histological verification of lesions 

Care was taken not to damage the brain tissue underlying the cortex and hippocampus, respectively. 

This part of the brain was stored in 4% formalin solution for histological verification of the nbm lesions. 

The size and location of the nbm lesions were assessed in coronal sections (40-µm thick) cut through 

the entire lesioned area, using a cryostat microtome. The coronal sections chosen for histological 

verification roughly corresponded to the levels -0.3, -0.8, -1.3, and -1.8 mm from bregma in the 

stereotaxic atlas of Paxinos and Watson (1986). Slide-mounted tissue sections were stained with 

cresyl fast violet and examined microscopically. 

 

Results 

One sham-lesioned and three nbm-lesioned aged rats died during the 2½-month post-surgery period in 

which behavioral testing was performed. Consequently, the data for these animals were not considered 



   129 

in the statistical analyses and the results reported are from 9 sham-lesioned young rats, 9 nbm-

lesioned young rats, 10 sham-lesioned old rats, and 9 nbm-lesioned old rats. Unfortunately, data were 

lost during the functional examinations in the sensorimotor testing battery. Therefore, some analyses 

were based on data from fewer animals. 

Behavioral testing 

Functional examinations 

Traversing a square bridge: latency to fall off (see Fig. 1, left panel): repeated measures analysis 

across the three sessions revealed that, on average, the aged rats had a shorter fall-off latency than 

the young rats (General mean: F1,33 = 25.33, p < 0.01). Evaluation of the pre-lesion performance 

revealed that the latency to fall off the bridge was shorter for the aged rats than the for young rats from 

the first testing session onward (Age: F1,33 = 12.25, p < 0.01, Lesion: F1,33 = 3.42, 0.1 > p > 0.05; Age 

by Lesion interaction: F1,33 < 1.0, n.s.). However, the latencies did not change over sessions (F2,66 = 

1.91, n.s.), nor were there any differential effects of the nbm lesion on the performance of the two age 

groups (all interactions between Age, Lesion and Sessions: F2,66 < 1.0, n.s.). 
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Figure 1. Latency to fall off a square 
bridge (left panel) and misstep ratio for 
hindlegs (right panel) of sham-lesioned 
and nucleus basalis magnocellularis 
(nbm)-lesioned young and old Wistar 
rats. The means and standard errors of 
the means (SEM) are depicted. Due to 
missing values, the number of sham-
lesioned aged rats in the right panel was 
reduced to eight (number of animals are 
shown between parentheses). 

 

 

Turning on the inclined grid (data not shown): owing to missing values, only the data of 36 rats were 

analyzed. The average number of turns on the inclined grid was higher for the young rats than for the 

old animals (General mean: F1,32 = 14.29, p < 0.01). Lesioning of the nbm appeared to affect the 

average number of turns on the grid differently (Lesion: F1,32 = 1.21, n.s., Age by Lesion interaction: 

F1,32 = 6.61, p < 0.05). Fisher LSD post-hoc comparison revealed that the lesion effect was due to a 

difference between the sham- and the nbm-lesioned old rats. The nbm-lesioned old rats made fewer 

turns than their sham-lesioned peers. Evaluation of the pre-lesion performance on this task revealed 

that this difference was already observable before lesioning (Age: F1,32 = 4.50, p < 0.05; Lesion: 

F1,32 < 1.0, n.s.; Age by Lesion interaction: F1,32 = 8.08, p < 0.01). 
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Over Sessions, the number of turns remained stable and was not affected by the lesions (Sessions: 

F2,64 = 1.29, n.s.; all interactions between Age, Lesion and Sessions: F2,64 < 1.0, n.s.). The difference 

observed between the sham- and the nbm-lesioned groups of old rats, therefore, appears to be the 

result of the random group assignment. 

Climbing on the inclined grid: missteps with forelegs (data not shown): the number of missteps on the 

inclined grid with the forelegs was not affected by age or by lesioning of the nbm. 

Climbing on the inclined grid: missteps with hindlegs (see Fig. 1, right panel): owing to missing values, 

only the data of 35 rats were analyzed. A different picture occurred for number of missteps with 

hindlegs: the aged rats made, on average, more missteps than the young rats (General mean: F1,31 = 

45.68, p < 0.01). 

Over sessions, the number of missteps with the hindlegs increased (Sessions: F2,62 = 9.58, p < 0.01), 

differently for the two age groups (Age by Sessions interaction: F2,62 = 5.73, p < 0.01). The increase 

was more pronounced for the aged rats than for the young rats. Lesioning of the nbm did not affect the 

number of missteps (Lesion by Session interaction: F2,62 = 2.27, n.s.; Age by Lesion by Session 

interaction: F2,62 = 1.22, n.s.). 

Visually triggered placing (data not shown): the aged rats showed, on average, less visually triggered 

placing than the young rats did (General mean: F1,33 = 8.11, p < 0.01). Visually triggered placing 

decreased across the three testing sessions (F2,66 = 19.36, p < 0.01), but was not affected by age or by 

lesioning of the nbm. 

Contact placing (data not shown): contact placing could be elicited in all rats in each testing session. 

Swim task (data not shown) 

Swimming vigor: owing to missing values, the data of 36 animals were analyzed. On average, the 

young rats swam more vigorously than the aged rats (General mean: F1,32 = 9.71, p < 0.01). Swimming 

vigor decreased differently over the three testing sessions (Sessions: F2,64 < 1.0; Age by Sessions 

interaction: F2,64 = 3.20, p < 0.05), but this decrease appeared to be restricted to the aged rats. 

Lesioning of the nbm did not affect the swimming vigor over testing sessions (Lesion by Sessions 

interaction: F2,64 = 2.25, n.s.; Age by Lesion by Sessions interaction: F2,64 < 1.0, n.s.). Within sessions, 

swimming vigor decreased over the 5 minutes (Blocks: F4,128 = 26.27, p < 0.01). The decrease within 

sessions was stronger for the aged than the young rats (Age by Blocks interaction: F4,128 = 3.36, 

p < 0.05). This decrease was not affected by lesioning of the nbm (both interaction terms: F4,128 < 1.0, 

n.s.), nor was the within-sessions decrease different across the three testing sessions (all Fs8,256 < 1.0, 

n.s.).  

Swimming success: on average, the swimming success of the young rats was superior to that of the 

aged rats (General mean: F1,32 = 4.20, p < 0.05). Swimming success did not change over sessions 

(F2,64 ≤ 1.09, n.s., for Sessions and all interactions of Age, and Lesions with Sessions). Within 

sessions, swimming success decreased over the five 1-minute blocks (F4,128 = 23.25, p < 0.01). 

Neither age nor lesions affected the decrease in swimming success within sessions (all Fs4,128 < 1.0, 

n.s.). The within-sessions decrease was also not different across the three testing sessions (all 

Fs8,256 < 1.0, n.s.). 

Seven-choice task: adaptation sessions 

Number of alley visits (see Fig. 2, left panel): averaged over the four adaptation sessions, the aged rats 

made fewer alley visits than the young rats did (General mean, Age: F1,33 = 91.25, p < 0.01). Lesioning 
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had no effect on the mean number of alley visits (Lesion: F1,33 = 2.47, n.s., Age by Lesion interaction: 

F1,33 = 2.47, n.s.). 

The number of alley visits was stable across the four adaptation sessions (Sessions: F3,99 < 1.0, n.s.), 

and this was true for the two age groups (Age by Sessions interaction: F3,99 = 1.21, n.s.) and the lesion 

conditions (Lesion by Sessions interaction: F3,99 < 1.0, n.s.; Age by Lesion by Sessions interaction: 

F3,99 < 1.0, n.s.). 

Acquisition of the seven-choice task 

Trials to criterion (see Fig. 2, center panel): the young animals needed fewer trials to reach the criterion 

than the aged rats did (Age: F1,33 = 16.15, p < 0.01). Lesioning of the nbm did not affect the number of 

trials needed to reach criterion (Lesion: F1,33 < 1.0, n.s.; Age by Lesion interaction: F1.33 < 1.0, n.s.). 
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Figure 2. Mean number of alley visits ± standard errors of the means (SEM) during the adaptation sessions (left 
panel), trials to criterion (center panel) and errors to criterion (right panel) during acquisition of a seven-choice 
task in a radial alley maze of sham-lesioned and nucleus basalis magnocellularis (nbm)-lesioned young and old 
Wistar rats. 

 

 

Errors to criterion (see Fig. 2, right panel): the young rats made fewer errors than the old rats to reach 

criterion (Age: F1,33 = 28.04, p < 0.01). The nbm-lesioned animals made more errors than the sham-

lesioned rats (Lesion: F1,33 = 3.50, p < 0.05); the magnitude of this effect was similar in both age 

groups (Age by Lesion interaction: F1.33 < 1.0, n.s). 

Retention of the seven choice task 

Trials to criterion (see Fig. 3, left panel): the number of trials to criterion was not affected by age (F1,33 

= 2.66, n.s.) or by the nbm lesion (F1,33 = 1.15, n.s.; Age by Lesion interaction: F1,33 = 1.04, n.s.). 
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Errors to criterion (see Fig. 3, right panel): the young rats tended to make fewer errors than the old rats 

did to reach criterion during retention testing (Age: F1,33 = 3.38, 0.10 > p > 0.05). In this phase of the 

experiment, the nbm lesions did not affect the number of errors (Lesion: F1,33 = 64, n.s.; Age by Lesion 

interaction: F1.33 = 1.31, n.s). 

ChAT activity in frontal and parietal cortices and in hippocampus 
Frontal cortex: ChAT activity in the frontal cortex was not different in the two age groups (F1,33 < 1.0, 

n.s.; see Fig. 4. left panel). The nbm lesion reduced the ChAT activity in the frontal cortex by about 

25% (F1,33 = 38.62, p < 0.01) when compared with that of the sham-lesioned rats. The decrease was 

marginally different for the two age groups (Age by Lesion interaction: F1,33 = 3.86, 0.10 > p > 0.05). 

The effect of the lesion appeared to be more pronounced in the aged rats than in the young rats. 
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Figure 3. Trials to criterion (left panel) and 
errors to criterion (right panel) of sham-
lesioned and nucleus basalis magno-
cellularis (nbm)-lesioned young and old 
Wistar rats in seven-choice task in a radial 
alley maze. The means and the standard 
errors of the means (SEM) of the 
performance during the retention are 
depicted. 
 

 

 

Parietal cortex: as for the frontal cortex, ChAT activity in the parietal cortex was not different in the two 

age groups (F1,33 < 1.0, n.s.; see Fig 4. right panel). The nbm lesion reduced the ChAT activity in the 

parietal cortex by about 16% (F1,33 = 24.96, p < 0.01). There were no age differences or Age by Lesion 

interactions on this measure (F1,33 = 2.16, n.s.). 

Hippocampus: ChAT activity in the dorsal hippocampus was not affected by age or by lesioning of the 

nbm (all Fs1,16 < 1.0, n.s.). 

Histological verification of the nbm lesions 

The size and location of the lesions were in good agreement with those seen in the previous 

experiments. Schematic representations of  lesions induced by injections of 0.4 µl ibotenic acid at the 

coordinates AP -0.8, L 2.7, and DV 8.0, with respect to bregma and to the surface of the skull (Paxinos 
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& Watson, 1986), are depicted in 3.2, Fig. 9, right panel. There were no differences between the two 

age groups. 
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Figure 4. Choline acetyltransferase 
(ChAT) activity in the frontal cortex (left 
panel) and the parietal cortex (right panel) 
of sham-lesioned and nucleus basalis 
magnocellularis (nbm)-lesioned young and 
old Wistar rats. The means and the 
standard errors of the means (SEM) are 
depicted. 

 

 

 

Discussion 

In the present study, we investigated the effects of aging, bilateral lesioning of the nbm, and possible 

interactions between these two factors. The results are summarized in Table 3. We hypothesized that 

the effects of nbm lesions would be more severe in aged rats than in young rats, because aging per se 

has been found to affect rat’s behavior, ranging from sensorimotor impairments (e.g. Marshall, 1982; 

Gage et al., 1983; Gage, Dunnett & Björklund, 1984; Ingram, 1988; Markowska et al., 1990) to learning 

and memory deficits (e.g. Gage, Dunnett & Björklund, 1984; Rapp & Gallagher, 1996; van der Staay, 

Hinz & Schmidt, 1996a). 

The study confirmed that aging affected the behavior of Wistar rats in the functional test battery and in 

the spatial learning task. Compared with the clear age-associated behavioral impairments found, the 

effects of bilateral lesioning of the nbm on the behavior of rats in the two age groups were, at best, 

moderate. They appeared to be entirely restricted to the learning phase of the seven-choice task. The 

lesions did not affect performance of the functional tests, corroborating the findings of others (e.g. 

Flicker et al., 1983; Wozniak et al., 1989; O’Connell, Earley & Leonard, 1994). The lesions, as verified 

histologically and biochemically, were relatively small, i.e. did not extend into adjacent structures, and 

their size and position were comparable with those of lesions in the nbm produced by others (e.g. 

Everitt et al., 1987; Shaughnessy et al., 1996). 
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Table 3. Summary of the results of the behavioral testing of nine sham-operated young, nine nucleus basalis 
magnocellularis (nbm)-lesioned young, ten sham-operated old and nine nbm-lesioned old Wistar rats. 
*: Result most probably is an artifact of the random assignment of the rats to the four experimental groups. This 
difference between old, sham-lesioned, and nbm-lesioned rats already existed in the functional tests before the 
operation. 
 

   Short description of effects  

Test   Age differences   Effects of nbm lesions 

Functional examination in different tests  

1 Square bridge: fall-off latency  Old rats had shorter latencies 
than young rats 

 No effects of nbm lesion 

2 Turning of grid: number of turns  Old rats turned less often than 
young rats did 

 Old nbm-lesioned rats turned 
less often than shams did* 

3 Climbing on inclined grid: 
missteps with forelegs 

 No age differences   

4 Climbing on inclined grid: 
missteps with hindlegs 

 Old rats made more missteps 
than young rats 

 No effects of nbm lesion 

5 Placing task: visually triggered 
placing 

 Old rats showed less visually 
triggered placing 

 No effects of nbm lesion 

6 Placing task: placing triggered 
by contact 

 No age differences  No effects of nbm lesion 

7 Swimming task: swimming vigor  Old rats swam less vigorously 
than young ones 

 No effects of nbm lesion 

8 Swimming task: swimming 
success 

 Old rats swam less efficiently 
than the young ones 

 No effects of nbm lesion 

9 Alley visits during adaptation in 
alley  maze 

 Old rats made fewer alley visits 
than young rats 

 No effects of nbm lesion 

Learning and memory in the seven-choice task 

10 Acquisition of seven-choice task: 
trials to criterion 

 Old rats needed more trials than 
young rats 

 No effects of nbm lesion 

11 Acquisition of seven-choice task: 
errors to criterion 

 Old rats made more errors to 
reach criterion than young rats 

 Nbm-lesioned rats made more 
errors to criterion than shams 

12 Retention of seven-choice task: 
trials to criterion 

 No age differences  No effects of nbm lesion 

13 Retention of seven-choice task: 
errors to criterion 

 No age differences  No effects of nbm lesion 

Choline acetyltransferase activity in brain samples  

14 Frontal cortex  No age differences  About 25 % reduction compared 
with shams 

15 Parietal cortex  No age differences  About 16% reduction compared 
with shams 

16 Dorsal hippocampus  No age differences  No effects of nbm lesion 

 

 

Functional examination 

During the adaptation phase preceding the seven-choice task, the aged rats were much less active 

than their young counterparts. In the bridge task, the aged rats had a shorter fall off latency than the 

young rats. They turned less on the inclined grid, made more missteps with their hindlegs when 

walking on the grid, and showed less visually triggered placing than the young animals did. The 

swimming behavior of the old rats was less vigorous and less efficient than that of the young ones. 

Within the 5-minute testing sessions of the swim task, the swimming vigor of the aged rats decreased 

faster than that of the young ones, whereas no such differential decrease during the test was seen for 
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swimming success. Aging did not affect the number of missteps with the forelegs during walking on the 

inclined grid or contact placing. 

These findings corroborate results reported by others. In the square bridge test (e.g. Gage, Dunnett & 

Björklund, 1984; Schuurman & Traber, 1989b; Markowska et al., 1990), aged rats have been found to 

fall off much faster than young rats. Schuurman and colleagues (1986), who compared the motor 

coordination of rats of different ages (range: 3 to 24 months) on a round bridge (diameter 2.5 cm) and 

on square bridges 2.5 and 5 cm wide, found that there was a continuous, age-related decrease in the 

ability to stay on bridges 2.5 cm wide, with the round bridge being the more demanding bridge. This 

impairment already started in adult rats. Rats up to 18 months of age were able to stay on a 5-cm-wide 

bridge during the entire observation period, whereas 24-month-old rats could not. Marshall (1982) 

reported that visually triggered placing was impaired in aged rats, whereas contact placing was not. 

The effects of age on swimming success and swimming vigor in the swim task were not as 

pronounced as those reported by Marshall and Berrios (1979). Age effects on swimming behavior in a 

study by Gage, Dunnett and Björklund (1984), by contrast, were statistically confirmed for swimming 

success, whereas for swimming vigor only a trend toward an age-associated decline was seen. 

The aged rats appeared to suffer from severe dysfunctions of their hindlegs, as has already been 

reported by Marshall (1982). These malfunctions were the main reason why we increased the width of 

the square bridge from 2 to 6 cm for the old rats. Even under these conditions, the fall-off latencies of 

the aged rats were shorter than those of the young ones. The age-associated impairments of the 

hindlimbs may have affected the behavior in other tasks, such as the turning and climbing on grid. In 

contrast to this strong age-related decline in hindlimb functions, the functional integrity of the forelimbs 

appears to be preserved up to a very old age in rats (e.g. Jürgens & Dinse, 1997). This may explain 

why there were no age differences in the placing tasks and on missteps with forelegs on the inclined 

grid, which depend, in addition to preserved visual and tactile abilities, on adequate use of the 

forelimbs. 

Unfortunately, walking patterns were not assessed in the present study. Spengler and colleagues 

(1995) found a severe degradation of the functional representation in the somatosensory cortex in 

aged rats, the severity of which correlated with disturbances in hindlimb coordination, as assessed by 

footprint pattern analysis. 

In age comparison studies older rats have been consistently found to make additional footsteps and 

slidings (Schuurman et al., 1987; Schuurman and Traber, 1989a,b; Gispen, Schuurman & Traber, 

1988; van der Zee et al., 1989, Klapdor et al., 1997b). Dorner, Otte, and Platt (1996) found that these 

age-related alterations in the walking pattern of rats can be improved by muscle training. In our study, 

the extensive testing of the rats in the battery of functional tests and in the discrimination tasks did not 

improve the use of the hindlegs. Here, however, a strong age-related decrease in the physical 

condition of the rats might have interfered with putative performance-improving training effects. 

Acquisition and retention of the seven-choice task in the radial alley maze 

Our results were consistent with there being age-associated deficits of the acquisition of the seven-

choice task (see Appendix 6.2, and Raaijmakers et al., 1990). The aged rats needed more trials and 

made more errors during the acquisition of the seven-choice task to reach the criterion of seven 

faultless trials in a series of nine trials. Once they had mastered this task, aged rats retained the 

correct route to the goal arm as well as the young rats, when retention performance in the seven- 

choice task was assessed 6 weeks after acquisition. There were, however, lasting age-related 
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impairments in the functional tests. These impairments, however, appeared to be unrelated to learning 

capacity, an observation that has also been made by others (e.g. Gallagher & Burwell, 1989). 

A potential source for differences between age groups on appetitively motivated tasks has been 

signaled by Goodrick and co-workers (Goodrick, 1968; Ingram, London & Goodrick, 1981). When 

deprived to the same percentage of their free-feeding weights, older rats are less motivated than 

younger rats. In order to reduce the possibility that differences in motivational state are responsible for 

differences in performance between age groups, a differential deprivation technique was applied (van 

der Staay, van Nies & Raaijmakers, 1990; Blokland & Raaijmakers, 1993b): the senescent rats were 

deprived more than the young ones to induce a comparable level of motivation. Unfortunately, it cannot 

be completely ruled out that different levels of motivation were (partly) responsible for the age 

differences found in the seven-choice task, even when a differential deprivation technique was used. 

The nbm lesion affected the acquisition of the seven-choice task by both age groups to a similar 

extent. The effect was transient and apparent for the measure ‘errors to criterion’, whereas no effect of 

the lesion was found on ‘trials to criterion’. This indicates that the nbm-lesioned rats made more 

erroneous arm visits per trial during the initial phase of acquisition. If trials to criterion are considered, 

however, then these rats learned as quickly as their sham-operated peers. A similar transient effect of 

ibotenic acid-induced nbm lesions has been reported by Holley and co-workers (1993), using an 

operant visual conditional discrimination task, in which a particular stimulus, a flashing or a constant 

light, signaled whether responding to the left or right lever was reinforced. These results, however, 

contrast with the findings in the first experiment of Chapter 3.2, in which both the trials and errors to 

criterion were clearly affected by the nbm lesion in young Wistar rats. 

No effects of the lesion were apparent when retention was tested 9 weeks after the operation. There 

are at least two alternative explanations for this finding. 

First, this might have been due to recovery processes. Shaughnessy and colleagues (1996) trained 

rats with colchicine-induced nbm lesions or with sham lesions either 5 or 12 weeks after the operation 

in a standard Morris water escape task. They found that rats that acquired the platform escape 

response 5 weeks after the operation consistently performed poorer than the sham-lesioned rats. By 

contrast, sham- and nbm-lesioned rats acquired the task equally well when the acquisition sessions 

were run 12 weeks after the operation. These findings support the notion of functional recovery after 

nbm lesions. 

Second, the lack of nbm lesion effects during retention testing 9 weeks after the acquisition is also 

congruent with the results of aging studies in which it was found that old rats retain spatial 

discrimination performance over very long retention intervals, i.e. months without further training (e.g. 

Beatty, Bierley, and Boyd, 1985; Bierley et al., 1986;  Caprioli et al. 1991; van der Staay & Blokland, 

1996b, and Chapter 2.3) 

Because in the present experiment the animals acquired the task 5 to 6 weeks after the operations, 

and were re-tested approximately one month after acquisition, it remains unclear whether the first or 

the second explanation applies to our findings. 

ChAT activity in the frontal and parietal cortices and in the hippocampus 

There was no difference in ChAT activity in the three brain samples from the young and old rats. In 

laboratory rodents, the effects of aging on ChAT activity in the cortex and hippocampus appear to be 

highly variable, ranging from clear decreases to no age-related changes to clear increases in aged rats 

and mice (e.g. Decker, 1987; Sherman & Friedman, 1990). However, a significant number of these 
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studies did not find any age-related changes in ChAT activity. Interestingly, Sherman and Friedman 

(1990) found a reduction of sodium-dependent high-affinity choline uptake, a marker for cholinergic 

neuronal activity and structural identity, in aged C57/BL mice, whereas the activity of ChAT, a structural 

marker, was not affected by aging. Measurement of ChAT activity alone is thus inadequate as an 

indicator of the functional state of cholinergic systems. 

Ten weeks after lesioning, the ChAT activity in the cortical samples from nbm-lesioned rats was clearly 

decreased. The nbm lesion reduced ChAT activity in the frontal cortex by about 25% and ChAT activity 

in the parietal cortex was reduced by about 16%, compared with that of the sham-lesioned groups. The 

decrease seemed to be more pronounced in the frontal cortex than in the parietal cortex, an 

observation that was consistent across experiments. Other authors have reported similar reductions in 

cortical ChAT activity after ibotenic acid lesions of the nbm (e.g. Dokla & Thal, 1989; Shaughnessy et 

al., 1994; Liljequist et al., 1997). No effects were seen on hippocampal ChAT activity. 

The decrease in ChAT activity was similar in both age groups. This observation does not corroborate 

findings reported by Zawia, Arendash, and Wecker (1992) that aged rats are more susceptible to 

neuronal degeneration as a consequence of nbm lesions, or findings by Luiten and co-workers (1995) 

that aged rats are less susceptible than young rats to NMDA-induced damage of the nbm. 

The decreases in ChAT activity in the frontal and parietal cortex samples, measured 10 weeks after 

the operation, were only moderate and might reflect the effects of recovery processes. An exploratory 

analysis of the data of the present experiment and of age-matched young and old Wistar rats, in which 

the ChAT activities were determined one week after lesioning, supports this notion. The ChAT activity 

in the frontal and parietal cortices of age-matched young and old Wistar rats was reduced to 47% and 

35% of the activity measured in sham-lesioned controls, 1 week after nbm lesioning, compared with a 

decrease of 25% and 16% in the two cortical samples after a 10-week survival period (for details, see 

Appendix 6.4). 

Wenk and Olton (1984) reported that neocortical ChAT activity recovered completely 3 months after 

unilateral lesioning of the nbm in Sprague Dawley rats, in contrast to a reduction of approximately 60%, 

7 days after lesioning. They concluded that the basal forebrain cholinergic system shows enormous 

plasticity and that its function can completely recover. Partial and region-specific recovery has been 

reported by Shaughnessy and colleagues (1996). Frontal cortical ChAT activity was still decreased 12 

weeks after lesioning of the nbm, whereas ChAT activity had recovered to normal levels in the parietal 

cortex. Unlike Wenk and Olton (1984), and Shaughnessy et al. (1996), Thal, Dokla, and Armstrong 

(1988), and Winkler and colleagues (1998) did not find any indication for recovery of cortical ChAT 

activity up to 3 months after bilateral nbm lesions. These results may imply that other processes such 

as collateral sprouting may have taken  place after unilateral lesions. 

In summary, we found clear age-associated impairments in the performance of sensorimotor tasks and 

in the acquisition of the seven-choice spatial discrimination task. Lesioning of the nbm did not affect 

the performance of the rats in the battery of sensorimotor tasks. We found only a transient effect on 

the acquisition of the seven-choice task. All rats were able to acquire this task; however, nbm-lesioned 

rats made more errors before they reached the criterion of seven error-free trials in a series of nine 

trials. The effects of the lesion were similar in both age groups. There were no differences in cortical 

ChAT activity between the young and aged rats, and lesioning of the nbm reduced cortical ChAT 

activity to a similar extent in both age groups. Our expectation that aged rats would be more 

susceptible to nbm lesion-induced degeneration, and that consequently, aged rats would show more 

severe behavioral dysfunctions as a result of lesioning the nbm than young rats, was not confirmed. 
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Thus, aged, nbm-lesioned rats are not a more appropriate model of Alzheimer’s dementia than young 

nbm-lesioned rats. 
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3.4 
Behavioral consequences of lesioning the 
nucleus basalis magnocellularis (nbm) in rats: 
discussion and conclusions 
 

 

Lesioning of the nucleus basalis magnocellularis (nbm), the rodent homologue of the nucleus basalis 

of Meynert (nbM) in primates, has been suggested as a model of Alzheimer’s disease (Wenk, Cribbs & 

McCall, 1984; Kesner, Adelstein & Crutcher, 1987; Shaughnessy et al., 1994, 1996). The cell loss in 

the nbM of patients suffering from Alzheimer’s disease leads to a profound reduction of cholinergic 

projections to the neocortex. This cholinergic dysfunction is considered one of the major causes of the 

cognitive impairments seen in patients suffering from Alzheimer’s disease (Bierer et al., 1995). 

The animal model of the nbm-lesioned rat should mimic the reduction in cortical cholinergic activity and 

the concomitant impairment of cognitive functions. We designed this study to assess the effects of 

bilateral nbm lesions in rats, induced by injections of ibotenic acid, on cortical choline acetyltransferase 

activity and on performance in spatial orientation tasks, namely the holeboard, and the seven-choice 

task in an eight-arm radial alley maze. Both tasks have previously been found to be sensitive to the 

effects of normal aging (e.g. van der Staay, van Nies & Raaijmakers, 1990; Raaijmakers et al., 1990; 

see also Appendix 6.2). The holeboard allows the simultaneous assessment of both spatial working 

memory (WM) and reference memory (RM) (van der Staay, van Nies & Raaijmakers, 1990; Markel et 

al., 1995). The seven-choice task mainly relies on RM (Raaijmakers et al., 1990).  

Table 1 summarizes the results of our experiments. The results of the first experiment support the 

notion, proposed by Wirsching and colleagues (1989) and by Givens and Olton (1994), that the nbm is 

involved in both spatial WM and RM. However, the seven-choice task, which taps predominantly RM, 

yielded inconclusive results. The acquisition of this task appeared to be slowed in young rats in the first 

experiment of Chapter 3.2, and in young and old rats in the experiment reported in Chapter 3.3. By 

contrast, no such effect was seen in young rats in the third experiment of Chapter 3.2. In the latter 

experiment, two different sets of lesion coordinates were used, whereas the injection volumes and the 

concentration of ibotenic acid were identical in all experiments. Both sets of lesion coordinates induced 

deficits in some experiments, but not in others (see Table 1). 

Lesioning of the nbm did not affect performance once the rat had successfully acquired the task. This 

was true when we tested the retention of the seven-choice task in young adult and old rats, although 

the lesion retarded acquisition of this task in both age groups (Chapter 3.3). We also found that the 

lesion did not affect performance in the second experiment of Chapter 3.2., where rats had acquired 

the task to criterion before they received nbm lesions. Neither the retention test, nor the acquisition of a 

second problem, nor the re-acquisition of the originally acquired task, were affected by the nbm lesion. 

Aged rats consistently show impaired learning and memory in spatial orientation and discrimination 

tasks. Moreover, Fischer, Gage, and Björklund (1989) found that both the size and the number of 

acetlychlolinesterase-positive neurons in the forebrain nuclei were reduced in aged rats, when 
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compared with young conspecifics, whereas cortical ChAT activity was hardly affected by age. We 

hypothesized that aged rats would suffer more from ibotenic acid-induced lesions of the nbm than 

young rats, because we expected that the lesion would cause more damage in a system that already is 

compromised by age-associated degenerative changes. 

Contrary to or expectations, however, we did not find a lesion by age interaction. There is experimental 

evidence that the sensitivity of neurons to the effects of neurotoxins is reduced in older animals (e.g. 

Luiten et al., 1995; Wenk et al., 1996) but there is also evidence for increasing sensitivity in older 

animals (Zawia, Arendash & Wecker; 1992). Wenk and colleagues (1996), using NMDA and AMPA to 

induce deficits in a delayed T-maze alternation task, found that aged rats were less affected by the 

nbm lesions than were young rats. In the aged rats the normally occurring age-related impairments and 

the toxin-induced damage combined produced behavioral deficits that were not different in their 

severity from the neurotoxin-induced behavioral deficits seen in young rats. 

 

 

Table 1. Summary of the effects of bilateral lesions of the nucleus basalis magnocellularis (nbm) in rats on the 
performance in the spatial holeboard discrimination task and in the seven-choice task in an eight-arm radial alley 
maze. It is indicated whether the lesion was induced before or after the original acquisition  (acquis.) of the 
learning task, which set of coordinates was used, how old the animals were, whether the lesion induced 
impairments, and in which Chapter (plus, where appropriate, the experiment number) the results are described in 
detail.  
*: the anterior-posterior coordinates are with respect to bregma (Paxinos & Watson, 1986), the dorsoventral 
coordinates are with respect to the surface of the skull. 
 

Task The nbm was 
lesioned 

Lesion     
coordinates* 

Age of the 
animals 

Lesion-induced 
impairments 

Chapter/ 
exp. no.  

 before 
acquis. 

after 
acquis. 

AP: -0.5   
L: ± 2.3 
DV: 7.6 

AP: -0.8   
L: ± 2.7 
DV: 8.0 

     

Holeboard:       
acquisition 

before  �  young  yes  3.1 

Seven-choice task: 
acquisition 

before  �  young  yes  3.2 / 1 

Seven-choice task: 
acquisition 

before  � �    no 3.2 / 3 

Seven-choice task: 
acquisition 

before   � young old yes  3.3 

Seven-choice task:    
retention 

before   � young old  no 3.3 

Seven-choice task:    
retention 1st task 

 after �  young   no 3.2 / 2 

Seven-choice task:   
acquisition 2nd task 

 after �  young   no 3.2 / 2 

Seven-choice task: re-
acquisition 1st task 

 after �  young   no 3.2 / 2 

 

 

If we consider only the experiments in which the nbm lesion preceded acquisition, then the results are 

inconclusive. In three of the four experiments with this experimental setup, nbm lesions impaired 
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(holeboard: Chapter 3.1; seven-choice task: Chapter 3.3) or prevented the acquisition of the task 

(seven-choice task: Chapter 3.2, first experiment), even after extended training. 

The two sets of lesion coordinates we used are within the area identified by Wenk, Cribbs, and McCall 

(1984) to optimally induce selective reductions in cortical choline acetyltransferase (ChAT) activity. 

Comparison of the effects of lesioning of the nbm with ibotenic acid at the two sets of coordinates 

showed that the reduction in ChAT activity in cortical samples was greater when the coordinates AP: 

-0.8, L: ± 2.7, and DV: 8.0 were used than when the coordinates AP: -0.5, L: ± 2.3, and DV: 7.6 were 

used (third experiment of Chapter 3.2). The stronger impact of the lesion at the first set of coordinates 

was not accompanied by a greater effect on behavior, namely acquisition of the seven-choice task. In 

fact, in the experiment reported in Chapter 3.3, the lesioned rats made only slightly more errors to 

reach the criterion of seven error-free trials in a series of nine trials. The nbm lesions did not affect the 

number of trials made before the criterion was reached. 

Although these results do not support the notion that the cortical cholinergic activity originating in the 

nucleus basalis is critically involved in memory, neither do they undermine it. There are a number of 

alternative explanations for these findings. 

Dissociation between the decrease in cortical cholinergic markers and the severity of cognitive 

impairments 

Dunnett, Everitt, and Robbins (1991) compared the effects of nbm lesions induced by different 

neurotoxins on performance of a broad range of learning and memory tasks. Their major finding was 

that the neurotoxins differ in their efficacy in destroying neurons of the nbm, with AMPA (α-amino-3-

hydroxy-5-methyl-4-isoxazole propionic acid) being most effective, ibotenic acid being the least 

effective, and quisqualic acid being more effective than ibotenic acid, but less effective than AMPA. 

However, ibotenic acid-induced lesions of the nbm generally had the most profound effect on learning 

and memory in the Morris water escape task. None of the toxins selectively affected cholinergic 

neurons. Dunnett, Everitt, and Robbins (1991) therefore concluded that the effects seen on learning 

and memory are most likely due to non-specific destruction of non-cholinergic neurons. This view is 

also shared by Steckler and colleagues (1993), who concluded that the effects of ibotenic acid-induced 

lesioning of the nbm on subsequent cognitive performance are due to non-specific neuronal damage. 

Assessing the effects of quisqualic acid and ibotenic acid-induced lesions of the nbm in the Bättig 

radial arm maze, the Barnes circular platform, and in an operant autoshaping procedure, they found 

that the performance of the ibotenic acid but not of the quisqualic acid-lesioned rats was impaired in 

the Bättig maze and in the operant conditioning task. The performance of the lesioned rats in the 

Barnes maze was never different from that of the controls. 

The Barnes maze task bears some resemblance to the seven-choice task we used in that one of the 

holes in the perimeter of the maze provides an escape route, whereas the other holes do not. The 

main difference between the Barnes maze and the seven-choice task is that abundant extra-maze 

cues are available in the circular maze. In contrast, the eight-arm radial alley maze we used provides 

almost exclusively intra-maze cues (see Chapter 3.2, Figs. 1 and 2). The Barnes maze thus is an 

allocentric task in which extra-maze cues guide a rat’s orientation, whereas the 7-choice task might be 

solved as an egocentric task in which extra-maze cues are of minor significance. 

Selectivity of ibotenic acid-induced lesions of the nbm for cholinergic cells 

Ibotenic acid-induced lesions of the nbm are far from selective for cholinergic neurons (Roßner, 

Schliebs & Bigl, 1994). Ibotenic acid destroys cell bodies in the vicinity of the injection site, while 
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leaving fibers passing through this area intact. Therefore it is to be expected that injection of ibotenic 

acid into a region rich with cholinergic cells produces predominantly cholinergic dysfunctions. 

Nevertheless, depending on the precise site and size of the lesion, non-cholinergic neurons will also be 

damaged (e.g. Ofri et al., 1992; Steckler et al., 1993; Roßner, Schliebs & Bigl, 1994). 

Animal models based on excitatory lesions of basal forebrain nuclei, such as the nbm, have severely 

been criticized because of the weak correlations or even lack of correlation between behavioral deficits 

and the magnitude of the decrease in cortical cholinergic markers (e.g. Dunnett, Everitt & Robbins, 

1991; Torres et al., 1994). However, Alzheimer’s disease is characterized by the degeneration of 

multiple transmitter systems (e.g. Olton & Wenk, 1987; Arai et al., 1992; Sparks et al. 1992). Focusing 

exclusively on the cholinergic system, or even more strictly, on the cholinergic projections from the 

nbm to the cortex, might reduce the face validity of animal models. Therefore, effects on 

neurotransmitters other than cholinergic one might be regarded as a potentially significant aspect of 

the face validity of the nbm-lesioned rat for Alzheimer’s disease. 

The cortical mantle in the rat receives massive input from the nucleus basalis, of which 80 to 90% 

appears to be cholinergic (Rye et al., 1984; Smith, 1988). Ibotenic acid and other non-selective toxins 

at best appear to destroy about 50% of the cholinergic projections. An approach to induce more 

selective damage to cholinergic neurons is thus needed in order to be able to evaluate the role of the 

cholinergic projections in lesion-induced cognitive impairments. 

Recently, new techniques have been developed for inducing more selective lesions in the cholinergic 

system than the widely used neurotoxic glutamate analogues, such as kainic, ibotenic, quinolinic, or 

quisqualic acid (Smith, 1988; Wenk, 1996). Cholinergic neurons can be selectively damaged by 

injecting the monoclonal antibody against the p75 nerve growth factor (NGF) receptor, 192 IgG, 

coupled to the protein saporin, which inactivates ribosomes (Berger-Sweeney et al., 1994). The low 

affinity p75 NGF receptor is located on nearly all cholinergic neurons of the medial septal area (msa), 

and on the majority of cholinergic neurons in the nbm. Neurotransmitter systems other than the 

cholinergic ones appear to be unaffected by the immunotoxin 192 IgG-saporin (Torres et al., 1994). 

Earlier, Kudo and colleagues (1989) described a technique to selectively destroy cholinergic cells. They 

injected an NGF-diphteria toxin conjugate into the cerebral cortex of rats and observed a decrease in 

ChAT-like immunoreactive neurons ipsilateral to the site of injection in the nbm. This technique, 

however, has not gained as much acceptance as the technique with 192 IgG saporin as immunotoxin. 

Infusion of the immunotoxin 192 IgG saporin has also been found to induce cholinergic deafferentiation 

in the basal forebrain nuclei (Holley et al., 1994). By using selective immunotoxins, it should be 

possible to study the role of the cholinergic projections originating in the nbm in cognitive processes 

more specifically. 

For example, Berger-Sweeney and colleagues (1994) injected the immunotoxin 192 IgG saporin into 

the msa, the nbm, or the ventricles to produce cholinergic lesions, and then tested the rats in the 

Morris water escape task. All lesions impaired the spatial discrimination performance. The nbm lesion 

had no effect on the cued, i.e. non-spatial, version of the task. A weak correlation was found between 

the cholinergic fiber loss in the cortex and the severity of the immunotoxin-induced deficits in the 

spatial version of the Morris task. 

In contrast, using the same neurotoxin to lesion the msa, nbm, or both, Dornan and co-workers (1996) 

did not see any effect of the lesions on the performance in the Morris water escape task, and only a 

slight effect on the performance in an eight-arm radial maze, in which a subset of arms was baited with 

food reward. Only WM performance appeared to be affected, whereas RM performance was not 
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different from that shown by the control animals. Dornan and colleagues (1996) concluded that the 

lesion-induced decrease in cholinergic neurotransmission in the basal forebrain is not sufficient to 

induce impairments in spatial orientation learning. 

Sensitivity and selectivity of the behavioral tasks used to investigate cognitive processes critically 

depending on cortical cholinergic regulation. 

It can be argued that the behaviors we assessed are not sensitive enough to detect the effects of 

cortical cholinergic depletion induced by lesioning of the nbm. Recently, the hypothesis has been 

forwarded that cholinergic systems predominantly have a role in attention processes (Dunnett, Everitt & 

Robbins, 1991; Connor, et al, 1993; Blokland, 1996; Voytko, 1996; Turchi & Sarter, 1997). Neither the 

holeboard task nor the seven-choice task is critically dependent on attention, although the processing 

of spatial extra- and/or intra-maze cues is relevant in these tasks. It is conceivable that the task(s) 

used must exceed a certain degree of complexity to become sensitive to cognition-disrupting effects of 

nbm lesions. In this respect, the seven-choice task appears to possess ‘borderline sensitivity’, i.e. its 

sensitivity seems to be insufficient to reliably detect nbm lesion-induced deficits. 

The outcomes of experiments assessing the effects of nbm lesion-induced impairments in learning and 

memory are very heterogeneous. Neither the task demands, nor the lesions, can be directly compared 

between studies. Ibotenic acid lesions were found to impair spatial WM and RM, measured, for 

example, in the T-maze, the Morris water escape task, and the radial maze. However, clear deficits 

were reliably detected only after injection of volumes larger than the volume used in the present study, 

after multiple injections of the neurotoxic compound, or when the nbm lesions were combined with 

lesions of additional forebrain areas. Small lesions in this respect might be more selective than large 

ones. However, with small lesions, the magnitude of the damage might be insufficient to induce effects 

on behavior. Larger lesions, or series of lesions, which aim at the nbm in its entire extension, might 

damage too many surrounding structures so that the resulting behavioral deficits might be unspecific, 

or specific for the behavioral impairments induced by damage in structures adjacent to the nbm (Meyer 

& Coover, 1996). In this case the specific effects of lesioning the nbm cannot be distinguished from 

those caused by damage to surrounding structures. Dekker and colleagues (1991) suggest that the 

size of the lesion might provide the basis for the relation that is sometimes found between cortical 

ChAT depletion and the severity of neurological or cognitive deficits seen after ibotenic acid-induced 

nbm lesions. 

Present status of ibotenic acid-induced lesions of the nbm 

Measuring the effects of unilateral ibotenic acid-induced lesions of the nbm in rats, Roßner, Schliebs, 

and Bigl (1994) found a pattern of upregulation or down-regulation of cortical glutamate and GABA 

receptors which was highly similar to that seen postmortem in the cortices of patients who had suffered 

from Alzheimer’s disease. They suggested that these changes mirror the activity of compensatory 

mechanisms triggered predominantly by cholinergic degenerative processes. The resemblance 

between the consequences of lesions of the nbm in rats and the consequences of cell loss in the nbM 

of Alzheimer’s patients is considered to support the use of rats with nbm lesions as an animal model to 

assess the effects of putative therapeutics for Alzheimer’s disease. Ofri and colleagues (1992) drew a 

similar conclusion, based on the similarities seen between changes in cortical opioid receptor binding 

in rats with ibotenic acid-induced lesions of the nbm and those seen postmortem in the brains of 

Alzheimer’s patients. 
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Thus, although ibotenic acid lesions are less effective in reducing cortical cholinergic markers than, for 

example, quisqualic acid lesions, there appears to be support for ibotenic acid-induced lesions in the 

basal forebrain of rats as model for (part of the symptomatology of) Alzheimer’s disease. 

The rat model of nbm lesions, induced by ibotenic acid, is still frequently used to assess the effects of 

putative therapeutics for the treatment of Alzheimer’s dementia (e.g. Kinoshita et al., 1992; O’Connell, 

Earley & Leonard, 1994; Hodges et al., 1995; Itoh et al., 1997). However, many of the points discussed 

above provide arguments against the use of this model. More sophisticated and selective techniques to 

model the cholinergic impairments seen in patients suffering from Alzheimer’s disease are now 

available, and are to be preferred. A point in favor of the use of ibotenic acid to produce the lesions is 

the huge body of literature available in which this technique has been applied, and the reproducibility of 

the cognitive impairments induced, provided the lesions are big enough. 

An acceptable model should mimic the selective loss of cholinergic neurons in the nbm and the 

behavioral deficits, predominantly memory deficits (Dunnett, Everitt & Robbins, 1991), which are 

symptomatic for Alzheimer’s disease (American Psychiatric Association, DSM IV, 1994). Unfortunately, 

either the neurotoxins used appear to have limited selectivity with respect to the cholinergic projections, 

or they are highly selective, but do not reproducibly cause memory deficits. Therefore, the question 

about the degree of correspondence between the model and the disease which it is supposed to mimic 

finally depends on the purpose of the investigations (Maurer & Séguinot, 1995). Non-selective 

neurotoxins, such as ibotenic acid, quisqualic acid, AMPA, or NMDA, might provide the tools of choice 

to induce nbm lesions, if the aim of the study is to test the effects of putative Alzheimer’s therapeutics 

on cognitive (dys)functions. To further elucidate the specific role of the cholinergic projections 

originating in the basal forebrain, selective immunotoxins such as 192 IgG saporin are the tools of 

choice (Fibiger, 1991; Torres et al., 1994). 
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4 
Behavioral effects of stroke induced by 
occlusion of the middle cerebral artery (MCA) 
in rodents 
 

 

The third leading cause of death in the major industrialized countries is stroke (Hunter, Green & Cross, 

1995). Stroke also causes long-lasting functional impairments in the afflicted. About 50% of patients 

who survive suffer from persistent neurological impairments (Gorelick, 1995). Stroke might be defined 

as “rapidly developed clinical signs of focal (or global) disturbance of cerebral function, lasting more 

than 24 hours or leading to death, with no apparent cause other than of vascular origin” (Aho et al., 

1980, p. 114). The prevalence of stroke increases dramatically with advancing age (Zippel, 1994; 

Gorelick, 1995; Reuter, 1997; see also Chapter 1). 

