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An affective disorder can have a major impact on the life of patients and their 
environment. Not surprisingly, the underlying neurobiology has been the topic of a 
large number of research projects. However, in spite of the efforts made in the 
past decades, the mechanisms and factors that play a role in developing affective 
disorders are far from clear. Moreover, pharmacological treatment of affective 
disorders is still far from ideal. There is thus a need for better understanding and 
improved treatment of these disorders. 

Affective disorders can roughly be divided in mood and anxiety disorders. 
According to the diagnostic and statistical manual (DSM-IV-TR) of the American 
psychiatric association, mood disorders have a disturbance in mood (either 
depressed or the loss of interest or pleasure in nearly all activities) as the 
predominant feature. They are subdivided into depressive disorders, bipolar 
disorders and mood disorders connected with a general medical condition or 
substance induced. Anxiety disorders are as heterogeneous a group as mood 
disorders, with (increased) anxiety as the predominant feature. Examples are 
generalized anxiety disorder (GAD), panic disorder (PD), obsessive-compulsive 
disorder (OCD), phobias and stress disorders. 

The prevalence of affective disorders is higher in females than in males, suggesting 
that estrogen could have an influence on the susceptibility of developing affective 
disorder, however the notion that women are more inclined to seek professional 
help is likely to play a role too. In general three types of treatment are available: 
Antidepressants are considered to be the first choice treatment with the majority of 
mood and anxiety disorders. Benzodiazepines are also used for treating certain 
dimensions of anxiety, but sedation and withdrawal problems have diminished 
their popularity. In addition several types of psychotherapy are available for the 
treatment of affective disorders. 

Clinical depression affects about 16% of the population on at least one occasion in 
their lives (Bland, 1997). This is an average number, however, and much higher 
prevalence rates have been reported in females, but also in some western 
countries. In Australia for instance, one in four women and one in six men will 
suffer from depression. The mean age of onset, from a number of studies, is in the 
late 20s. About twice as many females as males report or receive treatment for 
clinical depression. Though this imbalance is decreasing over the course of recent 
history; this difference seems to completely disappear after the age of 50 - 55, 
when most females have passed the end of menopause. Clinical depression is 
currently the leading cause of disability in the US as well as in other countries, and 
it is expected to become the second leading cause of disability worldwide (after 
heart disease) by the year 2020, according to the World Health Organization 
(Murray & Lopez, 1997). This prognosis is even more alarming considering the 
outcome of a meta-analysis of clinical studies performed with the 6 most 
prescribed antidepressants in the USA versus placebo, suggesting that 
antidepressant treatment was only marginally better than placebo (1-3 points 
improvement on the Hamilton Depression scale) (Khan et al., 2002) 
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Introduction 

Over the past 50 years several antidepressant therapies have been developed to 
treat clinical depression. The first effective antidepressants were based on 
serendipitous findings with the tuberculosis drug iproniazide and belonged to the 
group of monoamine oxidase inhibitors (MAOi’s). These compounds inhibit the 
enzyme responsible for the oxidative degradation of monoamines, resulting in 
increased extracellular levels of monoaminergic neurotransmitters. Occasionally 
MAOi treatment could lead to hypertensive crisis especially with people of 
advanced age. Next, the tricyclic antidepressants (TCAs) were discovered. These 
compounds inhibit the transporters responsible for the reuptake of monoamines, 
also leading to increased extracellular levels of monoamines. However, due to their 
‘dirty’ pharmacological profile, treatment was accompanied with a considerable 
number of side effects. Cleaning up their pharmacological profile has led to 
compounds with a more benign side effect profile, such as the selective serotonin 
re-uptake inhibitors (SSRIs) and the atypical antidepressant mirtazapine. In 
contrast to certain benzodiazepines, all monoamine-based antidepressants have in 
common that their onset of action is around 3 to 6 weeks after the start of the 
treatment, whereas some side effects may occur immediately. Since a number of 
patients do not tolerate these side effects, they may be inclined to abandon 
pharmacotherapy prematurely. Furthermore, clinical studies indicate that 30-40 % 
of the patients do not experience any improvement of their depression after 
treatment, and in reality this percentage may be even higher. Unfortunately, for 
this group of patients no alternative treatments exists (Moncrieff, 2008). 