Red infarct or hemorrhage versus white infarct or ischemic stroke 

Two main groups of cerebrovascular accidents or strokes can be distinguished: rupture of cerebral 

vessels, which causes hemorrhage, and occlusion of large or small blood vessels in the brain by an 

embolus or thrombus, which induces an ischemic infarct. The very complex neurological 

symptomatology, often characterized by sudden headache, seizures, dizziness and vertigo, visual 

disturbances, aphasia, movement impairments, or, more severe, hemiplegia, provides a first hint about 

the precise type and location of the stroke (Wiebers, Feigin & Brown, 1997; Adams, Victor & Ropper, 

1997). 

Cerebral hemorrhage 

Hemorrhagic cerebrovascular disorders cause approximately 20% of all strokes. About 9% of strokes 

appear to be caused by intracerebral hemorrhage (Jørgensen et al., 1995). Intracerebral hemorrhages 

are caused by damage to vessels deep in the cerebrum or cerebellum, although damage to more 

superficial vessels also occurs (van Dellen & Becker, 1988, p. 56). Hemorrhagic stroke can be 

subdivided into epidural, subdural, subarachnoid, intracerebral, and intraventricular hemorrhage, 

depending on the location of the primary bleeding (Wiebers, Feigin & Brown, 1997). In general, 

cerebral hemorrhage induces more severe neurological dysfunctions and higher mortality than 

ischemic stroke, most probably because the lesions are more extensive (Jørgensen et al., 1995). 

Ischemic cerebrovascular diseases 

Hypertension, i.e. systolic blood pressure of 160 mmHg or higher, or a diastolic blood pressure of 95 

mmHg or higher, is the main cause of atherosclerotic cerebrovascular changes in small vessels. 

Cardioembolic infarction causes 20 to 25% of all ischemic stroke and mostly involves the cortex. The 

embolus is often found in the cortical branches of the middle cerebral artery (MCA). 

Atherosclerosis is the most common underlying cause of cerebral ischemia: it accounts for 15 to 30% 

of all ischemic strokes through either hemodynamic or thromboembolic mechanisms, or a combination 

of both. In large vessels, the lumen of the atherosclerotic vessel narrows progressively - a 
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hemodynamic process that develops over a long period of time, e.g. years. When 75% of the luminal 

area is compromised, the blood flow across the stenotic area becomes severely impaired. This 

process eventually results in a complete occlusion of the affected vessel. Insufficient collateral 

circulation distal to the occlusion produces the ischemic symptoms. The anterior, middle and posterior 

arteries are most frequently affected by this process. 

The second mechanism mentioned above is thromboembolism. “Atherosclerotic deposits in the 

process of evolution tend to ulcerate and form necrotic areas capable of attracting blood products, and 

clot formation results. This atherothrombotic material may either stenose or occlude the vessel lumen, 

or it may break off to embolize distally in the arterial tree.” (Wiebers, Feigin & Brown, 1997, p. 192). 

Cerebral infarction, induced by occlusion of the MCA 

Cerebral ischemia is the most frequently observed type of stroke in humans (Tamura, Kawai & Takagi, 

1997), and the most commonly encountered cause is the occlusion of the MCA or its branches 

(Adams, Victor & Ropper, 1997). The clinical symptomatology of patients with complete occlusion of 

the MCA consists of  “(...) contralateral hemiplegia (face, arm, and leg), hemianesthesia, and 

homonymous hemianopia, with deviation of the head and eyes toward the side of the lesion; in 

addition, there is a global aphasia with left hemispheric lesions and anosognosia and 

amorphosynthesis with right-sided ones (...). In the beginning the patient is dull or stuporous because 

of an ill-defined effect of widespread paralysis of function. Once fully established, the motor, sensory, 

and language deficits remain static or improve very little as months and years pass. If globally aphasic, 

the patient seldom ever again communicates effectively. Occlusion of branches of the middle cerebral 

artery give rise to only part of the symptom complex.” (Adams, Victor & Ropper, 1997, p. 790). 

Occlusion of the MCA in humans thus has severe consequences for sensorimotor and cognitive 

functions. The deficits are often long-lasting and the prognosis for recovery is poor. 

Therapeutic approaches  

Compared with only a few years ago, when treatment of stroke was characterized by a type of 

‘therapeutic nihilism’, the prognosis of patients suffering from stroke has improved dramatically. This 

has been possible due to a number of factors. First, a major cause of cerebrovascular accidents or 

strokes, hypertension, can effectively be treated by, for example, calcium channel blockers of the 

dihydropyridine type, α- and β-adrenergic blockers, or angiotensin-converting enzyme (ACE) inhibitors. 

Second, patients receive medical care earlier, and treatment is increasingly being taken over by 

specialized stroke-units (Bath, 1997; Sulter & De Keyser, 1999). Third, new treatments have become 

available, and even more are currently under clinical development. 

If treatment starts early after ischemic stroke, i.e. within 3 to 6 hours, then a thrombolytic therapy using, 

for example, tissue plasminogen activator (t-PA), streptokinase, or urokinase might help to resolve the 

embolus or thrombus (Caplan, 1995). A broad range of other putative therapeutic approaches to 

induce arterial reperfusion are under investigation (for a review see: McAuley, 1995; del Zoppo, 

Wagner & Tagaya, 1997; Read et al., 1999). Early reperfusion can significantly reduce both the extent 

of brain damage after occlusion and the severity of neurological dysfunctions (Caplan, 1995). An 

absolute prerequisite for this treatment, however, is that there are no signs of cerebral hemorrhage as 

detected by CT scan, magnetic resonance angiography, or other examinations such as ultrasound. 

A second therapeutic option which is within reach of clinical application concerns drugs which are able 

to reduce the stroke-induced damage to cerebral tissue. After a stroke a cascade of biochemical 

processes in the penumbra increases the size of the infarct. The penumbra is the region that 
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surrounds the core of the infarct. Whereas the core is irretrievably lost, the damage in the penumbra 

might be reversible (Stevens et al., 1997). As a result of the severely impaired or interrupted blood 

supply distal to the embolus or thrombus, the concentrations of noxious metabolites, such as lactic 

acid, or excitatory neurotransmitters, such as glutamate, increase over time in necrotic cells and 

invade the adjacent areas. The released glutamate opens calcium channels through which 

extracellular calcium rushes into the cells (Garcia, 1997; Luiten et al., 1997). Excessive calcium 

threatens the cell, and eventually leads to cell death (Siesjö, 1994; Luiten et al., 1997). Free radicals 

are released from endothelial cells in response to the changed perfusion pressure, and when 

endothelial cells interact with circulating polymorphonuclear leukocytes. Free radicals act as 

neurotoxins and further damage the cells. These processes might act sequentially, or in parallel, in the 

region that is directly supplied by the occluded vessel and surrounding tissue (Garcia, 1997). 

Animal models of cerebrovascular diseases 

Animal models of ischemic stroke or hemorrhage are an important tool to identify and characterize new 

therapeutics. In recent years, several animal models of cerebrovascular diseases have been 

developed. These models are characterized by a great variety of techniques used to induce cerebral 

infarcts. Table 1 provides an overview of currently available models (see also Hunter, Green & Cross, 

1995; Tamura, Kawai & Takagi, 1997). The main aim of using these models is: 

� to study the pathophysiology of stroke in order to identify the processes which cause the damage; 

and 

� to test the efficacy of putative neuroprotective or recovery promoting agents, which might be useful 

for the treatment of stroke patients, either prophylactically or therapeutically. 

Most models of ischemic stroke fall into one of two categories: global or focal models (Hunter, Green & 

Cross, 1995). Global ischemia is induced by surgical occlusion of the major blood vessels, which leads 

to (nearly) complete interruption of the cerebral circulation. By contrast, focal ischemia is induced by 

occlusion of a single trunk artery (e.g. Tamura, Kawai & Takagi, 1997), such as the middle cerebral 

artery. 

Permanent versus transient occlusions 

Most strokes are caused by a transient or permanent thrombotic occlusion of blood vessels. 

Permanent occlusion produces a region that develops intense ischemic damage, the so-called core 

(Memezawa, 1993; Hunter, Green & Cross, 1995), from which pathophysiological processes spread to 

the surrounding region, the penumbra. The penumbra is characterized by “I) the reduction of blood flow 

and II) the fundamental reversibility of the ischemic injury.” (Zhao, 1995, p. 8). Ginsberg and Pulsinelli 

(1994) defined the ischemic penumbra as “brain tissue in which the CBF (cerebral blood flow) has 

decreased to a point of causing electrophysiological silence (i.e., an isoelectric electroencephalogram) 

and transient but recurrent losses of membrane ion gradients and energy metabolites.” The core of the 

infarct is extremely vulnerable, because it is permanently detached from the blood supply. 

However, in most patients the thrombus that causes stroke disappears because of thrombus 

disintegration or thrombolysis, eventually leading to reperfusion of the infarcted area, i.e. the vessel is 

occluded transiently. Various animal models of focal transient occlusion have been developed (e.g. 

Borlongan, Cahill & Sanberg, 1995; Gartshore et al., 1995; Marston et al., 1995). 
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Table 1. Animal models of cerebral stroke and head trauma. A great variety of techniques to produce cerebral 
infarction have been developed. As new techniques are continuously developed, and existing techniques are 
refined and modified, this list is not complete. In particular, models of traumatic brain injury and closed head 
injury are developing very rapidly. Where appropriate, it has been indicated whether the model is based on a 
technique which allows reperfusion of the occluded vessel(s). In addition, selected publications are listed. 
1: Combination of different occlusion techniques 
Abbreviations used: CCA: common carotid artery;  MCA: middle cerebral artery 
 

Model  Reperfusion Selected publications 

    yes no  

Ischemic stroke  

 global complete ischemia induced by 
controlled cardiac arrest  in rats 

�  Wauquier, Melis & Janssen, 1989 

 bilateral CCA occlusion in gerbil �  Kirino, 1982; Mayevsky, 1990 

 bilateral CCA occlusion in mouse �  Himori et al., 1990 

 bilateral, photochemically induced 
CCA occlusion in rats 

 � Alexis et al., 1995 

 two vessel occlusion: CCA 
occlusion with hypotension in rats 

�  Eklof & Siesjö, 1972; McBean et 
al., 1995 

 triple vessel occlusion in rat1 � � Cockroft et al., 1996 

 four vessel occlusion: transient 
occlusion of CCA and permanent 
occlusion of vertebral arteries1 

� � Pulsinelli & Brierley, 1979; Merlo 
Pich et al., 1993 

 focal permanent MCA occlusion by 
ligation or electrocoagulation 

 � Robinson, 1979; Tamura et al., 
1981; Bederson et al., 1986 

 photothrombotic permanent MCA 
occlusion in rat 

 � Markgraf et al., 1994 

 transient MCA occlusion in rat, 
mouse 

�  Borlongan, Cahill & Sanberg, 1995 

 transient MCA occlusion by 
endothelin-1 infusion 

�  Marston et al., 1995; Gartshore et 
al., 1995 

Embolic stroke  

 photochemically induced 
thromboembolytic lesion 

�  Watson et al., 1985; De Ryck et 
al., 1989; Wood et al., 1996 

 injection of autologous, or human 
clotted blood 

�  Yang et al., 1994; Zhang et al., 
1997 

 injection of microspheres   Lyden et al., 1997 

Traumatic brain injury  

 closed head injury induced by 
weight drop in rat, mouse 

  Chen et al., 1996; Xiong et al., 
1997 

 cortical impact injury to exposed 
rat, mouse brain 

  Dixon et al., 1991; Hamm et al., 
1992; Fox et al., 1998 

Cerebral hematoma and hemorrhage  

 experimentally 
induced 

subdural hematoma* in rats   Miller et al., 1990; Klapdor et al., 
1997a 

 subarachnoid hemorrhage   Sobey, Heistad & Faraci, 1997 

 intracerebral hematoma   Rosenberg et al., 1993; Lyden, 
Jackson-Friedman & Lonzo-
Dokter, 1997 

 naturally  
occurring 

spontaneous hypertensive, stroke-
prone rat 

  Okamoto, Yamori & Nagaoka, 
1974; Yamori et al., 1991 

* but see Haines, Harkey and Al-Mefty (1993), who argue that the so-called subdural hematoma is a ‘dural 
border’ hematoma. 
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Because the basic nature of the ischemic penumbra appears to be its bioenergetic instability due to a 

reduced cerebral blood flow, the early restoration of the blood flow might be sufficient to rescue the 

ischemic tissue (Ginsberg & Pulsinelli, 1994). Delayed reperfusion by itself has been identified as a 

process that at best has no beneficial effect, but which can cause additional damage (White, 

Grossman & Krause, 1993; Caplan, 1995, p. 4, and p. 52, Table 1; Garcia, 1995; Margaill et al., 1996). 

The duration of the occlusion appears to be critical in this context. 

In rats, reperfusion shortly after occlusion reduces the resulting infarct and neurological deficits are 

less severe (Zhao, 1995). Beneficial effects of reperfusion are no longer seen when reperfusion is 

delayed beyond about 1.5 hours. The time window in which reperfusion is able to ameliorate the 

consequences of occlusion seems to be species-dependent (Zhao, 1995). In humans, the time window 

in which thrombolysis might be successful lies between 3 to 6 hours after the onset of symptoms of 

stroke (Wiebers, Feigin & Brown, 1997). 

Animal models of permanent occlusion 

The MCA occlusion (MCA-O) at present is the most frequently used animal model for permanent focal 

ischemia (Hunter, Green & Cross, 1995). The infarcts induced by transient MCA-O resemble those 

seen in patients with embolic stroke (Naritomi, 1991). Permanent MCA-O is usually induced by 

cauterization, or clips or threads which are left in place. These techniques require craniotomy 

(Memezawa, 1993; Rogers et al., 1997). Proximal MCA-O (i.e. close to origin of the artery) and distal 

MCA-O (above the lenticulostriate branch) might affect infarct volume (Shigeno et al., 1985; Niiro et al., 

1996) and the behavioral impairments induced to a different extent (Shigeno et al., 1985). Proximal 

MCA-O has been found to produce reproducible infarcts in certain rat strains (e.g. Niiro et al., 1996), 

whereas between-strain comparisons have revealed a considerable variability in the susceptibility of 

the brains to develop infarcts (Hunter, Green & Cross, 1995). 

Animal models of cerebral hemorrhage 

Animal models of hemorrhage-induced damage in the brain are still scarce compared with those of 

ischemic stroke. Hematomas are usually induced by injection of saline or (own) blood under the dura, 

producing subdural hematoma (e.g. Miller et al., 1990; but see Haines, Harkey & Al-Mefty, 1993), or by 

injection of saline or blood into the cerebrospinal fluid, producing subarachnoid hemorrhage (e.g. 

Sobey et al., 1997). Intracerebral hematoma can experimentally be induced by stereotaxically guided 

injection of compounds, such as bacterial collagenase (Rosenberg et al., 1993), which disrupt cerebral 

blood vessels (e.g. Lyden, Jackson-Friedman & Lonzo-Dokter, 1997), subsequently causing 

hemorrhage. 

Description of the experiments performed 

Because of its prominent role in the investigation of occlusion-induced brain infarcts and its 

neuropathological and behavioral consequences, and because of the high incidence of this type of 

stroke in humans, we used the MCA-O model in rats and mice to assess infarct-induced behavioral 

deficits in batteries of sensorimotor tests and in two versions of the Morris water escape task. 

� Various rat strains have been used in studies of the effects of MCA-O, among them the Wistar 

Kyoto (WKY) strain (e.g. Duverger, Lecoffre & MacKenzie, 1985; Barone et al., 1992; Nordborg & 

Johansson, 1980; Sauter & Rudin, 1995), which is considered as the normotensive control strain for 

the spontaneous hypertensive rat strain. The first aim of the experiment reported in Chapter 4.1 

was to identify those behavioral and neurological tests which are sensitive enough to detect deficits 
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caused by MCA-O in WKY rats. The second aim was to investigate whether recovery of 

sensorimotor function occurs in the MCA-occluded WKY rat. 

� There is growing evidence that the volume of the infarcted area (Duverger & MacKenzie, 1988) and 

the extent of neurological dysfunctions after MCA-O are strain dependent (e.g. Wahl et al., 1992). In 

Chapter 4.2, we studied several aspects of strain-dependent effects of MCA-O in three 

experiments. In the first experiment, we assessed the effects of unilateral MCA-O on sensorimotor 

functions in eight different rat strains [male Brown Norway (BN), Fischer 344 (F344), Long Evans 

(LE), Lewis (LEW), Sprague Dawley (SD), Spontaneous Hypertensive Stroke-Prone (SHR-SP), 

Wistar (WISW), and WKY] by comparing pre-occlusion behavioral scores with those 2 days after 

surgery. In the second experiment we compared the effects of proximal and distal MCA-O in the 

LE, LEW and SHR-SP rat strains. We expected that the proximal occlusion would produce larger 

infarcts that would eventually affect not only cortical, but also subcortical (striatal) areas (Shigeno et 

al., 1985). Finally, in the third experiment, we determined whether there is a relation between 

behavioral deficits and volume of the cortical infarct, a question that is currently highly controversial. 

� In Chapter 4.3, we assessed the effects of MCA-O on spatial learning and memory in two 

experiments with mice in the standard Morris task. The question we addressed in the first 

experiment was whether CFW1 mice are able to learn to escape onto an invisible platform in the 

place version of the water-escape task (Morris, 1984), and whether unilateral occlusion of the MCA 

affects the retention of the water-escape response acquired before surgery. In addition, we 

assessed the acquisition of a new position of the escape platform (reversal learning) after MCA-O 

in these animals. In the second experiment, we studied the effects of MCA occlusion on the 

acquisition of the water-escape task in naive mice. 

� Rats and mice appear to find the working memory (i.e. repeated acquisition) version of the Morris 

water escape task more difficult than the standard water escape task (Petrie, 1995). We therefore 

decided to assess the effects of occlusion of the MCA in C57BL mice using this task. This 

experiment is described in Chapter 4.4. We used three versions to experimentally manipulate the 

degree of difficulty of this task: a massed trials version, consisting of four trial pairs per daily 

session; a spaced version, in which only one trial pair was given per session; and a spaced delay 

version, in which only one trial pair was given per session but there was a 90-minute interval 

between the first and the second trials of the trial pair. The MCA was occluded after the mice had 

acquired the repeated acquisition task and then we assessed the effects of the occlusion on their 

working memory performance. 
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4.1 
Sensorimotor impairments in Wistar Kyoto rats 
with cerebral infarction, induced by unilateral  
occlusion of the middle cerebral artery: 
recovery of function* 
 

 

Abstract 

Wistar Kyoto (WKY) rats with cerebral infarction induced by permanent unilateral occlusion of the 

middle cerebral artery (MCA) and sham-operated rats were tested in a series of simple behavioral 

tests 2, 16 and 37 days after surgery. In addition, the motility of the animals was measured over a 

period of 62 hours, after the third test series. A subset of the tests appeared to be suitable to assess 

the effects of cerebral infarction, namely, grasping reflex of contralateral hindpaw, circling behavior, 

forelimb flexion, hindlimb flexion, and latency to falling off a square bridge. Except for the impaired 

grasping reflex of the contralateral hindpaw, there was spontaneous complete recovery of function by 

the third test session, 37 days after surgery. Some of the other tests might not have been sensitive 

enough to detect the effects of the unilateral MCA-occlusion (MCA-O) on behavior. Moreover, the WKY 

rats were very inactive in some of the tests, so that reliable scoring of the effects was not always 

possible. A rat strain other than the WKY strain might be more suitable for studying the behavioral 

consequences of MCA-O. 

 

 

Introduction 

Patients with cerebral infarcts suffer from functional deficits such as sensorimotor impairments, 

coordination deficits, hemiparesis, and cognitive and speech disturbances (Adams, Victor & Ropper, 

1996), depending on the site and size of the infarcted area. A wide range of techniques to induce 

ischemic stroke have been developed (Tamura, Kawai & Takagi, 1997), among them being the 

occlusion of the middle cerebral artery (MCA; Hunter, Green & Cross, 1995). The MCA can be 

occluded permanently or transiently (Garcia et al., 1995). The permanent MCA occlusion (MCA-O) 

probably is the most widely used technique for inducing a focal ischemic cortical infarct in rodents. 

Permanent MCA-O in rats and mice is believed to provide a valid animal model for investigating 

questions related to the pathophysiology of focal cerebral ischemia (Tamura et al., 1981; Welsh et al., 

1987), and to the behavioral impairments associated with an infarct. Moreover, this model has been 

used to assess the validity of putative neuroprotective therapeutic principles. Based on approaches 

deduced from these principles, MCA-occluded rodents have been used to screen for and characterize 

                                                           
* This chapter is based on the publication: van der Staay, F.J., Augstein, K.-H., & Horváth, E. (1996a). 
Sensorimotor impairments in Wistar Kyoto rats with cerebral infarction, induced by unilateral occlusion of the 
middle cerebral artery: recovery of function. Brain Research, 715, 180-188. 
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substances which are believed to ameliorate or counteract the aversive consequences of a stroke with 

respect to the infarct size (e.g. Obana, Pitts & Nishimura, 1988; Gotti et al., 1990; Hara et al., 1991; 

Wahl et al., 1993; Park & Hall, 1994; Katsuta et al., 1995), the neurological (e.g. Tamura et al., 1985; 

Bederson et al., 1986; Yamamoto et al., 1988; Wahl et al., 1993; Park & Hall, 1994) and/or cognitive 

deficits (e.g. Tamura et al., 1985; Yamamoto et al., 1988, 1991; Markgraf et al., 1992; Wahl et al., 

1993; Okada et al., 1995a,b). 

The most frequently used rat strains in studies on the effects of MCA-O are  the Sprague Dawley (e.g. 

Robinson, 1979; Duverger, Lecoffre & MacKenzie, 1985; Obana, Pitts & Nishimura, 1988; Shiraishi & 

Simon, 1989; Sauter & Rudin, 1995), spontaneously hypertensive (SHR, e.g. Pearlson, Kubos & 

Robinson, 1984; Duverger, Lecoffre & MacKenzie, 1985; Sauter & Rudin, 1995; Tamura et al., 1985), 

Wistar (e.g. Garcia et al., 1995; Sauter & Rudin, 1995), and, to a lesser extent, the normotensive 

Wistar Kyoto (WKY; e.g. Duverger, Lecoffre & MacKenzie, 1985; Barone et al., 1992; Nordborg & 

Johansson, 1980; Sauter & Rudin, 1995) rat strains. Using inbred WKY rats, we assessed the effects 

of unilateral MCA-O on sensorimotor function using a battery of simple sensorimotor tests. This strain 

was chosen, because we had previously investigated the effects of MCA-O in SHR rats (unpublished 

data) and wanted to characterize the genetic control of this strain under our experimental conditions. 

The first aim of our study was to identify those behavioral and neurological tests which are sensitive 

enough to detect behavioral deficits caused by MCA-O in WKY rats. The functional state of different 

brain regions can be assessed by using a series of different tests. Additionally, because the location 

and size of the infarcted area shows considerable variation between and within strains, the use of 

different tests makes it more likely that ischemia-induced deficits will be detected (Markgraf et al., 

1992). 

Persson and colleagues (1989) found that many rats with a unilateral occlusion of the MCA showed 

neurological improvement within weeks of surgery. Markgraf and co-workers (1992) observed 

complete recovery of the postural reflexes and of sensorimotor function in rats within 30 days of MCA-

O. Similarly, neurological abnormalities disappeared within the first four weeks after MCA-O in a study 

by Yamamoto and colleagues (1988). 

The second aim of our study was to investigate whether recovery of sensorimotor function occurs in 

the MCA-occluded WKY rat. To this end behavior was assessed 2, 16, and 37 days after surgery. We 

knew from previous work at our laboratory that the minimum recovery period from MCA-O is about 2 

days. We decided to perform the tests at intervals of approximately two to three weeks in order to 

avoid too frequent testing, as some of the tests involved were expected to be influenced by learning 

processes. Knowledge about the rate and degree of recovery of function may be of value for the 

development of animal models with which to study the pharmacological facilitation of post-ischemic 

recovery (Goldstein, 1989). 

 

 

Material and Methods 

Subjects 

Eighteen inbred male WKY rats were supplied by Møllegaard ApS (LI. Skensved, Denmark) at the age 

of approximately 11 weeks. Three to four animals were group-housed in standard Makrolon type IV 

cages. The rats were kept under an artificial light/dark regimen (lights on from 7:00 to 19:00) in a 
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temperature (ca. 21.5°C) and humidity (50%) controlled vivarium. From the operation onwards the rats 

were housed individually in standard Makrolon type III cages. Food and water were always available ad 

libitum. 

One week after arrival at our laboratory, the animals were randomly assigned to one of two conditions. 

Ten rats of a first group received a unilateral occlusion of the MCA. Eight rats of a second group 

received a sham operation which was identical to that of the MCA-O condition, except that the muscle 

and skin were closed immediately after exposure of the MCA. The average weight of the rats was 

(mean ± SEM) 268 ± 2.7 grams.  

Middle cerebral artery occlusion 

Under general anesthesia (chloral hydrate, Fluka Chemie AG, Buchs, Switzerland; 400 mg/kg i.p.) the 

MCA was occluded unilaterally according to the standard surgical procedure described by Bederson 

and colleagues (1986) with minor modifications. Briefly, the left temporal-parietal region of the head 

was shaved, and the skin was disinfected and opened between the orbit and the external ear canal. A 

midline incision was made, and the temporal muscle was divided and pulled aside with hooks to 

expose the lateral aspect of the skull. The facial nerve, major facial arteries and veins, the lateral eye 

muscle, the intra- and extra orbital lacrimal glands and the zygomatic bone were left intact. Under an 

operation microscope a small burr hole was drilled directly under the zygomatic arc, 1 to 2 millimeters 

rostral to its caudal origin. 

After the dura was carefully opened, the exposed MCA and its branches were permanently occluded 

between the olfactory tract and the inferior cerebral vein by electro-coagulation (Bipolator 50, Fischer 

MET GmbH, Freiburg, Germany). To avoid recanalization, the occluded vessels were removed. The 

operation area was covered with a small piece of sterile absorbable gelatine sponge (Marbagelan, 

Behringwerke AG, Marburg, Germany). Muscle and skin wounds were closed with tissue glue 

(Histoacryl, B. Braun Melsungen AG, Melsungen, Germany). As it has been reported that hypothermia 

might act neuroprotectively in animal models of ischemia (Green et al., 1992; Barone, Feuerstein & 

White, 1997; Corbett, Nurse & Colbourne, 1997) and cortical impact injury (Dixon et al., 1998), the 

body temperature was monitored during the surgery and maintained between 36.5 and 37.5°C by using 

a heating pad. The animals recovered from anesthesia, lying on a heating pad and covered with some 

layers of tissue. In earlier, unpublished experiments, we had monitored both rectal temperature and 

subdural temperature and found that brain hypothermia did not occur when the body temperature was 

maintained in this range. After recovery from anesthesia, the rats were returned to their home cage. 

Histological verification: the rats were decapitated between 41 and 49 days after the operation. The 

brains were rapidly removed and frozen in n-methyl butane at -40°C. Coronal sections (20-µm thick) 

were cut throughout the entire infarcted area with a standard distance of 500 µm, using a cryostat 

microtome (Reichert-Jung, Leica Vertrieb GmbH, Cologne, Germany). Slide-mounted tissue sections 

were stained with cresyl fast violet. 

Functional examination 

The effects of the MCA-O were assessed by rating the severity of deficits with a series of simple 

neurological tests. The observer was not informed about the lesion condition of the individual rats 

(blind procedure). 

On days 2, 16, and 37 after the operation, and at least one hour before neurological testing started, the 

rats were transported from the animal vivarium to the testing laboratory. The entire battery of tests, 

except the paw-test and the motility test, which were performed only once, was run three times in close 
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succession under normal light conditions between 9:00 and 12:00 a.m. The tests were run in triplicate, 

because aggregation of data reduces their variance and increases their reliability (Ossenkopp & 

Mazmanian, 1985). Within each testing series, the tests were performed in the order in which they are 

described below. The experimental protocol is summarized in Table 1. 

Grasping reflex of the hindpaw: a rat was held in the left hand, with thumb and index around the chest, 

immediately under the rat's forelegs. Then, the experimenter gently touched the palm of the hindpaw 

contralateral to the operated side with the index finger of his right hand. Grasping was scored as zero 

(no neurological abnormality on this test). When a rat failed to grasp, the score one was given. 

Walking initiation: this task was adapted from Whishaw, O'Connor, and Dunnett (1985). The rat was 

placed on a horizontal surface in the center of two concentric circles with diameters of 20 cm and 60 

cm, respectively. When a rat moved the length of its own body (i.e. left the inner circle), or made a 

180° turn within 60 seconds, this was registered as walking initiation and given a score of zero. 

Otherwise, the score one was given. In addition, the latency to leave the outer circle (position of the 

hindlegs) was monitored, as was unilateral circling (i.e. whether they rotated toward the lesioned side). 

 

 

Table 1. Experimental protocol of behavioral testing of male WKY rats which had undergone unilateral sham 
operation or unilateral occlusion of the left MCA. 
 

Day after surgery Events 

0 Operation: MCA-O (n = 10), sham operation (n = 8) 

2 First neurological test 

16 Second neurological test (same battery of tests) 

37 Third neurological test (same battery of tests plus ‘paw test’) 

39-47 Motility: 62 hours, starting 2 hours before the start of the night cycle 

41-49 Preparation of brains for histological examination 

 

 

Forelimb flexion: the rat was gently lifted by its tail and was held one meter above the table. Whether 

the animal showed forelimb flexion, or not, was observed (Bederson et al., 1986; note that this 

behavior was called forelimb clasping by Whishaw, O'Connor & Dunnett, 1985). The absence of 

forelimb flexion was scored as zero (i.e. the rat showed no neurological abnormalities on this test). The 

presence of forelimb flexion was scored as one. 

Hindlimb flexion: at the same time, hindlimb flexion (called hindlimb clasping by Whishaw, O'Connor & 

Dunnett, 1985) was assessed. Scoring was as for forelimb flexion. 

Visually triggered placing: the test was adapted from Marshall (1982). A rat was picked up by its tail 

and was slowly lowered toward the edge of a table until its nose was approximately 10 cm from the 

edge. Then, the rat was moved toward the edge. Care was taken that the vibrissae did not touch the 

edge. A score of zero was awarded when a rat extended its forepaws towards the edge (the rat 

showed visual placing). Otherwise, a score of one was given. 

Contact placing: this task resembles visually triggered placing. The rat was lowered until the animal 

touched the edge of the table with its vibrissae (Whishaw, O’Connor & Dunnett, 1985). If a rat 
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extended the forelimbs toward the edge as soon as it had made tactile contact with the table with its 

vibrissae, a score of zero was given. Otherwise, a score of one was given. 

Suspension from a horizontal wire: the task was adapted from Wallace, Krauter, and Campbell 

(1980b). A rat was held against a horizontal wire (diameter: 0.5 cm, length: 60 cm, elevated about 40 

cm above the surface) until it grasped it with its forepaw(s). Then the rat was released and the time 

elapsed before it fell off was measured (maximum duration of a trial was 60 s). A pad of crêpe paper 

(about 10 cm thick) was placed beneath the wire to cushion the rat's fall. In addition, a five-point scale 

was used to score whether a rat pulled itself up and supported itself with one or two hindlegs and 

successfully climbed onto the wire (score zero), or supported itself with its hindleg(s) without 

succeeding to climb onto the wire (score one), or held itself with both forepaws (score two), with only 

one forepaw (score three), or whether it was unable to grasp the wire (score four). 

Traversing a square bridge: a rat was placed on a square bridge (2 cm x 2 cm x 60 cm, elevated about 

40 cm above the surface), equidistant from two escape platforms (20 cm x 20 cm) (Wallace, Krauter & 

Campbell, 1980b). The duration the rat stayed on the bridge was measured to a maximum of 120 s. 

When a rat escaped onto one of the platforms, the duration was ascribed as the maximum. A pad of 

crêpe paper (about 10 cm thick) was placed beneath the bridge to cushion the rat's fall. 

The next two tests were performed using a grid (75 cm width x 100 cm height) made of a sheet of 

stainless steel in which a 13 x 17 matrix of 5 x 5 cm holes were punched with an interspace of 0.5 cm. 

One short side of the grid was attached to a holding device. The experimenter could manipulate the 

inclination of the grid by moving the opposite short side up or down. 

Turning on the inclined grid was assessed by a modification of the procedure described by Marshall 

(1982). The grid was held in a horizontal position. A rat was placed on it approximately in the center. 

The nose of the rat pointed to the edge of the grid that was to be lowered. Then, the grid was lowered 

until it attained a negative inclination of 30° wit h respect to the horizontal plane. The latency to turn on 

the grid was measured to a maximum of 120 s. If a rat turned 90° or more within 2 minutes of lowering 

of the grid, a score of zero was given. If the rat failed to turn on the grid, a score of one was given and 

the latency was set to 120 s. 

Climbing on the inclined grid was assessed by a modification of the procedures described by Marshall 

(1982) and by Whishaw, O'Connor, and Dunnett (1985). Observation started immediately after a rat 

had turned 180°. Rats which failed to turn were tur ned by the experimenter. A step was operationally 

defined as the movement of a paw from one side of a square to one of the three other sides of the 

same square or to one of the sides of the adjacent squares. The number of steps was counted. Steps 

were classified as correct whenever a paw was placed on the grid. A step was classified as incorrect 

(mis-step) whenever the rat put a paw through one of the holes, irrespective of whether or not the rat 

corrected this step. 

Vocalization, urination, and defecation were assessed for each of the complete three series of 

behavioral tests. For each individual behavior, a score of zero was awarded when the behavior did not 

occur during handling. Otherwise, a score of one was given. Differences in vocalization, urination, or 

defecation might indicate differences in emotional reactivity. 

The paw test (Ellenbroek & Cools, 1988; Ellenbroek et al., 1987; Vrijmoed-de Vries, Tönissen & Cools, 

1987) was performed as part of the third series of tests, 37 days after surgery. The test apparatus 

consisted of a box made of polyvinyl chloride. Two holes for the forelimbs and two holes for the 

hindlimbs were drilled in the upper surface of the box. In addition, there was a V-shaped opening for 
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the rat's tail. A rat was held in one hand, with thumb and index around the chest, immediately under the 

forelegs. First, its hindlimbs were placed into the holes of the test apparatus and then the forepaws 

were put into the appropriate holes. As soon as its four legs were in the holes the rat was released, and 

the latency to retract the contralateral fore- and hindlegs from the holes was registered to a maximum 

of 60 s. 

Motility was assessed by using three identical motility meters (MFU 2100, Rhema-Labortechnik, 

Hofheim, Germany), housed in sound insulated cubicles (inner dimensions: width: 59 cm, height: 42 

cm, depth: 52 cm). Fresh air was provided continuously through a ventilation system that also 

produced masking noise. The light/dark rhythm within the cubicles was the same as that in the animal 

vivarium.  

The test was performed once, between postoperative days 38 and 49. Each rat was semi-randomly 

assigned to one of three motility counters. Each motility apparatus was used for approximately the 

same number of sham-operated and MCA-occluded rats. The registration of rats' motility for an 

uninterrupted period of 62 hours started at 5:00 p.m., two hours before the beginning of the dark cycle. 

The motility counts per hour were used for statistical analysis. The difference score between the 

motility counts of the first and the second hours in the apparatus can be taken as a measure for the 

speed of adaptation to a novel environment (van der Staay, 1989), or as measure of the habituation 

rate (Kolb, 1974). 

A cosine curve fitting procedure (Monk & Fort, 1983) estimated mesor, amplitude, and acrophase of 

the motility of each individual rat over the two and a half consecutive days of testing. The mesor 

reflects the mean motility level of a rat. The acrophase reflects the point of maximum motility, that is, 

the point where the sine curve reaches its maximum deviation from the mesor, as defined by the 

estimate of the amplitude. 

 

 

Results 

Body weight 

Body weights were analyzed by a two-way analysis of variance (ANOVA) with the factor Treatment 

(sham-operated vs. MCA-occluded) and with the repeated measures factor Days after operation (days 

0, 6, 13, 20, 27, and 34, where day 0 is the day of surgery). Because of the unequal intervals between 

measurements, days were used as level values of the repeated measures factor (SAS Institute, 1990, 

p. 956). Where appropriate, ANOVAs on weights on a particular day are reported. 

One of the eight sham-operated rats and two of the ten MCA-occluded rats died before the behavioral 

testing was completed. The mean body weights (grams ± SEM) of the two groups were similar before 

operation (sham lesioned: 265.8 ± 5.3, MCA-occluded: 270.1 ± 3.5; F1,13 < 1, n.s.; see Fig. 1). The 

body weight of the MCA-occluded rats decreased more than that of the sham-operated rats after 

surgery (Treatment by Days interaction: F6,78 = 3.6, p < 0.01), and remained at a lower level during the 

entire period of behavioral testing (General mean, i.e., body weight averaged over days: F1,13 = 5.6, 

p < 0.05). Because of the strong decrease in body weight in the MCA-occluded group and of some 

animals of the sham-operated group, rats were daily given about five crushed pellets (standard rodent 

chow, Altromin, Germany) supplemented with sunflower seeds. This feeding regimen was continued 

until a rat regained at least 90% of its preoperation free-feeding body weight. 
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Figure 1. Mean body weights (grams) and standard errors 
of the means (SEM) of male Wistar Kyoto rats which had 
either undergone unilateral proximal MCA-O or sham 
operation. 
 

 

 

Histological verification 

Histological evaluation revealed that the occlusion of the MCA had been successful in all rats. Because 

of the strong shrinkage of the infarcted area, no reliable measurements of the infarct volume could be 

obtained after a survival period of more than 40 days. This also precluded the assessment of a 

correlation between the volume of the infarcted brain tissue and the degree of the sensorimotor 

disturbances. Data are, however, available from a strain comparison study in which the WKY strain 

was included, together with 7 other rat strains (see Chapter 4.2, third experiment). The infarct volumes 

were determined after a survival period of 7 days. The infarcts in the WKY rats were relatively small 

(mean volume ± SEM in cortex and striatum, 31.08 ± 11.44, and 24.84 ± 10.54, respectively), and an 

example of the extent and location of the infarcted cortical area in WKY rats is shown in Fig. 2. 

 

 

 

Figure 2. Diagram of brain sections illustrating the 
typical location of the infarcted area in the cortex, 7 days 
after MCA-occlusion, in a Wistar Kyoto rat with a small 
infarct. In some rats, the infarcted area extended into the 
striatum (not shown). The coronal sections correspond 
approximately to the levels 1.2, 0.2, -1.3, and -2.56 mm 
from bregma in the stereotaxic atlas of Paxinos and 
Watson (1986). 
 

 

 

Neurological testing 

For each individual test, the sum of scores over the three runs within a test session was determined 

and analyzed. The results of the functional tests are summarized in Table 2. Only results of tests that 

yielded differences between the two treatment groups will be discussed. 
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Table 2. Summary of the results of the behavioral testing of seven sham-operated and eight MCA-occluded male 
WKY rats. 
 

Test Short description of the effects 

Grasping reflex of contralateral hindpaw On average, the sham-operated animals showed a better 
grasping reflex than the MCA-occluded rats did. 

Walking initiation: behavioral rating No effects of MCA-O 

Walking initiation: latency to leave outer circle No effects of MCA-O 

Circling behavior MCA-occluded animals showed more unidirectional circling 
than the sham-operated rats did during the first test series. 
Repeated measures revealed a stronger decrease of circling 
behavior in MCA-occluded animals than in sham-operated rats. 

Forelimb flexion Flexion occurred in MCA-occluded animals only. The forelimb 
flexion decreased over sessions and finally vanished. 

Hindlimb flexion Flexion occurred in MCA-occluded animals only. The hindlimb 
flexion decreased over sessions and finally vanished. 

Visual placing MCA-occluded rats showed less visual placing than sham-
operated rats during the first session. There was  a tendency 
for  functional recovery after MCA-O. 

Contact placing No effects of MCA-O 

Wire suspension: latency to fall off No effects of MCA-O 

Wire suspension: behavioral rating No effects of MCA-O 

Square bridge: latency to fall off There was a higher overall latency in sham-operated animals. 
Both groups showed a similar rate of improvement over 
sessions. 

Turning on inclined grid: latency No effects of MCA-O 

Turning on inclined grid: behavioral rating No effects of MCA-O 

Number of steps on grid No effects of MCA-O 

Number of mis-steps on grid MCA-occluded rats made more mis-steps than sham-operated 
rats during the third session. 

Vocalization No effects of MCA-O 

Urination No effects of MCA-O 

Defecation No effects of MCA-O 

Paw test: retraction of contralateral hindleg No effects of MCA-O 

Motility first hour No effects of MCA-O 

Speed of adaptation (motility first hour minus 
motility second hour) 

No effects of MCA-O 

Mesor of motility over 60 hours No effects of MCA-O 

Amplitude of motility over 60 hours No effects of MCA-O 

Acrophase of motility over 60 hours No effects of MCA-O 

 

 

The scores from the functional tests were analyzed by a two-way analysis of variance (ANOVA) with 

the factor Treatment (sham-operated vs. MCA-occluded) and with the repeated measures factor 

Session. Because of the unequal intervals between measurements (tests were performed 2, 16, and 

37 days after operation), number of days after operation were used as level values of the repeated 

measures factor (SAS Institute, 1990, p. 956). The ranks of measures, which represent ratings of 

behavior, were used for the statistical evaluations in addition to the raw data, because the raw data 

might violate the assumption of equal variances within groups. For all other variables, raw scores were 

analyzed. Where appropriate, scores of a particular session were analyzed by t-statistics or Z*-
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statistics, depending on whether the raw scores or ranks were used. t-statistics were used to test the 

hypothesis that the scores of a particular treatment group in a particular session deviated from zero. 

Grasping reflex of the contralateral hindpaw (Fig. 3, upper left panel): the repeated measures analysis 

revealed that, averaged over the three test sessions, MCA-occluded rats showed a severely disturbed 

grasping reflex, whereas the sham-operated animals showed only very mild disturbances or a normal 

reflex (General mean: F1,13 = 5.71, p < 0.05). There was no differential improvement over sessions 

(Treatment by Session interaction: F2,26 = 2.56, n.s.), indicating that the MCA-O induced persistent 

neurological deficits in this task. 

Circling behavior (Fig. 3, upper center panel): circling contralateral to the lesioned side was observed in 

MCA-occluded rats in the first test session (Z* = -2.71, p < 0.01). From the second test session 

onward, contralateral circling occurred to the same extent in both groups of rats (second session: Z* = 

-1.40, n.s.; third session: Z* = 0.94, n.s.). Repeated measures analysis revealed that there was a 

strong decrease in circling behavior in the MCA-occluded rats (Treatment by Session interaction: 

F2,26 = 8.40, p < 0.01); this behavior was no longer observed in the last session. 

Forelimb flexion (Fig. 3, upper right panel): no forelimb flexion was observed in the sham-operated 

rats. The MCA-occluded rats showed very consistent forelimb flexion in the first session (Z* = -2.79, 

p < 0.01), and a reduction of the severity of this behavioral abnormality over sessions (Treatment by 

Session interaction: F2,26 = 5.60, p < 0.01). In the last session, the behavior of the MCA-occluded rats 

returned to normal; the (raw) scores no longer deviated from zero (t7 = 1.0, n.s.). 

Hindlimb flexion (Fig. 3, lower left panel): whereas no hindlimb flexion was observed in the sham-

operated rats, the MCA-occluded animals showed very consistent hindlimb flexion in the first session 

(Z* = -2.74, p < 0.01), and a reduction in the severity of this behavioral abnormality over sessions 

(Treatment by Session interaction: F2,26 = 4.47, p < 0.05). In the last session, the behavior of the MCA-

occluded rats had returned to normal; the (raw) scores no longer deviated from zero (t7 = 1.0, n.s.). 

Visual placing (data not shown): visual placing was unimpaired in the sham-operated rats. The MCA-

occluded rats showed severe disturbances on this task in the first session (Z* = -2.05, p < 0.05). From 

the second test session on, however, this disturbance was no longer observed, and the neurological 

(raw) scores for visual placing in the MCA-occluded group no longer deviated from zero (second 

session: t7 = 1.4, n.s.; third session: t7 = 1.0, n.s.). Repeated measures analysis revealed that there 

was a tendency for an improvement in the MCA-occluded rats over sessions (Treatment by Session 

interaction: F2,26 = 2.67, 0.1 > p > 0.05). 

Latency to fall off the square bridge (Fig. 3, lower center panel): in the first two sessions, the MCA-

occluded rats had marginally shorter fall off latencies than the sham-operated rats (first session: t13 = 

1.98, 0.10 > p > 0.05; second session: t13 = 1.87, 0.1 > p > 0.05). In the third session the rats from both 

treatment groups were able to stay on the bridge for the entire 120 s. Repeated measures analysis 

revealed that the MCA-occluded rats had, on average, shorter fall off latencies (General mean: F2,26 = 

515, p < 0.05). Both treatment groups improved their performance over sessions (F2,26 = 1479, 

p < 0.01), but the rate of improvement appeared to be similar (Treatment by Session interaction: 

F2,26 < 1.0, n.s.). 
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Figure 3. Behavioral impairments in Wistar Kyoto rats which had either undergone permanent unilateral 
occlusion of the left proximal MCA or were sham-operated. The scores for grasping reflex of contralateral 
hindpaw (upper left panel), contralateral circling (upper center panel), flexion of the forelegs (upper right panel), 
and flexion of the hindlegs (lower left panel) are depicted as mean summed neurological ratings (+ SEM). The 
scores range from zero (no neurological abnormality) to three (severest impairment). In the lower center panel 
the latencies to fall off a square bridge are shown as summed means + SEM. 
*: MCA-occluded rats differ from sham-operated rats (p < 0.05) 
#: MCA-occluded rats differ marginally from sham-operated rats (0.1 > p > 0.05) 
a: Score different from zero (t-statistics; p < 0.05) 
b: Score marginally different from zero (t-statistics; 0.1 > p > 0.05) 

 

 

Number of mis-steps on grid (data not shown): analysis of the number of mis-steps was somewhat 

problematic because the WKY rats made only a few steps or were completely immobile within a trial. 

This precluded analysis of the ratio measure (number of mis-steps / total number of steps). Instead, an 

analysis of covariance of the number of mis-steps per session was performed, with the total number of 
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steps as covariate. Analysis revealed that there was no difference between the two groups for the 

number of mis-steps on the first two sessions (first and second sessions: Z* = -0.18, and 0.95, 

respectively, p > 0.10). During the third session, the sham-operated rats made fewer mis-steps than 

the MCA-occluded rats (Z* = -2.59, p < 0.05). These results were confirmed by the analysis of 

covariance on mis-steps, with total number of steps as covariate, revealing that the treatment groups 

differed for the number of mis-steps in the third session (F1,12 = 13.73, p < 0.01). The sham-operated 

rats appeared to improve walking performance on the grid over sessions (mirrored by a reduction in 

the number of mis-steps in relation to total number of steps), whereas the MCA-occluded rats did not. 

 

 

Discussion 

We found that a subset of behavioral tests in a test battery appeared to be suitable to assess the 

effects of cerebral infarction induced by unilateral MCA-O. These tests were grasping reflex of 

contralateral hindpaw (Wahl et al., 1992), circling behavior (Bederson et al., 1986), fore- and hindlimb 

flexion (Bederson et al., 1986), and latency to fall off a square bridge. These simple tests can easily be 

applied and scoring is easy and unambiguous. The tests can be performed within about 15 minutes, 

and in most of them learning effects are not likely to occur. Learning could eventually interfere with 

interpretation of the degree of sensorimotor recovery, due to cross-over effects from one series of tests 

to the other. There might have been a learning component in the bridge task and grid tasks: the rat 

must adopt a posture to keep its balance. The increase in time spent on the bridge and the reduction of 

the number of mis-steps over sessions shown by the sham-operated rats might be indicative of an 

underlying learning process. 

Some of the tests used need further comment. Visually triggered placing (Marshall, 1982) could not be 

applied in a sufficiently reliable manner. The animals with ischemic damage showed strong flexion of 

the entire body when held head down and directed toward the edge of the table. It was not possible to 

hold a rat at a distance from the table that would induce visually triggered extension of the forelimbs 

while reliably preventing contact of the vibrissae with the edge of the table. Thus, some of the visually 

triggered extensions of the forelimb might in fact have been triggered through contact with the 

vibrissae. Wahl and co-workers (1992) observed similar abnormal postures when they tested visually 

triggered placing in rats. They suggest that thorax twisting might have been responsible for incorrect 

visual placing. 

In the test traversing a square bridge only one WKY rat escaped onto one of the platforms at the end 

of the square bridge. Typically, as soon as the rats had attained postural equilibrium they froze in that 

particular posture and did not move for the remainder of the 120 s observation period. 

The WKY rats showed little activity on the inclined grid. Although turning on the inclined grid was 

performed by most rats within the time limit of 120 s, qualitative differences were observed between 

the sham-operated and the MCA-occluded animals. It appeared that the ischemic rats turned 

predominantly ipsilaterally to the lesioned side around the ipsilateral hindleg (note that ischemic rats 

turn contralaterally on a horizontal surface). The grip of that leg on the grid was not released until 

maximal turning was reached. Often, turning stopped at that point, and the rat became immobile. 

Most animals did not meet the minimum requirement that at least six steps should be made to evaluate 

the effects of the occlusion on climbing on the inclined grid. Typically, the animals with ischemic 
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damage rapidly [at the very first step(s)] put their contralateral fore- and hindleg through the grid and 

stayed in that position for the remainder of the 120 s observation period. Although these animals 

obviously tried to do so, they were unable to reposition their contralateral legs and to place their paws 

on the grid. Because of this observation, the paw test was added to the battery of tests used. 

The paw-test (Ellenbroek & Cools, 1988) can be expected to be a valuable extension of the test battery 

to assess effects of MCA-O, if it is used early after occlusion. This test was applied only at the end of 

the third test session. Most of the neurological deficits produced by the MCA-O had already 

disappeared when the rats were tested for the third time. Therefore, the paw test should be used for 

acute neurological testing soon after the occlusion has been produced. 

The same might be true for the motility test. No differences were found on this test, perhaps due to the 

fact that testing was performed too long after the operation. Neither the spontaneous activity measured 

during the first hour in the motility boxes, nor the speed of adaptation, nor the circadian activity pattern 

was affected by the effects of the MCA-O . 

However, findings from cortical suction ablation experiments and from MCA-O experiments might 

provide an alternative explanation for the absence of effects on motility in the present study. Ablation of 

small cortical regions of the right hemisphere induced hyperactivity, whereas no effect was found after 

ablation of the corresponding regions of the left hemisphere (Pearlson, Kubos & Robinson, 1984). 

Ligation of the left MCA did not affect rats' spontaneous activity, whereas ligation of the right MCA 

increased locomotor activity in rats for about 3 weeks following surgery (Robinson, 1979; Robinson & 

Coyle, 1980). The data suggest a functional asymmetry after unilateral MCA-O. The latter finding, 

however, was not replicated by others. Andersen, Andersen, and Finger (1991), for example, found 

spontaneous activity to be in the normal range after occlusion of the right MCA. To clarify whether left 

MCA-O does affect spontaneous activity, motility should be assessed earlier after the operation, 

because Robinson and Coyle (1980) found that spontaneous activity returned to normal levels in the 

rats with right MCA-O within about three to four weeks of the operation. 

Some of the tests might not have been sensitive enough to detect the disruptive effects of the 

unilateral occlusion of the MCA on behavioral parameters. However, the genotype used might have 

been part of this problem. The WKY rats appeared to be extremely inactive on the square bridge and 

on the grid, so that reliable scoring of effects was not possible. Previously, we had observed low 

activity levels of WKY rats in the open field and in a light-dark preference test, when compared to 

seven other rat strains (van der Staay, Kerbusch & Raaijmakers, 1990). Thus, the WKY strain appears 

to be less suited to study the behavioral consequences of MCA-O. 

In our study, the unilateral MCA-O induced a stronger decrease in body weight than the sham 

operation did, corroborating data by Yamamoto and colleagues (1988). This result, however, contrasts 

with the findings of Barone and co-workers (1992), who reported that in, among others, the WKY strain 

MCA-O did not induce a greater weight loss than the sham operation did. The stronger decrease in 

body weight after MCA-O found in our study most likely is centrally mediated, as both the MCA-

occluded and the sham-operated rats underwent identical surgery, except for occlusion and removal of 

the occluded vessels. Thus, differences between the results of different studies may be related to the 

infarction size or site, and to the consequences of the infarction on feeding behavior. 

There was a complete recovery of function by the third test session, 37 days after surgery, except for 

the grasping reflex of the contralateral hindpaw, which was still slightly impaired. Markgraf and 

colleagues (1992), using a series of sensorimotor tests, also found complete recovery when they 
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compared the preoperative performance of MCA-occluded Sprague Dawley rats with their post-

occlusion performance. Similar observations were also reported by Yamamoto and coworkers (1988) 

with respect to sensorimotor disturbances in MCA-occluded Wistar rats, whereas learning of a passive 

avoidance task was impaired, even 16 weeks after occlusion. Spontaneous and dramatic recovery has 

also been observed in patients after acute ischemic stroke (Biller et al., 1990). This supports the notion 

that MCA-O in rodents possesses face validity. 

It would be of interest, using this ischemia model and these tests, but a different rat strain, to compare 

the speed of recovery of function in rats treated with substances that might reduce the infarction 

volume with that of rats which did not receive treatment after surgery. 
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4.2 
Sensorimotor impairments in rats with 
cerebral infarction, induced by unilateral 
occlusion of the MCA: strain differences and 
effects of the occlusion site* 
 

 

Abstract 

Enormous differences exist between rat strains with respect to the infarct volume induced by unilateral 

middle cerebral artery (MCA) occlusion. We performed three experiments to address the following 

questions: first, whether the pattern of MCA-occlusion (MCA-O) induced sensorimotor impairments in 

rats are strain dependent; secondly, whether proximal (i.e. close to its origin) and distal occlusions 

(above the lenticulostriate branch) of the MCA affect infarct volume and the behavioral impairments to 

a different extent; and thirdly, whether there is a relationship between the infarct volume and behavioral 

deficits. 

We found that the pattern of sensorimotor malfunctions induced by proximal unilateral MCA-O were 

highly strain dependent. Of the eight strains tested, Winkelmann Wistar rats, spontaneously 

hypertensive stroke-prone rats, and Wistar Kyoto rats were most severely affected. By contrast, Brown 

Norway rats showed only mild behavioral deficits after the MCA-O. The second experiment confirmed 

that proximal occlusions induced slightly more behavioral malfunctions than distal occlusions did. 

Histological evaluation of the brain damage caused by proximal and distal MCA-O, confirmed that 

distal MCA-O damaged nearly exclusively cortical areas, and spared the caudate/putamen. An 

exploratory analysis of the relationship between infarct volume and behavioral deficits did not indicate 

that the severity of sensorimotor malfunctions can be predicted from the size of the infarct. 

 

 

Introduction 

Occlusions of the middle cerebral artery (MCA) in rats or mice provide an animal model to investigate 

the pathophysiology of the permanent focal cerebral ischemia (Welsh et al., 1987) to screen potentially 

neuroprotective substances (e.g. Obana, Pitts & Nishimura, 1988; Gotti et al., 1990; Hara et al., 1991; 

Yamamoto, et al, 1991; Park & Hall, 1994; Hunter, Green & Cross, 1995; Sauter & Rudin, 1995), or to 

assess ischemia-induced behavioral and neurological disturbances (e.g. Tamura et al., 1985; 

Bederson et al., 1986; Yamamoto et al., 1988; Markgraf et al., 1992; van der Staay, Augstein & 

Horváth, 1996a). The majority of studies on the effects of MCA-occlusions (MCA-O) have been 

performed with rats. Enormous differences with respect to the infarct volume (e.g. Duverger, Lecoffre 

                                                           
* This chapter is based on the publication: van der Staay, F.J., Augstein, K.-H., & Horváth, E. (1996b). 
Sensorimotor impairments in rats with cerebral infarction, induced by unilateral occlusion of the left middle 
cerebral artery: strain differences and effects of the occlusion site. Brain Research, 735, 271-284. 
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& MacKenzie, 1985) and to the behavioral deficits induced by MCA-O have been reported, depending, 

among other factors, upon the strains involved (e.g. Barone et al., 1992; Oliff et al., 1995a,b; Sauter & 

Rudin, 1995), the operation technique used (e.g. Shigeno et al., 1985; Shirashi & Simon, 1989), the 

anatomical location of the occlusion (Shigeno et al., 1985; Bederson et al., 1986), the survival time of 

the animals (e.g. Persson et al., 1989), and even the housing conditions of the animals (Ohlsson & 

Johansson, 1995).  

In the present study, we performed three experiments to assess strain differences and the effects of 

the occlusion site on MCA-O induced behavioral deficits. To this end we used a battery of simple 

sensorimotor tests which included assessment of grasping reflex, walking initiation, circling behavior, 

C-shaped lateral bending of the body, forelimb and hindlimb flexion, latency to retract the fore- and 

hindpaws from a paw test apparatus, and corneal reflex. These simple tests were selected because we 

had previously found that they are sensitive to sensorimotor deficits induced by unilateral MCA-O in 

Wistar Kyoto (WKY) rats (van der Staay, Augstein & Horváth, 1996a; see Chapter 4.1). 

In the first experiment, we studied the effects of unilateral MCA-O on sensorimotor functions in eight 

different rat strains [male Brown Norway (BN), Fischer 344 (F344), Long Evans (LE), Lewis (LEW), 

Sprague Dawley (SD), Spontaneous Hypertensive Stroke-Prone (SHR-SP), Wistar (WISW), and 

WKY], by comparing their pre-occlusion behavioral scores with those two days after surgery. The SD, 

F344, SHR and WKY rat strains are frequently used ones in studies on behavioral effects of MCA-O. 

Rat strains differ with respect to the cerebrovascular anatomy: the degree of branching of the MCA 

(e.g. Shiino, 1989), the diameter and distribution of cerebral vessels (e.g. Nordborg & Johansson, 

1980), and of the collateral supplier system. As a consequence, the extension and area of infarction 

would be expected to differ between strains. Duverger and MacKenzie (1988), Oliff and co-workers 

(1995a,b), and Sauter and Rudin (1995), for example, found that the infarct volume strongly differed 

between rat strains, and between different lines of the same strain from different suppliers (Oliff et al., 

1995a,b). Niiro and co-workers (1996) even reported a considerable degree of variablitiy in the 

branching patterns of the MCA within a rat strain. Differences in braching patterns are expected to 

affect the size of the infarcted area after MCA-O. As chronic hypertension aggravates the histological 

damage induced by MCA-O, the infarcts of the SHR-SP rats are bigger than those of their 

normotensive controls, the Wistar Kyoto rats (Duverger & MacKenzie, 1988; Sauter & Rudin, 1995). 

We expected that the MCA-O would affect the behavior of strains differently. 

In the second experiment, we compared the effects of proximal and distal MCA-O in the LE, LEW and 

SHR-SP rat strains. We expected that the distal occlusion would produce smaller infarcts that would 

eventually affect only cortical, but not subcortical (striatal) areas (Shigeno et al., 1985). Therefore, we 

expected that sensorimotor dysfunctions would be less severe in the rats that had undergone distal 

MCA-O (Bederson et al., 1986). 

In the third experiment, we determined whether there is a relationship between behavioral deficits and 

volume of the cortical infarct, using the eight rat strains tested in the first experiment. Reports on this 

relationship are inconclusive. Bederson and co-workers (1986), Markgraf and co-workers (1992), and 

Rogers and colleagues (1997) for example, found that the infarct size and the severity of behavioral 

deficits were related in rats with proximal MCA-O. These results, however, contrast with those reported 

by Duverger, Lecoffre & MacKenzie, (1985) and by Wahl and co-workers (1992), who did not find such 

a correlation. We estimated the relationship between the severity of behavioral impairments based on 

ranks of severity of MCA-O induced deficits over strains (from the first experiment) and estimates of 
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the cortical infarct volumes from additional rats of the same strains that had undergone proximal 

MCA-O. 

 

 

First experiment: effects of proximal unilateral MCA-O in eight strains of 
rats 

Material and Methods 

Subjects 

Male Brown Norway (BN) rats (University of Limburg, Maastricht, The Netherlands), Fischer 344 

(F344) rats [CDF(F-344)/CrlBR; Charles River WIGA AG, Sulzfeld, Germany], Long Evans (LE) rats 

(LE/Mol; Møllegaard APS, LI. Skensved, Denmark), Lewis (LEW) rats (LEW/Mol; Møllegaard APS, LI. 

Skensved, Denmark), and Sprague Dawley (SD) rats (Mol:SPRD; Møllegaard APS, LI. Skensved, 

Denmark), Spontaneous Hypertensive Stroke-Prone (SHR-SP) rats (BAYER AG, Bayer Research 

Center, Wuppertal, Germany; SP-strain derived from the SHR-Okamoto strain), Wistar (WISW) rats 

[BOR:WISW SPF(Cpb), Winkelmann, Borchen, Germany; recently, this strain has been renamed 

HsdCpb:Wu], and Wistar Kyoto (WKY) rats (WKY/Mol; Møllegaard APS, LI. Skensved, Denmark) were 

used. The animals were housed four to six in standard Makrolon® type IV cages under an artificial 12 

hour light/12 hour dark regimen (lights on from 7:00 to 19:00) in a temperature (ca. 21.5°C ± 0.5°C)- 

and humidity (50%)-controlled animal room. Water and food were available ad libitum. Before testing, 

the animals were transferred to the experimental room where they were housed throughout the entire 

testing period. Housing conditions were similar to those in the animal room. 

Unilateral middle cerebral artery occlusion (MCA-O) 

Under general anesthesia (chloral hydrate, Fluka Chemie AG, Buchs, Switzerland; 400 mg/kg i.p.) the 

MCA of 10 rats per strain was occluded unilaterally according to the standard surgical procedure 

described by Bederson et al. (1986) with minor modifications. The left temporo-parietal region of the 

head was shaved and the skin was disinfected and opened between the orbit and the external ear 

canal. After a midline incision was made, the temporal muscle was divided and pulled aside with 

surgical hooks to free the lateral aspect of the skull. The facial nerve, major facial arteries and veins, 

the lateral eye muscle, the intra- and extraorbital lacrimal glands, and the zygomatic bone were left 

intact. Under a surgical microscope a small burr hole was drilled directly under the zygomatic arc, 1-2 

mm rostrally to its caudal origin. After careful opening of the dura, the exposed MCA and its branches 

were permanently occluded between the olfactory tract and the inferior cerebral vein by micro bipolar 

electro-coagulation (Bipolator 50, Fischer MET GmbH, Freiburg, Germany). To avoid recanalization, 

the occluded vessels were removed. The operation area was covered with a small piece of sterile 

absorbable gelatine sponge (Marbagelan®, Behringwerke AG, Marburg, Germany). Muscle and skin 

wounds were closed with tissue glue (Histoacryl®, B. Braun Melsungen AG, Melsungen, Germany). As 

it has been reported that hypothermia might be neuroprotective in animal models of ischemia (Green et 

al., 1992; Hunter, Green & Cross, 1995; Barone, Feuerstein & Withe, 1997; Corbett, Nurse & 

Colbourne, 1997) and cortical impact injury (Dixon et al., 1998), the body temperature was monitored 

during surgery and was maintained between 36.5 and 37.5°C by using a heating pad. The animals 

recovered from anesthesia, lying on a heating pad and covered with some layers of tissue. In earlier, 

unpublished experiments we had monitored both rectal temperature and subdural temperature and 
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found that brain hypothermia did not occur when the body temperature was maintained in this range. 

After recovery from anesthesia, the rats were returned to their home cage. 

Behavioral tests 

One to 5 days before MCA-O and precisely 2 days thereafter, the behavioral state of the animals was 

evaluated. Effects of the MCA-O were assessed by measurement of body weight and by rating the 

severity of deficits in a series of simple behavioral tests (grasping reflex, walking initiation, circling 

behavior, C-shaped lateral bending of the body, forelimb and hindlimb flexion, paw test, and corneal 

reflex). At least 1 hour before behavioral testing started, the rats were transported from the animal 

vivarium to the testing room. The entire battery of tests was administered three times in close 

succession under normal illumination between 9:00 and 12:00 a.m. 

Vocalization, urination, defecation: for each test battery series, whether a rat vocalized, urinated, or 

defecated was registered separately. When a rat vocalized, urinated or defecated at least once during 

at least one series of tests, a score of 1 was given; otherwise, the score zero was given. 

Grasping with hindpaws: the rat was held in one hand, with thumb and index finger around the chest, 

immediately under the forelegs. Then, the experimenter gently touched the soles of the hindpaw with 

the index finger of the other hand, first on the side ipsilateral to the MCA-O, then on the contralateral 

side. Grasping was scored as zero (no behavioral abnormality on this test). When the rat failed to 

grasp, the score was 1. Scores were given separately for the ipsi- and contralateral side. 

Walking initiation and circling: this task was adapted from Whishaw, O'Connor, and Dunnett (1985). 

The rat was placed on a horizontal platform into the center of two concentric circles with diameters of 

20 cm and 60 cm. The latency to initiate walking, defined as a forward movement of one body length or 

an at least 180° turn of the body, was registered. In addition, the latency to move out of the inner and 

outer circles with all four legs was scored. The observation was terminated as soon as the rat left the 

outer circle, or when 60 seconds had elapsed, whichever event occurred first. We also counted the 

number of ipsilateral and contralateral 180° turns of the body. 

C-shaped lateral bending of the body: the rat was gently lifted by its tail and was held about 15 cm 

above the table surface. We observed whether the animal showed C-shaped bending of the body to 

the ipsilateral side and whether it showed fore- and hind-limb flexion (see below). The absence of C-

shaped bending was scored as zero, a score of 1 was given when this impairment was slightly present, 

whereas severe C-shaped bending of the body was scored as 2. Wahl and co-workers (1992) 

observed similar abnormal postures in MCA-occluded rats, which they called thorax twisting, whereas 

Barth and Schallert (1987) observed a similar abnormality in superior colliculus and in lateral 

hypothalamus-lesioned rats in their hang-tail test. They called this postural abnormality trunk flexion. 

Forelimb and hindlimb flexion: at the same time we observed whether the animal showed fore- and 

hindlimb flexion (called forelimb and hindlimb clasping, respectively, by Bederson et al., 1986; Obana, 

Pitts & Nishimura, 1988; Whishaw, O’Connor & Dunnett, 1985). The absence of forelimb flexion was 

scored as zero (i.e. the rat extended its forelimbs toward the table and thus showed no behavioral 

abnormalities on this test). The presence of forelimb flexion was scored as 1. The same scoring 

procedure was applied to assess ischemia-induced hindlimb flexion. The absence of hindlimb flexion 

was scored as zero (i.e. the rat stretched its hindlimb caudally, parallel to its body), its presence was 

scored as 1. Scores of zero thus indicate that the rat showed no behavioral abnormalities. 
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Corneal reflex: to measure the corneal reflex, a rat was held in one hand, with thumb and index finger 

around the chest, immediately behind the forelimbs. Then, a nylon thread (length 50 mm, diameter 

0.35 mm) was gently passed across the cornea. Care was taken to avoid touching the eyelids. 

Paw test: this test was originally designed to evaluate the cataleptic effect of neuroleptic drugs. The 

procedure described by Ellenbroek et al. was followed (Ellenbroek et al., 1987; Vrijmoed-de Vries, 

Tönissen & Cools, 1987; Ellenbroek & Cools, 1988). In short, the test apparatus consists of a frame 

made of polyvinyl chloride (PVC) in which two holes for the forelimbs and two holes for the hindlimbs 

were drilled. In addition, there was a V-shaped opening for the tail. The rat was held in one hand, with 

thumb and index-finger around the chest, immediately under the forelegs. First, its hindlimbs and then 

its forelimbs were placed into the holes of the test apparatus. The rat was then released, and the 

latency (in s) to retract the fore- and hind-limbs contralateral to the MCA-O from the holes was 

registered. 

Feeding behavior: the rat was given a few sunflower seeds, a favorite food, in its home cage, and 

feeding behavior was observed for 1 minute (Brito & Brito, 1990). No behavioral abnormalities were 

apparent (score zero) when a rat held a sunflower seed with both forepaws. If a rat used only the 

ipsilateral forepaw, 1 was scored. A 2 was scored when a rat appeared to be unable to pick up a seed 

with its paw(s), i.e. whenever it tried to pick up a sunflower seed with its mouth without using its paw(s). 

This test was given only once at the end of a testing session, i.e. when the three series of tests had 

been completed. 

Statistical evaluation 

For each test separately, the sum of scores over the three passages through the battery of tests within 

a session was determined and analyzed. In all tests based on ratings, the absence of behavioral 

abnormalities was scored as zero. Thus, the higher the scores were, the more pronounced were the 

behavioral problems. The maximum value in the tests based on ratings was 3, indicating severest 

behavioral impairments, except for ‘C-shaped lateral bending of the body’, where the severest 

deficiency was scored as 6. The scores for the behavioral tests were analyzed by a two-way analysis of 

variance (ANOVA) with the factors Strain and the repeated measures factor Testing session (behavior 

before versus after the MCA-O). 

For the measures representing ratings, we assessed the effects of the occlusion by using the 

difference scores between the raw pre- and post-occlusion measurements, which were analyzed by 

nonparametric Kruskal-Wallis analysis. The parametric ANOVAs and the non-parametric Kruskal-

Wallis analyses yielded highly similar results. Therefore, only the results of ANOVAs will be reported. In 

addition, t-statistics were used to test the hypothesis that the difference scores (post-occlusion session 

minus pre-occlusion session) of particular strains deviated from zero, i.e. whether the occlusion 

affected the measure under consideration. 

Rank correlations across strains: it is conceivable that within a particular test the variables measured 

are correlated. In particular, the three measures of walking initiation, i.e. latency to move one body 

length, latency to leave the inner and outer circles might be correlated. The same might be true for the 

two measures fore- and hindlimb flexion, and for the two measures latency to retract the fore- and 

hindleg contralateral to the MCA-O from the holes of the paw test apparatus. We assessed this by 

using the Kendall rank correlation coefficient τ on the ranked strain means. When behavioral measures 

are correlated, they probably provide a measure for the same underlying trait or characteristic (Walsh 

& Cummins, 1976). 
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Results 

During the pre- as well as the post-occlusion testing session there were strain differences for all 

variables measured, except vocalization and contralateral corneal reflex. Here, only the repeated 

measures analyses (or alternatively, the analyses on the difference scores) with respect to effects of 

the Testing session and to Testing session by Strain interactions will be considered and discussed. It 

should be remembered that effects of Testing session cannot be detected if ranked scores are 

considered. The difference scores for raw data (post-occlusion minus pre-occlusion scores) provide 

the best estimate for general effects of the factor Testing session. 

Body weight and physical condition 

After MCA-O, the body weight of rats of the eight strains decreased (Testing session: F1,72 = 1279.64, 

p < 0.01) to a similar extent (Testing session by Strain interaction: F7,72 = 1.74, n.s.). The general 

physical condition 2 days after surgery was reasonable. Physical examination revealed that the wounds 

were properly closed. 

Emotionality-related measures 

Vocalization, urination, defecation: neither vocalization, nor defecation or urination were affected by the 

MCA-O. It should be noted, however, that t-tests on the difference scores per strain revealed that 

defecation scores decreased for the LE, LEW, and WKY strains (see Table 1). 

Behavioral deficits 

Grasping with hindpaws (Fig. 1, 1st row, left panel): the MCA-O reduced or abolished the grasping 

reflex of the contralateral hindpaw in all strains (see Table 1). The ipsilateral hindpaw, on the other 

hand, was differently affected by the occlusion in the eight strains (Difference scores for Strain: F7,72 = 

6.55, p < 0.01). This reflex was disturbed in the SHR-SP and WISW rats, whereas there were no 

statistically reliable differences between the pre- and post-occlusion testing sessions in the other six 

strains (see Table 1). 

Walking initiation: the latency to move one body length (Fig. 1, 1st row, center panel) increased after 

MCA-O (Testing session: F1,72 = 39.16, p < 0.01), but differently in individual rat strains (Testing 

session by Strain interaction: F7,72 = 13.38, p < 0.01). There was a statistically reliable increase in the 

latency to move one body length in the F344, SHR-SP and WISW rats only. 

The same was true for the latency to leave the inner and latency of leave the outer circle (inner circle, 

Testing session: F1,72 = 67.51, p < 0.01; Testing session by Strain interaction: F7,72 = 5.86, p < 0.01, 

see Fig. 1, 1st row, right panel; outer circle, Testing session: F1,72 = 51.32, p < 0.01; Testing session by 

Strain interaction: F7,72 = 5.43, p < 0.01, see Fig. 1, 2nd row, left panel). 

Correlations: the three measures of walking initiation, i.e. latency to move one body length, latency to 

leave the inner and outer circles, were correlated across strains (Kendall rank correlation coefficient: τ 

= 0.89, p < 0.01). 

Circling behavior: although ipsi- and contralateral circling will be discussed separately, the results for 

ipsilateral circling should be considered in relation to the results for contralateral circling. 

Before MCA-O, the strains differed with respect to ipsilateral circling (Strains: F7,72 = 3.29, p < 0.01), 

with LE, SD, WISW and WKY rats, in particular, making few ipsilateral turns. After surgery, the number 

of ipsilateral turns decreased, whereas the number of contralateral turns increased (see below) 

(Testing session: F1,72 = 5.00, p < 0.05; Testing session by Strain interaction: F7,72 = 2.73, p < 0.05). 
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Figure 1. Behavioral effects of unilateral occlusion of the left proximal MCA in rats of eight different strains. The 
means and standard errors of the means for grasping reflex of the ipsi- and contralateral hindpaw (first row, left 
panel), latencies to move one body length (first row, center panel), latencies to leave inner circle (first row, right 
panel), latencies to leave outer circle (second row, left panel), contralateral circlings (second row, center panel), 
C-shaped bending of body (second row, right panel), flexion of the forelegs and hindlegs (3rd row, left panel), 
latencies to retract the contralateral foreleg (third row, center panel), and latencies to retract the contralateral 
hindleg from the paw test apparatus (third row, right panel) are depicted. 
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The Testing session by Strain interaction was most likely caused by the fact that after the occlusion 

rats of all strains except the BN rats reduced the number of ipsilateral circlings to near zero. 

Very few contralateral 180° turns (Fig. 1, 2nd row,  center panel) were made during the pre-occlusion 

testing session. The rat strains differed on this measure (Strain: F7,72 = 6.43, p < 0.01). Contralateral 

circling increased after surgery (Testing session: F1,72 = 54.43, p < 0.01), but to a different extent for 

the different strains (Testing session by Strain interaction: F7,72 = 3.48, p < 0.01). The increase was 

confirmed by t-test for the LE, SHR-SP, WKY and WISW rats (see Table 1). 

 

 

Table 1. t-values (df = 9) on difference scores (post-occlusion testing scores minus pre-occlusion testing scores) 
to evaluate the effects of unilateral MCA-O on body weight, vocalization, defecation, urination, and on a battery of 
behavioral tests in eight rat strains. All differences were calculated on raw data. Per rat strain we tested whether 
the difference scores deviated from zero (i.e. whether the MCA-O affected the measure under consideration). 
Note that for some measures statistically reliable differences were detected by the individual t-tests, despite the 
fact that ANOVAs did not indicate main effects of the factor Testing Session, or of interactions of this factor with 
the factor Strain. Therefore, the results from this table should not be interpreted without taking into consideration 
the outcomes of the appropriate ANOVAs. 
Abbreviations used: BN, Brown Norway; F344, Fischer-344; LE, Long Evans; LEW, Lewis; SD, Sprague Dawley; 
SHR-SP, Spontaneous Hypertensive Stroke-Prone; WISW, Wistar (Winkelmann); WKY, Wistar Kyoto 
+ p < 0.01; * p < 0.05 
 

  Rat strain  

Measure  BN F344 LE LEW SD SHR-SP WISW WKY 

1 Body weight 23.50+ 14.41+ 12.42+ 7.06+ 16.66+ 17.86+ 10.23+ 20.85+ 

Emotionality-related measures 

2 Vocalization - - - - - - - - 

3 Defecation - - -4.39+ -2.59+ - - - -2.69* 

4 Urination - - - - - -2.75* - - 

Behavioral deficits 

5 Ipsilateral grasping 3.67+ 3.36+ 7.32+ 3.00+ 3.79+ 4.58+ 10.85+ 4.58+ 

6 Contralateral grasping - - - - - 5.66+ 4.02+ - 

7 Latency to move one body length - 10.35+ - - - 3.00* 2.73* - 

8 Latency to leave inner circle - 14.96+ - - - 3.66+ 4.45+ - 

9 Latency to leave outer circle - 15.70+ - - 3.07* 3.94+ 3.92+ - 

10 Ipsilateral circling - -2.45* - - - - -2.33* -4.29+ 

11 Contralateral circling - - 5.78+ - - 2.76* 2.32* 2.94* 

12 C-shaped lateral bending of body - 3.14* 6.09+ 3.09* 3.16* 6.00+ 6.32+ 13.50+ 

13 Forelimb flexion - 8.13+ 3.74+ 2.71* 3.67+ 6.04+ 6.00+ 14.00+ 

14 Hindlimb flexion - 3.54+ 17.68 4.00+ 2.94* 9.30+ 3.67+ 29.00+ 

15 Ipsilateral corneal reflex - - - 7.32+ - - - - 

16 Contralateral corneal reflex - - - - - - - - 

17 Paw test: latency to retract forepaw 2.33* 2.93* - - 2.38* 2.28* 2.57* 5.18+ 

18 Paw test: latency to retract hindpaw 2.58* 4.27+ - - - - 3.20+ 4.50+ 
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C-shaped lateral bending of the body: before the MCA-O, rats did not show C-shaped lateral bending 

of the body (Fig. 1, 2nd row, right panel), but after MCA-O C-shaped bending of the body of differing 

severity was seen depending on the rat strain (Difference scores for Strain: F7,72 = 6.69, p < 0.01). BN 

rats appeared to be unaffected by the occlusion (see Table 1). 

Forelimb and hindlimb flexion: the MCA-O caused fore- and hindlimb flexion in all strains except the 

BN strain (Difference scores for Strain for forelimb flexion: F7,72 = 3.69, p < 0.01; for hindlimb flexion: 

F7,72 = 4.05, p < 0.01). Note that the pattern of behavioral deficits for these two variables was different 

over strains (Fig. 1, 3rd row, left panel). 

Correlation: the two measures fore- and hindlimb flexion were correlated across strains (Kendall rank 

correlation coefficient: τ = 0.69, p < 0.05). 

Corneal reflex: the MCA-O did not affect the corneal reflex of the contralateral eye, whereas it impaired 

the reflex of the ipsilateral eye of the LEW strain (Difference scores for Strain: F7,72 = 7.86, p < 0.01) 

(see Table 1). The ipsilateral eye of these animals was not as open as the contralateral eye. 

Time to retract the contralateral fore- and hindlimbs from the paw test apparatus: before occlusion, the 

rats retracted their forelimbs from the holes of the paw test apparatus as soon as they were released. 

After the occlusion, there were clear strain differences in the latency to retract the forelimb (Testing 

session by Strain interaction: F7,72 = 5.49, p < 0.01, Fig 1, 3rd row, center panel). In particular, the 

mean summed latency to retract the contralateral forelimb exceeded 30 seconds in the F344, WISW 

and WKY rats. No effects were seen in the LE and LEW rats. In the BN rats, the effect was small, but 

was confirmed statistically (see Table 1). 

The effects of the MCA-O on the time to retract the contralateral hindlimb (Fig. 1, 3rd row, right panel) 

were less severe than for the forelimbs. Again the effect was different over strains (Testing session by 

Strain interaction: F7,72 = 2.84, p < 0.05). The LE, LEW, SD, and SHR-SP rats appeared to be 

unaffected (see Table 1). 

Correlation: the two measures latency to retract the fore- and hind-limbs contralateral to the MCA-O 

from the holes of the paw test apparatus were correlated across strains (Kendall rank correlation 

coefficient: τ = 0.89, p < 0.01). 

Feeding behavior: before surgery, all rats picked up the sunflower seeds, and held them with both 

forepaws. After surgery, most of the rats either did not approach the food, or did not pick up the seeds. 

Therefore, reliable data could not be collected for this test, and further statistical evaluation was 

omitted. 

 

 

Second experiment: effects of proximal and distal unilateral MCA-O in LE, 
LEW, and SHR-SP rats 

Material and Methods 

Subjects 

Male LE, LEW, and SHR-SP rats were used. The suppliers were the same as in the first experiment. 

Housing conditions were same as described for the previous experiment. 
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Surgery 

Twenty rats per strain were randomly assigned to one of two conditions: ten animals received a 

unilateral MCA-O close to its origin (proximal occlusion: Shigeno et al., 1985; Shiraishi & Simon, 1989), 

and ten other rats received more distal occlusions (Bederson et al., 1986; Shigeno et al., 1985). The 

first and second experiment were run in parallel, the rats receiving the proximal occlusions were taken 

from the first experiment. 

Behavioral Tests 

The protocol for the behavioral tests was identical to that of the first experiment. A blind procedure was 

applied. The experimenter did not know which occlusion method had been applied in the individual 

animal. 

Statistical evaluation 

Scoring was as in the first experiment. These scores were analyzed by a two-way ANOVA with the 

factors Strain (LE, LEW, SHR-SP), Occlusion site (proximal versus distal occlusion) and the repeated 

measures factor Testing session (behavior before versus behavior after occlusion). 

For measures representing ratings, effects of the testing session (i.e. of the occlusion) were estimated 

by using difference scores between the raw pre- and post-occlusion measurements. These difference 

scores were evaluated statistically by an Occlusion site by Strain ANOVA. In addition, t-statistics were 

used to test the hypothesis that the difference scores (post-occlusion session minus pre-occlusion 

session) of particular Occlusion site by Strain groups deviated from zero. 

 

Results 

Strain differences were observed for all variables measured, except with respect to vocalization and to 

the contralateral corneal reflex, during the pre- as well as the post-occlusion testing session. Here, only 

measures are considered and discussed which showed a main effect of the factor Occlusion site or 

which were differentially affected by this factor (as indicated by Occlusion site by Strain and/or Testing 

session interactions). Effects of Testing session cannot be detected if ranked scores are considered. 

Instead, the difference scores on raw data (post-occlusion minus pre-occlusion scores) provide the 

best estimate for effects of the factor Testing session. 

Body weight and physical condition 

After surgery, the body weight in all Occlusion site by Strain groups decreased (Testing session: F1,52 = 

463.83, p < 0.01). The decrease was more pronounced in the rats with the proximal occlusion (Testing 

session by Occlusion site interaction: F1,52 = 66.40, p < 0.01). The general physical condition 2 days 

after surgery was reasonable. Physical examination revealed that the wounds were properly closed. 

Emotionality-related measures 

Vocalization, urination, defecation: neither vocalization, nor urination was affected by the MCA-O, 

irrespective of the occlusion sites. Defecation scores decreased after the two types of occlusion 

(Difference scores for Occlusion site: F1,52 = 4,94, p < 0.05), the reduction being greater in the rats that 

had undergone proximal occlusion (compare also Table 2). 
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Behavioral deficits 

Walking initiation: the latency to move one body length (Fig. 2, upper left panel) was different between 

strains (Testing session by Strain interaction: F2,52 = 13.60, p < 0.01), and differently affected by the 

occlusion site (Testing session by Occlusion site interaction: F1,52 = 9.02, p < 0.01). There appeared to 

be an increase particularly in the rats with distal occlusion. t-tests on difference scores (post-occlusion 

testing scores minus pre-occlusion testing scores), however, confirmed this increase for the SHR-SP 

rats only, irrespective of the occlusion site (see Table 2). In contrast, the latency to leave the inner and 

the latency to leave the outer circle were not differentially affected by the site of the occlusion. 

Circling behavior (Fig. 2, upper center panel): contralateral circling was slightly increased after 

proximal, but not after distal MCA-O (Testing session by Occlusion site interaction: F1,52 = 26.75, 

p < 0.01). This effect was different for the three rat strains, as indicated by a Testing session by Strain 

by Occlusion site interaction (F2,52 = 4.26, p < 0.05). Before MCA-O, LE rats already showed some 

contralateral circling (Strain by Occlusion site interaction during the pre-operation testing session: 

F2,52 = 6.56, p < 0.01), which became more pronounced after proximal MCA-O. 
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Figure 2. Behavioral effects of unilateral occlusion of the left proximal or distal MCA in rats of three different 
strains. The means and standard errors of the means for latencies to move one body length (upper left panel), 
contralateral circlings (upper center panel), C-shaped bending of body (upper right panel), flexion of the forelegs 
and hindlegs (lower left panel), latencies to retract the contralateral foreleg (lower center panel), and latencies to 
retract contralateral hindleg from the paw test apparatus (lower right panel) are depicted. 
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C-shaped lateral bending of the body: proximal and distal MCA-Os induced C-shaped bending of the 

body to a different degree (Difference scores for Occlusion site: F1,52 = 5.94, p < 0.05; Fig. 2, upper 

right panel); the proximal occlusion induced C-shaped bending more severe than the distal one did. 

Forelimb and hindlimb flexion: forelimb flexion was induced by both proximal and distal MCA-O, the 

flexion being more pronounced after proximal occlusion (Difference scores for Occlusion site: F1,52 = 

6.98, p < 0.05; Fig. 2, lower left panel). Hindlimb flexion was induced to a similar extent by proximal 

and distal MCA-O. 

 

 

Table 2. t-values on difference scores (post-occlusion testing scores minus pre-occlusion testing scores) to 
evaluate effects of unilateral MCA-O on body weight, vocalization, defecation, urination, and on a battery of 
behavioral tests in three rat strains. Rats had undergone either proximal or distal MCA-O. All differences were 
calculated on raw data. We tested whether the difference scores within Occlusion Site by Strain groups deviated 
from zero. 
Note that for some measures statistically reliable differences were detected by the individual t-tests, despite the 
fact that ANOVAs (see text) did not indicate main effects of the factor Testing Session, or of interactions of the 
factor Testing Session with the factors Occlusion Site and/or Strain. Therefore, the results from this table should 
not be interpreted without taking into consideration the outcomes of the appropriate ANOVAs. 
+: p < 0.01; *: p < 0.05 
 

  Rat strain 

 LE LEW SHR-SP LE LEW SHR-SP 

Measure      Proximal MCA-occlusion      Distal MCA- occlusion 

1 Body weight 12.42+ 7.06+ 17.86+ 6.73+ 5.80+ 10.66+ 

Emotionality-related measures 

2 Vocalization - - - - - - 

3 Defecation -4.39+ -2.59* - - - - 

4 Urination - - -2.75* - -2.71* - 

Behavioral deficits 

5 Ipsilateral grasping 7.32+ 3.00* 4.58+ 3.16* 4.15+ 2.29* 

6 Contralateral grasping - - 5.66+ - - 5.38+ 

7 Latency to move one body length - - 3.00* - 2.37* 4.72+ 

8 Latency to leave inner circle - - 3.66+ - - 5.07+ 

9 Latency to leave outer circle - - 3.94+ - - 4.87+ 

10 Ipsilateral circling - - - -2.96* - - 

11 Contralateral circling 5.78+ - 2.76* - - - 

12 C-shaped lateral bending of body 6.09+ 3.09* 6.00+ 3.65+ 2.37* 2.80* 

13 Forelimb flexion 3.74+ 2.71* 6.04+ - 2.33* 2.83* 

14 Hindlimb flexion 17.68+ 4.00+ 9.30+ 5.55+ 3.77+ 3.79+ 

15 Ipsilateral corneal reflex - 7.32+ - - 5.07+ - 

16 Contralateral corneal reflex - - - - - - 

17 Paw test: latency to retract forepaw  - - 2.28* - - 3.41+ 

18 Paw test: latency to retract hindpaw  - - - - -5.35+ - 
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Time to retract the contralateral fore- and hindlimb from the paw test apparatus: even before MCA-O, 

SHR-SP rats were slower to retract their forelimbs from the holes of the paw test apparatus than rats of 

the other two strains (Fig. 2, lower center panel) in the distal occlusion group (Occlusion site by Strain 

interaction: F2,52 = 3.45, p < 0.05). After surgery, the time to retract the contralateral foreleg increased 

most in the SHR-SP rats (see Table 2; Testing session by Strain interaction: F2,52 = 5.08, p < 0.05). 

The effects of the occlusions on the latency to retract the contralateral hindlimb (Fig. 2, lower right 

panel) were similar to those found for the contralateral forelimb. Again, the effect was most 

pronounced in rats with proximal occlusion (Testing session by Occlusion site interaction: F1,52 = 5.63, 

p < 0.05). Note that in the LEW rats with distal occlusion, the latency was reduced by the occlusion 

(see Table 2). 

Feeding behavior: reliable data could not be collected for this test (compare experiment I) and further 

statistical evaluation was omitted. 

 

 

Third experiment: strain differences in infarct volume after MCA-O and 
comparison of the effects of proximal and distal occlusions 

Because the survival times in the first two experiments were different (ranging from 0 to 28 days after 

behavioral testing), we could not compare infarct volumes between strains or between strain by 

occlusion site groups, as infarct volumes decrease non-linearly with longer survival time (unpublished 

observations; Persson et al., 1989). Therefore, additional rats underwent the same surgery, but their 

behavior was not assessed. These animals were killed 7 days after MCA-O to make sure that the 

determination of cortical and striatal infarct volumes were not biased by ischemia-induced early 

cerebral edema. The brains were processed histologically to determine infarct volumes in the cortex 

and the caudate/putamen. 