One could argue that more effective antidepressants can be developed as soon as 
the mechanisms underlying depression are unraveled. However, despite the 
progress of neurobiology in the last 50 years, our knowledge of the pathological 
processes in affective disorders remains poor. The brain is a very complex organ 
protected by the blood-brain-barrier (BBB) and direct neurobiological assessment is 
difficult because invasive techniques are normally not allowed in humans. 
Measurement of neurotransmitters and their metabolites in cerebrospinal fluid 
(CSF), serotonin uptake and receptor binding of blood cells and neuro-endocrine 
strategies have been used as an alternative. However, these approaches must be 
considered as relatively crude and indirect ways to obtain information from the 
normal and pathological brain. Yet, based on clinical and preclinical research, 
several hypotheses of depression have been developed. 

1.1   Hypotheses of affective disorders 

1.1.1   The monoamine hypothesis 

The monoamine hypothesis simply states that depression is caused by a deficiency 
of brain monoaminergic activity, which can be treated by drugs that increase this 
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activity (Schildkraut, 1965). The hypothesis is supported by the following 
observations: 

• The majority of antidepressants increase the extracellular 
levels of monoamines in the brain, either via inhibition of 
monoaminergic metabolism (DELAY et al., 1952) or through 
blockade of monoamine reuptake into the nerve terminal 
(Wolf et al., 1985)  

• Reserpine, an antihypertensive drug, which induces a 
depletion of monoamine stores, is capable of inducing 
symptoms of depression (Goodwin & Bunney, Jr., 1971).  

• Patients successfully treated with SSRI’s fall into remission on 
a low tryptophan (an essential amino acid and precursor of 
serotonin) diet (Spillmann et al., 2001). 

 

The monoamine hypothesis was very attractive because of its simplicity, yet it 
appeared unable to offer an explanation for a number of clinical observations. 

First, the large number of side effects of MAOi’s and TCAs has prompted 
pharmaceutical companies to develop more specific monoamines reuptake 
inhibitors. Combinations of inhibitors for serotonin, noradrenaline and dopamine 
reuptake were also developed. However, focusing on increased monoamine levels 
has not led to considerable improvement of clinical efficacy. Second, the 
monoamine hypothesis fails to explain why a number of drugs that also increase 
brain monoaminergic activity, such as cocaine, amphetamine and fenfluramine are 
devoid of antidepressant efficacy. Third, a relatively large group of patients does 
not respond to monoamine-related antidepressant treatment. Finally, most 
antidepressants increase monoamine levels within hours after administration, but 
the therapeutic response is delayed for several weeks (Baldessarini, 1989). 

The latter has led to adaptations of the monoamine hypothesis stating that 
sustained increased levels of monoamines are necessary to induce desensitization 
of auto- and heteroreceptors, eventually leading to the antidepressant effect (Blier 
et al., 1987). These auto- and heteroreceptors regulate monoaminergic activity 
and it has therefore been proposed that the process of desensitization coincides 
within the time course of the therapeutic antidepressant response. Conversely, 
resensitization of such receptors might offer an explanation for the relapse of 
depressive symptoms after discontinuation of antidepressant treatment. Changes 
in sensitivity of receptors for all three monoamines have been subject to research, 
however most attention has been paid to the 5-HT1A serotonin autoreceptor. As 
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the monoamine receptors have been extensively described elsewhere, only a 
number of important monoamine receptors will shortly be discussed here. 

The ß-adrenoreceptor (ß-AR) may have been the first monoamine receptor which 
has been functionally investigated in relation to chronic antidepressant treatment 
(Banerjee et al., 1977). It appeared that a variety of antidepressant treatments, 
including TCAs, MAOIs and repeated electroconvulsive shock therapy down-
regulated ß-AR density in limbic brain regions, including cerebral cortex and 
hippocampus (Vetulani & Sulser, 1975; Sugrue, 1983). Moreover, nearly all 
antidepressants diminished the ability of ß-ARs to stimulate adenylate cyclase-
mediated cAMP production in these regions (Vetulani & Sulser, 1975; Charney et 
al., 1981). The time needed to establish the changes in receptor density and 
functionality was consistent with the time course of the therapeutic antidepressant 
response.  