 

Material and Methods 

Subjects 

Male rats of the BN (n = 7), F344 (n = 5), LE (n = 6), LEW (n=6), SD (n = 6), SHR-SP (n= 6), WISW (n 

=7) and WKY (n = 5) strain were used. The rats received proximal MCA-O as described in the first 

experiment. In addition, male LE (n = 5), LEW (n = 7) and SHR-SP rats (n = 7) received distal 

occlusion of the MCA, as described in the second experiment. Suppliers were the same as in 

experiments 1 and 2. 

Histological evaluation of the brain damage caused by proximal and distal middle cerebral artery 

occlusion  

The rats were decapitated 7 days after MCA-O. Their brains were rapidly removed and cooled down 

(between -30° and -40°C) in n-methyl butane (E. Mer ck, Darmstadt, Germany). Serial coronal sections 

(20-µm thick) were cut throughout the infarct (standard distance of 500 µm) with a cryostat microtome 

(Microm Laborgeräte GmbH, Walldorf, and Reichert-Jung, Leica Vertrieb GmbH, Cologne, Germany). 

Slide-mounted tissue sections were stained with cresyl fast violet. The volume of the cortical and 

striatal infarct was determined with a computer-assisted image analysis system (Optimas, BioScan 

Inc., Edmonds, WA, USA). Infarct volumes are expressed in mm3 ± SEM. 



   178 

Statistical analysis 

A) Strain comparison: infarct volumes were analyzed by an analysis of variance with the factor Strain, 

followed by post-hoc Least Significant Difference (LSD) comparisons. 

B) Effects of proximal versus distal occlusions: an analysis of variance with the factors Strain and 

Occlusion site was performed. The analysis was supplemented with post-hoc LSD comparisons 

between the six Strain by Occlusion site groups. 

C) Exploratory analysis of the relationship between behavioral deficits and cortical infarct volume: we 

were interested in determining the relationship between the volume of the infarcted area and the 

occlusion-induced behavioral deficits. Unfortunately, behavioral data and data on the infarct volumes 

were not available from the same rats. However, all but the SD and WISW are inbred strains which 

means that the genotype in six of the eight strains is exactly specified. Consequently, the results from 

different studies in which the same genotypes are used can be readily compared (Russell & Gibson, 

1972). 

The sums of ranks of the different strains might provide the best estimate of the ‘true’ ranking of the 

effects of the unilateral MCA-O on behavioral measures. Two groups of measures can be 

distinguished: the first group (vocalization, defecation, urination) might be related to emotional 

reactivity. The second one might reflect behavioral impairments (see also Tables 1 and 2: measures 5 

to 18). For both clusters, the sums of ranks were determined per strain (from the second group of 

measures, however, measures 10, 15 and 16 were omitted, because they were not affected by the 

MCA-O). These sums were ranked over strains, and the relationship between the ranked infarct 

volumes and the ranked sums of ranks of the two clusters was determined separately by Kendalls rank 

correlation coefficient τ. 

 

Results 

Strain comparison: the infarct volumes in cortex and striatum of rats of the eight strains are shown in 

Figure 3, left panel. The cortical infarct volumes differed between strains (F7,41 = 27.31, p<0.01). Post 

hoc analysis confirmed that the infarct volumes were greatest in SHR-SP and LE rats, and smallest in 

WKY and LEW rats. No strain differences were found for the infarct volumes in the striatum (F7,41 = 

1.04, n.s.). 

Effects of proximal versus distal occlusions: the infarct volumes of the six Strain by Occlusion site 

groups are given in Figure 3, right panel. Strain differences for the cortical infarct volumes were 

confirmed (F2,31 = 124.49, p < 0.01). The proximal occlusions produced, on average, bigger infarcts 

than the distal occlusions did (F1,31 = 20.93, p < 0.01). There was, however, a Strain by Occlusion site 

interaction (F2,31 = 3.93, p < 0.05), indicating that the differences in infarct volume produced by the two 

occlusions were different in the three strains used. Post-hoc analysis confirmed that the proximal 

occlusion induced greater infarct volumes in the cortices of the SHR-SP rats only, whereas the 

infarctions produced by proximal and distal occlusions were similar in the LE and the LEW rats. 

The proximal MCA-O induced a bigger infarction in the caudate/putamen than the distal occlusion did 

(F1,31 = 49.03, p < 0.01). This effect was similar in the three rat strains, as neither strain differences 

(F2,31 = 1.26, n.s.) nor Strain by Occlusion site interactions (F2,31 = 1.47, n.s.) were found. 

Relationship between behavioral deficits and volume of the cortical infarct: the relationship between 

infarct volume and the index for emotional reactivity was τ = 0.357 (p-value for n = 8, estimated via Z-
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approximation of associated p-values: p > 0.1, n.s.). This lack of correlation might have been expected 

because the MCA-O did not affect emotionality related measures.  
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Figure 3. Cortical and striatal infarct volumes (mm3) of eight different rat strains (left panel) after proximal MCA-
O, and of three different rat strains after either unilateral proximal or distal MCA-O (right panel) are depicted as 
means and standard errors of the means (SEM). 

 

 

There was no relationship between cortical infarct volume and behavioral deficits (which was 

calculated from the ranked sum of ranks over measures 5 to 18; measures 10, 15 and 16 excluded; 

compare Tables 1 and 2; τ was 0.286, with p > 0.1, n.s.). From the ranked sum of ranks over 

measures 5 to 18 (measures 10, 15 and 16 excluded), we conclude that the effects induced by the 

MCA-O were most profound in the SHR-SP, the WISW and WKY rats, and least severe in the BN, SD 

and LEW rats. Different rank orders of the severity of impairments over strains, of course, might be 

found when other subsets of the measures are considered. 

 

 

Discussion 

Three experiments were performed to investigate: first, whether MCA-O has different effects on 

sensorimotor functions of different rat strains; secondly, whether proximal MCA-O produces more 

severe behavioral dysfunctions than distal occlusions; and thirdly, whether infarct volume and degree 

of behavioral impairments are related. 

MCA-O did not affect emotionality-related measures (i.e. vocalization, defecation, and urination). This 

result is consistent with the finding of Tominaga and Ohnishi (1989), who observed that the time spent 

on the light and dark sides of a two-compartment passive avoidance apparatus during a 3-minute 

adaptation period was not affected by MCA-O in SD rats. An increased or decreased amount of time 

spent in the dark compartment would have been an index of increased or decreased fear or 

emotionality (van der Staay, Kerbusch & Raaijmakers, 1990). 

Experiment 1 confirmed that the pattern of sensorimotor malfunctions induced by proximal unilateral 

MCA-O are highly strain dependent. MCA-O impaired performance in the tests grasping with 
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hindpaws, latency to move one body length (walking initiation), latency to leave the inner and outer 

circles, contralateral circling, C-shaped lateral bending of the body, fore- and hindlimb flexion, and the 

time to retract the contralateral fore- and hindlimbs from the paw test apparatus. Correlation analysis 

across strains confirmed that measures were related within particular tests. Since the three measures 

of walking initiation were highly correlated across strains, one might well dispense with two of them 

(Walsh & Cummins, 1976) and use only the first measure. The same holds true for the limb-flexion 

test, where measuring either fore- or hindlimb flexion would be sufficient, and for the paw test, where it 

would suffice to measure either the latency to retract the fore- or the hindpaw. 

Interestingly, the MCA-O affected grasping with hindpaws not only on the contralateral side, which was 

expected, but also at the ipsilateral side. This may be due to enlargement of the ipsilateral hemisphere 

by cytotoxic edema with a subsequent increase in intracerebral pressure (Persson et al., 1989) during 

the acute phase after infarction, i.e. the first days after MCA-O.  

The most severe impairments were seen in the WISW, SHR-SP, and WKY rats (generally considered 

as the normotensive control strain for the SHR and the SHR-SP strain). These three strains are 

Wistar-derived. By contrast, the BN rats showed only mild behavioral deficits after the MCA-O. 

Especially in the WKY strain, the severe disruption of behavior after MCA-O contrasts with the 

estimated infarct volume, which was relatively small in this strain (compare experiment 3). 

Strain differences in the cerebrovascular anatomy, for example the degree of branching of the MCA, 

the diameter and distribution of cerebral vessels and of the collateral supplier system, might explain the 

great variety of behavioral effects of MCA-O seen in the different strains. Breuer and Mayevsky (1992), 

for example, described differences between the vascular pattern in different lines of gerbils belonging 

to the species Meriones unguiculatus and Meriones tristrami. The anatomical patterns of blood vessel 

distribution in the brains of gerbils are genetically determined. Barone and colleagues (1993) found that 

the vascular anatomy at the level of the posterior communicating arteries differs in various mouse 

strains. They hypothesized that these differences are related to the sensitivity of mouse strains to 

cerebral ischemia. In rats, branching of the MCA of the Sprague Dawley strain was found to be 

different from that of the SHR strain (Shiino, 1989). Non-systematic observations in the rats strains 

used in the present study support the notion of pronounced strain differences in the branching of the 

MCA. 

Moreover, Coyle and Jokelainen (1982) described numerous inter-arterial anastomoses between the 

middle cerebral artery and the anterior cerebral artery (ACA) in Wistar rats. Comparing WKY and SHR 

rats, Coyle, Odenheimer, and Sing (1984) found fewer collateral vessels between the ACA and the 

MCA of SHR rats. In a study comparing inter-arterial anastomoses of Sprague Dawley rats and Wistar 

rats from Simonsen Laboratories, and of Sprague Dawley rats from Taconic Laboratories and Charles 

Rivers Laboratories, respectively, fewer anastomoses were found in the rat strains from Simonsen 

Laboratories than of the other two breeders (Oliff, Coyle & Weber, 1997). Although it is conceivable 

that anastomoses provide alternate routes of blood flow after MCA-O, Oliff, Coyle, and Weber (1997) 

did not find evidence for the notion that the patterning, or diameter of these inter-arterial connections 

account for differences in the lesion size between strains and lines of rats. To our knowledge, no 

information is available with respect to anastomoses between ACA and MCA in the other strains 

involved in our study. 

The second experiment confirmed that an MCA-O close to its origin under the lenticulostriate branch 

(proximal occlusion: Shigeno et al., 1985; Shiraishi & Simon, 1989) induces slightly more behavioral 

malfunctions, because of the partial infarction of the caudate/putamen, than a distal occlusion does 
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(Shigeno et al., 1985). Differential effects of the lesion site were seen in the tests latency to move one 

body length (walking initiation), circling behavior, C-shaped lateral bending of the body, fore- and 

hindlimb flexion, and time to retract the contralateral fore- and hindlimb from the paw test apparatus. 

 

 

Table 3. Infarcted cortical areas after proximal occlusion of the MCA in eight rat strains. The brains of the rats 
were removed and photographed before histological processing. The infarcted areas were determined by simple 
visual inspection of the brains after removal from the skull and by analyzing photographs. The approximate 
proportion of infarction per area is indicated. The estimations are based on the stereotaxic atlas of the rat brain 
by Paxinos and Watson (1986). 
Note, that the areas in which infarcts were found were extremely variable within the WISW strain. 
 

 Rat strain 

Cortical area  BN F344 LE LEW SD SHR-SP WISW WKY 

Agranular insular cortex, dorsal part <½ <¼ ½ ½ ½ ½ <½ <¼ 

Agranular insular cortex, posterior part ½ <½ ½ >½ 1  ½ ½ - 

Agranular insular cortex, ventral part 1 - ½ 1 1 ½ 1 1 

Forelimb area - - ½ - - ½ - - 

Frontal cortex, area 1, primary motor cort. - - ½ - - ½ - - 

Frontal cortex, area 3 - - 1 1 - 1 <¼ - 

Gustatory cortex 1 1 1 - 1 1 1 - 

Hindlimb area - - ½ - - ½ - - 

Lateral orbital area - - - - - - - 1 

Primary visual cortex, binocular part - - ½ - - ½ - - 

Primary visual cortex, monocular part - - ½ - - ½ - - 

Occipital cortex, area 2, lateral part - - ½ - - ½ <¼ - 

Occipital cortex, area 2, mediolateral part - - 1 - - 1 - - 

Occipital cortex, area 2, mediomedial part - - ½ - - ½ - - 

Primary somatosensory cortex <¼ <½ 1 ¼ ½ 1 ½ - 

Supplementary somatosensory cortex ½ 1 1 1 - 1 1 - 

Prepiriform cortex (primary olfactory) - - - - - - - >½ 

Perirhinal area - - ½ - - ½ - - 

Temporal cortex, area 1 - - 1 ½ ½ 1 1 - 

Temporal cortex, area 2 - - ½ - - ½ - - 

Temporal cortex, area 3 - - 1 ½ 1 1 ½ - 

Olfactory tubercle - - - - - - - <½ 

 

 

Histological evaluation of the brain damage caused by proximal and distal MCA-O confirmed that the 

damage after distal MCA-O nearly exclusively involved cortical areas, the caudate/putamen being 

spared (Shigeno et al., 1985; Bederson et al., 1986). By contrast, proximal occlusion also affected 

subcortical areas (i.e. the dorsolateral caudate/putamen) (Shigeno et al., 1985). In the cortex, only the 

SHR-SP rats showed larger infarcts after proximal compared with distal MCA-O. The occlusion site did 

not differentially affect the cortical infarct volumes in the LE and LEW rats. 
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The infarct volumes of SHR and WKY rats are well within the range reported by others (e.g. Benavides 

et al., 1990). However, in order to evaluate the relationship between infarct size and behavioral deficits, 

it is also necessary to know which cortical and subcortical areas are destroyed or affected by the MCA-

O. An attempt to classify the infarcted areas, based on the rat brain atlas by Paxinos and Watson 

(1986) of the eight rat strains, is summarized in Table 3. 

We analyzed the data of the third experiment by using ranked sum scores of ranks of the different 

neurological scores rather than the sum scores, as other authors have done, to assess the behavioral 

consequences of focal brain ischemia (e.g. Bederson et al., 1986; Wahl et al., 1992; Garcia et al., 

1995; Katsuta et al., 1995), because scoring was different between neurological tests. Our results did 

not support the notion that across strains infarct size is related to the behavioral consequence of the 

MCA-O. While correlation coefficients do not unravel causal relationships, if there are no reliable 

correlations between variables, then it is unlikely that the variables are related causally. Thus, our data 

suggest that sensorimotor malfunctions cannot be predicted from the infarct volume. However, there 

still may be a relationship between the size and location of the infarcted area and the degree and type 

of behavioral impairments within particular strains, as has been reported for Sprague-Dawley rats 

(Bederson et al., 1986; Obana, Pitts & Nishimura, 1988; Markgraf et al., 1992; Rogers et al., 1997; 

Lyden et al., 1997). Others, however, did not find this type of correlation when using this rat strain 

(Wahl et al., 1992). 

In conclusion, our results show that different rat strains are differently affected by MCA-O, that the 

occlusion site affects the infarct volume, and that there is no simple relationship between the volume of 

the infarct and the severity of behavioral malfunctions. Wistar-derived rat strains (WISW, WKY and 

SHR-SP) appear to develop more severe behavioral dysfunctions after MCA-O than other strains do. 
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4.3 
Unilateral middle cerebral artery occlusion 
does not affect water-escape behavior 
of CFW1 mice* 
 

 

Abstract 

Male CFW1 mice acquired the standard Morris water-escape task before half of the animals received 

an unilateral occlusion of the middle cerebral artery (MCA). Retention was then measured in one 

session. In addition, the mice acquired a new platform position during daily training sessions on four 

consecutive days. In a second experiment, naive male CFW1 mice acquired the water-escape task 

after surgery. At the end of the fifth session, a probe trial was given. In both experiments the control 

group consisted of mice that had been sham-operated: their MCA was exposed surgically, but was left 

intact. Even though the MCA-occlusion-induced infarcts in the CFW1 mice covered the cranial part of 

the dorsomedial cortex (destroying substantial areas of the primary somato-sensory cortex and smaller 

parts of the primary motor cortex) and part of the striatum, disabling behavioral impairments in the 

Morris water-escape task were not observed. Surgery per se, however, seemingly had disruptive 

effects on water-escape behavior. 

 

 

Introduction  

A widely used method to induce stroke in rodents consists of transient or permanent occlusion of the 

middle cerebral artery (MCA) (Rogers et al., 1997). These rodent models of stroke are considered to 

be of particular relevance with respect to human stroke (Katsuta et al., 1995). The permanent MCA 

occlusion (MCA-O) results in a consistent focal cerebral infarct (Tamura et al., 1985), which has been 

reported to cause neurological dysfunctions (e.g. Bederson et al., 1986; Wahl et al., 1992; Rogers et 

al., 1997), and deficits in learning and memory, assessed in, for example, inhibitory or passive 

avoidance tasks (e.g. Tamura et al., 1985; Yamamoto et al., 1991; Hirakawa et al., 1994) and in spatial 

discrimination tasks (e.g. Markgraf et al., 1992; Okada et al., 1995a,b; Kumon et al., 1996; Smith et al., 

1996). However, the effects of MCA-O on cognitive functioning have not yet been reported for mice. 

Using CFW1-mice, we have observed that MCA-O has no apparent effect on the behavior of mice in 

the home-cage. Within a few hours after surgery the mice were able to resume their normal eating 

pattern, to move around and to climb without any visible deficits. Because of the apparent normality of 

sensorimotor functions seen after MCA-O, we performed two experiments to assess whether 

occlusions affect performance in a complex learning and memory task. 

                                                           
* This chapter is based on the publication: van der Staay, F.J., Stollenwerk, A., Horváth, E. & Schuurman, T. 
(1992). Unilateral middle cerebral artery occlusion does not affect water-escape behavior of CFW1 mice. 
Neuroscience Research Communications, 11(1), 11-18. 
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The water-escape task in a circular pool was used (Morris, 1984). This task assesses spatial learning 

and memory and is sensitive to the effects of naturally occurring and experimentally induced 

impairments in brain functions in rodents. The standard Morris water-maze task measures 

predominantly spatial reference memory (RM; Mundy, Barone & Tilson, 1990). The reference memory 

holds trial-independent information (Barnes, 1988b) about, for example, the position of the escape 

platform in the water tank, which the animal is required to learn. The task cannot be solved by using 

olfactory, visual or kinesthetic cues (Hagan et al., 1983). In addition, the task is acquired relatively 

rapidly and there is no need to apply deprivation procedures (Lamberty & Gower, 1991a). 

The Morris maze has been used with rats to assess, for example, impairments due to normal aging 

(e.g. Aitken & Meaney, 1989; see also Chapter 2), hippocampal lesions (Whishaw, 1987), fimbria-

fornix lesions (Spruijt et al., 1990) nucleus basalis magnocellularis (nbm) lesions (Mundy, Barone & 

Tilson, 1990), ablations of the frontal (Fantie & Kolb, 1990; Kolb, Sutherland & Whishaw, 1983), or 

parietal cortex (DiMattia & Kesner, 1988; Kolb & Walkey, 1987), complete hemidecortication (Kolb & 

Tomie, 1988), and permanent MCA-O (Okada et al., 1995a,b; Smith et al., 1996). 

Compared with the enormous number of Morris water escape studies with rats as subjects, few studies 

have been performed using mice (e.g. Denenberg et al., 1991; Lamberty & Gower, 1991a). Wehner, 

Sleigh, and Upchurch (1990), using DBA and C57Bl mice and 11 recombinant inbred strains derived 

from these two parental lines, found extreme differences in the capability of the strains to acquire the 

spatial Morris maze problem. The question addressed in the first experiment was therefore whether 

CFW1 mice are able to learn to escape onto an invisible platform in the place version of the water-

escape task (Morris, 1984). We then investigated whether unilateral occlusion of the MCA affects the 

retention of the water-escape behavior that had been acquired before surgery. In addition, the 

acquisition of a new position of the escape platform (reversal learning) after MCA-O was assessed. In 

a second experiment, we studied the effects of MCA-O on the acquisition of the water-escape task in 

naive mice.  

 

 

First experiment: effects of MCA-O on the retention and reversal of a 
water escape task in CFW1 mice 

Material and Methods 

Animals 

Twenty male CFW1 mice, weighing 34.7 ± 0.5 grams (mean ± SEM), were supplied by Winkelmann 

(Borchen, Germany). The animals were housed in groups of ten in standard Makrolon type III cages. 

They were kept under an artificial 12 hour light/12 hour dark regimen (lights on from 7:00 to 19:00) in a 

temperature (ca. 21.5°C) and humidity (50%) control led animal room. Water and food were available 

ad libitum. Before testing, the animals were transferred to the experimental room where they were 

housed throughout the entire testing period. Housing conditions were similar to those in the animal 

room. 
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Surgery 

Surgery was performed according to Welsh et al. (1987) with minor modifications. Briefly, mice were 

anesthetized with chloral hydrate (400 mg/kg i.p.). During surgery body temperature was monitored 

and maintained between 37°C and 38°C with a warming  pad. On the left side of the head the skin was 

opened vertically between the orbit and the external ear canal. The dorsal and caudal margins of the 

temporalis muscle were detached with scissors and partially removed. The remaining part was folded 

forwards so that the upper lateral aspect of the skull became visible. The facial nerve, the eye muscles, 

and the zygomatic bone were left intact. The MCA was exposed under an operating microscope. After 

the dura had been opened, the MCA and its branches were occluded by microbipolar 

electrocoagulation, followed by the removal of the occluded vessels. In sham-operated mice the MCA 

was exposed, but not occluded. The temporalis muscle and the skin were closed with tissue glue 

(Histoacryl, Braun-Melsungen, Melsungen, FRG) and the wound was treated with bacteriostatic 

powder (Marfanil/Prontalbin, Bayer, Leverkusen, FRG). After recovery from anesthesia mice were 

returned to their home cage. 

Apparatus 

The water tank consisted of a circular gray tub (diameter 77 cm; depth 27 cm) filled with water (22°C)  

to a depth of 16.5 cm. The escape platform was a solid gray cylinder (diameter 8 cm) submerged 1.0 

cm below the surface of the water. The water was made opaque, by adding milk powder, so that the 

mice could not locate the submerged platform by visual cues. The water tank was situated in a room 

illuminated by white fluorescent strip lights and by daylight through a window. Abundant extra-maze 

cues were provided by normal laboratory facilities, including desks, computer equipment, a second 

water tank, the presence of the experimenter, and by a radio on a shelf that was playing softly, 

providing background noise. 

Behavioral testing 

Acquisition of the water-escape task: training consisted of releasing the mouse, facing the wall of the 

tank, in one of four start locations (north, east, south, or west). Each start position was used once in a 

series of four trials; the order was determined at random for every subject. The position of the platform 

(quadrant west) was held constant throughout the acquisition phase. A mouse that escaped onto a 

platform was allowed to stay there for 10 seconds, before the next trial started. If a mouse failed to 

escape onto the platform within 60 seconds, it was put onto the platform by the experimenter and was 

allowed to stay there for 10 seconds. The next trial was then started. 

The mice received eight trials in close succession per day (massed trials). They were run on this 

schedule for eight days (to a total of 64 acquisition trials). All testing was done between 9:00 and 

14:00. The mice were matched on their mean escape latencies during the last four trials of the eighth 

acquisition session, and one of the animals from each matched pair was randomly chosen to receive 

unilateral occlusions of the MCA (MCA-group). The other animal underwent sham-surgery (sham-

group). The sham-group consisted of 8 animals; the MCA-group consisted of 9 animals. 

Retention after MCA-O: all mice were allowed to recover from surgery for two days. Then retention of 

the water-escape behavior was assessed with eight massed trials during one session. 

Reversal learning after MCA-O: the procedure was identical to that followed during acquisition and 

retention sessions. The escape platform, however, was moved from the west quadrant to the east 

quadrant. Starting on the day after retention testing, the mice were trained to escape onto the invisible 

escape platform with eight massed trials on each of four consecutive days. 
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Histological verification 

The mice were decapitated seven days after MCA-O. The brains were rapidly removed and frozen in n-

methylbutane at -40°C. Coronal sections (20-µm thic k) were cut through the infarcted area with a 

standard distance of 300-µm with a cryostat microtome (Leitz, Wetzlar, FRG). Slide-mounted tissue 

sections were stained with cresyl fast violet. Cortical and striatal infarct volume was determined with a 

computer-assisted analyst system (Optimas, BioScan Inc., Edmonds, WA, USA).  

Statistical analysis 

The development of the body weights after surgery were evaluated by an analysis of variance 

(ANOVA) with the repeated measures factor Days after surgery (day zero, i.e day of operation, and 

days 4 and 7 after operation), and the factor Occlusion (sham occlusion vs. MCA-O). 

For each mouse and each session of eight trials, the latencies to escape onto the platform and the 

number of quadrant entries were averaged (Lalonde & Joyal, 1991). These data were used for 

statistical evaluation. Analyses were performed separately for the eight acquisition sessions, the 

retention session, and the four reversal sessions. 

The rate of acquisition was analyzed by a repeated measures ANOVA over the eight acquisition 

sessions. The effects of occlusion on retention performance were analyzed by an Occlusion (sham 

occlusion vs. MCA-O) by repeated-measures factor Sessions (pre-surgery matching session vs. first 

session after surgery) ANOVA. 

The effects of the occlusion on switching to the reversal problem were evaluated by an Occlusion by 

Sessions (retention session vs. first session of reversal learning) ANOVA, with repeated measures on 

the factor Sessions. 

Finally, differences between occlusion groups on the rate of acquisition of the reversal problem were 

evaluated by an Occlusion by Sessions (first to fourth session of reversal learning) ANOVA. Again, 

Sessions was considered as a repeated measures factor. Differences between sham-occluded and 

MCA-occluded rats during all phases of the experiment were evaluated per session by t-statistics. 

 

Results 

Histology 

In most animals the infarct involved the cranial part of the dorsomedial cortex (including substantial 

areas of the primary somatosensory cortex and smaller parts of the primary motor cortex), and part of 

the caudate/putamen. In comparison with animals that were sacrificed two days after occlusion, the 

infarct area was smaller after seven days (unpublished observations) because of shrinkage of 

revascularized necrotic tissue infiltrated by glia. This precluded reliable determination of the infarct 

volume in the present study. An estimate for the acute effects of the occlusion might be derived from 

data of mice that underwent the same surgical procedure, but which were sacrificed two days after the 

MCA-O (n = 71). Their average infarct volume (± SEM) was 29.7 mm3 (± 1.6). Occlusion of the MCA 

never damaged the hippocampus, a structure critically involved in spatial discrimination learning. 

Five of the twenty mice did not complete all phases of the experiment and consequently were not 

included in the statistical analyses. One mouse was not able to swim long enough to reach the 

platform. Two mice did not stay on the platform. Instead, they tried to jump to the edge of the water 

tank, or jumped into the water as soon as they were put onto the platform. One sham-operated mouse 
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died during surgery; another animal from this treatment group was eliminated from the study after 

histological evaluation because it suffered from a severe inflammation that destroyed large regions of 

the ipsi- and contralateral brain. 

Body weight of the mice 

The two groups had similar weights (t13 < 1.0, n.s.; see Fig. 1) before operation. The weights (grams ± 

SEM) at operation (day 0) and on days 4 and 7 after surgery were 35.3 ± 1.1, 33.0 ± 1.3, and 32.0 ± 

1.2 grams, respectively, for the six remaining sham-operated mice, and 34.3 ± 0.7, 31.6 ± 1.3, and 

31.7 ± 1.2 grams, respectively, for the nine MCA-occluded animals. Weights decreased after surgery 

(Days after operation: F2,26 = 20.6, p < 0.01). Both groups were similarly affected by the operation 

(Occlusion by Days after operation interaction: F2,26 < 1.0, n.s.). 
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Figure 1. Mean body weights (grams) and standard errors of the means 
(SEM) at operation (day 0) and on days 4 and 7 after the operation, for six 
sham-operated and nine MCA-occluded CFW1 mice. 

 

 

 

Acquisition of the water-escape task: there was a decrease in the escape latencies (Sessions: F7,98 = 

8.0, p < 0.01) and the number of quadrant entries (Sessions: F7,98 = 4.8, p < 0.01) over the eight 

acquisition sessions (Fig. 2) 

Matching and retention testing after occlusion: the combined matching on escape latencies and 

quadrant entries produced highly similar groups with respect to both variables (both t 13 < 1.0, n.s.).  

The mice showed a marginal increase in escape latency during the retention session compared with 

during the eighth acquisition session (Sessions: F1,13 = 3.6, 0.10 > p > 0.05). The operation-induced 

impairment was similar for both the sham-operated and the MCA-occluded group (Occlusion by 

Sessions interaction: F1,13 < 1.0, n.s.). Surgery had a clear disruptive effect on the number of quadrant 

entries. The number of quadrant entries was increased after the operation (Sessions: F1,13 = 9.2, 

p < 0.01) to a similar extent in both groups (Occlusion by Sessions interaction: F1,13 < 1.0, n.s.). 

Reversal of the water-escape task: compared with the retention session, the escape latencies were 

marginally higher when the first session of the reversal problem was given (Sessions: F1,13 = 3.3, 
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0.10 > p > 0.05). The marginal increase in escape latencies was similar for both the sham-operated 

and the MCA-occluded groups (F1,13 < 1.0, n.s.). There was no increase in the number of quadrant 

entries on the first reversal session in comparison with the retention session, nor did MCA-O have an 

effect (all Fs1,13 < 1.0, n.s.). 
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Figure 2: Session means ± standard 
errors of the means (SEM) for platform 
escape latencies in s (left panel) and 
number of quadrant entries (right 
panel) of CFW1 mice that were trained 
to find a submerged platform. After an 
acquisition phase of eight sessions, the 
mice were assigned to a sham-
operation or a MCA-O group after 
matching. Results are depicted for the 
matching session (‘M’ = eighth 
acquisition session), the retention 
session after surgery (assigned ‘R’), 
and for the four acquisition sessions on 
a reversal problem. 
 

 

 

The impression from Fig. 2 that the escape latencies of the sham-operated mice were, on average, 

higher than those of the MCA-occluded group was not confirmed statistically (General mean: 
F1,13 < 2.4, n.s.). The mice reduced the time to escape onto the platform in the course of training 

(Sessions: F3,39 = 3.0, p < 0,.05). The rate of acquisition of the reversal problem, however, was similar 

for both groups (F3,39 = 1.6, n.s.). 

The results were somewhat different for the number of quadrant entries. The occlusion had no effect 

on the number of quadrant entries (General mean: F1,13 = 2.6, n.s.), and there was no improvement 

over sessions (Sessions, and Occlusion by Sessions interaction: Fs 3,39 < 1.4, n.s.). 

 

 

Second experiment: effect of MCA-O on the acquisition of a water escape 
task in naive CFW1 mice 

Material and Methods 

Animals: twenty male CFW1 mice, weighing 30.1 ± 0.3 grams (mean and SEM), were supplied by 

Winkelmann (Borchen, Germany). The housing conditions were as in the first experiment. 

Surgery: the mice were pair-matched for body weight and were assigned to a sham-operated or a 

MCA-occluded group, using an ABBA rule. The surgery was performed as in experiment 1. 

Apparatus: The same apparatus as in the first experiment was used. 
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Behavioral testing: after surgery the mice were allowed to recover for two days. The training procedure 

was the same as in experiment 1. In addition, a probe trial (trial no. 41) was given in the fifth acquisition 

session, approximately 3 hours after completion of the last acquisition trial. 

Statistical analysis: effects of the operations on the body weight of the mice were evaluated as in 

experiment 1. The effects of the occlusion on acquisition were analyzed by an Occlusion (sham 

occlusion vs. MCA-O) by Sessions (sessions 1 to 5) ANOVA, with repeated measures on the last 

factor. The effects of the occlusion per session were evaluated by t-statistics. Treatment effects on the 

swimming times per quadrant during the probe trial were assessed by an Occlusion by Quadrant 

ANOVA (time in clockwise, training, opposite, and counter-clockwise quadrant were considered as 

levels of the repeated measures factor Quadrant). 

 

Results 

Weight of the mice 

One sham-operated mouse died shortly after surgery. The two groups had similar weights at operation 

(t17 = -1.7, n.s.; see Fig. 3). The body weights decreased after operation and subsequently recovered 

(Days after operations: F1,17 = 37.4, p < 0.01), but the operations did not differentially affect body 

weights in the two treatment groups (Occlusion by Days after operation interaction: F2,34 = 2.7; 

0.10 > p > 0.05). 
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Figure 3. Mean body weights (grams) and standard errors of the means 
(SEM) at operation (day 0) and on days 4 and 7 after the operation for nine 
sham-operated and ten MCA-occluded CFW1 mice. 

 

 

Acquisition of the water-escape task 

Platform escape latencies (see Fig. 4, left panel): both groups needed, on average, the same time to 

find the platform (General mean: F1,17 < 1.0; n.s.). The escape latencies decreased over the five 

acquisition sessions (Sessions: F4,68 = 28.3, p < 0.01), but the decrease was similar for both groups 

(Occlusion by Sessions interaction: F4,68 < 1.0; n.s.). 
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Number of quadrant entries (see Fig. 4, center panel): the results were identical to those for escape 

latencies. No effects of surgery were found on the average number of quadrant entries (General mean: 

F1,17 < 1.0; n.s.). Over sessions, the number of quadrant entries decreased (Sessions: F4,68 = 21.4, p < 

0.01) similarly for the sham-operated and the MCA-occluded mice (Occlusion by Sessions interaction: 

F4,68 < 1.0; n.s.). 

Probe trial (see Fig. 4, right panel): the mice spent about 40% of their time in the quadrant where the 

escape platform had been situated during acquisition, about 30% in the quadrant situated clockwise 

from the training quadrant, and only about 15% in the adjacent and opposite quadrants, respectively 

(Quadrants: F3,51 = 16.3, p < 0.01). The treatments did not differentially affect this pattern of quadrant 

occupancy (F3,51 < 1.0; n.s.). 
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Figure 4: Session means and standard errors of the means (SEM) for platform escape latencies in s (left panel) 
and number of quadrant entries (center panel) of naive CFW1 mice, which had been sham-operated or MCA-
occluded, during training to find a submerged platform in a Morris water escape task. The right panel shows the 
mean time (s + SEM) spent by sham-operated and MCA-occluded CFW1 mice in each quadrant of the circular 
pool during a 1-minute probe trial (trial no. 41). 

 

 

Discussion 

The first experiment revealed that the water-escape behavior of mice that had already acquired the 

task before surgery was not differentially affected by the MCA-O. These results contrast with findings 

that MCA-O can disrupt the retention of a task which has been acquired pre-surgery (Hirakawa et al., 

1994). The surgery per se, however, might have had a marginal disturbing effect on water-escape 

performance, with the retention performance being slightly worse than that shown during the matching 

session. Also, contrary to expectations (e.g. Kolb, Sutherland & Whishaw, 1983) moving the platform 

to a different quadrant did not reveal any specific MCA-O-induced effects on the efficiency of a 

mouse's escape behavior. Again, surgery per se might have affected the performance of both 

treatment groups: the mice did not improve their performance over the reversal sessions if the number 

of quadrant entries, a crude measure for the distance swum to reach the submerged platform, is 



   191 

considered. This finding contrasts with the escape latencies, a measure frequently used to assess the 

acquisition of water escape behavior (cf. Hagan et al., 1983; Lalonde & Joyal, 1991; Morris, 1984), 

which showed a statistically reliable decrease over the reversal sessions. 

The performance of the sham-operated mouse that had a severe inflammation in both hemispheres of 

the brain was indistinguishable from that of the rest of the sham-operated animals (all performance 

measures of this animal fell within one standard deviation from the group means depicted in Fig. 2). 

Taken together, these results suggest that the cortical (and striatal) areas affected by the MCA-O do 

not play a significant role in the spatial orientation of CFW1 mice in the water-escape task. Once the 

task has been acquired, the marginal or weak impairments found are most likely caused by non-

specific effects of the surgery. 

The second experiment was performed to investigate whether MCA-O could disrupt the acquisition of 

water-escape behavior in naive CFW1 mice. Again, there was no differential effect of the MCA-O on 

cognitive functions. Our results contrast with findings which showed that rats had an impaired 

performance in passive avoidance tasks after MCA-O (e.g. Yamamoto et al., 1991; Smith et al., 1996), 

and in the acquisition of spatial discrimination tasks (e.g. radial maze: Okada et al., 1995a,b), including 

the Morris water escape task (Markgraf et al., 1992; Kumon et al., 1996; Smith et al., 1996) 

The learning curves for both measures, escape latencies and number of quadrant entries, were similar 

in the sham- and in the MCA-occluded mice. This was also true for the degree of spatial bias towards 

the platform position, as measured during the probe trial. The mice improved their escape performance 

in the course of training, and their acquisition rate was similar to that seen in the first experiment during 

the acquisition before occlusion. 

Comparison of the acquisition curves of both experiments shows that the mice that learned to locate 

and to escape onto the submerged platform after surgery, had longer escape latencies and made more 

quadrant entries (i.e. swam further before finding the platform) than the mice in the first experiment. 

This observation suggests that the operation per se affected escape behavior. This interpretation, 

however, needs confirmation from a study that includes both a sham-occluded and an untreated 

control group. 

We conclude that the water escape behavior of CFW1 mice is unaffected by unilateral MCA-O. This 

corroborates earlier unsystematic observations at our laboratory that the behavior of mice from this 

strain in the home cage appears to be normal after occlusion. It cannot be excluded, however, that the 

unilateral lesioning produced small, unnoticed neurological impairments. In rats, for example, 

Andersen, Andersen, and Finger (1991) found neurological deficits after unilateral MCA-O in only a 

small subset of the battery of examinations they performed (see also Chapters 4.1, and 4.2). 

Cortical lesions produced by ablation have consistently been found to reduce the performance of rats 

in Morris water-escape tasks (e.g. DiMattia & Kesner, 1988; Fantie & Kolb, 1990; Kolb, Sutherland & 

Whishaw, 1983; Kolb & Tomie, 1988; Kolb & Walkey, 1987). However, less brain tissue is damaged 

after MCA-Os than after removal by aspiration techniques. Although the somato-sensory and the motor 

cortices were affected by the occlusions (albeit to a variable degree) in our experiments, the size of the 

resulting lesions might have been insufficient to produce behavioral deficits (compare Moran et al., 

1984), perhaps because the sensorimotor cortex in rodents is more medial than that of humans 

(Robinson, 1981), and consequently, is less damaged than is patients suffering from MCA-O induced 

stroke. Alternatively, there might have been a rapid recovery of function, so that deficits in spatial 

discrimination learning and retention in the water maze in CFW1 mice were not observed. More mouse 
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studies, eventually including different strains, are needed to investigate whether MCA-O affects 

cognitive performance in mice, as has been shown in rat studies. 
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4.4 
Repeated acquisition of a spatial navigation 
task in mice: effects of spacing of trials and 
of unilateral middle cerebral artery occlusion* 
 

 

Abstract 

The working memory version of the Morris water escape task, the repeated acquisition task, consists 

of trial pairs in which an animal is started twice from the same start position. Animals have mastered 

this task when they need less time to find the platform in the second of the two trials. In the present 

study, male C57BL mice were trained on this task with massed, spaced, or spaced delay trials in which 

there was a 90-minute delay between the first and second trials of a pair. The mice trained with spaced 

trials learned the repeated acquisition task, whereas the mice trained with massed or spaced delay 

trials were not consistently able to do so. 

When the mice had reached a stable baseline performance, the middle cerebral artery (MCA) was 

occluded or the mice were sham-operated. Then, the effects of the MCA-occlusion (MCA-O) on the 

performance in the repeated acquisition tasks were studied. MCA-O hardly affected the performance in 

this task, irrespective of the spacing condition of the trials, although surgery per se seemed to have a 

transient disruptive effect. 

 

 

Introduction 

The Morris water escape task (Morris, 1984) is one of the most frequently used experimental 

paradigms to assess disturbances of cognitive functions as a consequence of aging (e.g. Aitken & 

Meaney, 1989), specific brain lesions (e.g. Kolb, Sutherland & Whishaw, 1983; Kolb & Walkey, 1986; 

Whishaw, 1987; Mundy, Barone & Tilson, 1990; Denenberg et al., 1991), and experimentally induced 

infarcts (e.g. van der Staay et al., 1992; see Chapter 4.3), and to evaluate the properties of potential 

cognition enhancing compounds (e.g. Vincent & Sepinwall, 1992; Pierce et al., 1993; Pitsikas, 

Brambilla & Borsini, 1993). The standard water escape task, in which an animal is required to localize 

a submerged platform, measures predominantly spatial reference memory (RM; Mundy, Barone & 

Tilson, 1990). RM holds trial-independent information (Barnes, 1988b) about, for example, the position 

of the escape platform in the water tank.  

Repeated acquisition procedures, unlike standard water escape tasks, are designed to assess an 

additional memory component, namely working memory (WM) (Whishaw, 1987, 1995; van der Staay & 

de Jonge, 1993). Within a daily training session of the repeated acquisition paradigm, each of four start 

                                                           
* This chapter is based on the publication: Klapdor, K. & van der Staay, F.J. (1998). Repeated acquisition of a 
spatial navigation task in mice: effects of spacing of trials and of unilateral middle cerebral artery occlusion. 
Physiology and Behavior, 63(5), 903-909. 
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positions (situated in the northern, eastern, southern, or western quadrant of the pool) is used 

randomly in every series of four trial pairs. Thus, a rat or mouse is randomly started from each of the 

four starting positions on both trials of a pair. From one trial pair to the next, or from one daily training 

session to the next, the escape platform is positioned in a different quadrant. Successful repeated 

acquisition is demonstrated when subjects have shorter latencies to find the platform during the 

second trial of a pair than during the first trial (one trial learning), i.e., when they show an improved WM 

performance. It has been shown that aged rats perform this task less well than young rats do (e.g. van 

der Staay & de Jonge, 1993; Frick et al., 1995), and that sleep deprivation impairs the RM, but not the 

WM component of this task in rats (Youngblood et al., 1997). 

Permanent occlusion of the middle cerebral artery (MCA) in rats or mice is used as an animal model to 

investigate the pathophysiology of focal cerebral ischemia (Welsh et al., 1987), to screen and 

characterize putative neuroprotective substances (e.g. Gotti et al., 1990; Hara et al., 1991; Yamamoto 

et al., 1991; Park & Hall, 1994), and to assess ischemia-induced behavioral and neurological 

disturbances (e.g. Tamura et al., 1985; Bedersen et al., 1986; Markgraf, et al, 1992; Whishaw, 1995; 

van der Staay, Augstein & Horváth, 1996a,b). It has been reported that middle cerebral artery 

occlusion (MCA-O) in rats disrupts the acquisition of the standard, i.e. RM, version of the Morris water 

escape task. The degree of impairment, however, appears to be variable, ranging from a mild 

impairment of the acquisition (e.g. Markgraf et al., 1992) through severe trasiently retarded acquisition 

(e.g. Kumon et al., 1996) to complete failure to acquire this task (e.g. Shinoda, Matsuo & Toide, 1996). 

Although there have been many studies in which rats were used with the Morris water escape task, 

there have been relatively few in which mice were used (e.g. Sweeney et al., 1988; Himori et al., 1990; 

Wehner, Sleigh & Upchurch, 1990; Lamberty & Gower, 1991b; Whishaw, 1995; Cohn, MacPhail & 

Paule, 1996). Using mice as subjects, we found that MCA-O did not affect learning in a standard 

Morris water escape task, and that MCA-O after the Morris task had been acquired also had no effect 

on the retention performance (van der Staay et al., 1992). Because C57BL mice readily learn to 

escape onto the submerged platform in the standard Morris task (e.g. Whishaw, 1995; Klapdor & van 

der Staay, 1996), we decided to assess the effects of MCA-O in this strain, using the WM (i.e. 

repeated acquisition) version of the Morris water escape task. This task is more difficult than the 

standard water escape task for rats and mice (Petrie, 1995). To experimentally manipulate the degree 

of difficulty of this task, three versions were used: a massed trials version consisting of four trial pairs 

per daily session; a spaced version, in which only one trial pair was given per session; and a spaced 

delay version, in which only one trial pair was given per session but there was a 90-minute interval 

between the first and the second trials of the trial pair. 

The first aim of the present study was to investigate whether male C57BL mice are able to acquire the 

repeated acquisition task. The second aim was to assess whether manipulating the training conditions, 

i.e. the temporal spacing of the trials within trial pairs, differently affect the rate of learning and the 

performance level reached. For the repeated acquisition task in the Morris water tank, no such 

investigations have as yet been published (Cohn, McPhail & Paule, 1996). The third aim was to study 

whether unilateral MCA-O affects retention performance in the three versions of the task. We 

hypothesized that the most difficult version of the task would be most sensitive to the disruptive effects 

of MCA-O. 
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Material and Methods 

Animals 

Fifty-five C57BL mice (C57BL/6J/Ola/Hsd, supplied by Harlan UK Limited, Bicester, United Kingdom), 

weighing 20 ± 2 grams were used. They were randomly assigned to six experimental groups (see 

Table 1). The animals were housed in groups of ten in standard type III Makrolon™ cages. Prior to the 

experiment, the animals were allowed to adapt to our animal facilities for at least one week. They were 

kept under constant temperature (21°C) and humidity  (50%), with an artificial 12-h light/dark cycle (on: 

7.00 p.m.), and had free access to food and water. 

 

 

Table 1. Summary of the experimental design. The assignments of male C57BL mice to the different spacing of 
trial pairs in the repeated acquisition task, and to the occlusion of the middle cerebral artery (MCA-O) or to the 
sham operation are depicted. In addition, the number of acquisition sessions pre-surgery, and the number of trial 
pairs per acquisition session are shown. 
Abbreviations used: SD, spaced delay; S, spaced; M, massed 
 

Group 
assignment 

pre surgery 

Task version Surgery Group 
assignment 

post surgery 

n  Acquisition 
 sessions 

 Trial pairs 
 per session 

 SD spaced trials, MCA-O  SD-MCA 12 16 1 

 90-min delay sham  SD-sham 8 16 1 
       
 S spaced trials, MCA-O  S-MCA 9 16 1 

 no delay sham  S-sham 7 16 1 
       
 M massed trials, MCA-O  M-MCA 11 10 4 

 no delay sham  M-sham 8 10 4 

 

 

Apparatus 

Testing took place in a gray circular tub of Polyethylene with slightly sloping walls (∅ 73 cm at the top, 

∅ 66 cm at the bottom, 54 cm height). During the sessions the tub was filled up to 37.5 cm with tap 

water (21°C), and a gray platform ( ∅ 7.3 cm, 37 cm high) was placed in the middle of a quadrant 

(either north, east, south, or west). The behavior of the mice in the Morris task was scored manually. A 

video camera mounted above the center of the pool provided a picture of the pool on a TV monitor. On 

the monitor the swimming pool was divided into four equal quadrants which were further divided into a 

4 * 4 matrix of squares. The data were recorded with and stored in a PC equipped with an appropriate 

program. Movements of a mouse were scored by pressing the cursor key corresponding to the 

appropriate quadrant. Line crossings within a quadrant were scored by pressing the corresponding 

cursor every time a mouse crossed a line with its whole body. We calculated three measures from the 

raw data: escape latency, line crossings, and swimming speed. 

Behavioral testing 

Acquisition: the groups ‘spaced delay’ (SD) and ‘spaced’ (S) had one trial pair per day for 16 days 

(schematically depicted in Fig. 1). Each mouse was started twice from the same position, with the 
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platform being in the same location. For the group SD there was a delay of 90 minutes between the 

first and second trials of a trial pair, whereas for group S both trials were in close succession. The 

animals of the ‘massed’ (M) group were tested in four no-delay trial pairs per day for 10 days (= 40 trial 

pairs). During the four trial pairs a mouse was randomly started from each of the four possible 

directions north, east, south, and west, and the escape platform was randomly placed into the center of 

each of the four quadrants.  

The animal was allowed to stay on the platform for 15 seconds, before the next trial (groups S and M) 

or the inter-trial interval (group SD) started. If a mouse failed to escape onto the platform within 60 

seconds, it was put onto the platform by the experimenter and was allowed to stay there for 15 

seconds before the next trial or the inter-trial interval started. After completion of the last trial of a 

session (groups S and M), or after completion of both the first and second trials of a session (group 

SD) the mouse was placed in a padded drying cage under a red heating light. When its fur was dry it 

was moved back into the homecage. 

 

 

1st pair 2nd pair 3rd pair 4th pair
First session

Massed

Spaced

Spaced
Delay

1st pair 2nd pair 3rd pair 4th pair
Second session

90 min. delay

1st trial

2nd trial

1st trial

2nd trial

1st trial

N

2nd trial

90 min. delay

 
 
Figure 1. Schematic overview of the training procedures in the repeated acquisition task. Examples for the first 
two sessions are depicted. The animals of the ‘massed’ group were tested in four no-delay trial pairs per daily 
session. The groups ‘spaced’ and ‘spaced delay’ had one trial pair per session. Each mouse was started twice 
from the same position, with the platform being in the same location. For group ‘spaced’ both trials were in close 
succession, whereas for the group ‘spaced delay’ there was a delay of 90 minutes between the first and second 
trials of a trial pair. The start position at the rim of the pool is marked by an arrow, the platform position in the 
center of a quadrant is shown by ‘�’. 
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Post-surgery testing: testing was resumed four days after surgery. The testing procedures were as 

during the acquisition of the task. 

Middle cerebral artery occlusion: surgery was performed according to Welsh et al. (1987) with minor 

modifications. Briefly, the mice were anesthetized with chloral hydrate (400 mg/kg i.p.). During surgery, 

the body temperature was maintained between 37°C an d 38°C with a warming pad. On the left side of 

the head the skin was opened vertically between the orbit and the external ear canal. The dorsal and 

caudal margins of the temporalis muscle were detached with scissors and partially removed. The 

remaining part was folded forward so that the upper lateral aspect of the skull became visible. The 

facial nerve, the eye muscles, and the zygomatic bone were left intact. The MCA was exposed under 

an operating microscope. After the dura had been opened, the MCA and its branches were occluded 

by microbipolar electrocoagulation, followed by the removal of the occluded vessels. In sham-operated 

mice the MCA was exposed, but not occluded. The temporalis muscle and the skin were closed with 

tissue glue (Histoacryl, Braun-Melsungen, Melsungen, FRG) and the wound was treated with 

bacteriostatic powder (Marfanil/Prontalbin, Bayer, Leverkusen, FRG). After recovery from anesthesia 

the mice were returned to their home cages. 

Histological verification: the mice were decapitated three (group M), four (group SD), or five (group S) 

weeks after surgery. The brains were rapidly removed and frozen in n-methylbutane at -40°C. Coronal 

sections (20-µm thick) were cut through the infarcted area with a distance between slices of 300 µm 

with a cryostat microtome (Leitz, Wetzlar, FRG). Slide-mounted tissue sections were stained with 

cresyl fast violet.  

Statistical analysis 

Three measures were analyzed:  

� the time to escape onto the platform, i.e. the escape latency (Morris, 1984), 

� the total number of line crossings during a trial, i.e. the distance traveled, and 

� the number of crossings divided by the escape latency, i.e. the swimming speed (crossings * s-1). 

Effects of the temporal distribution of trials on the learning curves: the learning curves of mice trained 

with the different spacing conditions were analyzed across the first ten daily sessions. Only the first trial 

pair per session was considered (there was only one trial pair per daily session in the spaced and the 

spaced delay condition, whereas 4 trial pairs were given in the massed condition), i.e. each trial pair in 

the analysis stands for one acquisition session. In order to investigate whether the version of the task 

affected acquisition differently, an analysis of variance (ANOVA; Winer, 1971) was performed with the 

factors Spacing (spaced vs. spaced delay vs. massed), and the two repeated measures factors Trial 

pairs (first trial pair of sessions 1 to 10), and Trials Within Pairs (first vs. second trial). These analyses 

were complemented with post-hoc comparisons using Fisher's LSD test. 

To analyze whether similar performance levels were reached in the three spacing conditions at the end 

of acquisition, and whether the random assignment of the mice to undergo sham lesioning or MCA-O 

had produced similar groups within spacing conditions, an ANOVA with the factors Spacing (spaced 

vs. spaced delay vs. massed), Lesion (MCA-O vs. sham operation), and the two repeated measures 

factors Trial pairs (first trial pair of sessions) and Trials Within Pairs (first vs. second trial) was 

performed on the four daily sessions before surgery (sessions 13 to 16 for the spaced and the spaced 

delay condition, and sessions 7 to 10 for the massed condition). 
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Effects of the MCA-O: the effects of the MCA-O were assessed by an ANOVA with the factors Spacing 

(spaced vs. spaced delay vs. massed), Lesion (MCA-O vs. sham operation), and the three repeated 

measures factors Surgery (pre lesion vs. post lesion), Trial Pairs (first trial pair of sessions), and Trials 

Within Pairs (first vs. second trial) on the four daily sessions before surgery (sessions 13 to 16 for the 

spaced and the spaced delay condition, and sessions 7 to 10 for the massed condition) and on the four 

daily sessions after surgery. 

In addition, the post-operation performance was evaluated separately with an ANOVA with the factors 

Spacing (spaced vs. spaced delay vs. massed), Lesion (MCA-O vs. sham operation), and the two 

repeated measures factors Trial pairs (first trial pair of sessions) and Trials Within Pairs (first vs. 

second trial) on the four daily sessions after surgery. 

 

Results 

Histology 

Small areas of infarcted tissue were obvious on the surface of the brains, the areas being smaller the 

longer after surgery they were examined. The damage induced by occlusion of the MCA, however, 

could not be quantified reliably, because infarct volumes decrease non-linearly over the course of time 

(unpublished data; Chiamulera et al., 1993). According to Chiamulera and co-workers (1993) the 

decrease in infarct volume after MCA-O might be due to “phagocytic activity, which leads to a gradual 

elimination of necrotic material and oedema reabsorbation” (p. 257). Figure 2 shows the typical position 

and size of the infarcted area in a C57/BL mouse, determined one week after MCA-O. The infarcts are 

predominantly restricted to the neocortex. 

 

 

 

Figure 2. Typical infarction induced by occlusion of the middle 
cerebral artery in male C57BL mice. The distance between slices was 
300 µm. The drawing is based on slide-mounted tissue sections 
stained with cresyl fast violet. To increase the visibility of the infarcts, 
the original slices were scanned and turned into gray scale graphics. 
The scans were inverted, contrast and brightness were adjusted, and 
a sharpening filter was applied. 
 

 

 

Effects of the temporal distribution of trials on the learning curves 

Swimming speed: in general, the swimming speeds in the second trials of a pair were higher in the 

spaced (S) and massed (M) conditions than in the spaced delay (SD) condition (General mean: F2,52 = 

7.29, p < 0.01; data not shown). There were complex interactions between Spacing, Trial Pairs, and 

Trials Within Pairs for the swimming speed (Spacing by Trial pairs interaction: F18,468 = 6.00, p < 0.01; 

Spacing by Trials Within Pairs interaction: F2,52 = 31.50, p < 0.01; Trial Pairs by Trials Within Pairs 
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interaction: F9,468 = 2.13, p < 0.05; Spacing by Trial Pairs by Trials Within Pairs interaction: F18,468 = 

2.52, p < 0.01). 

Escape latency: because of the complex interactions found for swimming speed, the escape latencies 

(data not shown) might be biased. In this case, the number of line crossings (i.e., the distance swum) 

provides an unbiased measure for learning, because it does not depend on the speed with which the 

mice negotiate the water tank. 

Line crossings (see Fig. 3): averaged over the trial pairs, the spacing conditions affected the number of 

line crossings differently (General mean: F2,52 = 10.02, p < 0.01). The mice trained with spaced and 

with spaced delay trials swam, on average, longer distances to find the platform than did the mice 

trained with massed trials. 

The mice learned to reduce the distance swum to reach the platform across sessions (Trial Pairs: 

F9,468 = 18.80, p < 0.01), and the rate of learning was different for the spacing conditions (Spacing by 

Trial Pairs interaction: F18,468 = 1.71, p < 0.05). The mice trained with massed trials showed a steeper 

learning curve across sessions than the animals trained with spaced trials. 

In general, there was a difference between the first and the second trials of a pair (Trials Within Pairs: 

F1,52 = 8.47, p < 0.01), i.e. the mice swam a longer distance in the first trial of a pair than in the second 

one. The spacing conditions did not affect this difference between the trials within trial pairs (Spacing 

by Trials Within Pairs interaction: F2,52 < 1.00, n.s.). 
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Figure 3. The number of line crossing 
during the first and second trial of 
session 1 to 10 of mice, trained with 
either massed trials, spaced trials, or 
spaced delay trials, are depicted as 
means ± standard errors of the means 
(SEM). 

 

 

 

Across sessions, the difference between the trials of a pair changed differently for the spacing 

conditions (Spacing by Trial Pairs by Trials Within Pairs interaction: F18,468 = 1.72, p < 0.05). In general, 

the mice in the spaced condition swam a shorter distance in the second trial of a trial pair than in the 

first one. The mice trained with massed or spaced delay trials, by contrast, showed somewhat less 

congruent performance from trial pair to trial pair. In only half of the sessions did mice reach the 

platform by swimming a shorter route in the second trial of a pair. These trial pairs were evenly spaced 

over the training sessions. 
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Performance on the last four sessions prior to surgery 

There were no differences in the mean number of line crossings in the last four sessions pre-surgery 

(Spacing: F2,49 = 1.46, n.s.; Lesion: F1,49 < 1, n.s.), nor were there interactions between the factors 

Spacing and Lesion (F2,49 < 1, n.s). Note that in this analysis the factor Lesion refers to the assignment 

of rats to either the sham or the MCA-O groups within spacing conditions, and is included to test 

whether the performance of these groups was similar before the operations. 
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Figure 4. Performance in the first trial 
pair of the four last sessions prior to 
surgery (-4, -3, -2, -1) and of the four 
sessions following surgery (1, 2, 3, 4). 
The means ± standard errors of the 
means (SEM) of the number of line 
crossings are depicted for the groups 
trained with massed trials (upper 
panel), spaced trials (center panel), or 
spaced delay trials (lower panel). 
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However, spacing differently affected the change in the number of line crossings across the four last 

pre-surgery sessions (Spacing by Trial Pairs interaction F6,147 = 3.86, p < 0.01). This interaction most 

probably was due to a slight, inverted U-shaped, change in the number of line crossings in the groups 

trained with massed trials, whereas no such effect was seen in the groups trained with either spaced, 

or spaced delay trials. During the last pre-surgery sessions, the number of lines crossed decreased 

from the first to the second trials of a pair (Trials Within Pairs: F1,49 = 7.12, p < 0.01). This difference 

between the first and second trials of a pair was not affected by any of the other factors. This means 

that the performance level of the groups was similar before surgery. 

Effects of the MCA-O (see Fig.4) 

Pre- versus post-surgery comparison: repeated measures analysis on performance in the last four 

acquisition sessions and in the four post-surgery sessions revealed that MCA-O differentially affected 

performance (Surgery by Lesion by Trial Pairs interaction: F3,147 = 3.07; p < 0.05). The performance of 

sham-operated mice trained with spaced or spaced delay trials seemed to be slightly more affected by 

surgery than that of the MCA-O mice (this effect seemed to be restricted to the second and third 

training sessions after surgery). The nature of the interaction, however, is not known. There was 

neither a main effect of the lesion, nor were there any further interactions with the other factors (all Fs 

with associated probabilities > 0.10). 

Thus surgery per se affected performance (F1,49 = 29.36; p < 0.01), and this effect was different for the 

spacing conditions (Spacing by Surgery interaction: F2,49 = 12.92, p < 0.01). The distances mice swam 

to reach the platform were, on average, longer in the groups trained with spaced or with spaced delay 

trials, than in the groups trained with massed trials. The learning curves across the first trial pairs of the 

four post-surgery sessions were differently shaped (Spacing by Surgery by Trial Pairs interaction: F6,147 

= 2.97; p < 0.01). Whereas the performance level of the groups trained with massed trials was very 

stable, this was not true for the other groups of mice, where the performance from session to session 

was more variable. Surgery itself appeared to disturb WM performance in the groups trained with 

spaced trials more than in the groups trained with either spaced delay or massed trials (Spacing by 

Surgery by Trials Within Pairs interaction: F2,49 = 4.03, p < 0.05). In particular, these differences were 

due to an enhanced number of line crossings in the second trial of a pair in the groups trained with 

spaced trials (Spacing by Surgery by Trials Within Pairs interaction: F2,49 = 3.72; p < 0.05). 

Performance on the four sessions after surgery: in an attempt to elucidate this complex Surgery by 

Lesion by Trial Pairs interaction further, we assessed the performance of the mice in the four sessions 

after surgery separately.  

There was an effect of spacing of the trials (F2,49 = 46.56; p < 0.01): the mice trained with massed trials 

swam, on average, less than half the distance swum by the mice trained with spaced or spaced delay 

trials). The spacing conditions affected the learning curves differently (Spacing by Trial Pairs 

interaction: F6,147 = 2.39, p < 0.05). The learning curves of the groups trained with massed trials were 

flat, whereas those of the other groups varied from session to session. The spacing conditions also 

affected the difference between the first and second trials of pairs differently (Spacing by Trials Within 

Pairs: F2,49 = 6.95, p < 0.01). The first and second trials of pairs were hardly different in the groups 

trained with massed trials. 

The MCA-O appeared to affect the learning curves differently (Lesion by Trial Pairs interaction: F3,147 = 

2.91, p < 0.05). The MCA-occluded mice swam, on average, longer distances than did the sham-

operated mice. There was, however, no differential effect on the second trial of a pair (Lesion by Trials 
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Within Pairs interaction: F1,49 < 1.0 n.s.). The precise nature of the complex Surgery by Lesion by Trials 

Within Pairs interaction found in the pre- versus post-surgery comparison, therefore, could not further 

be elucidated. 

 

 

Discussion 

The standard water escape task in which an animal is required to find a submerged platform 

predominantly measures spatial reference memory (Mundy, Barone & Tilson, 1990). The reference 

memory (RM) holds trial-independent information (Barnes, 1988b) concerning, for example, the 

position of the escape platform. Repeated acquisition procedures are designed to assess an additional 

memory component, namely WM (Whishaw, 1987, 1995; van der Staay & de Jonge, 1993). 

Several authors have shown that rats are capable of mastering repeated acquisition tasks (e.g. 

Nagahara & McGaugh, 1992; van der Staay & de Jonge, 1993) in massed (van der Staay & de Jonge, 

1993), spaced (Whishaw, 1995) and spaced delay conditions (Rashidy-Pour, Motamedi & Motahed-

Larijani, 1996). The WM version of the Morris water escape task has been found to be sensitive to, for 

example, the effects of the aging process (van der Staay & de Jonge, 1993), or to the effects of 

experimentally induced cognitive deficits (e.g. hypoxia-induced learning decrements, Shukitt-Hale, 

Stillman & Liebermann, 1996; medial septal area inactivation-induced impairments, Nagahara & 

McGaugh, 1992; Rashidy-Pour, Motamedi & Motahed-Larijani, 1996). 

Effects of the spacing of trials on the acquisition of the WM version of the Morris task  

The first aim of the present study was to investigate whether male C57BL mice are able to acquire the 

repeated acquisition task (Whishaw, 1987, 1995) and whether a different temporal distribution of the 

trials affects this performance. We found that mice are able to learn the repeated acquisition tasks, as 

has previously been found for rats (e.g. Whishaw, 1987, 1995; van der Staay & de Jonge, 1993). 

Irrespective of the spacing of trials, all groups reduced the distance swum to reach the platform across 

the acquisition sessions: mice were able to use the information from the first trial of a pair to find the 

platform faster in the second trial of a pair. However, the spacing of trials strongly affected learning. 

Successful one-trial learning, i.e. an improved WM performance, was most convincingly shown in the 

group trained with spaced trials. The group trained with a delay of 90 minutes between the first and 

second trials swum longer distances to find the escape platform, and the improvement from the first to 

the second trials of a pair was less consistent than that of mice trained with spaced trials. The mice 

trained with massed trials showed an improvement from the first to the second trial of a pair up to 

about the sixth acquisition session, and thereafter no further improvement. Zhou and co-workers 

(1998) also found that C57BL mice were able to acquire a repeated acquisition task in the Morris water 

tank, using a massed trials procedure. They changed the platform position once per day and gave 5 

pairs of trials from 5 different start position per training session. Due to this methodological difference 

and to differences in the data analysis, direct comparisons between the results reported by Zhou and 

colleagues (1998) and ours cannot be performed. 

The most successful way to train mice on the WM version of the Morris task is to use spaced trials 

(one trial pair per day) where both trials are given in close succession. Contrary to our results, 

Whishaw (1995) did not see an improvement in WM performance in C57BL mice trained with spaced 
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trials in two daily sessions, each consisting of one trial pair. By contrast, in our study, the mice in both 

spacing conditions received only one daily session. 

Although the mice trained with spaced delay trials did not show a consistent improvement from the first 

to the second trial of a pair across the first acquisition sessions, their performance did improve, and by 

the end of acquisition they had reached a performance level similar to that of mice trained in spaced 

trials without delay. Thus, if a sufficient number of sessions are given, mice might be able to acquire 

the WM version of the Morris task with spaced delay trials, as has previously been shown for rats 

(Rashidy-Pour, Motamedi & Motahed-Larijani, 1996). The across-session improvement in finding the 

escape platform during the first trial of a session might reflect that the mice had developed an efficient 

strategy to find the submerged escape platform. If this is true, then spatial information about the 

platform position becomes less important in the course of training. 

Comparison of the acquisition curves of the spaced and the spaced delay groups shows the spaced 

delay condition to be the most demanding condition. In the massed condition, proactive interference 

might have developed which distorted performance in the second trials in the later phase of acquisition. 

Alternatively, the good performance level reached already in the first trial of a session might have 

precluded the possibility for further improvement in the second trial. This explanation is supported by 

the observation that the final performance level reached by C57BL mice in a standard Morris water 

escape task (Klapdor & van der Staay, 1996) is similar to that in the repeated acquisition task. In the 

standard Morris task, C57BL mice made on average about 10 line crossings to reach the escape 

platform by the end of acquisition, i.e. in the fifth daily session. A similar performance level was 

reached by the seventh session in the repeated acquisition task. 

Young mice seem to have a poorer one trial learning performance in the repeated acquisition task than 

young adult rats (van der Staay & de Jonge, 1993). Although one must be aware of the restrictions 

when making comparisons across experiments and species, the question whether the poorer 

performance of mice reflects predominantly WM deficits, or whether it is caused by deficits in RM or 

conceptual learning i.e. an inability to acquire the procedural aspect of the task, needs further 

investigation. The acquisition of one-trial learning depends upon procedural memory (M’Harzi et al., 

1987), which in turn might be considered an aspect of spatial RM (Olton, Becker & Handelmann, 

1979). In the repeated acquisition paradigm, one might consider the decrease in the distance swum to 

reach the escape platform over sessions to be an improvement in RM performance. 

Effect of MCA-O on the performance of the WM version of the Morris task 

In an earlier study we found that unilateral MCA-O in mice does not affect water-escape behavior in the 

standard Morris task (van der Staay et al., 1992; Chapter 4.3). In the presen study, unilateral MCA-O 

did not affect the performance of the three WM versions of the task. The performance of sham-

operated mice trained with spaced or spaced delay trials seemed to be slightly more affected after 

surgery than that of the mice with MCA-O. This effect seemed to be restricted to the second and third 

training sessions after surgery. The precise nature of this complex interaction, however, could not 

completely be clarified. 

A major problem of a focal permanent occlusion of the MCA for behavioral investigations is that it 

requires craniotomy (Memezawa, 1993; Rogers et al., 1997). This surgial procedure appears to cause 

behavioral dysfunctions by itself, because the post-surgery performance of both the MCA-occluded 

and the sham-operated animals was different from the pre-surgery performance. The spacing 

conditions appeared to be differentially sensitive to surgery. In the massed trial version only minor 
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differences were seen between pre-surgery and post-surgery performance, whereas the performance 

of mice trained with spaced and spaced delay trials decreased transiently after surgery. This 

observation that surgery affects performance per se, is in agreement with the results of a navigation 

study with mice (van der Staay et al., 1992; see Chapter 4.3), where MCA-O did not affect navigation 

performance in the standard Morris maze procedure (Morris, 1984) and where the operations 

appeared to impair post-surgery performance in the water-escape task. As in the present study, the 

effect was transient. However, the performance of the mice trained with spaced trials did not return to 

the level attained in the last acquisition sessions. 

Sensitivity of the task for effects of experimentally induced brain lesions 

Previously, the repeated acquisition task has been found to be sensitive to age-related cognitive 

dysfunctions (e.g. van der Staay & de Jonge, 1993; Frick et al., 1995). Auer and colleagues (1989) 

reported that the repeated acquisition task in rats is sensitive and specific for hippocampal damage, 

and recently Hamm and coworkers (1996) successfully used the task to assess the effects of fluid-

percussion traumatic brain injury in rats. 

An inherent problem of the repeated acquisition task is that different platform positions induce 

fluctuations in the distances swum over sessions, probably because the degree of difficulty to localize 

the escape platform can be different for the different platform locations (see also van der Staay & de 

Jonge, 1993). Moreover, depending on the particular combination of start position and platform 

location, the shortest (direct) route to reach the platform is also not always the same length. These 

methodological aspects of the task clearly induce extra variation in the data, which obscure lesion-

induced performance deficits.  

The sensitivity of the Morris maze task for lesion-induced deficits might depend, among other factors, 

on the color of the water tank. Paylor and Rudy (1990) reported that the magnitude of impairments 

induced by cholinergic blockers was much larger in a gray pool than in a white pool. A gray tank was 

also used in the present study. We did not, however, find convincing evidence in a study with intact 

C57BL mice that the pool color affected learning (Klapdor & van der Staay, 1996).  

Because of the long survival of the mice in the present study, standard histological methods were not 

suited to quantify the induced infarct. However, when evaluating the damage induced by the occlusion 

in an independent group of C57BL mice sacrificed one week after lesioning, we found that the infarcted 

areas were almost exclusively in the cortex, with subcortical areas being spared. However, using rats, 

Dixon and colleagues (1995) found deficits in Morris water escape task performance in a model of 

traumatic brain injury which predominantly affected cortical structures, but spared the hippocampus. 

Their findings indicate that deficits in the Morris water task can occur in animals with an intact 

hippocampus.  

In summary, the mouse strain used in this study is capable of learning the WM version of the Morris 

water escape task. One-trial learning was most convincingly shown in the spaced condition. The WM 

performance in the repeated acquisition task in the Morris maze was not affected by occlusion of the 

MCA. This lack of effect of the occlusion is in accordance with earlier results (van der Staay et al., 

1992). Thus, the repeated acquisition task in the Morris water tank appears to be not suited to assess 

the effects of MCA-O on learning and memory in C57BL mice. Whether this task is sensitive to the 

effects of other types of experimentally-induced brain lesions, or to cognition disrupting treatments or 

compounds, as has previously been shown for other spatial repeated acquisition tasks and for operant 

repeated acquisition tasks (see Cohn, MacPhail & Paule, 1996) remains to be investigated. 
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4.5 
Behavioral effects of stroke, induced by 
occlusion of the middle cerebral artery (MCA) 
in rodents: discussion and conclusions 
 

 

Tamura, Kawai, and Takagi (1997) state that “(..) to investigate the pathophysiological mechanisms 

underlying the development of ischemic brain damage, animal models are indispensable as 

experimental counterparts of human focal cerebral ischemia” (p. 276). Rats or mice with infarcts, 

experimentally induced by permanent occlusion of the middle cerebral artery (MCA) are still the most 

frequently used animal model of focal brain infarcts, although there appears to be a shift toward 

models in which occlusion techniques are used which allow reperfusion of the infarcted area (e.g. 

Belayev et al. 1996; Mancuso, Nimura & Weinstein, 1997). 

In this Chapter, we performed a series of experiments with rats or mice to study the effects of cerebral 

infarction, induced by permanent occlusion of the left MCA, on sensorimotor and cognitive functions. 

In Chapter 4.1, we tested Wistar Kyoto (WKY) rats with cerebral infarction induced by permanent 

unilateral occlusion of the MCA and sham-operated rats in a series of simple behavioral tests 2, 16, 

and 37 days after surgery. In addition, we measured the rats’ motility over a 62-hour period, after the 

third test series. A subset of the tests appeared to be suitable to assess the effects of cerebral 

infarction, namely, grasping reflex of contralateral hindpaw, circling behavior, forelimb flexion, hindlimb 

flexion, and latency to fall off a square bridge. Except for the impaired grasping reflex of the 

contralateral hindpaw, there was spontaneous and complete recovery of function by the third test 

session, 37 days after surgery. Some of the other tests might not have been sensitive enough to detect 

the effects of the unilateral MCA-occlusion (MCA-O) on behavior. However, the WKY rats were very 

inactive in some of the tests, so that reliable scoring of the effects was not always possible. We 

concluded that a rat strain other than the WKY strain might be more suitable to study the behavioral 

consequences of MCA-O. 

In Chapter 4.2, we performed three experiments to determine whether the pattern of MCA-O-induced 

sensorimotor impairments in rats is strain dependent, whether proximal (i.e. close to its origin) and 

distal occlusions (above the lenticulostriate branch) of the MCA affect infarct volume and the 

behavioral impairments to a different extent, and finally, whether there is a relation between the infarct 

volume and the behavioral deficits. 

The patterns of sensorimotor malfunctions induced by proximal unilateral MCA-O were highly strain 

dependent. Of the eight strains tested, Winkelmann Wistar (WISW) rats, spontaneously hypertensive 

stroke-prone (SHR-SP) rats, and WKY rats were most severely affected. By contrast, Brown Norway 

(BN) rats showed only mild behavioral deficits after the MCA-O. The second experiment confirmed that 

proximal occlusions induced slightly more behavioral dysfunctions than distal occlusions did. 

Histological evaluation of the brain damage caused by proximal and distal MCA-O, confirmed that the 

distal MCA-O damaged nearly exclusively cortical areas and spared the caudate/putamen. However, 
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we did not find evidence that the severity of the sensorimotor malfunctions can be predicted from the 

size of the infarct. 

These results show that different rat strains are differently affected by MCA-O, that the occlusion site 

affects the infarct volume, and that there is no simple relation between the volume of the infarct and 

the severity of behavioral dysfunctions. Wistar-derived strains of rats (WISW, WKY and SHR-SP) 

appear to develop more severe behavioral dysfunctions after MCA-O than other strains do. 

We assessed the effects of MCA-O on learning and/or retention of different versions of the Morris task 

using mice. In the first experiment of Chapter 4.3, male CFW1 mice acquired the standard Morris 

water-escape task before half of the animals received an unilateral occlusion of the MCA. We then 

measured retention in one session. In addition, the mice acquired a new platform position during daily 

training sessions on 4 consecutive days. In a second experiment, naive male CFW1 mice acquired the 

water-escape task after surgery. At the end of the fifth session, a probe trial was given. In both 

experiments the control group consisted of mice that had been sham-operated: the MCA was exposed 

surgically but was left intact. Even though the MCA-occlusion-induced infarcts in the CFW1 mice 

covered the cranial part of the dorsomedial cortex (destroying substantial areas of the primary 

somatosensory cortex and smaller parts of the primary motor cortex) and part of the striatum, disabling 

behavioral impairments in the Morris water-escape task were not observed. Surgery per se, however, 

seemed to have a disruptive effects on water-escape behavior. 

We assessed the effects of MCA-O on the retention of the working memory (WM) version of the Morris 

water escape task, the repeated acquisition task, in Chapter 4.4. This task consists of trial pairs in 

which an animal is started twice from the same start position. Animals have mastered this task when 

they need less time to find the platform in the second of the two trials. Male C57BL mice were trained 

on this task with massed, spaced, or spaced delay trials in which there was a 90-minute delay between 

the first and second trials of a pair. 

As soon as the mice had reached a stable baseline performance, the MCA was occluded or the mice 

were sham-operated. Then, we studied the effects of the occlusion on the re-learning of the repeated 

acquisition tasks. The mice trained with spaced trials learned the repeated acquisition task, whereas 

the mice trained with massed or spaced delay trials were not consistently able to do so, perhaps due to 

strong proactive interference in the massed trials condition, and because the task was too demanding 

in the spaced delay condition. MCA-O hardly affected performance during re-learning of this task, 

irrespective of the spacing condition of the trials, although surgery per se seemed to have a transient 

disruptive effect. The latter observation corroborates the results obtained with CFW1 mice (compare 

Chapter 4.3, second experiment) showing that surgery transiently affects performance in the standard 

Morris water escape task. 

Sensorimotor deficits 

The pattern of sensorimotor impairments was highly strain dependent (Chapter 4.2), varying from 

deficits on a number of tests in the Wistar derived strains to nearly no deficits at all in the BN strain. 

MCA-O in all but the WKY strain damaged the somatosensory cortex, albeit to a variable extent (see 

Table 3, Chapter 4.2). The motor cortex was hardly affected. This finding may provide an explanation 

for the relatively weak motor impairments seen. In humans, in whom the motor cortex is affected by 

occlusion of the MCA, hemiparesis is a common symptom (Adams, Victor & Ropper, 1997, p. 790), 

whereas permanent MCA-O in rats did not cause sustained hemiparesis or hemisensory deficits, which 
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is probably because the sensorimotor cortex of rats is more medial than it is in humans (Robinson, 

1981). 

In rats, laterality of the effects of MCA-O has been found. Robinson (1979; Robinson & Coyle, 1980) 

reported that ligation of the left MCA-O was without effect on spontaneous activity in rats, whereas 

ligation of the right MCA-O induced hyperactivity which lasted for about 3 weeks after occlusion. These 

data suggest functional asymmetries in the rat cortex. It is tempting to suggest that occlusion of the 

right MCA might have induced stronger sensorimotor effects than those seen in our experiments after 

left MCA-O. However, the findings of Robinson and colleagues were not confirmed by others. For 

example, Andersen and colleagues (Andersen, Andersen & Finger, 1991) found no increase in 

spontaneous activity after occlusion of the right MCA. 

As expected, functional deficits occur on the side contralateral to the infarct (Bederson et al., 1986; 

Andersen, Andersen & Finger, 1991; Markgraf et al., 1992). The SHR-SP and the WKY rat had clear 

impairments of the grasping reflex of the hindpaws ipsilaterally and contralaterally to the hemisphere, 

where the MCA-O had been induced. We hypothesized that this reflects the indirect effects of edema 

formation during the first days after the operations, as a result of the surgical procedure per se and 

occlusion of the MCA. Because of the increase in volume on the affected side, the contralateral side 

becomes compressed. This compression leads to dysfunction of the contralateral brain hemisphere, 

which causes sensorimotor deficits ipsilateral to the occluded side. 

As edema disappears within 1 week of surgery, one should wait at least 5 to 7 days before starting to 

assess the consequences of MCA-O on behavior to avoid confounding effects of edema formation. On 

the other hand, selecting a rat strain that shows ipsilateral sensorimotor deficits in the first days after 

MCA-O might serve as a functional model of infarct-induced edema. 

Recovery of function after MCA-O 

Sensorimotor dysfunction seemed to recover about 1 month after unilateral stroke, induced by 

occlusion of the left MCA (Chapter 4.1). The only exception was the grasping reflex of the contralateral 

hindpaw, which at that time was still slightly impaired. A similar recovery of sensorimotor functions has 

been reported by Yamamoto and coworkers (1988), and by Markgraf and colleagues after permanent 

(Markgraf et al., 1992) as well as transient MCA-O (Markgraf et al., 1997). As spontaneous and 

dramatic recovery has also been observed in patients after acute ischemic stroke (Biller et al., 1990), 

the MCA-O model in rodents seems to have face validity with respect to the recovery processes seen 

in a subset of stroke patients. In the majority of patients suffering from MCA-O, however, the 

behavioral impairments are long lasting (Adams, Victor & Ropper, 1997). 

Effects on acquisition and retention of the Morris water escape tasks 

Focal occlusion of the MCA did not affect learning and memory in the mice. However, surgery per se 

had a transient effect on the re-acquisition of the Morris water escape task (Chapter 4.3, first 

experiment, and Chapter 4.4.). 

The infarcts induced by MCA-O in mice were mainly restricted to cortical regions. No damage, or only 

slight damage was seen in subcortical regions. Deficits in learning and memory are more likely to 

occur when larger subcortical areas are affected (e.g. Yonemori et al., 1996). For example, Liang et al. 

(1997) observed profound and lasting WM, but not reference memory (RM) deficits in gerbils in the 

eight-arm radial maze task after global ischemia induced by a 6-minute occlusion of the carotid 

arteries. Up till about 3 weeks after the occlusion, when behavioral testing was terminated, there was 

no recovery of WM performance. Block and Schwarz (1996) induced global ischemia in rats by four-
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vessel occlusion, a techniques introduced by Pulsinelli and Brierley (1979), in which the vertebral 

arteries were occluded permanently, and the carotid arteries were occluded transiently. The rats which 

had four-vessel occlusions showed a slowed acquisition of a standard Morris water escape task when 

tested in the second week after the operations. By the fifth acquisition session they were able to locate 

the escape platform as efficiently as the sham-lesioned control rats. However, in the probe trial, the 

bias for the previous position of the escape platform in rats with brain infarcts was weaker than that of 

the sham-lesioned controls, indicating that they suffered from spatial memory deficits. 

Global forebrain ischemia usually damages the hippocampus, particularly the CA1 region (e.g. gerbils: 

Kuroiwa, Bonnekoh & Hossmann, 1991; rats: Volpe, Waczek & Davis, 1988; Kiyota, Miyamoto & 

Nagaoka, 1990; Netto et al., 1993; Block & Schwarz, 1996), and the hippocampus is critically involved 

in spatial orientation performance (e.g. Barnes, 1988b; Okaichi & Oshima, 1990; Jarrard, 1993, 1995; 

Schwegler & Crusio, 1995; Dusek & Eichenbaum, 1997). Therefore, deficits in (spatial) learning and 

memory are more likely to be found in models of global ischemic stroke (see review by Nunn & 

Hodges, 1994), induced by occlusion of the carotid artery, or by double-, triple-, or quadruple-vessel 

occlusion, where the hippocampus is damaged, than in a model of focal ischemic stroke induced by 

occlusion of the MCA, where hippocampal integrity is not compromised. 

Pattern of blood vessels 

The pattern of blood vessels and the pattern for and extent of collateral anastomoses (Oliff, Coyle & 

Weber, 1997), which might compensate the altered blood supply in the afflicted areas (Coyle, 1975), 

appear to be highly variable between strains. These differences might partly account for the differences 

in the severity of the behavioral dysfunctions seen after occlusion of the MCA. It is advisable, when 

using a particular strain of rats or mice, to investigate and document thoroughly the pattern of blood 

vessels and anastomoses between the MCA and the anterior cerebral artery (ACA) as part of the 

validation of the MCA-O model, as is done with other animal models of stroke. This aspect might be 

even more important for the evaluation of the consequences of transient versus permanent occlusions. 

A major problem of focal permanent MCA-O for behavioral investigations is that it requires craniotomy 

(Memezawa, 1993; Rogers et al., 1997). This surgical procedure appears to cause behavioral 

dysfunction by itself: the transient effects on Morris maze performance in the sham-operated and the 

MCA-occluded mice  (Chapters 4.3, first experiment, and Chapter 4.4) and the effects on body weight 

in rats (Chapter 4.1) support this notion. A decrease in body weight in sham-operated rats and MCA-

occluded rats, compared with an intact control group, has also been observed by Yamamoto and 

colleagues (1988). Less traumatic techniques to induce occlusion of the MCA are available (e.g. 

Memezawa, 1993; Zhang, Chopp & Powers, 1997). These techniques consist of introducing a coated 

filament or a monofilament into the internal carotid artery. Then, in order to induce embolization, the 

filament is forwarded to the origin of the MCA and left in place for a given period of time. Reperfusion is 

started by retracting the filament. MCA-O with reperfusion, i.e. transient occlusion, has been found to 

cause more damage in subcortical areas and less damage in the cortex than permanent MCA-O (Zhao 

et al., 1996; Garcia et al., 1997). However, the pattern and severity of cortical and subcortical damage 

appears to depend, in a complex and not yet well understood manner, on the duration of occlusion and 

reperfusion (Garcia et al., 1997). 
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Does permanent focal MCA-O in rodents mimic the behavioral dysfunctions seen in stroke patients? 

Comparison of the deficits seen after MCA-O in rats with those typically seen in patients after MCA-O 

(Adams, Victor & Ropper, 1997, p. 790; cited in Chapter 4.0) reveals a number of similarities and 

differences. Similar to patients suffering from stroke caused by occlusion of the MCA, rats also have 

sensorimotor deficits on the side contralateral to the infarct. However, the deficits appear to be mild 

compared with those seen in patients. Moreover, most sensorimotor deficits were transient and 

disappeared within a few weeks after the stroke. In contrast, half the patients who survive the stroke 

suffer from persistent neurological impairments (Gorelick, 1995). In patients, cognitive deficits are also 

major symptoms (Adams, Victor & Ropper, 1997). In our animal studies, cognitive impairments after 

MCA-O were virtually absent. 

It is questionable whether permanent cessation of the blood supply to the core of the infarct, as 

produced in the permanent focal MCA-O model, has relevance for most strokes caused by occlusion 

of the MCA in patients (Hunter, Green & Cross, 1995), because in patients, the thrombus usually 

disintegrates and reperfusion of the infarcted area occurs. Consequently, transient ischemic insults of 

the MCA-O (e.g. Sakai et al., 1996; Zhao et al., 1996, Belayev et al., 1996), or combinations of 

different (permanent and/or transient) occlusion techniques (e.g. Netto et al., 1993; McAuley, 1995; 

see also Chapter 4.0, Table 1) might provide better models to mimic human infarcts and to assess the 

resulting behavioral deficits. 

The permanent MCA-O appears to be a reliable method to induce reproducible brain damage. This 

makes the model especially useful for assessing the effects of putative neuroprotective compounds 

which are expected to reduce the infarct volume (e.g. Gotti, et al, 1990; Matsumoto et al., 1996; Ren & 

Finklestein, 1997). 

In summary, permanent focal MCA-O reliably induces brain infarcts in rats and mice. These occlusions 

cause sensorimotor deficits which, however, usually recover within a few weeks. We never saw clear 

effects of MCA-O on learning and memory; the results reported in Chapter 4 on sensorimotor deficits 

and on the failure to produce clear cognitive deficits have been replicated and extended in other 

studies (e.g. Klapdor-Dulfer, 1996). Therefore, we conclude that permanent focal MCA-O is not a valid 

model for the complex, long-lasting and severe behavioral dysfunctions seen in patients with stroke. 

Techniques which allow the induction of transient vessel occlusions without craniotomy should be 

considered when the major aim of the study is to investigate stroke-induced behavioral deficits, their 

prophylaxis, or their treatment. 
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5 

The study of behavioral dysfunctions using 
animal models: summary, conclusions, and 
recommendations for future research 
 

 

Introduction 

Animal models of behavioral dysfunction serve two main aims, namely 1) enhance our understanding 

of the underlying substrates and mechanisms, i.e. the brain-behavior relation, and 2) assess the 

effects of putative neuroprotective, anti-degenerative, revalidation-supporting, and/or cognition-

enhancing compounds or treatments. 

This book describes studies that were performed to assess behavioral changes in rodent models of 

central nervous system (CNS) deficiency. Three types of deficiency model were considered: normal 

aging; CNS-specific lesions; and ischemia. Each of these models was used in a series of experiments, 

the results of which are summarized below. 

 

 

Summary of the studies performed 

Chapter 2: age-related changes in learning and memory in rats 

Aging, the “time-dependent decline in function which affects all tissues and organ systems” (Hazzard, 

1991, p.225) that ultimately leads to behavioral dysfunction, is receiving growing attention from the 

scientific community because the proportion of aged people in industrialized countries and developing 

countries is steadily increasing (Martin, 1991; Olshansky, Carnes & Cassel, 1993; Holden, 1996; 

Butler, 1997). Despite this attention, the processes underlying normal aging, let alone pathological 

aging, are still poorly understood. Animal models are an essential tool for investigating these 

processes. 

Cognitive aging is, for example, reflected by changes in spatial orientation. Spatial cognition appears to 

be compromised in old humans (Evans et al., 1984; Kirasic, 1991; Simon et al., 1992; Uttl & Graf, 

1993; Kirasic et al., 1996) and in patients suffering from senile dementias (Flicker et al., 1984; Liu, 

Gauthier & Gauthier, 1991). These age-related impairments have been found in both laboratory 

settings and real-life situations (Simon et al., 1992). To gain insight into these cognitive changes we 

investigated age-associated cognitive decline in rats, using the Morris water escape task which 

measures spatial orientation performance (Morris, 1984). 

In a series of three experiments, described in Chapter 2.1, we compared the spatial discrimination 

performance of adult and aged outbred Janvier Wistar (WISRJ) rats, of young and old inbred Fischer 

344 (F344), and of young and old hybrid Fischer 344*Brown Norway (FBNF1) rats. The aged rats of 

the WISRJ and FBNF1 strains showed a poorer acquisition of the platform escape behavior and a 
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weaker bias for the previous platform position in the probe trial than their younger counterparts. The 

aged rats of the Fischer 344 strain were unable to acquire the task. We concluded that F344 rats 

should not be used for gerontological or gerontopharmacological studies on spatial discrimination 

learning in the Morris task. However, if this strain is used, then the oldest rats to be investigated should 

be 20 months or younger. 

In the first two experiments of Chapter 2.2, we assessed the effects of aging on the acquisition of the 

standard Morris water escape task by Winkelmann Wistar rats (WISW). These experiments revealed 

that, in this strain, clear age-related impairments in the acquisition of the task appeared between 19 

and 24 months of age. Therefore, in the third experiment of Chapter 2.2, we used 3-month-old and 24-

month-old WISW rats to assess the effects of age on working memory (WM) in the repeated 

acquisition modification of the Morris task. In this task, which has originally been designed by Whishaw 

(1985, 1987), each of four start positions in the pool is used randomly in each series of four trial pairs 

of a daily training session. The rats are randomly started from each of the four starting positions on 

each trial of a pair. For each daily session, the escape platform is in a different position. The decrease 

in escape latency and in the distance swum to reach the escape platform from the first to the second 

trial of a trial pair is considered a measure of spatial WM. 

The young rats acquired the task within the first sessions. In contrast, the 24-month-old animals did not 

acquire the task, even after 12 daily training sessions. It is not clear whether this poor performance of 

the old rats reflects impaired WM, or whether they did not acquire the procedural aspects of the task. 

However, the results obtained in the standard Morris task showed that aged WISW rats can acquire 

the escape response, even though they do not attain the performance of their young counterparts. 