The α2-adrenoreceptor subtype has also been studied in relation to major 
depression. It has been reported that α2-adrenergic autoreceptors are hyperactive 
in major depression (Garcia-Sevilla et al., 1999), which may lead to a decrease of 
both noradrenergic and serotonergic neurotransmission. TCAs have been shown to 
desensitise α2-adrenergic autoreceptors, and may thus be capable of normalizing 
the alleged disrupted monoaminergic transmission in depression (Mateo et al., 
2001).  

Preclinical evidence regarding 5-HT receptor subtypes is not very consistent. In 
fact desensitization has only been convincingly shown for the 5-HT1A autoreceptor, 
however not all antidepressants are capable of desensitizing this receptor following 
chronic treatment (Hjorth & Auerbach, 1994). 

Dopamine receptors have received relatively little attention in antidepressant 
research compared to serotonin and noradrenaline. Traditionally, dopamine 
research was targeted at other fields of psychiatry such as schizophrenia, 
obsessive-compulsive disorder and addiction but also at neurological disorders 
such as Parkinson’s and Huntington’s disease. In European countries the dopamine 
reuptake inhibitor bupropion is prescribed to diminish nicotine craving, however in 
the USA the compound is registered as an antidepressant. A recent study indicates 
that antidepressant efficacies of bupropion and venlafaxine, a dual serotonin and 
noradrenaline reuptake inhibitor, are comparable (Hewett et al., 2008). 
Postsynaptic D2 receptors may be hypersensitive in depression, although this idea 
is primarily based on behavioral studies in laboratory animals following chronic 
antidepressant treatment (Maj et al., 1996; Spyraki & Fibiger, 1981). Typical 
antipsychotics such as dopamine D2 receptor antagonists may also have 
antidepressant efficacy (Ruther et al., 1999). Moreover, the atypical antipsychotic 
amisulpride was shown to have antidepressant efficacy, which was attributed to a 
preferential blockade of presynaptic D3 dopamine receptors, leading to an 
increased dopamine release (Racagni et al., 2004). Accordingly, several 
augmentation strategies with antipsychotics and SSRIs have been investigated, 
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albeit with varying success rates (Montgomery, 2008). Several compounds 
combining SSRI and partial dopamine D2 agonist activity in one molecule are 
currently under investigation (Michael-Titus et al., 2008). 

The general hypothesis remains that deficiencies in dopamine, serotonin and 
norepinephrine underlie the pathology of major depressive disorder (Nutt, 2006). 
However, in spite of the adaptations made to the monoamine hypothesis and its 
usefulness in developing more or less effective antidepressants, it remains 
questionable whether this hypothesis adequately reflects the underlying pathology 
of affective disorders. It is clear that other hypotheses also have to be considered 
(Krishnan & Nestler, 2008). 

1.1.2   The HPA-axis hypothesis/stress induced dysfunction 

1.1.2.1   The role of Stress 

The role of stress hypothalamic-pituitary-adrenal axis (HPA-axis) hyperactivity in 
psychiatric disorders is well established. The initiator of stress research is Hans 
Selye, who described stress as a syndrome produced by various noxious agents 
(Selye, 1936). His paper in Nature is considered to be the starting point of stress 
research, which has finally resulted in the elucidation of HPA-axis functioning. 
Seyle states that “stress is the state manifested by a specific syndrome which 
consists of all the non-specifically induced changes within a biologic system” 
(Selye, 1985). The stress syndrome can be induced by all kind of stressors with 
individual vulnerability playing an important role. It is believed that prolonged 
exposure to stressors leads to the stress syndrome. Based on Selye’s and many 
other observations, it is no surprise that a connection with affective disorders was 
made. Strong evidence over the years has linked failure to cope with stressful 
events to the etiology of depressive disorders (Kendler et al., 1999; Hammen, 
2005).  