Age-associated decreases in spatial discrimination performance are usually seen in cross-sectional 

studies, in which the performance of naive young animals is compared with that of naive aged animals. 

However, a few longitudinal studies have shown that spatial discrimination performance is sometimes 

preserved in the aged animal, if the animal acquires the task at a younger age (e.g. Beatty, Bierley & 

Boyd, 1985). In Chapter 2.3, we performed two experiments in which albino Wistar rats acquired the 

Morris water escape task for the first time at the age of 25 months. Retention performance in the 

Morris task was tested approximately 3 and 5 months later. The performance of the aged animals was 

not only preserved, but was actually better in the retention tests. The clearest improvement was seen 

about 3 months after the original acquisition, and the effect was more pronounced in the first than in 

the second experiment. 

One of the factors responsible for the differences between the two experiments reported in Chapter 2.3 

might have been the occurrence of genetic drift in the rat strain used (extensively discussed in Chapter 

2.4). Although age-related deficits in spatial learning and memory performance in naive rats can 

replicably be found in rats in cross-sectional studies using the Morris water escape task (experiments 

1, 2, and 3 in Chapter 2.1, experiments 1, and 2 in Chapter 2.2), this task appears to be unsuited for 

the evaluation of age-associated deficits of spatial memory performance in old Wistar rats (up to an 

age of 30 months) in longitudinal studies. 

We found there to be an undesirably large variation in results between experiments when we used 

aged WISW rats. For this reason, we decided to investigate the replicability of spatial discrimination 

performance in the standard Morris water escape task in Chapter 2.4, by comparing the learning 

curves and the performance in a probe trial of 24-month-old outbred WISW control rats from 36 

experiments. These experiments had been performed at our laboratory under strictly controlled 

conditions over a period of 71 weeks. There was a very high variability in the learning curves between 
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experiments. The initial performance, i.e. the performance during the first session, did not change 

systematically across the 36 experiments, whereas the final performance, i.e. the performance 

reached in the fifth training session, decreased over the 71-week period, when the platform escape 

latency and the distance swum to reach the platform, measured as number of line crossings, were 

considered. In fact, in the last experiments of the series, learning curves were no longer seen: the rats 

did not improve their performance across the acquisition sessions. 

By contrast, the swimming speed and, in the probe trial, the bias for the quadrant where the platform 

had been positioned during training did not change. This indicates that, across experiments, spatial 

orientation learning decreased, whereas motor performance appeared to be unchanged. The most 

obvious factor to explain these differences between experiments is that the cohorts or shipments of 

rats were different. Mos and Hollander (1987), for example, found a wide variation in the survival 

characteristics of rats of the inbred WAG/Rij (WAG) and Brown Norway (BN) strains, and this was 

even true for successive cohorts. Short- and long-living cohorts were seen over the 5 years of their 

study but there was no consistent trend. The failure to find a trend is consistent with the fact that both 

the WAG and the BN strains are inbred. Our regression analyses (Chapter 2.4) indicated that genetic 

drift had occurred in the outbred WISW rat strain, as reflected by the shift in performance of the aged 

rats in the Morris water escape task. 

 

Critical discussion of the model of the old animal 

Dean and colleagues (1981), investigating age-associated changes in sensorimotor and cognitive 

behavior over the lifespan of C57BL mice in a cross-sectional study, concluded: “The similarity of these 

results across the life span of the C57 mouse with those previously reported for other aged mammalian 

species demonstrates that certain common types of behaviors seem to be impaired selectively by 

increased age across mammalian species and raises the possibility that common neurological 

etiologies may exist for these behavioral deficits.” (p.427). According to Decker (1995), the normal, 

aging animal represents a reasonably isomorphic model for the conditions which produce age-

associated deficits in humans. 

The aging animal as model for the aging human thus certainly possesses a high face validity. In 

humans, it is very difficult to control for cohort differences between young and old subjects, especially 

with respect to health-related factors, but also with respect to education and events with a profound 

impact on the life of entire generations (Rodin, 1986), such as war. In animal studies these differences 

can be minimized; breeding and housing conditions can be controlled and the health status monitored. 

It appears that, as in humans, there is a dissociation between chronological and biological aging in 

rodents (Collier & Coleman, 1991). Animal studies can thus be of great help in determining the relative 

contributions of various factors to age differences in learning and memory performance. 

However, most aging studies are based on the comparison of two age groups only (this also includes 

most of our investigations on aging). Typically, young or young-adult animals are compared with aged 

counterparts. This approach does not allow comparison of the aging curves for neurobiological and 

psychological parameters (Ingram, 1996). Instead, this approach is only suited to clarify whether the 

measures under investigation decrease with age. Multiple age groups are needed to obtain relevant 

information about the shape of the aging curve or curves for particular measures. Unfortunately, the 

slopes of the age regressions are not always linear (e.g. Ingram, 1983), and the most profound age-

related decline often occurs over a relatively narrow age range, for example between the ages of 19 
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and 24 months for the Morris water escape performance of WISW rats (Chapter 2.2), or somewhere 

between the ages of 19 and 25 months for the reference memory (RM) performance of Brown Norway 

rats in the spatial holeboard discrimination task (van der Staay, van Nies & Raaijmakers, 1990). If one 

considers that different behaviors age at different speeds, then there should be very small differences 

(even down to 1 month or so) in the age of the animals investigated in order to obtain meaningful aging 

curves which closely cover the period in which a particular behavior shows a significant age-related 

change. This, of course, makes comparison of multiple age groups a strong experimental approach. In 

practice, however, this approach is often difficult (Ingram, 1996), because such studies are very 

expensive, extremely time consuming, and are restricted by the availability of aging and old animals. 

A major problem of animal models is their validity: are similar processes and functions measured in 

animals and humans? Spatial discrimination tasks seem to fulfill the criteria for validity for age-related 

memory dysfunctions because in humans, memory for spatial information usually deteriorates with age 

(e.g. Light & Zelinski, 1983; Flicker et al., 1984; Liu, Gauthier & Gauthier, 1991). 

It has sometimes been proposed that whether aged humans or animals have an impaired performance 

depends on the complexity of the task used (e.g. Doty, 1966; Goodrick, 1972; Meudell, 1983; Gower & 

Lamberty, 1993). In rats, it has clearly been shown that it is not task complexity per se that determines 

whether age differences are found. For instance, Stone (1929a,b) found that young and old rats 

performed equally well in rather complex tasks, and Soffié and Lejeune (1991) found that aged rats 

were slower than young rats in acquiring complex temporal discrimination tasks but the final level of 

memory performance was not different. A more critical variable than task complexity seems to be 

whether performance depends on the integration of spatial cues (Barnes, Nadel & Honig, 1980). In 

particular striking age differences in ”free choice” spatial discrimination tasks such as the circular 

platform (Barnes, 1979), the radial arm maze (Arendash et al., 1995), and the Morris water escape 

task (Gage, Dunnett & Björklund, 1984; Pelleymounter, Smith & Gallagher, 1987; Socci, Sanberg & 

Arendash, 1995) have been found. 

There are other aspects that should be considered when evaluating the usefulness of tasks to study 

the influences of age on learning and memory. For instance, performance should not be influenced by 

age-related differences in sensory and motor capabilities, or by differences in motivation or problem-

solving strategies used. Knowledge of what the ‘real’ age differences in learning and memory are and 

which behavioral variables represent ‘secondary’ effects of age that do not involve learning and 

memory ability is essential for a better understanding of the process of cognitive aging and of its neural 

correlates (van der Staay & Blokland, 1996a). 

Valid interpretations of age differences found in a single task can only be made if it is certain that the 

age groups use the same strategy to solve the task, and that the age groups do not differ in terms of 

motivational or emotional factors or sensorimotor function. The use of different strains of rats may 

shed light on the generalizability of age effects on learning and memory (Spangler et al., 1994; Ingram, 

1996). This is important when trying to unravel the neurobiological changes underlying changes in 

cognitive performance in aging rats and is essential for a valid extrapolation of findings to humans. 

Motivation 

A major point of concern in age comparison studies should be how to control for motivational 

differences between groups. In learning and memory tasks which use food-deprivation schedules to 

induce an appropriate level of motivation, animals should be differentially deprived. Goodrick (1968) 

advocated the use of differential deprivation schedules to control for differences in food motivation 
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when rats of different ages with different proportions of body fat are deprived to a comparable degree. 

Blokland and Raaijmakers (1993b) showed that a differential deprivation schedule could equalize the 

food motivation of rats of different ages. But what are the motivational factors that can affect 

performance in the Morris water escape task(s)? Swimming speed cannot be taken as an unbiased 

index of motivation because this measure might be affected by age-related motor impairments. 

Moreover, it is not known whether the poorer thermoregulation of aged rats (Lindner & Gribkoff, 1991) 

affects their motivation to escape from the water. 

Similar considerations should be borne in mind when comparing animals with an experimentally 

induced deficit with normal control animals. Unfortunately, there is no simple way to assess the 

motivational level of different groups of animals because many factors, such as sensorimotor or 

cognitive impairments, may influence the procedures to measure the degree of motivation. 

In conclusion, the aging animal as a model for the aging human might shed light on the aging process 

and the accompanying neurodegenerative changes (Dean et al., 1981). A particular advantage of 

aging studies with rodents is that the contribution of genetic and environmental factors to the aging 

process can be investigated and strictly controlled. Cross-sectional study designs are suitable for 

studying age-related behavioral changes. Unfortunately, the tasks available to assess the processes 

underlying the age-associated deteriorations in learning and memory of rodents in cross-sectional 

designs seem to be less suited to assess these processes in longitudinal studies (e.g. Beatty, Bierley & 

Boyd, 1985; Chapter 2.3; but see van der Staay, Krechting, Blokland & Raaijmakers, 1990). It will be a 

task for behavioral scientists to develop test systems which can be used to monitor animals 

longitudinally. More than two age groups should be included in cross-sectional studies (Spangler et al., 

1994) in order to study the rate of decline of performance due to aging, because aging proceeds at a 

different rate for different behavioral domains (Gage et al., 1988; Gage, Dunnett & Björklund, 1989; 

van der Staay, Blokland & Raaijmakers, 1990; Collier & Coleman, 1991). 

 

Chapter 3: behavioral consequences of lesioning the nucleus basalis magnocellularis 
(nbm) in rats 

Concomitantly with the steady increase in the number of aged people as a consequence of the 

increased life expectancy (Martin, 1991; Holden, 1996), there is an increase in the number of patients 

suffering from Alzheimer's disease (Anderson, 1986). Although the activity of many neurotransmitter 

systems is decreased in this group of patients (Edwardson et al., 1986; Whalley, 1989), the strongest 

decrease has been found to occur in the cholinergic system (Jacobs & Butcher, 1986; Fibiger, 1991; 

Bierer et al., 1995). There is a severe loss of cells in the nucleus basalis of Meynert (nbM) in patients 

suffering from Alzheimer’s dementia. This cell loss leads to a profound decrease in cortical cholinergic 

projections and the resulting cholinergic hypofunction has been suggested to be one of the major 

causes of the cognitive impairments found in Alzheimer’s patients (Coyle, Price & DeLong, 1983; 

Jacobs & Butcher, 1986; Davison, 1987; Bierer et al., 1995). It has been hypothesized that animals 

with experimentally induced lesions of the nbm, the subprimate analogue of the nbM in humans 

(Smith, 1988), might mimic the neurodegenerative processes associated with Alzheimer’s disease and 

might provide an animal model of this disease. We used rats to investigate the consequences of 

bilateral lesions of the nbm, induced by ibotenic acid on sensorimotor and cognitive performance. 

In Chapter 3.1 we assessed whether bilateral lesioning of the nbm in rats affects spatial learning in the 

holeboard, which allows the simultaneous assessment of spatial WM and RM. Both the WM and RM of 
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the lesioned rats were impaired compared with those of intact or sham-lesioned control rats. This 

finding supports the notion that the nbm has a role in both WM and RM. 

In a series of three experiments described in Chapter 3.2, we used the seven-choice task in an eight-

arm radial alley maze, a task that is sensitive to age-associated impairments, to study the influence of 

experimental lesions of the nbm on spatial learning and memory performance in rats. The seven-

choice task is a win-stay task which taps spatial RM. In the first experiment, bilateral lesioning of the 

nbm by ibotenic acid disrupted the acquisition of the seven-choice task in the radial alley maze. 

However, this finding could not be replicated: in the third experiment bilateral lesions of the nbm at the 

same set of lesion coordinates as in the first experiment had no effect on learning. A second set of 

lesion coordinates had also no effect. 

In the second experiment, rats received nbm lesions after they had acquired the seven-choice task. 

We then determined the effects of the lesions on the retention, acquisition of a new problem, and re-

acquisition of the originally acquired problem. Under these conditions, the nbm lesions did not affect 

performance in the discrimination task. 

It is conceivable that lesioning of the nbm in aged rodents provides a model of Alzheimer’s disease that 

shares more aspects of the Alzheimer symptomatology than lesioning of the nbm in young rodents 

would do. In order to test this hypothesis and to assess the effects of aging, of ibotenic acid-induced 

lesions of the nbm, and of the interaction between age and lesion, we tested young and aged Wistar 

rats in a battery of behavioral tests in Chapter 3.3. The battery consisted of a seven-choice task in an 

eight-arm radial alley maze, and a series of sensorimotor tests. We detected clear age-associated 

impairments in the sensorimotor tests and in the acquisition of the seven-choice task, but lesioning of 

the nbm did not affect the performance of the rats in the battery of sensorimotor tasks. Only a transient 

effect was found on the acquisition of the seven-choice task. All rats were eventually able to acquire 

this task, but the nbm-lesioned rats made more errors before they reached criterion. The effects of the 

lesion were similar in both age groups. Thus our hypothesis that aged, nbm-lesioned rats would 

provide a better model of Alzheimer’s dementia than young nbm-lesioned rats was not confirmed. 

Our results do not support the notion that the cortical cholinergic activity originating in the nbm is 

critically involved in memory. There are two main explanations for this unexpected finding. Either the 

lesion was not large enough and caused too little damage, or the task was not sensitive enough to 

detect lesion-induced deficits, or there was an interaction between both factors which contributed to the 

inconclusive findings of the present study. 

 

Critical discussion of the nbm-lesioned rat as model for Alzheimer’s disease  

The nbm-lesioned rodent has been suggested as an animal model for Alzheimer’s disease in that there 

is a similar loss of cells in the basal forebrain accompanied by a decrease in cortical cholinergic activity 

(Smith, 1988). However, about two decades of intense use of this model have shown that there are a 

number of inconsistencies and critical issues that need to be resolved. 

First, when the behavioral consequences of neurotoxic or immunotoxic lesions of the nbm are 

compared across studies, there appears to be a discrepancy between the selectivity of the lesion to 

damage cholinergic projections to the cortex and the severity of behavioral impairments (Fibiger, 

1991). For example, lesions of the nbm induced by quisqualic acid substantially reduce cortical ChAT 

activity, but cause no or only weak effects on learning and memory, whereas nbm lesions induced by 

ibotenic acid disrupt cognitive performance even though cortical ChAT activity is less reduced than it is 
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by quisqualic acid-induced lesions (e.g. Robbins et al., 1989; Steckler et al., 1993). A similar failure to 

affect cognitive performance with nbm lesions induced by the highly selective cholinergic immunotoxin 

192 IgG-saporin (Torres, et al, 1994) questions the interpretation that the behavioral effects seen after 

ibotenic acid lesions are due to cholinergic denervation. 

Second, the behavioral effects of ibotenic acid lesions appear to depend more on the size of the lesion, 

than on the degree of depletion of cortical ChAT (Dekker, Connor & Thal, 1991). The larger the lesions 

are, the greater the deficits induced. Moreover, it is difficult to compare studies, even those that used 

the same neurotoxin to produce lesions, because of the extreme variety of lesion coordinates used and 

of the different volumes of immunotoxins or neurotoxins injected. For example, ibotenic acid lesions of 

the nbm have been induced by using coordinates in the anterior-posterior orientation ranging from 1.0 

mm anterior to bregma to 3.1 mm posterior to bregma, from 1.8 mm to 3.5 mm lateral from the 

midline, and from 6.8 mm to 7.7 mm dorsal from the brain surface. An example of strong deviations 

from the lesion coordinates which Wenk, Cribbs, and McCall (1984) considered as optimal to reduce 

cortical ChAT activity, namely AP -0.9 mm, L 2.6 mm and DV 6.8 mm, is provided by the study by 

Ohara and co-workers (1997). Their basal forebrain lesions, which were intended to damage the nbm 

in adult Wistar rats, were produced by injecting 1.5 µl ibotenic acid per side at the coordinates AP -3.1 

mm, L ± 1.8, and DV 7.4 mm. 

The volume of neurotoxin injected also varied between studies, ranging from 0.35 µl to 1.5 µl per side. 

Instead of single injections of a large volume of the neurotoxin or the immunotoxin, some investigators 

produced lesions by multiple injections of the toxin into the target area (e.g. Steckler, et al, 1993). This 

might increase the size of the resulting lesion and contribute to the heterogeneity of results reported. 

It is conceivable that these different methods to lesion the nbm result in damage to a heterogeneous 

set of basal forebrain nuclei and to adjacent structures. Ibotenic acid lesions of the rostral globus 

pallidus in rats, for example, severely impaired acquisition of the Morris water escape task, whereas 

lesions restricted to the nbm did not affect acquisition (Meyer & Coover, 1996). Similar findings were 

reported by Everitt and co-workers (1987), who compared the re-acquisition of a conditional visual 

discrimination task by rats that had acquired the task before lesions were induced in the nbm or 

different areas of the globus pallidus. They found that animals with the largest lesions in the dorsal and 

ventral globus pallidus showed the severest cognitive deficits.  

Alternatives to lesion-induced deficits 

Schuurman and Traber (1989b) suggested that the old rat might serve as animal model for senile 

dementia. The model is based on the similarity between the behavioral symptoms of old rats and those 

of patients suffering from Alzheimer’s disease, such as sensorimotor dysfunctions (e.g. Markowska et 

al., 1990), decreased social activity (e.g. Spruijt, 1991), and cognitive impairments. However, this 

model does not mimic the neuropathological changes underlying Alzheimer’s dementia. Cholinergic 

hypofunction of basal forebrain nuclei and a decrease in cortical cholinergic functions probably is not a 

general symptom in aged rats, although reports are contradictory in this respect. For example, Fischer, 

Gage, and Björklund (1989) found that cell size and cell number decreased in the basal forebrain 

nuclei of aged rats, whereas biochemically determined cortical and hippocampal ChAT activity, which 

can be considered as a structural marker (Sherman & Friedman, 1990), was preserved. They found 

that age-related impairments in Morris water escape performance were unrelated to hippocampal and 

cortical ChAT activity, but were correlated with the cell sizes and number of cholinergic cells in the 

medial septum and with the number of cholinergic cells in the diagonal band of Broca (dbB) and the 

striatum (Fischer, Gage & Björklund, 1989). By contrast, Sherman and Friedman (1990) found an age-
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associated increase in hippocampal and cortical ChAT activity in aged mice, whereas van der Staay 

(1989) found an age-related increase in ChAT activity in the hippocampus, but not in the frontal and 

parietal cortices of Brown Norway rats. 

It is conceivable that aged rats with lesions in the nbm mimic a broader range of the behavioral deficits 

seen in Alzheimer’s patients than do young, nbm-lesioned rats. Aged rats usually suffer from 

sensorimotor impairments, reduced social activity, and impaired cognitive functions. The cholinergic 

dysfunction that is characteristic of Alzheimer’s symptomatology can be induced experimentally by 

lesioning the nbm in these animals. However, we did not find aged rats with nbm lesions to have 

increased validity as model for Alzheimer’s dementia (see Chapter 3.3). 

In conclusion, the role of the cholinergic projections from the basal forebrain nuclei, in particular the 

nbm, still has not been elucidated unambiguously. As Dunnett, Everitt, and Robbins (1991) pointed out, 

the hypothesis of a significant involvement of this cholinergic system in cognitive processes must 

satisfy two major criteria. First, the cognitive impairments must be due to disruption of cholinergic 

processes as opposed to non-cholinergic processes, and second, they must be due to damage in the 

cholinergic basal forebrain nuclei, in particular the nbm, as opposed to damage in other areas of the 

basal forebrain. Despite extensive research and the availability of specific tools such as 192 IgG 

saporin to lesion these cholinergic projections, the data are still contradictory. 

 

Chapter 4: behavioral effects of stroke, induced by occlusion of the middle cerebral 
artery (MCA) in rodents 

There is a strong need to investigate the behavioral consequences of stroke in animals in order to 

learn about the processes that lead to impairments. Stroke is one of the major causes of death in the 

industrialized countries (Hunter, Green & Cross, 1995), and many afflicted patients show long lasting 

or permanent functional impairments (Gorelick, 1995; Adams, Victor & Ropper, 1997). We performed 

a series of experiments with rats and mice as subjects to investigate the effects of stroke, induced by 

middle cerebral artery occlusion (MCA-O), on behavior. 

Effects on sensorimotor functions 

We assessed the effects of cerebral infarctions, induced by occlusion of the MCA, on sensorimotor 

functions in a series of experiments with rats as subjects. In Chapter 4.1 we tested Wistar Kyoto 

(WKY) rats with permanent unilateral occlusion of the MCA and sham-operated rats in a battery of 

simple behavioral tests 2, 16, and 37 days after surgery. In addition, we measured the motility of the 

animals over a period of 62 hours after the third test series. A subset of the tests appeared to be 

suitable to assess the effects of cerebral infarction, namely, grasping reflex of contralateral hindpaw, 

circling behavior, forelimb flexion, hindlimb flexion, and latency to fall off a square bridge. Except for 

the impaired grasping reflex of the contralateral hindpaw, there was spontaneous and complete 

recovery of function by the third test session, 37 days after surgery. However, some of the tests might 

not have been sensitive enough to detect the effects of the unilateral MCA-O on behavior and the rats 

were very inactive in some of the tests, so that reliable scoring of the effects was not always possible. 

A rat strain other than the WKY strain might be more suitable to study the behavioral consequences of 

MCA-O. 

In order to test whether the sensorimotor impairments induced by MCA-O are strain dependent we 

carried out a series of three experiments with different rat strains (Chapter 4.2). We also investigated 

whether proximal (i.e. close to its origin) and distal occlusions (above the lenticulostriate branch) of the 
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MCA affected infarct volume and the behavioral impairments to a different extent, and whether there is 

a relation between infarct volume and behavioral deficits. 

The pattern of sensorimotor malfunctions induced by proximal unilateral MCA-O appeared to be highly 

strain dependent. Of the eight strains tested, WISW rats, spontaneously hypertensive stroke-prone 

(SHR-SP) rats, and WKY rats were most severely affected. By contrast, Brown Norway (BN) rats 

showed only mild behavioral deficits after MCA-O. The second experiment confirmed that proximal 

occlusions induced slightly more behavioral malfunctions than distal occlusions did. Histological 

evaluation of the brain damage caused by proximal and distal MCA-O, confirmed that distal MCA-O 

damaged nearly exclusively cortical areas and spared the caudate/putamen. An exploratory analysis of 

the relation between infarct volume and behavioral deficits did not indicate that the severity of 

sensorimotor malfunctions can be predicted from the size of the infarct. 

Effects on cognitive functions 

We assessed the effects of cerebral infarctions, induced by MCA-O, on cognitive functioning in mice. 

In the first experiment of Chapter 4.3, male CFW1 mice acquired the standard Morris water escape 

task before half of the animals received a unilateral occlusion of the MCA. Retention was then 

measured in one session. In addition, the mice acquired a new platform position during daily training 

sessions on 4 consecutive days. In the second experiment of Chapter 4.3, naive male CFW1 mice 

acquired the water escape task after surgery. At the end of the fifth session, a probe trial was given. In 

both experiments the control group consisted of mice that had been sham-operated: their MCA was 

exposed surgically, but was left intact. Even though the infarcts induced by MCA-O covered the cranial 

part of the dorsomedial cortex (destroying substantial areas of the primary somatosensory cortex and 

smaller parts of the primary motor cortex) and part of the striatum, we did not observe marked 

behavioral impairments in the Morris water-escape task. Surgery per se, however, seemed to disrupt 

water-escape behavior. 

The standard version of the Morris water escape task appeared to be insensitive to the effects of 

MCA-O. For this reason we investigated in Chapter 4.4 whether the WM version of the Morris water 

escape task, the repeated acquisition task, is more suited to assess MCA-O induced cognitive deficits. 

This task consists of trial pairs in which an animal is started twice from the same start position. Animals 

have mastered this task when they need less time to find the platform in the second of the two trials. 

Male C57BL mice were trained on this task with massed, spaced, or spaced delay trials in which there 

was a 90-minute delay between the first and second trials of a pair. 

As soon as the mice had reached a stable baseline performance, the MCA was occluded or the mice 

were sham-operated and we studied the effects of the occlusion or sham operation on the re-learning 

of the repeated acquisition tasks. The mice trained with spaced trials learned the repeated acquisition 

task, whereas the mice trained with massed or spaced delay trials did not consistently show improved 

performance in the second trial of a pair, perhaps due to strong proactive interference in the massed 

trials condition or because the task was too demanding in the spaced delay condition. MCA-O hardly 

affected the performance during re-learning of this task, irrespective of the spacing condition of the 

trials, although surgery per se seemed to have a transient disruptive effect. 

 

Critical discussion of the MCA occlusion induced infarct as an animal model of stroke 

Rodents with strokes induced experimentally by occlusion of the major arteries in the brain are 

considered as models of stroke in humans. We found that the pattern of sensorimotor impairments 
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seen after unilateral permanent occlusion of the left MCA in rats was highly strain dependent and 

ranged from very mild dysfunctions to clear deficits. Only rat strains which are sensitive to the effects of 

infarcts are useful for the investigation of the effects of MCA-O on behavior; however, the order of 

sensitivity of the different strains to infarct induced dysfunctions might be affected by the behavioral 

tests used. 

Although most of the sensorimotor deficits were observed contralateral to the afflicted hemisphere, 

ipsilateral dysfunctions were also seen. In Chapter 4.2 we found that the grasping reflex of the 

hindpaws was affected contralaterally and ipsilaterally in some of the strains tested. This effect was 

statistically confirmed for the SHR-SP and the WISW strains. We hypothesized that this phenomenon 

was due to enlargement of the ipsilateral hemisphere because of cytotoxic edema with a subsequent 

increase in intracerebral pressure (Persson et al., 1989) during the acute phase after infarction, i.e. the 

first days after MCA-O. Further support for an effect of unilateral MCA-O on the ipsilateral brain 

functions has recently been provided by Crespi and Pietra (1997). In ex vivo preparations of brain 

slices from frontal cortex, striatum, nucleus accumbens, and hippocampus they used differential pulse 

voltammetry, with treated carbon fiber micoelectrodes, to study the activity of catecholamines and 5-

OH-indolamines. They found that the 5-OH-indole and the catechol levels in both the ipsilateral and the 

contralateral accumbens were increased, compared with those of a non-occluded sham group, 24 

hours after occlusion. 

Our observation of ipsilateral and contralateral disturbances of the hindpaw grasping reflex in two 

Wistar derived rat strains, the WKY and the SHR-SP strains (Chapter 4.2), extends the findings of 

Crespi and Pietra (1997). Taken together, these observations question the validity of the assumption 

that the brain regions contralateral to the occluded side can be considered as normal control areas. A 

better experimental approach would be to assess infarct-induced behavioral dysfunctions by 

comparing performance before and after occlusion. Behavioral tests which might be influenced by 

learning cannot be used in such a study design. Another appropriate, classical experimental design is 

the comparison of the behavior of MCA-occluded animals with that of sham-lesioned animals (e.g. 

Andersen, Andersen & Finger, 1991), especially, if learning processes affect successive testing scores 

(e.g. Yonemori et al., 1996). An intact control group should also be included in order to obtain an 

estimate of the effects of surgery per se. 

Recovery of function 

WKY rats showed a complete recovery of sensorimotor functions about 1 month after unilateral stroke, 

induced by occlusion of the left MCA, except for the grasping reflex of the contralateral hindpaw, which 

at that time was still slightly impaired (Chapter 4.1). Recovery of sensorimotor functions has also been 

observed by other investigators after permanent (e.g. Yamamoto et al., 1988; Markgraf et al., 1992), as 

well as transient occlusion of the MCA (Markgraf et al., 1997). 

No effects of permanent MCA-O on cognitive functions 

We did not find MCA-O to affect the spatial orientation performance of mice in the standard version 

(Chapter 4.3) or in the repeated acquisition version (Chapter 4.4) of the Morris water escape task. 

Brain structures, such as the hippocampal formation which are believed to be critically involved in 

spatial discrimination learning (Barnes, 1988b; Jarrard, 1993, 1995) are not damaged by permanent 

MCA-O. We did, however, see a transient effect of the operation itself, which involves craniotomy 

(Bederson et al., 1986; Welsh et al., 1987). 
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The central question, of course, is whether the MCA-occluded rodent provides a model for the stroke-

related functional deficits seen in patients. According to Caplan (1995, p. 4-5), animal models of stroke 

suffer from a number of shortcomings: 

� First, they are only poor replica of the situation in stroke patients. For example, most patients with 

MCA-O suffer from long lasting behavioral impairment (Adams, Victor & Ropper, 1997), although 

spontaneous recovery has been observed in patients after acute ischemic stroke (Biller et al., 

1990). By contrast, we found nearly complete recovery of sensorimotor abilities in WKY rats after 

MCA-O, an observation that is in line with the results of other animal studies (e.g. Markgraf et al., 

1992). 

� Second, the brains and the craniocerebral vascular systems of rodents are different from those of 

humans. In fact, there are considerable differences between species and even between strains 

within species (e.g. van der Staay, Augstein & Horváth, 1996b, Chapter 4.2). Caplan’s objection is 

probably justified if only one experimental approach is considered. However, nowadays the 

approach is to study the effects of experimental manipulations of a brain structure in two or more 

species (i.e. a ‘comparative approach’, including humans, if possible) in order to try to generalize 

about brain structures, functions, behavior, and how they are related (Isaacson et al., 1971, p. 3).  

� Third, the techniques used to induce strokes in animal studies do not model the events which cause 

infarcts in humans. Most experimental techniques produce an acute infarct, whereas clinical insults 

often develop more gradually. Patients suffering from ischemic stroke often have a history of 

multifocal artherosclerosis which has developed over weeks to years (Wiebers, Adams & Whisnant, 

1990). Moreover, a variety of risk factors might predispose an individual to stroke, such as genetic 

factors, chronic hypertension, diabetes, cigarette smoking (Wiebers, Adams & Whisnant, 1990), or 

hypercholesterolemia (Caplan, 1995). These factors affect the vascular system before stroke and 

also are important co-determinants of the outcome of post-stroke treatment. To the best of my 

knowledge, no occlusion technique has been developed which mimics the gradual development of 

a thrombus over a period of hours to weeks. However, the combination of different experimental 

approaches to model deficiencies, such as old age and hypertension, might be one way to improve 

the similarity of the conditions mimicked in the animal model and those seen in humans. 

� Fourth, it is not possible to assess the disrupting effects of stroke on higher functions 

(sensorimotor, cognition). This objection against the use of animal models of stroke to study infarct-

induced dysfunctions might be valid with respect to cognitive functioning. However, several groups 

world-wide are putting considerable effort into the development of appropriate test systems. Typical 

human abilities such as speech, which is often impaired in patients suffering from stroke (e.g. 

Adams, Victor & Ropper, 1997), cannot be mimicked in animal models (Dawson, Heyes & Iversen, 

1992). Moreover, it is not clear whether those tests that are normally used to assess behavioral 

dysfunction in rodents are comparable to the tests which are used to assess functional decline in 

non-human primates and humans (Gallagher, 1993). However, if one takes into account the 

species-specific behavioral repertoire (e.g. Bolles, 1975; Willner, 1991), valid behavioral tests can 

be developed for a broad range of cognitive processes. Although some of these tests, at first sight, 

might lack similarity to tests used for humans, they might very well tap similar functions and 

processes. 

A number of similarities and differences are apparent when comparing the deficits seen after MCA-O 

in rodents with those typically seen in patients after MCA-O (Adams, Victor & Ropper, 1997, p. 790; 

cited in Chapter 4.0). In both humans and rodents, occlusion of the MCA gives rise to sensorimotor 
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deficits contralateral to the infarct. However, the deficits in rats and mice (e.g. Klapdor-Dulfer, 1996) 

appear to be mild when compared with those seen in patients. Moreover, most sensorimotor deficits in 

rodents are transient and disappear within a few weeks after stroke. This contrasts with the finding that 

approximately half of the patients who survive a stroke show persistent neurological impairments 

(Gorelick, 1995). Cognitive impairments, a major symptom in stroke patients (Adams, Victor & Ropper, 

1997), were virtually absent in our experiments (see Chapters 3.2, and 3.3). 

According to Hunter, Green, and Cross (1995) it can be doubted whether permanent interruption of the 

blood flow in the core of the infarct, as produced by permanent focal MCA-O, has relevance for most 

strokes caused by occlusion of the MCA in patients. In stroke patients, the thrombus usually 

disintegrates, and reperfusion of the infarcted area occurs. Permanent focal ischemia after MCA-O 

usually does not occur in the hippocampus. This brain structure, and particularly the CA1 region 

(Kuroiwa, Bonnekoh & Hossmann, 1991; Block & Schwarz, 1996; Nelson et al., 1997), seems to play a 

prominent role in spatial orientation (Jarrard, 1993, 1995). Therefore, it is more likely that deficits in 

(spatial) learning and memory are found in reperfusion models of ischemic stroke, such as carotis 

occlusion models (Puurunen et al., 1997) or four-vessel occlusion (Block & Schwarz, 1996; Nelson et 

al., 1997) models, where the hippocampus is damaged, than after permanent occlusion of the MCA. 

To summarize, permanent occlusion of the MCA-O is a well established method to cause reproducible 

brain damage in rodents. MCA-occluded rats are useful to assess the processes leading to stroke-

induced damage and to evaluate the effects of putative neuroprotective compounds on the size and 

volume of the infarct (e.g. Gotti, et al, 1990; Mahadik & Wakade, 1992; Matsumoto et al., 1996; Ren & 

Finklestein, 1997). However, transient ischemic insults of the MCA-O (e.g. Sakai et al., 1996; Zhao et 

al., 1996; Belayev et al., 1996) or the damage caused by combinations of different (permanent and/or 

transient) occlusion techniques (e.g. Netto et al., 1993; see also Chapter 4.0, Table 1) might be a 

better model to assess the consequences of brain infarcts in humans, i.e. complex, long-lasting and 

severe behavioral dysfunctions. More studies are needed before clear recommendations can be given 

about the appropriate stroke model(s) to investigate acute functional deficits and their long-term 

recovery. 

 

 

Animal models: a definition 

The concept of animal models is controversial (McKinney, 1984), and consequently those working with 

these models should try to define this concept properly. McKinney (1984) gives the following definition: 

“Basically, animal models represent experimental preparations developed in one species for the 

purpose of studying phenomena occurring in another species.” (p. 77). In the General Introduction 

(Chapter 1), animal models were defined as living experimental systems used to analyze brain-

behavior relations under controlled conditions. In my opinion this definition can be extended to: 

An animal model in the behavioral neurosciences is a living organism used to study brain-

behavior relations under controlled conditions, with the final goal to gain insight into these 

relations in humans and/or a species other than the one studied, or in the same species under 

conditions different from those under which the study was performed. 

Kaplan (1973) considered that a model and what it is supposed to model are isomorphs of one 

another. The degree of correspondence should be defined, and the qualification ‘animal model’ can 
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only be given if clear, predefined criteria are met. This does not mean that a model in development 

must fulfill all criteria immediately; it should be possible to refine the model and to continuously re-

evaluate it, using a set of generally accepted criteria. Unfortunately, this set of generally accepted 

criteria does not yet exist. At this point, experts from many scientific disciplines should take up the 

challenge and try to set up an evaluation system for animal models. For deficiency models, this 

evaluation involves input from different, highly specialized disciplines. 

From the above definition it follows that a scientist who is interested in, for example, vision in pigeons, 

is not working with an animal model when he or she assesses the performance of pigeons in visual 

tasks. However, if he or she is trying to elucidate processes involved in vision in the pigeon to gain 

insight into vision in humans (or species other than pigeons), then he or she is using an animal model. 

Thus, the purpose of the investigation directly determines whether a model is used or not. 

McKinney (1984) discriminates four kinds of animal models, depending on their primary purpose: first, 

there are models designed to parallel a specific sign or symptom of the human disorder; second, there 

are models designed to evaluate a specific etiological theory; third, there are models designed to study 

underlying mechanisms or processes; and fourth, there are models designed to permit the preclinical 

evaluation of putative therapeutics. According to Wiebers, Adams, and Whisnant (1990), the primary 

goal of all animal research on behavioral impairments should be to improve health-care beyond the 

laboratory. In this respect, the ultimate clinical outcome is the only test of relevance to determine the 

value of the animal models used. 

 

 

The concept of validity 

In the following discussion, the term animal model refers to animal model of (pathological) behavioral 

deficiencies. Validity is defined as “(..) the agreement between a test score or measure and the quality 

it is believed to measure.” (Kaplan & Saccuzzo, 1997, p. 131). Willner (1986), in an influential paper on 

the concept of animals models, specifically for depression, stated that animal models should possess 

face validity, predictive validity, and construct validity 

Face validity, or phenomenological validity 

According to McKinney and Bunney (1969) an animal model should at least meet the requirement that 

it resembles the condition to be modeled with respect to its etiology, its symptomatology, its underlying 

processes, and its treatment, i.e. it should possess face validity. Kaplan and Saccuzzo (1997) consider 

face validity to be a concept of limited value because it simply states that a measure is meaningful by 

itself. No attempts are made to generalize. In fact, considering that rodents have their own species-

specific behavioral repertoire in order to survive in their habitat (see, for example, Bolles’ concept of 

species specific defense reaction; Bolles, 1975, p. 190), the resemblance between their behavior and 

that of humans might be weak or absent, even though similar underlying processes might guide their 

behaviors.  

Predictive validity 

A test with high predictive validity makes it possible to venture a sound prognosis (Lienert, 1969) or to 

forecast, for example, future behavior (Kaplan & Saccuzzo, 1997). Predictions can be based on purely 

empirical evidence, without any understanding of the behavior involved (Silva, 1993). Understanding 

should be based on an underlying (psychological) construct. Unfortunately both models of dementias 
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(Altman, Gershon & Normile, 1991) and models of stroke (Caplan, 1995) appear to lack preclinical to 

clinical predictability. 

Construct validity 

“A construct is defined as something constructed by mental synthesis.” (Kaplan & Saccuzzo, 1997, p. 

143). Construct validity refers to the theoretical clarification of what a test measures (Lienert, 1961). 

Animal models possess construct validity if their procedures are theoretically sound. The construct 

validity is not established by determining the relation between a test and an accepted criterion. Instead, 

it is based on the establishment of relationships which are in turn based on the definition of a trait. 

Implicitly, a construct is defined by a network of associations (Cronbach & Meehl, 1955; Runkel & 

McGrath, 1972, pp. 162-163). 

Ellenbroek and Cools (1990) considered predictive validity, face validity, and construct validity, in that 

order, as a hierarchy of categories of validity, where construct validity is the highest category. In 

accordance with Kaplan and Saccuzzo (1997), I suggest a slightly different hierarchical order: face 

validity, predictive validity, and construct validity, with construct validity again as highest category. 

Face validity is at the naive level: i.e. the test looks like it is valid, because of the perceived 

resemblance between the model and the situation or process to be modeled. Predictive validity is at 

the empirical level, i.e. data show that the outcome obtained in the model has some predictive value for 

the situation or process to be modeled. Finally, construct validity is at the theoretical level. Constructs 

such as learning ability or memory have no counterparts in the realm of observables. Instead, they 

define a framework of theoretically relevant relations (Silva, 1993; Kaplan & Saccuzzo, 1997). 

The first concern of any researcher working with animal models should be to determine, and if 

necessary and possible, to improve the construct validity of these models. Improvement of construct 

validity helps to improve predictive validity! Construct validity is the most important aspect of validity as 

far as animal models are considered. 

 

 

Determination of the construct validity of deficiency models 

Valid animal models of behavioral deficiencies are needed, because they make explicit the 

assumptions about the underlying (pathological) processes and about the mechanism of action of 

putative therapeutic compounds, and thus help the experimenter to perform meaningful experiments. 

In order to determine the validity of deficiency models, the measures, dependent variables, or ‘read-

outs’ provided by the model must be evaluated with respect to two different aspects of the model. 

The first aspect concerns the (pathological) changes in the animal which are supposed to underlie the 

defective behavior. These changes might be experimentally induced, e.g. by lesioning particular brain 

regions, or might occur naturally, e.g. as a consequence of normal aging (Gamzu, 1985). A main 

question is whether the damage seen in the animal model mimics the damage seen in the disease to 

be modeled. For example, questions such as whether the reduction in ChAT activity in the cortex of 

nbm-lesioned rats mimics the cholinergic hypofunction in Alzheimer patients, or whether aged rats can 

be considered as a model for Alzheimer’s disease, as suggested by Schuurman and colleagues 

(Schuurman et al., 1986, Schuurman & Traber, 1989b) must be discussed. 
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In lesion and stroke models, relevant aspects are the site and size of the lesion, effects on specific 

neuronal circuits, and neurotransmitter systems, etc. which can be measured by using appropriate 

histological, biochemical or imaging techniques. Although the damage or pathological changes induced 

should be as similar as possible to those found in humans, pathologists, clinicians, molecular 

biologists, etc. should define which criteria a model must meet to be considered as a valid 

representation of dysfunctions or deficits seen in humans (see Table 1). Unfortunately, a problem that 

severely hampers the definition of criteria for deficiency models is that the etiology of many 

neurodegenerative diseases, and even the processes underlying normal aging, are poorly understood. 

It might sometimes be better not to model the full-blown symptomatology but to isolate certain aspects 

of it (McKinney, 1984). For example, one might want to gain insight into the role of degeneration of the 

nbM in demented patients by studying the effects of lesioning of the nbm in rodents. Although nbm 

lesions do not induce the full pathology of Alzheimer’s disease (Decker, 1995), they produce severe 

cell loss in the main cholinergic projections to the cortex, similar to that found in Alzheimer’s patients 

(Coyle, Price & DeLong, 1983; Jacobs & Butcher, 1986; Davison, 1987). 

 

 

Table 1. The independent and the dependent variables in deficiency models. The validity of a model can only be 
determined in a multidisciplinary approach. No explicit set of rules exists for the neuropathological changes 
(second column) which are considered to be the cause of the behavioral dysfunctions. By contrast, a highly 
formalized set of rules exist for the behavioral changes (third column). 
 

Independent variable (subject) Dependent variable  

 Neuropathological changes Behavioral changes 

Aged animal, lesioned animal, 
ischemic animal, hypoxic animal, 
aged and lesioned animal, etc. (see 
Chapter 1, Table 1) 

Damage induced: site, size, effects  
on specific neuronal circuits, 
neurotransmitter systems, etc. 

Behavioral dysfunction or malfunction: 
impaired cognitive performance, 
impaired sensorimotor functions, etc.  

 Homology of damaged area(s) or 
neuropathological changes. 

Homology of disrupted processes or 
impaired functions 

 Expertise: pathologists, clinicians, 
molecular biologists, etc., depending 
on which aspects of the animal  
model are considered 

Expertise: behavioral scientists such 
as (comparative and physiological) 
psychologists, ethologists 

 Experts should define as exactly as 
possible which criteria the model  
must meet 

Concepts of reliability and validity 
from psychological test theory 

 

 

The second aspect of the models concerns the behavioral changes they induce. The validity and 

reliability of this aspect of animal models can be evaluated by making use of procedures and concepts 

from testing psychology. These concepts are well established and extensively described in a number 

of textbooks (e.g. Lienert, 1961; Runkel & McGrath, 1972; Kaplan & Saccuzzo, 1997; see Table 1). 

Some of the consequences of using models of restricted validity are that results cannot properly be 

interpreted, that scientific progress is retarded, and that animals are used unnecessarily. In this 

context, the bias of journals in favor of hypothesis-confirming results might be a reason for the slow 

progress in the development of new animal models and their validation. Negative results remain 
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unpublished, and poor concepts, hypotheses, and models survive, notwithstanding a vast amount of 

contradictory data, merely because these data are not made available to the scientific community. 

Thus, two problems emerge: 

� By not publishing negative results, either because the experimenter does not want to, or because of 

the bias of scientific journals in favor of hypothesis-supporting results, important information is not 

available and cannot be considered when evaluating an animal model. 

� Consequently, more researchers will try to replicate the results. Their experiments could have been 

avoided and animals could have been spared if an evaluation could have been made based on all 

relevant information, which, of course, includes information about the weaknesses of models and 

the failures to replicate findings reported by others. 

Unfortunately, an aspect of animal models that is hardly ever addressed concerns their replicability 

(see van der Staay, 1997; Chapter 2.4). D’Mello and Steckler, 1996, p. 351 when listing the features of 

an ideal animal model of human cognitive function (see below), stated that all test conditions should be 

replicated, if practicable. I would go a little further: 

Results are preliminary as long as they have not been corroborated, and preferably by investigators other than 

those who originally performed the investigations. 

In this context, notions such as that it should be avoided to do the same experiments in different 

laboratories, because it is a waste of animals, must be re-considered. 

 

 

Reproducibility versus generalizability of results 

One of the main purposes of scientific experimentation is to standardize the experimental protocol in 

such a way that the outcomes are reproducible and that the variation due to putative sources of error is 

minimized (Runkel & McGrath, 1972). A problem inherent in this approach is that one cannot be sure 

that the relations found are also valid under different (testing) conditions, i.e. whether the findings can 

be generalized (Kaplan & Saccuzzo, 1997, p.142). 

This dilemma can be overcome by using different methods and different experimental subjects when 

investigating a scientific question. One might, for example, conclude that a certain brain-behavior 

relationship is a general phenomenon, if similar results are obtained for different lines of a particular 

species, or when the findings are consistent across species (Isaacson, et al, 1971). 

The replicability of results can be increased if inbred lines of rodents or the F1-hybrids of crosses 

between two inbred lines are used to reduce error variation (see the section on this topic below). Inbred 

strains are produced by mating full siblings for at least 20 generations. At this point the probability that 

all individuals within the line are homozygous for the same allele asymptotically approaches 100%, 

(Plomin, DeFries & McClearn, 1980). Unfortunately, lines of the same inbred strain, maintained by 

different breeders, have been found to differ considerably with respect to genetic markers (van 

Zutphen & den Bieman, 1984). Reproducibility would be expected to be highest if the animals used for 

experiments come from the same stock, but profound cohort differences have been observed even 

within inbred lines (e.g. Mos & Hollander, 1987, with respect of the longevity of rats). Permanent quality 

control is needed to ensure genetic stability in rodent strains. 
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An alternative approach to increase reproducibility and generalizability, but not necessarily intra-group 

variability, is to use samples from a ‘heterogeneous stock’ or from a ‘mosaic population’ (van Zutphen, 

1993). A heterogeneous stock consists of the F1-hybrids from crossings between a selected number of 

inbred strains. In a ‘mosaic population’, inbred animals are also included. Because these stocks are 

based on inbred strains, they can be reconstructed whenever they are needed, as long as the inbred 

strains used are available (van Zutphen, 1993). Unfortunately, standardized samples from 

heterogeneous stocks or from mosaic populations are not readily available. 

 

 

Deficiency models 

The animal models which have been proposed for the study of behavioral dysfunctions can be 

classified into two main groups: those using normal subjects and those using subjects with behavioral 

deficits (see Chapter 1). The second group can further be subdivided into models which are based on 

naturally occurring deficits or dysfunctions, and into models in which deficits or dysfunctions are 

induced experimentally. 

It is not my intention to discuss all the different classes of deficiency models in detail. However, the use 

of normal subjects, genetic strains, including the quantitative genetic approaches based on these 

strains, selected extremes from a particular animal population, e.g. good vs. poor learners as 

examples of models which are based on naturally occurring deficits, and transgenic animals, 

knockouts, as examples of experimenter-induced deficits, will briefly be discussed. The models of the 

old animal, CNS-specific lesions, exemplified by ibotenic acid lesions of the nbm, and stroke, 

exemplified by MCA-O induced ischemia, have already been discussed above. 

 

Normal animals 

If one uses normal subjects, then one implicitly assumes that these normal subjects function 

suboptimally and that there is room for improvement. Moreover, if a compound is active in normal 

subjects, then it is to be assumed to be useful for the treatment of patients (Gamzu, 1985). This model 

is used rather frequently. To give a few examples, Cook et al. (1990), using young intact rats as 

subjects, assessed the effects of the putative cognition enhancer Linopirdine (DuP 996), an 

acetylcholine releaser, in learning paradigms. The effects of the putative cognition enhancer 

metrifonate, a compound that is transformed nonenzymatically to dichlorvos, a cholinesterase (ChE) 

inhibitor, was investigated in young, unimpaired rats in the standard Morris water escape task by van 

der Staay, Hinz, and Schmidt (1996a,b). The effects of nicotine on working and RM performance of 

young rats in a 16-arm radial maze task were evaluated by Levin, Kaplan, and Boardman (1997). In 

these three studies, the compounds tested improved cognitive performance, and the authors of these 

papers concluded that the respective compounds might provide a useful treatment for cognitive 

dysfunctions in humans. 

Normal subjects as models for behavioral dysfunctions can only possess predictive validity. This model 

fulfills neither the criteria for face validity nor those for construct validity. Compounds which are able to 

improve cognitive functions in normal subjects might be considered as ‘cognition enhancers’, but not 

primarily as ‘disease modifiers’. However, an alternative view might be that so-called normal subjects 
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function suboptimally, or that they suffer from undetected deficiencies which can be antagonized by the 

putative cognition-enhancing compound. 

 

Genetic lines 

Appropriate lines of rats and mice can be selected from the enormous genetic pool provided by the 

various inbred strains (Altman & Katz, 1979; Festing, 1980; Crawley et al., 1997). According to Russell 

(1972), inbred strains and F1-hybrids possess a number of advantages that make them valuable for the 

study of behavioral dysfunctions: 

� First, genetically different lines provide controlled differences for experimental designs (Hazzard et 

al., 1992; Ingram, 1996). 

� Secondly, such strains increase the reproducibility and predictability of results as a consequence of 

the reproducibility of individuals of a specific strain. F1 hybrids from crosses between inbred strains 

possess the advantages of the inbred strains used, but are less variable, i.e. show greater biological 

uniformity, than the parental inbred strains do (Phelan & Austad, 1994). The inbred strains and the 

first filial (F1) generation(s) of crosses between inbred strains provide groups which consist of 

genetically identical individuals. The variation within inbreds or F1s can be considered to mirror error 

variation, provided the animals with the same genotype are housed in a highly standardized 

environment. 

� Thirdly, well-defined and characterized inbred strains can be selected as raw material for 

quantitative genetic studies. These quantitative genetic studies range from strain comparison 

studies (e.g. van der Staay, Kerbusch & Raaijmakers, 1990; van der Staay & Blokland, 1996a) to 

classical Mendelian cross-breeding (e.g. Kerbusch, van der Staay & Hendriks, 1981) and diallel 

cross-breeding studies (e.g. Kerbusch, 1974; Crusio, 1993; Crusio & Schmitt, 1998). 

A number of association-based approaches have been developed, such as genetic correlations 

(e.g. van der Staay, Kerbusch & Raaijmakers, 1990) and techniques to identify quantitative trait loci 

(Lander & Botstein, 1989; Buck et al., 1997). Especially, if the environmental effects are small and 

the number of homogeneous groups (and subjects within groups) is high, the correlation between 

measures across genotypes approaches the genetical correlation.  

Studies using these approaches can contribute to our understanding because they provide information 

about the genetic background of the measures under investigation, allow a closer examination of the 

relation between neurobiological and psychological factors, and provide information about the 

generalizability of results (Hazzard et al., 1992).  

 

Quantitative genetic approaches to study normal and dysfunctional behavior 

At least part of normal as well as abnormal behavior appears to be under genetic control. Some 

decades ago, predominantly in the seventies, the mere mention of ‘genetic control of behavior’ to 

social scientists would immediately have provoked a discussion about ‘nature and nurture’, and the 

role of genetic factors would have been minimized, or explained away, or, in the most extreme case, 

be neglected all together. We now know that genetic factors play an important role in the control of 

behavior, although we are far from understanding how.  
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What is the role of (animal) behavior genetics for our understanding of behavior? 

Normal behavior and behavior disorders are extremely complex phenotypes. Behavior mirrors the 

function of a complex system, the whole organism. Because behavior shows an extreme variability 

among individuals, it is unlikely that a single gene governs behavior (Oliverio, Cabib & Puglisi-Allegra, 

1992). 

Many illnesses, for example psychiatric disorders, are considered as extremes of a continuum of 

behavior. Traits, such as cognition, anxiety, depression, drug dependence appear to be normally 

distributed in the population, and the distinction between normal and ‘abnormal’ or clinically 

conspicuous is a question of convention (Flint & Corley, 1996). This raises an aspect that is potentially 

of utmost importance for unraveling the genetic basis of diseases, namely, the definition of the 

heritable phenotype. This definition is central to the identification of genes which cause a disease, or 

which increase the susceptibility to development of a disease (Smoller & Tsuang, 1998). This aspect 

might even be more important for animal studies designed to unravel the genetic basis of psychiatric 

disorders than it is for quantitative genetic approaches in human populations. 

The phenotype, abnormal behavior or behavioral dysfunctions, as described by, for example, the 

Diagnostic and statistical manual of mental disorders IV (American Psychiatric Association, 1994), 

must be translated into testable measures in animal experiments. Unfortunately, the description of the 

psychiatric symptomatology, the psychiatric nosology, is not easily translated into behaviors which can 

be defined and operationalized in animal models, because it is atheoretical and descriptive, and 

because it suffers from a certain degree of arbitrariness. Moreover, this nosology is not based on 

pathogenetic mechanisms (Smoller & Tsuang, 1998), and different diagnostic systems might further 

complicate the search for genetic factors underlying behavioral dysfunctions (Oliverio, Cabib & Pulgisi-

Allegra, 1992). 

On the basis of the idea that most mental disorders are an expression of the extreme of the distribution 

of a limited number of underlying dimensions, one way to solve this dilemma is to break the 

symptomatology down into elemental phenotypes which can be tested in both human populations and 

in animal studies. 

Quantitative genetic approaches 

Strain comparisons: strain comparison studies are the most simple way to study the contribution of 

genetic factors to a particular phenotype. This method compares the phenotype under study across a 

number of highly inbred rodent strains. The environment in which the strains are bred and kept must 

be highly standardized, as must be the testing environment (Andrews, 1996) and the age at which 

testing is performed (Meier, 1964). Under these conditions, a significant proportion of the variation 

between strains can be ascribed to genetic variation. Comparison of inbred strains of rodents provides 

a useful tool to study the genetic basis of behavior (Paylor & Crawley, 1997). 

In order to assess behavioral deficits which occur naturally, for example due to aging, or which are 

induced experimentally, for example by brain lesions, it is necessary to select animals of a particular 

inbred strain or F1 hybrid on the basis of their behavior as intact, young animals. The level of 

performance of the young, intact animals largely determines the range of behavioral deficiencies that 

can be measured. For example, a complicating factor when choosing a particular inbred strain or F1 

hybrid for aging research is that there are strong strain differences in learning and memory, even in 

young-adult to adult animals. The poor performance of aged inbred BN rats and FBNF1 hybrid rats in 

shock-motivated tasks, such as the inhibitory avoidance or the active avoidance tasks, cannot be 
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considered as an adverse consequence of normal aging or of the occurrence of age-related 

pathological changes (van der Staay & Blokland, 1996a) because these genotypes already show these 

deficiencies at a young age. Thus, it does not make sense to use genotypes such as the BN or the 

FBNF1 hybrid in shock-motivated tasks as animal models for aging in gerontological and 

gerontopharmacological research. 

Selection studies: selection for a particular phenotype in a heterogeneous population is another 

method for demonstrating the role of genetic factors in the expression of the phenotype. In most cases, 

selection experiments try to produce two lines: one which shows a strong expression of the phenotype, 

and one that shows a weak expression of the phenotype. Both lines should deviate from a control line, 

in which no selection occurs. Replicates of the selection line are needed to distinguish the response to 

selection from that due to changes caused by, for example, inbreeding, or to random genetic drift 

(Holmes & Hastings, 1995). 

Classical Mendelian cross-breeding studies: the classical Mendelian cross-breeding design starts with 

the selection of two highly inbred rodent strains, which should be as different as possible with respect 

to the phenotype being studied. From these two parental lines, F1 and F2 generations are derived. In 

addition, in most studies the back-crosses from the F1 generation to the two inbred lines are also 

produced (see Figure 1). This design allows a very detailed genetic analysis and the detection of very 

small gene effects. However, the generalizability of this approach is restricted because all genetic 

material is derived from only two inbred strains (e.g. Kerbusch, Hendriks & van der Staay, 1989). 

 

 

F2

P2P1

F1 B2B1

 

Figure 1. Schematic representation of a classical cross-
breeding design. The P1 and P2 should be as different as 
possible with respect to the phenotype under inverstigation. 
P1: first parental (inbred) strain 
P2: second parental (inbred) strain 
F1: first filial generation (cross between P1 and P2) 
F2: second filial generation (F1s intercrossed) 
B1: first back-cross (cross between P1 and F1) 
B2: second back-cross (cross between P2 and F1) 

 

 

Diallel crosses: in the diallel cross-breeding design, a number of highly inbred rodent strains are 

crossed in all possible combinations (see Figure 2). The results obtained from the diallel cross-

breeding approach are much more generalizable than those obtained from classial Mendelian cross-

breeding approaches, but the information obtained about the genetic architecture underlying the 

phenotype studied is less detailed (Crusio & Schmitt, 1998). 
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Figure 2. Schematic representation of a 
diallel cross-breeding design. 
P1: first parental (inbred) strain 
P2: second parental (imbred) strain 
P3: third parental (inbred) strain 
F12: first filial generation of cross 

between P1 and P2; note, that the 
mother is from P1 and the father is 
from P2 

F21: reciprocal of F12; now the mother is 
from P2 and the father is from P1 

 

 

Recombinant inbred strains: recombinant inbred strains are derived by crossing two highly inbred, but 

genetically unrelated strains, and by crossing the F1 generation to obtain the segregating F2 generation 

(see Figure 3). From this generation onward, a series of inbred strains is obtained by at least 20 

generations of brother-sister mating. The chance recombination of the genes becomes fixed in the 

resulting battery of inbred strains, creating a replicable recombinant population (Oliverio et al., 1992). 

 

 

P2P1

F1

F2: Recombination

RI1 RI2 RI3 RIn

 

Figure 3. Schematic representation of a 
cross-breeding schedule to establish 
recombinant inbred strains. 
P1: first parental (inbred) strain 
P2: second parental (inbred) strain 
F1: first filial generation of cross between 

P1 and P2 
RI1: first recombinant inbred strain 
RIn: nth recombinant inbred strain 
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Quantitative trait loci (QTL): the identification of quantitative trait loci is used as a first step to identify 

candidate genes for quantitative traits (Rikke, & Johnson, 1998). QTLs can be estimated from 

recombinant inbred strains or from the second filial generation of two inbred strains which represent 

extremes of a continuum of the trait under investigation. The conserved chromosomal regions between 

mice and humans have been mapped and a genetic marker map containing about 6100 dinucleotide 

markers has been constructed which densely covers the entire genome (Gershenfeld & Paul, 1998). 

The map of conserved chromosomal regions makes it possible to crudely delimit the chromosomal 

regions where trait-relevant genes might be located in humans. Unfortunately, because singles genes 

normally appear to have little effect on the trait under study, it is not very likely that small studies of 

human pedigrees or affected siblings will confirm QTLs identified in rodent studies (Gershenfeld & 

Paul, 1997). 

 

Extremes from a population 

Several researchers have reported that, in a sample of aged animals tested in learning and memory 

tasks, some individuals appear to be unimpaired, performing as well as their young counterparts, 

whereas other individuals show severely impaired performance (e.g. Gallagher, Burwell & Burchinal, 

1993; Caprioli, Markowska & Olton, 1995; Quirion et al., 1995; Baxter & Gallagher, 1996; Rasmussen 

et al., 1996). Caprioli and colleagues (1995) argue that testing the effects of putative therapeutic 

interventions to improve behavioral deficits in unimpaired individuals decreases the sensitivity of the 

test system, because unimpaired individuals may not respond to the treatment (but see the paragraph 

on normal animals, p. 227). They will, however, increase the variability of the sample. Therefore, 

elimination of unimpaired animals can reduce the variability in the sample, increase the sensitivity of 

the test, and prevent the waste of resources. 

However, Ingram (1996) is concerned about this splitting up of a sample of aged animals into impaired 

and unimpaired groups. First, the measures used to characterize the behavioral deficits induced by 

aging may not be strong enough predictors of the effects of aging. Instead of subdividing a sample of 

aged rats into subsamples of impaired and unimpaired individuals, it may make more sense to improve 

the age-sensitivity of the behavioral measures used. Second, subdivisions may be based on non-

cognitive factors (e.g. differences in the visual ability of animals performing a visually guided 

discrimination) or pathological differences between individuals, rather than on differences in cognitive 

abilities. Third, the identification of an impaired subgroup in one cognition test does not necessarily 

mean that this group will suffer from impairments in another test. 

 

Transgenic and knockout animals 

Quantitative genetic studies have already provided convincing evidence for the importance of both 

environmental and genetic factors in the regulation of behavior (Oliverio, Cabib & Puglisi-Allegra, 

1992). But nowadays, to put it provocatively, quantitative genetic approaches in the behavioral 

sciences, such as strain comparisons or cross-breeding studies, are ‘out of fashion’, they are 

‘dinosaurs’ which have not survived because they are extremely time-consuming and expensive, and 

because new approaches have completely replaced them. These new approaches emerged from 

molecular biology. The development of highly sophisticated molecular biological approaches will make 

it possible to answer the question how genetic factors control behavior. These techniques are being 
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rapidly developed and have led to models which allow the investigation of the genetic control of 

behavior more exactly than was earlier possible with quantitative genetic methods. 

 

 

Comparison of quantitative genetic
and molecular genetic approaches

Starts
from

Tries to
unravel

1) the genetic basis of 
behavioral phenotypes

2) the pathways 
underlying the 
expression of a trait

3) the adaptive value 
for the organism, i.e. to 
gain insight into the 
evolutionary history of 
a genotype

Combination of quantitative genetic 
and molecular genetic approaches, 
such as identification of 'quantitative 
trait loci'

Phenotype, e.g. 
behavior, quantitative 
traits

1) the effects of gene 
product(s) on 
quantitative traits

2) the expression level 
of gene product(s), e.g. 
proteins, enzymes

Quantitative
genetics

Molecular
genetics

Gene or gene mutation

 

Figure 4. Comparison of quantitative
genetic and molecular genetic 
approaches to unravel the genetic 
basis of normal and dysfunctional 
behavior. 

 

 

It can be questioned whether quantitative genetic approaches still have a place in the behavioral 

sciences. To answer this question it is necessary to compare these two approaches (see also Figure 

4). 

� Quantitative genetics starts from the phenotype to deduce the underlying genetic factors. The basis 

of quantitative genetics is that Mendelian rules of discrete inheritance can be extended to study the 

inheritance of complex characteristics that show a continuous phenotypic distribution (McClearn & 

DeFries, 1973). The continuous distribution of a trait is the result of the sum of the small genetic 

influence of different genes, each of which is transmitted in a Mendelian fashion, i.e. quantitative 

traits are polygenically controlled. Quantitative genetic approaches can be used to estimate the 

number and interaction of genes involved in a quantitative trait, such as behavior, but they cannot 

provide any information about the underlying genes (Oliverio, Cabib & Puglisi-Allegra, 1992). 

Quantitative genetic approaches also provide insight into the evolutionary history of a phenotype, 

and into brain-behavior relationships (Crusio & Schmitt, 1998). 
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� Molecular genetic approaches can be considered as ‘reverse genetics’, in that they start from a 

detailed knowledge of the gene under investigation, which allows the experimental manipulation of 

its expression and function. This in turn provides a powerful tool to investigate the physiological 

relevance of the gene product, usually a protein (Picciotto & Wickman, 1998). Thus, molecular 

biology starts from the genotype, a single gene, and deduces the gene product and, ultimately, the 

effects on the phenotype, i.e. behavior. 

Molecular biological approaches: transgenics, knockouts, and antisense oligonucleotides 

In the last few years, the antisense oligonucleotide technique and a number of gene-targeting, or 

knockout, models and transgenic models have been developed which are expected to provide new 

insight into brain-behavior relations and into the neuropathological processes underlying 

neurodegenerative disorders such as Alzheimer’s disease (Higgins & Cordell, 1995; Duff, 1997; Price 

et al., 1998). These are at present nearly exclusively murine models (Brandon, Idzerda & McKnight, 

1995a,b,c; Jucker & Ingram, 1997). Many recent reviews have addressed the experimental techniques 

used to produce transgenic and knockout mice and antisense oligonucleotides (e.g. Campbell & Gold, 

1996; Picciotto & Wickman, 1998). 

In short, transgenic animals express a mutant gene or overexpress a wild-type gene that has been 

introduced into the genome of a rodent strain. Trangenic animals might model gain-of-function 

disorders (Picciotto & Wickman, 1998). For example, transgenic mice that overexpress the amyloid-

precursor protein detected in individuals with familial Alzheimer disease mutations are used as a model 

of Alzheimer’s disease (Sommer, 1998; Riekkinen, Schmidt & van der Staay, 1998). 

In knockout mice, an endogenous gene is inactivated, or a mutant protein is made non-functional 

(Campbell & Gold, 1996). Knockout animals might model loss-of-function disorders (Picciotto & 

Wickman, 1998). However, many genes play a significant role during ontogeny, and thus 

compensatory mechanisms may completely overshadow the effects of the experimentally induced 

mutations. Recently, inducible knockouts have been developed to overcome the problems associated 

with functional compensation occurring as a consequence of the absence or inactivation of an 

endogenous gene during ontogeny (Gold, 1996; Gingrich & Roder, 1998; Picciotto & Wickman, 1998). 

Antisense oligonucleotides (knockdowns) are produced by injecting a short sequence of synthetic DNA 

into the target area, for example, a specific brain region. The synthetic DNA sequence possesses a 

nucleotide arrangement that is complementary to a specific sequence of mRNA. The injected 

antisense oligomer blocks the translation of specific genes and thus inhibits synthesis of the relevant 

protein. Antisense-induced inhibition is transient and reversible, thus allowing assessment of the 

function of a gene in a within subjects design (Gold, 1996). 

Investigations of the role of long-term potentiation (LTP) in spatial learning in the Morris task might 

serve as an example of the approach based on genetically engineered animals. The relationship 

between this electrophysiolgocial phenomon and spatial orientation in the Morris task has been studied 

by using mice that lack the gene for protein kinase A (Huang et al., 1995), protein kinase C (PKCγ; 

Abeliovich et al., 1993), non-receptor tyrosine kinase C gene, fyn (Grant et al., 1992), or Thy-1 

(Nosten-Bertrand et al., 1996). These mutations result in disruption or elimination of hippocampal LTP. 

Spatial learning deficits (Abeliovich et al., 1993; Grant et al., 1992) or no effects on spatial learning 

(Huang et al., 1995; Nosten-Bertrand et al., 1996) have been reported. These results are inconclusive 

with respect to the role of LTP in Morris water escape learning, perhaps because LTP is usually elicited 

in hippocampal slice preparations. Correlation of these in vitro findings with spatial learning 
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performance may lead to results which are difficult to interpret (Errington et al., 1997), especially when 

LTP and learning are not assessed in the same individuals. However, Silva and colleagues (1998), in 

their review of the literature on genetically engineered mutations which affect LTP, concluded that LTP 

appears to be necessary, but not sufficient, for place learning. 

There are many pitfalls in molecular genetic studies. For example, the genetic background into which 

transgenes are introduced is a determinant of the sensitivity of the approach. The importance of the 

genetic background for the interpretation of behavioral phenotypes expressed by genetically 

engineered animals has recently been recognized in a number of publications (e.g. Crawley et al., 

1997; Logue et al., 1997; Owen et al., 1997; Gerlai, 1998; Lipp & Wolfer, 1998). 

Another problem of gene-targeting or knockout animals is that the gene is inactivated not only in the 

structure(s) believed to be essential for spatial orientation behavior, such as the hippocampus (Jarrard, 

1993, 1995), but in every cell that expresses the gene. As a consequence, the deficits may not be 

restricted to learning ability, but may affect other non-mnemonic processes, with the result that there is 

an apparent deficit in spatial learning and memory (Deutsch, 1993). New, refined techniques are under 

development which allow the inactivation of specific genes in small, well-defined brain regions (Roush, 

1997; Picciotto & Wickman, 1998). 

Although the new techniques undoubtedly will broaden the range of deficit models and, consequently, 

the understanding of brain-behavior relationships under normal and pathological conditions, Balaban 

and co-workers caution against premature and unjustified conclusions provoked by the identification of 

candidate genes in the regulation of behavior: “(...) speaking about genes and (...) any behavioral 

phenomenon(...) requires an understanding of the specificity of the biological pathways which link gene 

differences to behavioral ones, and a knowledge of how consistently and robust certain genetic 

differences lead to certain behavioral differences in the face of variation in developmental histories, 

social and environmental circumstances, and different genetic backgrounds” (Balaban, Alper & 

Kasamon, 1996, p. 4). Many of these factors are non-hereditary, and these non-genetic sources of 

variation in behavioral phenotypes are not less important than genetic factors (Oliverio, Cabib & 

Puglisi-Allegra, 1992). 

 

Animals with CNS-specific lesions, or with cerebral ischemic damage 

Animals with lesions of the nbm and with infarcts, induced by occlusion of the MCA, have been 

discussed above. The points raised in the evaluation of these models might also be relevant for other 

lesion and infarct models. It is very important to identify possible confounders of the measures under 

consideration in order to distinguish between specific and nonspecific effects of the experimentally 

induced brain damage on behavior. 

 

Animals with behavioral deficits induced electrically, pharmacologically, or by hypoxia 
or anoxia 

Many of the issues that have been discussed with respect to the nbm-lesioned animal and the animal 

with experimentally induced brain infarct are also true for models in which deficits are induced 

electrically (e.g. by electroconvulsive shock), pharmacologically (e.g. by administration of 

scopolamine), or by hypoxia and anoxia. These models will not be discussed further here and the 

reader is referred to recent reviews by, for example, Decker (1995) and Andrews (1996). 
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Combination of different models 

It might be useful to combine different models. For example, the combination of cholinergic lesions and 

aging might produce a model that possesses more resemblance to the disease state of patients 

suffering from Alzheimer’s disease than a model in which these lesions are induced in young subjects. 

However, our findings, reported in Chapter 3.3, do not support this notion. A similar combined 

approach might be appropriate for stroke. Most stroke patients are elderly. Indeed, Sutherland, Dix, 

and Auer (1996) presented results which support the notion that ischemic vulnerability is age-

dependent; however, Yager, Shuaib & Thornhill (1996) only partially confirmed this increased 

vulnerability of old animals in a rat model of global transient ischemia. They found that susceptibility to 

hypoxia-induced brain injury did not increase linearly with age. Instead, the very young and the old rats 

were less susceptible to ischemia-induced damage than were the middle-aged subjects. Thus, a 

complex pattern of interactions might exist between the effects of chronological age and the 

neuropathological changes and functional consequences caused by experimentally induced brain 

damage. More investigations are needed before it can be decided whether the combination of different 

experimental approaches increases the validity of animal models of behavioral dysfunctions and their 

underlying pathology. 

 

 

Non-human primates versus rodents 

A topic that has not yet been addressed concerns the species that should be used in animal studies on 

naturally occurring or experimentally induced cognitive deficits. Intuitively, one would consider that the 

most human-like species is by definition the most appropriate model to assess the effects of putative 

cognition enhancing compounds. However, as D’Mello and Steckler (1996, p. 349) correctly stated, “A 

close relationship to humans does not guarantee a similar pharmacodynamic response”. Comparing 

cognitive functions of humans and non-human primates, Roberts (1996) concluded that even though 

the two species were tested in the same behavioral paradigm, they might have relied on different 

cognitive processes for the solution and the performance of the task, i.e. perceived similatities between 

species in the execution of a behavioral task might be due to mere analogy, not homology (Robbins, 

1998). However, non-human primates might provide the models of choice if the higher level of 

organization and the higher complexity of the cortex are crucial components of the model (Kordower & 

Gash, 1996; Robbins, 1998), an aspect that cannot satisfactorily be mimicked in rodents. According to 

Roberts two requirements must be fulfilled before one can speak of behavioral homology: 

� First, humans and monkeys should perform similarly in a given test. 

� Second, the behavior shown should be supported by homologous brain structures. 

Macphail (1996), who looked at the cognitive functions of mammals from an evolutionary perspective, 

concluded that there is a substantial degree of communality in the mechanisms of learning among 

vertebrates, which makes non-human and non-primate species suited for use in, for example, 

behavioral pharmacology. Moreover, there are severe constraints to the use of non-human primates as 

model species in neurosciences. 

� First, and most important, ethical considerations preclude, or severely restrict, the use of non-

human primates. This is a position which I share. 
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� Second, the availability of non-human primates is a limiting factor (Allain et al., 1997). This factor 

does not play a role if rodent models are used. In most cases, therefore, rodent-based approaches 

will be the models of choice. 

However, a comparative approach, in which two or more species are considered, is to be favored, and 

the decision to accept or reject a specified model to screen putative cognition enhancers, or the 

decision to develop a substance clinically as a therapeutic should be based on the data from more than 

one species, not necessarily including non-human primates. 

 

 

Are animal models necessary? 

The discussion about the necessity and benefits of using animals in scientific research continues with 

the animal rights movement (e.g. Singer, 1985) playing a catalyzing role. However, the discussion is 

basically emotional, and the standards of exchange are low (Rowan, 1997). Even in the scientific 

community, positions about the usefulness of animal research range from “(...) animal models can 

mislead researchers, or even contribute to illness and deaths by failing to predict the toxic effects of 

drugs”. (Barnard & Kaufman, 1997, p. 64) to “Experiments using animals have played a crucial role in 

the development of modern medical treatments, and they will continue to be necessary as researchers 

seek to alleviate existing ailments and respond to the emergence of new disease.” (Botting & Morrison, 

1997, p. 67).  

Most researchers doing animal research are aware of the problems and pitfalls of animal models, and 

alternative approaches are continuously being evaluated. Nevertheless, many scientists conclude that 

animal models are still necessary (e.g. Kordower & Gash, 1986; Allain et al., 1997). For example, with 

respect to gerontological research, Ingram (1985, p. 328) concluded: “Despite the apparent 

demographic demand for greater research of geriatric memory impairment using animal models, one 

can argue that the use of aged animals provides a potentially contaminated resource. Control over 

noncognitive performance factors presents a very demanding challenge. Indeed, researchers might 

contend that the use of young animals with specific brain lesions is perhaps a better approach. 

Certainly, this strategy should be fostered; however, even if it proves effective in identifying specific 

mechanisms and suggesting certain remedies, ultimately these remedies and therefore a test of the 

hypothesized mechanism will have to be attempted in aged animals. Therefore, we are stuck with aged 

animals as ultimate models.” 

In 1988 Kordower and Gash pointed out that only a certain number of symptoms of a disease were 

mimicked by the animal models then available, which limited the predictive validity of the models. 

Unfortunately, this is still true approximately one decade later and highlights the need to improve the 

validity of animal models. 

Reasoning similar to that of Ingram (1985) with respect to geriatric memory impairments is also valid 

for the neurological defects induced by stroke. As Tamura, Kawai, and Takagi, (1997, p. 283) stated: 

“Recent advantages in medical technology are astonishing:it is possible to obtain some metabolic 

information in human stroke using PET or MRI. In a sense, we are in a new era of clinical ischemic 

study. However, we cannot obtain complete information without sampling brain tissue itself.” Although 

highly sophisticated in vitro approaches have been established, which allow the investigation of 

necrotic or apoptotic processes (Thompson, 1995; Bär, 1996; Choi, 1996), and the effects of 
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pharmacological interventions to attenuate or even prevent these processes of cell death, animals 

suffering from experimentally induced infarcts are still the ultimate model. Cells cannot model the 

interactions in complex systems, such as the living brain. This is true not only for neuropathological 

processes at the cell and system level, but also for the behavioral consequences of these 

neuropathological changes. 

It is, of course, the responsibility of all researchers doing animal research to critically question the cost-

benefits of their research. In this context, the principle of the three ‘Rs’ proposed by Russel and Burch 

(1959) serves as a good guideline. The three ‘Rs’ are replacement, reduction, and refinement.  

� Animal research should be replaced by in vitro methods whenever possible. However, as Garattini 

(1997) pointed out, many effects measurable in vivo do not have adequate counterparts in vitro. It 

is, for example, not possible to study in vitro the effects of a therapeutic intervention on learning and 

memory processes, or on sensorimotor dysfunctions. Moreover, in vivo studies are necessary to 

assess the validity of in vitro approaches. 

� The number of animals can be reduced by using appropriate experimental designs, sensitive and 

reliable methods, and state of the art statistical analytical methods. Moreover, an experiment should 

be adequately described, i.e. provide complete information about, for example, the animals used 

(sex, age, strain, supplier) and the rearing and testing conditions (description of the housing and 

testing environment, timing of testing, equipment used, etc.) (Russell, 1997). This information is 

indispensable for identifying intervening variables which might affect the outcome of a study, and 

which must be controlled experimentally to obtain valid and interpretable results. 

� Refinement of the methods should reduce the suffering of animals. Every student of animal 

behavior should realize that optimal welfare conditions significantly reduce variation in behavioral 

studies. A secondary effect of refining experimental methods is an increased validity of the model 

used, a reduced variability in the data obtained, and consequently, a reduction of the number of 

animals needed to answer a particular scientific question. 

The three ‘Rs’ provide a guideline for humane animal research. They guide the investigator to answer 

questions such as: what information could be obtained from the study? Is this information really 

necessary and essential? Can the information be obtained by means other than animal studies? How 

can the yield of a study, in terms of scientific information, be maximized and the use of animals, both 

with respect to number involved and the degree of discomfort and suffering, be minimized? 

Biomedical research seems to be in a better position than fundamental scientific research with respect 

to the cost-benefit analysis of animal research. However, this is only superficially so because 

biomedical research aiming at the development of new therapeutic approaches relies on the 

knowledge provided by basic scientific research. For example, in order to identify and understand 

pathological conditions, one needs a sound knowledge of the normal conditions (Jucker & Ingram, 

1997). 

In my opinion, animal models of behavioral dysfunctions will no longer be necessary if the following 

conditions are fulfilled: 

� Animal models will become obsolete if the human nervous system can be investigated by means of 

direct, non-invasive techniques. However, it has to be realized that the state of the patient assessed 

by (non-invasive) diagnostics is the endpoint of processes which led to dysfunctions. Therefore, the 

diagnostic data must be complemented by information which covers the processes preceding and 
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eventually causing the deficits. This can only be achieved if all potentially relevant information about 

the patient is systematically registered and stored.  

� There is no further need of animal models if there is general consent that these models are not 

acceptable, even if this has direct consequences for our understanding of the processes underlying 

behavioral deficiencies, of their prophylaxis and treatment. 

 

 

How to proceed 

Animal models of behavioral dysfunctions remain the main tool to characterize compounds which can 

be used as therapeutics in the treatment of behavioral deficits caused by disease (e.g. Sarter, Hagan & 

Dudchenko, 1992a,b; Allain et al., 1997). Therefore, in this part of the discussion, animal models of 

behavioral dysfunction and the test paradigms thought to be appropriate to analyze the effects of 

putative cognition enhancers will be discussed. This is of course a personal view. 

To continue with a statement made in the General Introduction (Chapter 1), animal models of 

behavioral dysfunction serve two main goals to enhance our understanding of the underlying 

substrates and mechanisms, i.e. brain-behavior relations, and to assess the effects of putative 

therapeutics to alleviate these dysfunctions. With respect to both goals, performance in learning and 

memory tests and functional ability in sensorimotor tests are usually the ‘read-outs’ or dependent 

variables. 

Taking the assessment of cognitive function or dysfunction as an example, a major challenge is to 

develop valid test systems which enable the measurement of cognitive deficits, identification of classes 

of compounds which might act as putative cognition enhancers, and determination of their potency and 

efficacy. 

“Potency indicates the dose or concentration which is usually needed to produce a certain effect. More 

potent agents produce specific effects at lower doses or concentrations.” (Mutschler et al., 1995, p. 3). 

The potency of a drug can be determined by using a single test or test system. However, a substance 

does not qualify as a therapeutic because it is potent in a particular test. The test in which its potency is 

demonstrated has to be relevant to the indication, i.e. it should possess at the very least face validity 

and predictive validity. 

“Efficacy is a term to describe the sum of all beneficial activities for prevention, alleviation, cure and 

diagnosis of diseases.” (Mutschler et al., 1995, p. 3). This means that efficacy cannot be determined by 

using a single test or test system. Instead, a battery of tests has to be used, which in the case of 

cognition enhancers should ideally cover acquisition processes, consolidation processes, and memory 

processes in deficiency models which mimic the behavioral dysfunctions seen in humans as closely as 

possible, such as age-associated memory impairments (AAMI; McEntee & Crook, 1991) or the severe 

cognitive deficits observed in patients suffering from dementias (American Psychiatric Association: 

DSM IV, 1994). The more efficient compound is the one that modulates a broader range of cognitive 

processes. This means that a series of behavioral test paradigms has to be used to cover this range of 

cognitive functions. 

As Maître and Pepeu (1989) state, the aim is to find cognition enhancers as remedies for the 

impairment caused by aging or disease processes and to find means of retarding the deterioration of 
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cognitive faculties. The term ‘cognition enhancer’ refers to agents that affect cognitive functions and 

display a characteristic pharmacological profile (Gamzu et al., 1989). 

� A cognition enhancer is a compound that improves cognitive functions, such as learning, 

consolidation, and/or retrieval, (Gamzu et al., 1989; Schindler, 1989; Wenk & Olton, 1989), i.e. the 

acquisition, storage, and recall of information (Maître & Pepeu, 1989), that increases information 

processing capacity (Sarter et al., 1996), that augments brain resources (Wenk & Olton, 1989) and 

that restores brain function (McEntee & Crook, 1991). The improvement should be most readily 

observed under conditions of disturbed neurometabolism (Poschel, 1988; Schindler, 1989). 

� A cognition enhancer has added value if it protects the CNS against brain insults (Gamzu et al. 

1989; Schindler, 1989), does not have other ‘classical’ psychopharmacological activity (Gamzu et 

al. 1989), is characterized by minimal or no side effects (Poschel, 1988), and has very low toxicity 

(Schindler, 1989; Gamzu et al., 1989) 

� A cognition enhancer must readily cross the blood-brain barrier (Poschel, 1988) 

Most cognitive testing in deficiency models is done by using test systems which are cheap, fast, and 

simple. Spatial discrimination tasks in mazes, most commonly the Morris water maze, are among the 

most frequently used tests to detect potential cognition enhancers and to assess their potency (Merlini 

& Pinza, 1989; Andrews, 1996). A major point of discussion is whether these tests and other tests are 

sensitive, effective, and valid. The Morris water escape task has been found to be sensitive to the 

effects of putative cognition enhancing compounds (e.g. Brandeis et al., 1991; Pitsikas, Brambilla & 

Borsini, 1993; Blokland, Hinz & Schmidt, 1995; van der Staay, Hinz & Schmidt, 1996a,b; van Rijzingen 

et al., 1996; Fong, Neff & Hadjiconstantinou, 1997). However, the predictive validity of the Morris water 

escape task, which has been used in many of the experiments described in this book, remains to be 

elucidated, pending the successful introduction of cognition enhancers of high efficacy and potency in 

the clinic. Points of criticism of the Morris water escape task as behavioral ‘read-out’ for the 

identification and evaluation of potential cognition enhancers or disease modifiers are: 

� The Morris water escape task is aversively motivated (Hodges, 1996). Owing to its aversive nature, 

stress responses might interfere with the cognition enhancing potential of test substances, and 

consequently, might lead to false-negative findings. 

� It is not clear which cognitive processes are tapped by this task. In particular, the testing paradigms 

used might assess behavioral processes different from those compromised in cognitively impaired 

patients.  

Steckler and Muir (1996) suggested that the battery of tests used to assess the effects of putative 

cognition enhancers should be extended and should be designed to assess those functions in rats that 

are involved in cognitive performance in humans. 

Sarter, Hagan, and Dudchenko (1992b), in their review of the literature on screening of putative 

cognition enhancers, concluded that “(...) the reader seeking advice for the establishment of screening 

procedures which would be cheap, fast and effective, may realize that no such tests are offered” (p. 

469), because “(...) screening for cognition enhancers (...) is placed in a unique scientific-historical 

context characterized by the lack of a clinically effective treatment, of high pressure to discover and 

develop cognition enhancers, and the need for standardized and comprehensive preclinical tests in 

order to develop drugs for diseases of widely unknown etiology” (p. 470). 
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In conclusion, one of the main reasons for the low predictive validity of animal models for putative 

cognition enhancing compounds for the treatment of cognitively impaired patients is their uncritical and 

indiscriminate use (Steckler & Muir, 1996), i.e. investigators using these tests are not concerned about 

their construct validity. Another major reason is, as discussed previously, that the defects induced in 

animals do not cover the pathology seen in patients, which restricts the relevance of the deficit model 

used. 

D’Mello and Steckler (1996) have tried to formulate the features of what they consider to be the ‘ideal’ 

animal model(s) for human cognitive (dys)function. Six of the twenty-three features are summarized 

below. The summary does not reflect the order in which D’Mello and Steckler presented the features. 

� First, two or more species should be considered. As already stated in Chapter 1, the comparative 

approach aims at studying the effects of experimental manipulations of a brain structure in more 

than one species (including humans, if possible) in order to try to generalize about brain structures, 

functions, behavior, and how they are related (Isaacson et al., 1971, p. 3). 

� Second, two or more behavioral paradigms must be used which are believed to assess the same 

process. This provides an estimate of the construct validity of an experimental approach. However, 

apparently similarly operationalized tests (or measures) might rely on different processes. For 

example, measures of WM and RM, operationalized identically in a holeboard and a radial alley 

maze, were found to be poorly correlated (van Luijtelaar, van der Staay & Kerbusch, 1989). Hodges 

(1996) came to a similar conclusion after comparing Morris water escape tasks (both the standard 

version and the WM version) with radial arm maze tasks (both the standard WM version and the 

version in which only a subset of arms contains a food reward). 

� Third, tests with positive reinforcement should be used, wherever possible. The main reason for this 

is that aversively motivated tasks might induce stress. However, deprivation techniques which 

induce a certain level of hunger or thirst, a prerequisite in tasks motivated by food or water as 

positive reinforcer, might also induce stress. Severe deprivation should always be avoided. 

� Fourth, the performance baseline reached in a test should be neither too high nor too low, because 

otherwise the effects of drugs, lesions, and their possible interaction might be confounded by floor 

or ceiling effects. 

� Fifth, the dose range used in a study should include doses which have no effect and doses which 

give rise to side effects. The dose which induces first side effects should be determined before the 

effects of putative cognition enhancers are tested in learning and memory tasks. Drugs should be 

first characterized in observational tests such as the functional observation battery (FOB, Moser, 

1990) or the (modified) Irwin test (MIT, Irwin, 1968) in order to avoid over-dosing and to learn about 

the side effect profile and the safety-efficacy ratio of the drug under study. An additional benefit of 

proper pre-characterization of compounds is that unnecessary animal studies are avoided. 

 To assess the role of the non-cognitive effects of naturally occurring or experimentally induced 

deficits on cognitive processes, and to estimate their contribution to the effects of putative cognition 

enhancing compounds, it might be necessary to use tests which are believed to measure anxiety, 

exploration, or locomotor activity (e.g. open field, light-dark preference box, elevated plus maze, 

etc.). In addition, a variety of neurological tests are available to further characterize non-cognitive 

deficits and the effects of putative therapeutics on these impairments. A number of these functional 

tests have been used in the experiments described in Chapters 3.3, 4.1 and 4.2. 
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� Sixth, tests should be repeated and results should be replicable. Unfortunately, the replicability of 

test results has received little attention to date. Irreproducible results contribute to the ever 

increasing number of false-positive hits (Sarter, Hagan & Dudchenko, 1992a,b). Conclusions 

should not be based on unreplicated findings. Ideally, results should be confirmed by an 

independent group of researchers. 

 The researcher should be aware that important characteristics of the rat or mouse strain(s) used 

can change considerably over even only a few years (Andrews, 1996; van der Staay, 1997; Chapter 

2.4), and that different lines of the same rat or mouse strain can differ (even if genetic markers are 

considered; e.g. van Zutphen & den Bieman, 1984; Festing, 1993). All these factors might be 

responsible for differences in the findings of the same laboratory, and even more so for differences 

in the findings of different laboratories. 

Bearing in mind these and additional recommendations of D’Mello and Steckler (1996) and of Sarter, 

Hagan, and Dudchenko (1992a,b), a broad characterization of putative cognition enhancers is 

recommended. 

Tasks such as the Morris task(s) might provide first hints as to the efficacy and potency of a putative 

cognition enhancer. Moreover, the Morris water escape task allows a very detailed analysis of the 

animals’ behavior; for example, measures believed to reflect spatial learning and memory, response 

strategies, and motor performance can be derived. The efficacy of a test compound should be 

determined in a series of tests that cover different cognitive processes (Maître & Pepeu, 1989). A 

selection of these tests is discussed below. Shock-motivated tasks, such as the passive and active 

avoidance test, are included because they have been used extensively to assess the effects of 

experimentally induced deficits and their alleviation by putative cognition enhancers. The discussion 

closes with a review of the tests which I consider to be more useful than shock-motivated tasks for 

evaluating cognitive deficits. 

 

Shock-motivated avoidance tasks 

Passive or inhibitory avoidance 

The passive or inhibitory avoidance test, which Iversen (1997) considers as a useful early screening 

test, is still used in the majority of drug screening programs worldwide. However, there is growing 

agreement that the validity of the passive avoidance test is extremely low. This test yields an 

unacceptably high number of false-positive hits (Sarter, Hagan & Dudchenko, 1992a,b; Porsolt, 

McArthur & Lenègre, 1993). This having been said, most cognition enhancers which currently under 

clinical development affect behavior in the passive avoidance task. This might be the main reason for 

the incessant use of this test. There is, however, no valid scientific reason to rely on this test. There is 

only one non-scientific reason for using this test: it is fast. 