1.1.2.2   The role of the HPA-axis 

The HPA-axis is the communication system that prepares the body for the so- 
called fight, fright and flight response. The body has to be prepared to respond to 
stressful situations. First, the sympathetic adrenal medullary (SAM) system is 
activated, which results in an increased release of adrenaline and noradrenaline 
from the adrenals and sympathetic nerve terminals, respectively. In the secondary 
phase, corticotrophin-releasing hormone (CRH) is released by the hypothalamus. 
CRH stimulates the excretion of adrenocorticotrophin (ACTH) from the pituitary 
(Bale & Vale, 2004). This hormone is released into the bloodstream and 
transported to the adrenals, where it stimulates the excretion of corticosteroids 
(cortisol in primates and corticosterone in rodents) (Charmandari et al., 2005). 
Under normal conditions, HPA-axis activity is regulated by several negative 
feedback mechanisms. Briefly, ACTH exerts a negative feedback control on the 
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release of CRH, whereas cortisol exerts a negative feedback control on both the 
release of ACTH and CRH. This returns the body from the activated to a more 
normalized state and prevents overexposure to cortisol. In the short term cortisol 
is essential for the body to cope with acute stressors, however it is believed that 
sustained elevation of cortisol will lead to severe physiological dysfunctions 
(Sapolsky et al., 2000). For instance, during constant activation of the pituitary and 
adrenals, these glands become enlarged. Moreover, the constant activation of 
certain target areas by cortisol may eventually lead to tissue damage; for example, 
in the hippocampus, where transcription of certain genes is halted by the 
glucocorticoid receptor (GR) and dendritic retraction occurs (Kole et al., 2004; 
Sapolsky, 2000). Other physiological functions, like the immune responses are also 
impaired by a continuous activation of the HPA-axis. Some authors have even 
suggested that exposure to a single severe stressful event has life-long 
implications (Koolhaas et al., 1997). 

1.1.2.2.1 HPA-axis and depression 

Several observations support an involvement of HPA-axis dysfunction in depression 
(Pariante & Lightman, 2008). A number of patients experiencing depression 
excrete significantly more cortisol after stimulation with corticotrophin releasing 
hormone (CRH) (Gold et al., 1986a; Gold et al., 1986b). This hormonal release 
pattern occurs in approximately 50% of patients with a major depressive disorder 
(Maes et al., 1990; Holsboer, 2000). Enlargements of the pituitary and adrenal 
glands have been shown in depressed patients, also indicating a hyperactive HPA-
axis (Owens & Nemeroff, 1993; Gold et al., 1986a). It has also been shown that 
depressed patients display a blunted ACTH response to CRH administration 
(Nemeroff, 1996; Gold et al., 1986a). Finally, postmortem studies of suicide victims 
have shown increased CRH values in cerebrospinal fluid (CSF) and a decreased 
CRH receptor density in the brain (Arato et al., 1989; Nemeroff et al., 1984), as 
well as reduced mineralocorticoid receptor (MR) (Lopez et al., 1998). 

1.1.2.3   The role of corticoid receptors 

Occupation of MR and GR receptors by cortisol is an important factor in the 
regulation of HPA axis activity (Reul & De Kloet, 1985; McEwen et al., 1986). In 
particular the correct balance of MR and GR mediated effects may be vital to 
restrain HPA activity (De Kloet et al., 1998). An imbalance in MR/GR actions may 
lead to alterations in the behavioral adaptation necessary to normalize the stress 
response. When the MR/GR imbalance persists and surpasses a predisposed 
individual threshold, cognition is compromised and vulnerability for developing 
affective disorders may also increase (De Kloet et al., 1998; De Kloet et al., 1999). 
Importantly, the time course of antidepressant-induced corticoid receptor up-
regulation coincides with normalization of HPA-axis activity and closely follows 
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clinical improvement of depression (Reul et al., 1993; Reul et al., 1994; Yu et al., 
2008). 

1.1.2.4   The role of CRH 

It has been proposed that increased CRH plays a role in the pathogenesis of 
depression (Raadsheer et al., 1994; Nemeroff, 1988). Accordingly, it has been 
postulated that any intervention restoring HPA dysfunction may have an 
antidepressant effect (Nestler, 1998). Additional support for the stress/HPA-axis 
hypothesis is derived from the observation that depressive episodes follow 
traumatic life events. Such stressful life events are characterized by chronic 
activation of the HPA-axis. This might lead to changes in GR and MR density and 
also an impaired GR/MR balance, eventually resulting in HPA-axis dysfunction. 