Active avoidance, or shuttle-box learning 

Similar objections might hold for active avoidance paradigms. Acquisition and retention of the two-way 

active avoidance task can be assessed simultaneously in many rats in commercially available, 

computer-driven rodent shuttleboxes. This task appears to be sensitive to the effects of putative 

cognition enhancing compounds (e.g. Groó, Pálosi & Szporny, 1989; van der Staay, Hinz & Schmidt, 

1996a). Substances which induce hyperactivity are expected to facilitate active avoidance and to 

impair inhibitory avoidance (Sansone et al., 1991), whereas substances which induce hypoactivity are 
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expected to facilitate inhibitory avoidance and to impair active avoidance. If these tests are going to be 

used, it makes sense to test animals in both paradigms (passive and active avoidance) to exclude 

false-positive and false-negative outcomes. 

The restrictions and pitfalls of shock-motivated avoidance tasks should be kept in mind (see, for 

example, Sarter, Hagan & Dudchenko, 1992b; Porsolt, Roux & Lenègre, 1991; Andrews, 1996). A 

positive effect in these tasks does not necessarily indicate that the substance tested is a cognition 

enhancer. Instead, the conclusion should be that the drug affects behavior in one way or another, 

possibly by modulation of central nervous system processes. The limitations of shock-motivated 

avoidance tasks are a reason to use more sophisticated tests, preferably tests which are positively 

motivated (D’Mello & Steckler, 1996). Such tests should tap different processes involved in cognition: 

attention, acquisition, consolidation, retrieval of information (recall or recognition). 

 

Tests which might be useful to assess behavioral defects and putative therapeutics 

A variety of tests that cover relevant aspects of information processing are needed to characterize 

cognitive impairments in animal models of behavioral deficiency and to evaluate putative cognition 

enhancing compounds. The tests mentioned below are in my opinion appropriate for achieving these 

goals. It must be stressed that these tests should continuously be evaluated, refined, or eventually be 

replaced by alternative procedures, if their validity is considered insufficient. 

 

Spatial orientation tasks 

Standard Morris water escape task 

The standard Morris task, in which a rat is trained to localize a submerged platform, measures 

predominantly spatial RM (Mundy, Barone and Tilson, 1990). The relevance of this test has already 

been discussed above. Spatial orientation learning in this task shows an age-related decline (see 

Chapters 2.1, 2.2. 2.3) and specific brain lesions, especially of the hippocampus, disrupt performance 

in this task (e.g. Barnes, 1988b; Stubley-Weatherly, Harding & Wright, 1996). Treatment with a 

putative cognition enhancer has been found to (partially) antagonize these naturally occurring (e.g. van 

der Staay, Hinz & Schmidt, 1996a), or experimentally induced deficits (e.g. Lamberty & Gower, 1991a), 

and even to improve performance in young, intact animals (van der Staay, Hinz & Schmidt, 1996a,b). 

Working memory version of the Morris water escape task 

Besides RM versions of the Morris water escape task, versions have been developed which allow the 

assessment of a WM or short-term memory component (Whishaw, 1985, 1987; see also Chapters 2.2, 

and 4.4) We found that young rats acquire the WM version of the Morris task within the first sessions 

whereas 24-month-old rats, even after 12 daily training sessions, did not (van der Staay & de Jonge, 

1993; Chapter 2.2). We also found that adult mice acquired this task (Klapdor & van der Staay, 1998; 

Chapter 4.4). No information, however, is currently available about the sensitivity of this version of the 

Morris task for selective brain lesions or for the effects of putative cognition enhancing compounds. 

Moreover, it remains to be evaluated whether the standard (RM) and the repeated (WM) version of the 

Morris water escape task measure independent processes. 
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The radial maze 

The radial maze with eight or more arms radiating from a central platform (Olton and Samuelson, 

1976) is a ‘free choice’ type maze in which the animal is free to visit all places in whichever order it 

wants to. The most efficient behavior is to remember the list of places already visited during a trial. 

Rats have been found to use different strategies to negotiate the maze (Hodges, 1996). By adopting a 

strategy such as running around in circles, i.e. to enter adjacent arms in a clockwise or anti-clockwise 

direction (Yoerg & Kamil, 1982) animals might be able to fully compensate for experimentally induced 

deficits without using spatial memory. However, although most experimenters consider that adoption of 

a successful strategy is a confounding variable, it might reflect an ‘intelligent’ compensation for lost 

capacities (Davis, 1996). Therefore, investigation of the development of (foraging) strategies in animals 

with experimentally induced brain damage might provide relevant information about compensatory 

strategies. 

Olton and Samuelson (1976) supposed that in their ‘elevated radial maze’ the list of visits is held in the 

WM. Spatial discrimination learning in the WM version of the radial maze is fast and easy. In this 

version of the task all arms of the maze are baited with food or water reward. Rats acquire the task 

rapidly and usually reach a nearly error-free performance within as few as 10 trials. Because of the 

very fast acquisition of the task, it is not easy to detect the effects of putative cognition enhancers. The 

radial maze, therefore, should only be used in combination with a deficiency model, i.e. with animals 

which suffer from age-related cognitive deficits or which have experimentally induced brain damage 

known to disrupt cognitive performance. For example, lesioning of (parts of) the hippocampal formation 

(review: Jarrard, 1993), the septum (Nilsson & Gage, 1993; Kelsey & Vargas, 1993; Riekkinen, 

Schmidt & Riekkinen, 1997), or the fimbria (e.g. van der Staay et al., 1989) has been found to induce 

deficits in spatial learning and memory. 

Unlike the WM, which holds information that is relevant only within a specific trial, the RM (Olton and 

Papas, 1979) holds trial independent information, for example about the locations where the food is 

hidden. Thus, if food can only be found in a subset of the potential places that can be visited by the 

foraging rat, two memory components can be distinguished simultaneously: WM and RM. Significantly 

more trials are needed to distinguish between spatial WM and RM when only one subset of arms is 

baited (Hodges, 1996). The sensitivity of this version of the radial maze for the effects of putative 

cognition enhancers still has to be established. 

 

Attention 

Recently, workers in the field of animal cognition have focused on attention (e.g. Steckler & Muir, 1996; 

Turchi & Sarter, 1997). “Attention refers to those aspects of perception where stimulus elements are 

actively selected from the environment” (Steckler & Muir, 1996, p. 301). These authors conclude that 

attention is an undervalued, but extremely important component when assessing cognitive functions in 

animals. As a consequence, a number of attention tasks, most of them reaction time tasks, have been 

developed to remedy this situation. 

Simple reaction time task and choice reaction time task 

Moore and co-workers (1992) developed a simple reaction time task (SRTT) and a choice reaction 

time task (CRTT), both of which appear to provide valid measures of vigilance in rats. Both tests are 

run in an operant conditioning box (Skinner box). Rats are trained to respond to one of two levers after 

an inter-trial interval (ITI) of 15 ± 8 seconds and a fixed interval of 3 seconds (FI3“). Operating a lever 
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during these periods resets the ITI. If there is no response during these periods, a light signal is 

switched on for 50 milliseconds. A lever press response within 3 seconds from this signal is considered 

as a ‘hit’, which is reinforced by a food pellet. The response starts the next ITI. In the SRTT, the light 

signal is positioned equidistant from both response levers, and a correct lever press on either lever 

produces a reinforcement. In the CRTT, the light signal is randomly presented above the left or right 

lever, and only pressing the signaled lever within 3 seconds from stimulus presentation produces a 

response. Lever presses in the 3-second period preceding a light signal are considered as ‘false 

alarm’. It is conceivable that vigilance tasks can be refined further, based on the work by Moore and 

colleagues (1992). 

In a study assessing the effects of experimentally induced subdural hematoma (SDH) in rats, Klapdor 

and colleagues (1997a) used a modification of the above mentioned CRTT. The animals were first 

trained to press a lever that was indicated by a visual stimulus (S+), a square consisting of an 8 by 8 

matrix of green light emitting diodes (LEDs). They had to respond by pressing the lever underneath the 

display which had presented the stimulus. As soon as the animals reached a level of 60-70% correct 

responses, the stimulus duration was varied within trials. The durations were 0.15, 0.3, 0.6, 1.2, or 2.4 

seconds. After a correct response, the levers were retracted and a food pellet was delivered into the 

illuminated feeder. As soon as the pellet was removed from the food tray by the rat, the feeder light 

was extinguished, and there was a 5-second time-out before the next random trial commenced. 

The stimulus duration clearly affected performance before surgery. The longer the duration, the better 

the performance. SDH impaired performance at stimulus durations of 0.6 and 1.2 seconds, whereas 

there was only a marginal impairment with the longest (2.4 seconds) stimulus duration. Performance in 

response to the shorter stimulus durations was not affected, probably because the performance with 

the shortest stimulus durations was much closer to chance level before to surgery than was the 

performance with the longer stimulus durations. Although this modification of the task has been found 

to be sensitive to SDH-induced deficits, it still must be validated pharmacologically. 

Five-choice serial reaction time task 

The five choice serial reaction time task was developed by Carli and co-workers (1983) to assess 

visual attention in rats. The task is a modification of the five-choice serial reaction time task developed 

by Leonard (1959) to measure selective attention in humans. The apparatus consists of a box with a 

curved rear-wall, into which five equally spaced holes are inserted. The holes are provided with a 

photobeam detection system which allows the automatic registration of nosepokes. In the front wall, 

equidistant to the five holes, there is a hinged perspex panel which provides access to a food tray 

connected to a pellet dispenser. The holes can be illuminated individually by a bulb at the rear of each 

hole. A rat is trained to poke its nose into the hole that has been illuminated for 0.5 seconds. A correct 

response is reinforced with a food pellet, delivered into the food tray. An incorrect response or an 

omission (failure to respond within a preset period, e.g. 5 seconds, after a hole had been illuminated) is 

followed by a time-out period. Taking a food reward from the tray, or the end of the time-out period 

starts a new trial. 

Performance on this task can be disrupted by scopolamine (Gutnikov, Barnes & Rawlins, 1994; Jones 

& Higgins, 1995), or by selective brain lesions (Muir, Everitt & Robbins, 1996) and appears to be 

sensitive to aging (Jones et al., 1995), to strain differences (Didriksen & Christensen, 1993), and to the 

effects of putative cognition-enhancing compounds (Sirviö et al., 1993). The task might be suited to 

test the effects of different drugs in the same animal. However, the task appears to be sensitive to the 

effects of compounds on response strategies and on locomotor activity (Gutnikov, Barnes & Rawlins, 
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1994). The researcher using this task to assess either attention or WM performance thus must be 

aware of the possibility that the results obtained reflect effects on non-mnemonic processes. 

 

Matching tasks 

In a delayed matching to position (DMTP) task, the subject is randomly offered one of two retractable 

levers as the sample stimulus in an operant conditioning apparatus (Skinnerbox) (Dunnett, 1985; van 

Hest, 1989). The lever is retracted immediately after a lever press response, and a delay (ranging 

from, for example, 0 to 60 seconds) is introduced. A rat must poke its nose into the food tray during the 

delay. Upon the first poke after the expiration of the programmed delay both levers are inserted as 

matching stimuli. Nose pokes are required in order to prevent rats from simply waiting in front of the 

sample stimulus during the delay. Pressing on the previously presented sample lever produces a food 

reward. In a modification of the DMTP task, the delayed non-matching to position (DNMTP) task, 

operation of the lever that was not presented as the stimulus is reinforced with a food reward (Sahgal, 

Keith & LLoyd, 1990). The DMTP and DNMTP tasks can be used as screening tools for the 

assessment of drug effects on short term memory processes. The performance of aged rats and of 

rats with experimentally induced brain damage is impaired in the DNMTP task (Dunnett et al, 1988; 

Dunnett, Rogers & Jones, 1989; Roux et al., 1994). However, the sensitivity of this task to the effects 

of putative cognition enhancers must still be examined. 

 

Timing behavior 

Time-discrimination performance in the Skinner box might provide an additional tool to test the 

cognition enhancing properties of new therapeutics. The timing behavior can be assessed by a peak 

interval procedure (discussed in detail by Roberts, 1981). Rats are trained to respond in a discrete 

fixed interval 20 seconds schedule until the maximum response rate occurs at about 20 seconds 

(‘peak time’: the time during which the rat maximally ‘expects’ food). The start of each trial is signaled 

by the onset of white noise. The first lever press following the critical 20-second interval is reinforced 

and the noise is turned off. A 130-second time-out interval is allowed between the termination of the 

noise signal and its onset at the start of the next trial. Then, no reinforcement is given for half of the 

trials, chosen at random, and the white noise is turned off after 50 seconds, independently of whether 

the animal has responded. Responses made during these ‘empty’ trials are fitted to a scalar timing 

model (Roberts, 1981; Gibbon, Church & Meck, 1984; Meck & Church, 1987). 

The maximal response rate can shift to a shorter or longer interval as a consequence of experimental 

manipulations. The shift can be due to a change in the speed of the internal clock or be due to a 

change in the remembered time of reinforcement. Meck and co-worker (Meck, 1983; Meck & Church, 

1987; Meck, 1996) have elaborated an information-processing model of timing behavior which includes 

the neuronal connections and the brain structures involved in the processing of timing. This allows 

them to distinguish between the effects of treatments on the speed of the internal clock and on 

memory processes. In general, cognition enhancers are expected to shift the peak to the left, whereas 

substances which impair cognition are expected to shift the peak to the right. 
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Concluding remarks 

It should be clear right now that it will not be possible to use all these tests in a single study. Moreover, 

additional behavioral tests might be needed to characterize particular deficiency models and to 

evaluate the effects of putative therapeutics. Many factors affect the development of deficiency models. 

Although substantial progress has been made with respect to deficiency models, the endpoint, i.e. a 

set of generally accepted valid models, has not yet been reached. It is the task of comparative and 

physiological psychologists, together with experts from other disciplines, to further improve the animal 

models of behavioral deficiency. 

What is needed now is the concerted validation of new animal models and less well characterized 

older models. This would have the advantage that validation is fast, that it is multidisciplinary, and that 

subsequent research based on poor or inappropriate models can be avoided. Inefficient use of human 

resources and, equally important, unnecessary use of animals can be avoided if consent is reached 

about the appropriateness of a model. In my opinion this approach is also a way to reduce animal 

experimentation, to increase the quality of the models used, and consequently, to increase the 

knowledge gained from research with animal models. Improving the validity of the models used and 

eliminating models which are not valid clearly would improve the cost-benefits balance of animal 

models. 

McKinney (1984) drew some key points from his overview of models of depression which can be 

generalized to models of neuropathological conditions and behavioral dysfunctions (italics are citations, 

normal printing are my replacements and extensions of the term ‘depression’ in McKinney’s paper): 

“1. Animal models are not replicates of human illnesses nor do they represent the illness in miniature. 

2. They should properly be conceived of as experimental systems in which selected and specific 

questions regarding neuropathological conditions and behavioral dysfunctions can be investigated 

in ways impossible to do in humans. 

3. There is no simple, comprehensive model for neuropathological conditions and behavioral 

dysfunctions (...). Each approach has advantages and limitations. Therefore the continuing study of 

a number of such experimental preparations is indicated. 

4. Multiple variables are involved in the etiology of neuropathological conditions and behavioral 

dysfunctions and special advantage of animal models is the possibility of evaluating the main effect 

of each, while studying their interactions in controlled, prospective design. 

5. While one should always be careful with cross species reasoning, nevertheless there are 

guidelines, and if one exercises proper scientific caution in this regard the continuing development 

of a comparative approach (...) has great potential.” (McKinney, 1984, p. 94). 

Animal models are a controversial topic in science, and even more so in public opinion. They are often 

limited and crude approximations of the human condition. In such approaches, there is the inherent 

danger that the conclusions drawn are erroneous. However, “The dangers are not in working with 

models, but in working with too few, and those too much alike, and above all, in belittling any efforts to 

work with anything else.” (Kaplan, 1973, p. 293). Animal models are not used for their own sake, but 

are a means to an end, the endpoint being advancement of knowledge about function in health and 

disease. Animal models are one of many alternative approaches to reach this goal. It is the task of the 

neuroscientist to identify the shortcomings of animal models, to refine the models, and to develop tools 

which allow a better understanding of the human condition. Developing valid animal models of 



   248 

behavioral dysfunctions is a difficult endeavor. As Kaplan said, “It would be a rash to attempt a priori to 

set limits on the fruitfulness of models in behavioral science.” (1973, p. 292). In the end “The success 

of any animal model of human aging (or of behavioral dysfunction, FJvdS) depends on the ability to 

relate the behavioral and neural findings back to the human condition in some meaningful way.” 

(Barnes, 1988a, p. 563). It is only by identifying the weaknesses and errors of models that 

improvements can be made. I am convinced that animal models of behavioral dysfunctions will make 

significant contributions to our understanding of the processes underlying behavioral dysfunctions in 

humans, provided that the neuroscientists working with animal models are aware of the problems 

inherent in this approach and contribute to the refinement and validity of the animal models. 
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6 
Appendices 
 

 

The appendices have been induced for various reasons. Appendix 6.1 gives an example of how we 

calculated the measure ‘choice correspondence of reinforced hole visits’ in the holeboard task. This 

measure can be considered as an index of the extent to which rats develop a fixed search pattern in a 

spatial holeboard discrimination task. 

Appendix 6.2 describes the effects of age on the acquisition of a seven-choice task in a radial alley 

maze. Although the data have been published previously (Raaijmakers, et al., 1990), this publication is 

not readily available. 

In Chapter 3.2 we hypothesized that lesioning of the nucleus basalis magnocellularis (nbm) would 

affect the number of proactive errors rats made when they were shifted to a new discrimination 

problem in the eight-arm radial alley maze, and the number of retroactive errors they made when they 

were shifted back to the originally acquired problem. Appendix 6.3 gives an operationalization of 

proactive and retroactive errors in the radial alley maze task, using the data from experiment 2 in 

Chapter 3.2, and tests the above mentioned hypothesis. 

Appendix 6.4 describes an analysis we performed to test the hypothesis that the activity of the enzyme 

choline acetyltransferase (ChAT) in the cortex recovers over time after lesion of the nbm. The 

approach described is exploratory, because there were relatively few animals in some experimental 

groups. 

Many colleagues and friends have contributed to the studies reported in this book, and their invaluable 

cooperation and input is acknowledged in Appendix 6.5. 

Finally, Appendix 6.6 lists my scientific publications. This list shows that my scientific interests extend 

to non-spatial learning and memory, behavioral pharmacology, behavior genetics, and methodological 

contributions, i.e. to topics which are not explicitly dealt with in this book. 
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6.1 
Calculation of the measure 
‘choice correspondence of reinforced visits’ 
in the spatial holeboard discrimination task* 
 

 

Introduction 

The spatial holeboard discrimination task (Oades, & Isaacson, 1978) allows the simultaneous 

assessment of working memory (WM) and reference memory (RM) in rodents. In addition to these 

measures, an index for the development of a fixed food search pattern or food search strategy can be 

calculated. This index, the ‘choice correspondence of reinforced visits’, reflects the degree of 

correspondence between the sequences of reinforced, i.e. first visits, to the baited set of holes of two 

subsequent trials. It has been reported that normal rats develop a fixed food search pattern or food 

search strategy (Oades, & Isaacson, 1978, Oades, 1981a,b; Oades 1982; van der Staay, van Nies, & 

Raaijmakers, 1990; van der Staay, Krechting, Blokland, & Raaijmakers, 1990). 

 

 

Start

1 2 3 4

5 6 7 8

9 10 11 12

13 14 15 16

 

Figure 1. Map of the holeboard. The holes were numbered 1 to 16, starting 
at the row closest to the startbox. Holes no. 4, 6, 11, and 13 were baited with 
one food pellet each. 
 

 

 

Worked example 

The holeboard was constructed according to the descriptions given by Oades (1981a, 1982; see 

Chapter 3.1, Material and Methods, for details). All walls were made of transparent polyvinyl chloride 

(PVC). There were 16 holes in the gray PVC floor. The rats were trained to collect pellets from a fixed 

set of four holes. A rat was placed in a clear Plexiglas start-box connected to the holeboard in the 

middle of one side wall. A trial was initiated by raising the guillotine door of the start-box; it was 

                                                           
* This worked example has been published as part of the paper: van der Staay, F.J. (1999). Spatial working and 
reference memory of Brown Norway and WAG rats in the holeboard task. Neurobiology of Learning and Memory, 
71(1), 113-125. 
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terminated when the rat had found all the food pellets. Rats were trained daily with massed trials. A 

hole visit was scored when a rat pointed its nose toward to the edge of a hole, moved its nose over the 

edge, or poked its nose into the hole (Oades, 1981a). The configuration of baited holes is depicted in 

Figures 1 and 2. 

The sequences of visits to the baited set of holes were compared from trial to trial, and the longest 

common sequence of two successive trials was determined. This measure reflects the variability of the 

spatial pattern of obtaining rewards, but it neglects all erroneous choices, i.e. visits to the unbaited 

holes and revisits to holes of the baited set. Examples of sequences in four successive trials are 

depicted in Fig. 2. The determination of the measure choice correspondence of reinforced visits, based 

on these examples, is further elaborated in Table 1. 

 

 

baited hole unbaited hole

Start
first third

Start
second fourth

StartStart

 
 
Figure 2. Examples of the order in which the pellets were collected from the baited holes (see also Fig. 1) in four 
successive trials. The choice correspondence of reinforced visits was determined from the sequences in these 
four trials. The order of these visits from the startbox to the fourth reinforced visit is shown by arrows. 

 

 

Table 1. Determination of the choice correspondence of reinforced visits. The sequences depicted in Fig. 2 were 
used in the following examples, in which the choice correspondence of reinforced visits was determined pairwise 
between trials 1 and 2, 2 and 3, and 3 and 4. The numbers of the holes of the common sequences are printed in 
bold. The choice correspondence of reinforced visits between trials 1 and 2, 2 and 3, and 3 and 4 was 3, 2, and 
1, respectively. 
 

 Sequence of hole visits  

Trial first second third fourth 

     
First trial: rat visited baited holes no. 4 6 11 13 

Second trial: rat visited baited holes no. 13 4 6 11 
     
Second trial: rat visited baited holes no. 13 4 6 11 
Third trial: rat visited baited holes no. 13 11 4 6 
     
Third trial: rat visited baited holes no. 13 11 4 6 

Fourth trial: rat visited baited holes no. 4 6 11 13 
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The score 0 never occurred because rats always visited at least one hole in common in two successive 

trials. Note that the longest common sequence between two successive trials is expressed as the 

number of choices made during these common sequences and not as the number of common 

transitions between choices. In the latter case, the measure choice correspondence of reinforced visits 

would have ranged from 0 to 3, instead of from 1 to 4. These different operationalizations yield exactly 

the same statistical results. 
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6.2 
Effects of age on the acquisition 
of a seven-choice task in a radial alley maze* 
 

 

Introduction 

Aging rats have consistently been found to suffer from impairments of spatial memory in cross-

sectional studies. In fact, both working memory (WM) and reference memory (RM) appear to be 

impaired in complex spatial discrimination tasks (see Chapter 2.1, van der Staay, Krechting, Blokland 

& Raaijmakers, 1990; van der Staay, van Nies & Raaijmakers, 1990). In the present study, we 

assessed the sensitivity of a seven-choice task in a radial alley maze for age-associated changes in 

learning. This task mainly involves the RM. Young and old rats of the pigmented Brown-Norway 

(BN/BiRij) and of the albino Wistar (Wu:Cpb) strains, were tested. 

 

 

Material and methods 

Animals: in the first experiment, four 3-month-old and five 22-month-old BN/BiRij rats were used. In the 

second experiment, ten 5-month-old and eight 27-month-old Wistar rats (Wu:Cpb) were tested. The 

BN rats were supplied by TNO, Rijswijk, The Netherlands, whereas the Wistar rats were bred at the 

CPB, Zeist, The Netherlands. The rats were housed under a reversed day-night schedule in the animal 

facilities of the Psychological Laboratory, University of Nijmegen, The Netherlands. 

Apparatus: the apparatus has been described in detail in Chapter 3. Briefly, the eight-arm radial maze 

consisted of a central platform from which eight arms radiated equidistantly. A cylindrical door that 

opened by moving down vertically allowed simultaneous access to the eight alleys. Symbols above the 

entrances of all alleys provided distinct intra-maze cues. 

Procedure: the body weights of all animals were gradually reduced to 85% of their free-feeding values, 

and the animals were familiarized with the maze on 4 consecutive days in 10-minute adaptation 

sessions. When spatial discrimination training began (1 week after the start of the adaptation sessions) 

all rats had reached their 85% target weight. In both experiments, the rats were trained with massed 

trials (days 1 to 3, 2 trials per day; days 4 to 10, 3 trials per day; from day 11 on, 6 trials per day) until a 

criterion of seven error-free trials in a series of nine trials was reached. A trial was terminated as soon 

as the rat had found the food reward. A correction procedure was applied: during a trial, the rat could 

freely enter and re-enter all alleys, including the start alley. Two measures of the acquisition of the task 

were analyzed: ‘trials to criterion’ and ‘errors to criterion’. Errors are visits and re-visits of the never-

baited alleys, including the start alley, and were summed over all trials. 

                                                           
* The results of the experiments in this Appendix have previously been reported as part of the publication: 
Raaijmakers, W.G.M., van der Staay, F.J., Drinkenburg, W.H.I.M. & Blokland, A. (1990). Age differences and 
effects of lesions in the nucleus basalis magnocellularis on a seven-choice task in a radial alley maze. In: van 
Bezooijen, C.F.A., Ravid, R., & Verhofstad, A.A.J. (Eds.). From gene to man. Rijswijk: Stichting Gerontologie en 
Geriatrie (ISBN 90-9003996-1), pp. 159-163. 
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Figure 1. Trials and errors to 
criterion of young and aged Brown 
Norway (BN/BiRij; left panel), and 
Wistar rats (Wu:Cpb; right panel) 
in a seven-choice task. The 
means and the standard errors of 
the means are depicted. 

 

 

 

Statistical analysis: age differences for trials and errors to criterion were analyzed separately for the 

two experiments by using Student’s t-statistics. 

 

 

Results 

Experiment 1: the old BN/BiRij rats needed more trials (t7 = 2.5, p < 0.05) and made more errors (t7 = 

4.6, p < 0.05) to reach the criterion than their young counterparts (see Fig. 1, left panel). 

Experiment 2: a similar picture emerged for the Wistar rats. Again, the aged rats made more errors 

(t16 = 4.2, p < 0.01) and needed more trials (t16 = 6.1, p < 0.01) than the young rats before they reached 

the criterion (see Fig. 1, right panel). 

 

 

Concluding remarks 

The seven-choice task in the radial alley maze was found to be sensitive to age-associated deficits in 

learning. The performance of the young rats of the two rat strains, and the differences observed 

between the young and the old rats of a strain were similar. The aged Wistar rats might have had more 

difficulties acquiring this task (see Fig. 1) than aged BN rats, but the aged Wistar rats were 5 months 

older than the aged BN rats. Thus, the apparent poorer performance of the Wistar rats might have 

been because they were older. All rat were able to reach the criterion of seven error-free trials in a 

series of nine trials. The seven-choice task appears to be less demanding than the holeboard task (van 

der Staay, van Nies & Raaijmakers, 1990; see also Chapter 3.1) and the conefield task (van der Staay, 

Krechting, Blokland & Raaijmakers, 1990) where error-free trials are exceptions even after extended 

training. 
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6.3 
Effects of nucleus basalis lesions 
on proactive and retroactive errors in a 
seven-choice task in a radial alley maze 
 

 

Introduction 

It is worthwhile evaluating the type of error a rat makes when it is switched from one problem to 

another in the seven-choice task in an eight-arm radial alley maze. Within the framework of the second 

experiment of Chapter 3.2, a proactive error occurs when an animal visits the goal alley of the 

previously acquired problem A while it is trained on problem B. A retroactive error occurs when a rat 

visits the goal-alley of problem B (that was acquired after problem A), while the animal is re-tested on 

problem A. Only the first visit in a trial is considered (see Table 1). 

 

 

Table 1. Definition of proactive and retroactive errors in the seven-choice task in a radial alley maze. The rats 
were first trained on problem A. The number of the start alley and of the goal alley, where the rat could find a 
food reward (a 45 mg food pellet), is given. Next, the rats were trained on problem B. Finally, the rats were re-
tested on problem A. A proactive error was scored when a rat visited alley 6 first while being trained on problem 
B. A retroactive error was scored when a rat first visited alley 2 during re-testing on problem A. 
 

 problem A problem B  problem A 

The rat is started from alley: 1 7  1 

The rat finds pellets in alley: 6 2  6 

Type of error:  proactive error: the first 
visit is to alley no. 6 

 retroactive error: the first 
visit is to alley no. 2 

 

 

In order to assess whether nucleus basalis magnocellularis (nbm) lesions affected the number of 

proactive or retroactive errors, we considered the first six trials of acquisition of problem B and the first 

six trials of the re-acquisition of problem A after acquisition of problem B, respectively. 

The frequency of first visits to alley number 6 while a rat is being trained on problem B and the 

frequency of first visits to alley number 2 while a rat re-acquires problem A can be taken as measures 

of proactive and retroactive errors, respectively. However, erroneous and error-free trials appear within 

the first six trials. Therefore, we decided to use a ratio measure instead of the frequency measure. This 

method might be helpful to analyze proactive and retroactive errors in the seven-choice task. 
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Calculated example 

The following operational definitions for proactive and retroactive errors were used: 

Proactive errors are operationalized as: (number of trials -of first six- during acquisition of problem B, in 

which the goal alley of problem A was visited first) / (number of trials -of first six- during the acquisition 

of problem B, in which at least one erroneous visit was made). 

Retroactive errors are operationalized as: (number of trials -of first six- during re-acquisition of problem 

A, in which the goal alley of problem B was visited first) / (number of trials -of first six- during the re-

acquisition of problem A, in which at least one erroneous visit was made). 

 

 

Table 2. Number of trials in which a proactive or a retroactive error was made, number of trials in which at least 
one error was made, and ratio measure for both types of errors per rat and treatment condition (total). 
 

Treatment Rat no. Acquisition problem B: Re-acquisi tion problem A: 

  proactive error ratio retroactive error ratio 

  errors trials measure errors trials measure 

Intact        

 1 3 4 0.75 6 6 1.00 

 2 4 6 0.67 1 1 1.00 

 3 1 5 0.20 1 1 1.00 

 4 3 4 0.75 2 4 0.50 

 5 1 4 0.25 2 2 1.00 

 6 2 5 0.40 0 3 0.00 

 total 14 28 0.50 12 17 0.71 

Sham-lesioned 

 1 1 4 0.25 1 4 0.25 

 2 1 6 0.17 0 5 0.00 

 3 0 2 0.00 3 3 1.00 

 4 2 4 0.50 0 3 0.00 

 5 0 5 0.00 1 1 1.00 

 6 4 6 0.67 2 4 0.40 

 total 8 27 0.30 7 20 0.35 

nbm-lesioned 

 1 4 4 1.00 0 0 0.00 

 2 1 2 0.50 0 3 0.00 

 3 0 5 0.00 1 4 0.25 

 4 0 2 0.00 2 5 0.40 

 5 0 6 0.00 0 1 0.00 

 6 0 5 0.00 1 1 1.00 

 total 5 25 0.20 4 14 0.29 
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If, for example, a rat made at least one incorrect visit in four of the first six trials, and if a proactive error 

was made in three of the four erroneous trials, i.e. the first visit in a trial was to alley number 6, then the 

measure for proactive errors was 3/4 = 0.75. For each rat we determined the absolute number of 

erroneous trials in the first six trials and the absolute number of trials with a proactive or a retroactive 

error and calculated the ratio measure. We transformed these ratio measures into rank scores. 

Using Kruskal Wallis one-way analysis of variance by ranks we then assessed whether the nbm lesion 

affected the number of proactive or retroactive errors. For treatment effects on proactive errors, H (the 

statistic obtained in the Kruskal-Wallis analysis) was: H2 = 3.41, 0.20 > p > 0.10 (with correction on 

ties; Χ2-approximation with df = 2). The analysis did not confirm our expectation that the nbm lesion 

affects the incidence of proactive errors. For treatment effects on retroactive errors, the Kruskal-Wallis 

analysis revealed: H2 = 3.40, 0.20 > p > 0.10 (with correction on ties; Χ2-approximation with df = 2). 

Again, the analysis did not confirm our expectation that the nbm lesion affects the incidence of 

retroactive errors. 

 

 

Concluding remarks 

Although we found no support for the notion that the nbm lesion affected proactive or retroactive 

errors, it is worth investigating whether the proposed analysis is sensitive enough to detect treatment-

induced effects. If alley visits were completely random, then every alley had a chance of 1/6 = 0.17 of 

being visited as first location (remember that error-free trials were not considered. If the correct goal 

alley is included then the chance is 1/7 = 0.14 for each alley). As can be seen from the rows total of 

Table 2, the ratios were higher than 0.16, indicating that proactive and retroactive errors occurred at an 

above chance level, especially in the intact group. This group might suffer from proactive and 

retroactive errors, i.e. they suffered from interference from the previously acquired problem(s). 

However, as both the numerator and the denominator of the ratio measures can vary because both the 

number of erroneous trials and the number of trials with the specific proactive or retroactive errors can 

range from 0 to 6, it is not possible to make a simple comparisons with the (theoretical) chance level. 
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6.4 
Is there recovery of cortical cholinergic activity 
in young and aged rats after bilateral lesioning 
of the nucleus basalis magnocellularis? 
 

 

Introduction 

There is controversy whether or not cortical cholinergic activity recovers after lesioning of the nucleus 

basalis magnocellularis (nbm) of rats (e.g. Wenk & Olton, 1984; Thal et al., 1988; Shaughnessy, et al., 

1996). We found in Chapter 3.3 that after a 10-week survival period, choline acetyltransferase (ChAT) 

activity was only moderately reduced in the frontal and parietal cortices of nbm-lesioned young and 

aged Wistar rats. We had already performed a pilot-study (here called experiment I) in which we 

collected samples of the frontal and parietal cortices and of dorsal hippocampus from ten 4-month-old 

(3 sham-lesioned and 7 nbm-lesioned) and five 28-month-old (3 sham-lesioned and 2 nbm-lesioned) 

male WU:Cpb rats 1 week after bilateral lesioning of the nbm in order to measure the activity of 

choline-acetyltransferase (ChAT). Using these data, we performed an exploratory analysis to address 

the question whether spontaneous recovery of cortical ChAT activity occurred in the animals used in 

the experiment described in Chapter 3.3 (here called experiment II). The number of brain samples 

used in this analysis is given in Table 1. 

 

 

Results 

Experiment I: effects of the nbm lesion on the ChAT activity in the frontal and parietal cortices and in 

the dorsal hippocampus after a 1-week survival period were analyzed by an Age (4-month-old versus 

28-month-old) by Lesion (sham-lesioned versus nbm-lesioned) analysis of variance (ANOVA). 

Frontal cortex: age-related differences in ChAT activity were not found. One week after lesioning of the 

nbm, the ChAT activity was reduced by about 47% (Lesion: F1,11 = 43.19, p < 0.01) compared with that 

of the sham-lesioned control rats. The nbm lesion did not affect the ChAT activity of young and aged 

rats differently. 

Parietal cortex: the ChAT activity in the parietal cortex was not different in the young and the old 

animals. The nbm lesion, however, caused a reduction in ChAT activity in the parietal cortex of about 

35% (Lesion: F1,11 = 34.83, p < 0.01). The reduction was similar for the two age groups (no Age by 

Lesion interactions were found). 

Dorsal hippocampus: neither age differences nor lesion effects on hippocampal ChAT activity were 

observed. 

Experiment II: the corresponding analyses of ChAT activity after a 10-week survival period are given in 

detail in the Results section of Chapter 3.3. In short, ChAT activity in the frontal and parietal cortices of 
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both young and aged rats was reduced by 25% and 16%, respectively. There was no differential effect 

of age on the decrease in the activity of this enzyme after lesioning of the nbm. The ChAT activity in 

dorsal hippocampus was not affected by the lesion. 

A first step in the analysis of ‘recovery’ was to compare the ChAT activity in the frontal and parietal 

cortices of the sham-lesioned animals of both experiments by using an Age (4-month-old versus 28-

month-old) by Survival period (1 week versus 10 weeks after lesioning) ANOVA. This analysis revealed 

that the ChAT activity in the two cortical brain samples was the same in the sham-lesioned rats that 

were killed 1 week or 10 weeks after lesioning. Likewise, there were no age differences nor was there 

an interaction between Age and Survival period. Therefore, we pooled the data for the sham-lesioned 

rats of both ages from the two experiments (n = 25), and used these data to calculate the mean ChAT 

activity of the two brain regions. These means provide the best estimates of the baseline ChAT level of 

the frontal and parietal cortex, respectively. 

 

 

Table 1. Number of brain samples (frontal cortex, parietal cortex, dorsal hippocampus) from sham-lesioned and 
nbm-lesioned young and old male WU:Cpb rats, dissected either 1 or 10 weeks after bilateral lesioning of the 
nucleus basalis magnocellularis (nbm). 
 

Survival (weeks) Brain sample 4-month-old rats 28-mo nth-old rats 

  sham-operated nbm-lesioned sham lesioned nbm-lesioned 

1 (experiment I) frontal cortex 3 7 3 2 

 parietal cortex 3 7 3 2 

 dorsal hippocampus 3 7 3 2 

10 (experiment II) frontal cortex 9 9 10 9 

 parietal cortex 9 9 10 9 

 dorsal hippocampus 6 6 4 4 

 

 

Because we did not find age differences in the ChAT activity of the nbm-lesioned rats in experiment I 

(1 week survival), we calculated the average ChAT activity in all nbm-lesioned animals (n = 9) and 

subtracted this average from the baseline estimate [see Table 2; (a - b)]. These difference scores 

provide an estimate of the acute effect of the lesion in the frontal and parietal cortices. 

We now questioned whether the decrease in ChAT activity in the two cortical samples of the nbm-

lesioned rats collected after 10 weeks (experiment II) was smaller than the decrease observed after 1 

week. Because ANOVAs did not reveal any indication of age effects, we pooled the data of the nbm-

lesioned rats (n = 18) of both age groups. We determined the difference scores between the baseline 

ChAT activity (as determined from the pooled sham-lesioned rats of both experiments; see Table 2) 

and the ChAT activity of the nbm-lesioned rats in experiment II. From this difference score, i.e. the 

estimate for acute lesion effects, we subtracted the difference between the baseline estimate and the 

ChAT activity after 10 weeks per nbm-lesioned animal to obtain a ‘recovery score’. A positive score 

indicated that the ChAT activity decreased less after nbm lesions in rats surviving 10 weeks than it did 

in rats that survived 1 week; i.e. that recovery had occurred. 
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The resulting ‘recovery scores’ were positive (mean ± SEM for frontal cortex: 4.92 ± 1.08, for parietal 

cortex: 6.26 ± 0.97) and deviated from zero as confirmed statistically by Student's t-tests (frontal 

cortex: t17 = 4.57, p < 0.01, parietal cortex: t17 = 6.48, p < 0.01). Thus, the ‘recovery scores’ indicate 

that the effect of the nbm lesion was greater at 1 week than at 10 weeks. 

 

 

Table 2. Estimates of the baseline ChAT activity, based on all sham-lesioned rats from experiment I (n = 6) and 
experiment II (n = 19), and the average ChAT activity in the frontal and parietal cortices for all nbm-lesioned rats 
in exp. II (n = 18) were used to calculate estimates of the acute nbm-lesion effects.  
 

 ChAT activity 

 (nM acetylcholine * hour-1 * mg protein-1 ) 

 Frontal cortex Parietal cortex 

a) Estimate of baseline ChAT activity sham-lesioned rats (exps. I & II) 29.32 26.29 

b) Average ChAT activity nbm-lesioned rats (exp. I) 16.61 15.85 

 Estimate of nbm lesion effect on ChAT activity after 1 week (a - b) 12.71 10.44 

 Recovery score (a - b) - (a - ChAT activity of nbm-lesioned rats 
 after 10 weeks) 

4.92 6.26 

 

 

Discussion 

These results support the impression that ChAT activity in the cortical samples was partly restored 10 

weeks after lesioning of the nbm. One should, however, keep in mind that some sample sizes were 

very small, and there may have been insufficient sensitivity to detect age by survival time interactions. 

For this reason we did not consider these data suitable to assess whether nbm lesions differentially 

affect ChAT activity, and whether recovery processes are affected by age. However, the determination 

of ChAT activity, as performed in these experiments, has been found to be highly reliable, even with 

small samples, and to be very sensitive to treatment-induced changes (e.g. van der Staay, 1989, p. 

106-107). 

Further evidence supporting the notion of neurochemical recovery of ChAT activity has been reported 

by Shaughnessy, et al. (1996). In their study, rats received bilateral infusions of colchicine into the 

nucleus basalis. Colchicine is a neurotoxic alkaloid that acts as an anti-mitotic, binds to tubulin and 

disrupts axoplasmic transport. ChAT activity in the frontal and parietal cortices, striatum and 

hippocampus was assessed in animals surviving 5 or 12 weeks post-lesion. ChAT activity was reduced 

by about 30% 5 weeks after lesioning in both cortical samples, but was not affected in the striatum and 

hippocampus. Twelve weeks after lesioning, ChAT activity in the frontal cortex was still reduced by 

about 20%, whereas ChAT activity in the parietal cortex had returned to control values. 

However, it is not clear whether long-term recovery is due to sprouting of residual cholinergic 

innervation from the lesioned nbm. Cossette and co-workers (1993) reported that the cortical ChAT 

activity in rats returned to near normal levels within 3 months after unilateral lesioning of the nbm. 

Based on immunostaining of vasoactive intestinal polypeptide (VIP), which appears to be co-localized 

in intracortical acetylcholine (ACh) neurons in rodents, and immunostaining of ChAT, Cossette and 

colleagues suggest that the recovery was mainly due to an increase of intrinsic ACh innervation. 
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Recently, Shaughnessy and colleagues (1998) suggested that another population of cholinergic fibers, 

for example those originating in the horizontal limb of the diagonal band, might be the source of 

recovery. This suggestion is based on the observation that the recovery, indicated by an increase in 

cortical fiber density, occurred earlier in the deeper than the more superficial layers of the cortex. To 

solve the questions concerning recovery after lesioning of the nbm, further research is needed. 
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6.7 
Abbreviations used 
 

 

AAMI age-associated memory impairment 

ACA anterior cerebral artery 

ACE angiotensin-converting enzyme 

acetyl-CoA acetyl-coenzyme A 

ACh acetylcholine 

AChE acetylcholine esterase 

AIDS acquired immune deficiency syndrome 

ANOVA analysis of variance 

AP anterior-posterior (stereotaxic 
 coordinate) 

APO apolipoprotein 

APP amyloid precursor protein 

CBF cerebral blood flow 

CCA common carotid artery 

CRTT choice reaction time task 

CFW1 (mouse strain) 

CNS central nervous system 

CS conditioned stimulus 

CT computer tomography 

C57BL Blacky (mouse strain) 

dbB diagonal band of Broca 

BN Brown Norway (rat strain) 

DMTP delayed matching to position 

DNMTP delayed non-matching to position 

DV dorsoventral (stereotaxic coordinate) 

F Fisher’s F-ratio 

FBNF1 Fischer 344*Brown Norway (hybrid rat) 

FI fixed interval 

F344 Fischer 344 (rat strain) 

i.m. intra-muscular 

i.p. intra-peritoneal 

ITI inter-trial interval 

L lateral (stereotaxic coordinate) 

LE Long Evans (rat strain) 

LED light emitting diode 

LEW Lewis (rat strain) 

LTP long-term potentiation 

nbm nucleus basalis magnocellularis 
 (animal analogue of the nbM) 

nbM nucleus basalis of Meynert 

MCA middle cerebral artery 

MCA-O middle cerebral artery occlusion 

MRI magnetic resonance imaging 

msa medial septal area 

NFT neurofibrillary tangles 

n.s. not significant 

p probability 

PADL personal activities of daily living 

PET positron emission tomography 

PKA protein kinase A 

PKC protein kinase C 

PS-1 presenilin 1 

PS-2 presenilin 2 

PVC polyvinyl chloride 

RM reference memory 

SAM-P senescent-accelerated prone (mouse 
 strain) 

SAM-R senescent-accelerated resistant 
 (mouse strain) 

s.c. subcutaneous 

SD Sprague Dawley (rat strain) 

SDAT senile dementia of the Alzheimer type 

SDH subdural hematoma 

SEM standard error of the mean 

SHR spontaneous hypertensive (rat strain) 

SHR-SP spontaneous hypertensive stroke prone 
 (rat strain) 

SP senile plaques 

SPF specific pathogen free 

SRTT simple reaction time task 

t Student’s t statistic 

t-PA tissue plasminogen activator 

UCS unconditioned stimulus 

WAG Wistar (rat strain) 

WISRJ Janvier Wistar (rat strain) 

WISW Winkelmann Wistar (rat strain) 

WM working memory 
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