Using the dexamethasone/CRH suppression test, both in depressed patients and in 
their non-depressed relatives showed a blunted cortisol response in both groups. 
The study suggested that genes play a role in the vulnerability for stress (Holsboer 
et al., 1995). On the other hand, the study also showed that a dysfunctional HPA-
axis does not lead to an affective disorder per se. Yet, it is clear that the HPA-axis 
plays a role in the etiology and treatment of affective disorders (Ising et al., 2005). 

1.1.2.5   HPA-axis and 5-HT 

There is extensive pharmacological and neuro-anatomical evidence that 5-HT 
containing neurons regulate the HPA-axis in rats (Fuller & Snoddy, 1990). 
Serotonergic neurotransmission has an excitatory influence on HPA-axis activity. 
For instance, local application of serotonin dose-dependently increases CRH in the 
hypothalamus (Holmes et al., 1982). Serotonin directly stimulates the release of 
ACTH from the pituitary (Spinedi & Negro-Vilar, 1983). Moreover, serotonin 
increases corticosteroid receptor densities in hippocampus through 5-HT1A 
receptors (Budziszewska et al., 1995). Thus the serotonergic system influences 
HPA-axis feedback mechanisms at different levels. 

Vice versa, the HPA-axis influences serotonergic neurotransmission. For instance 
corticosteroids influence 5-HT synthesis through the enzyme tryptophan 
hydroxylase, thereby affecting 5-HT turnover but not 5-HT levels (Azmitia, Jr. & 
McEwen, 1969; Azmitia, Jr. et al., 1970). It has also been reported that local 
application of GR receptor agonists into the dorsal raphe nucleus compromises the 
functioning of the 5-HT1A autoreceptor (Laaris et al., 1995). Furthermore, 
normalization of HPA-axis after antidepressant treatment may be due to 
antidepressant-induced changes in brain corticoid receptor capacity (Barden et al., 
1995). This normalization of HPA-axis activity is likely to be related to a restoration 
of the negative feedback between corticosteroids and the HPA-axis, possibly via 
increased corticosteroid receptor gene expression. Thus, non-suppression of 
dexamethasone in patients with depression disappears after recovery, and 
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normalisation of the HPA-axis is considered essential for permanent improvement 
(Ribeiro et al., 1993; Firk & Markus, 2007). 

1.1.3   Neuroplasticity hypothesis 

Antidepressants immediately increase extracellular monoamine levels in the brain, 
yet their therapeutic effect is delayed for several weeks. The hypothesis that a 
simple shortage of monoamines would explain the etiology of major depression is 
therefore rather unlikely. Consequently, it has been proposed that adaptations 
have to take place to facilitate the therapeutic effect of antidepressants. Advances 
in both clinical and preclinical research have led to the proposition that 
neuroplasticity plays an important role in both the etiology and treatment of 
affective disorders. 

The neuroplasticity hypothesis states that major depression results from an 
inability of the organism to make appropriate adaptive responses to stress or other 
aversive stimuli (Duman et al., 1999). These inabilities could indicate an impaired 
capacity of the brain to correctly process such stimuli. In other words, the brain 
may have become rigid and according to this hypothesis, depressed. 

Several studies support the idea that the integrity of the brain is affected in major 
depressive disorders. Neuroimaging studies, for example, have demonstrated a 
reduced gray-matter volume in the prefrontal cortex (PFC) and striatum of 
depressed patients. Furthermore, enlargements of the third ventricle have been 
reported in patients, that were compared to healthy volunteers (Drevets, 2000). 
Neuropathological studies in post-mortem tissue from depressed patients also 
showed a reduction of cortical volume. In addition, glia cell count was reduced as 
well as neuron size in the PFC and amygdala (Rajkowska et al., 1999; Rajkowska, 
2000). Reduced glial density and glia to neuron ratios in the amygdala have also 
been reported (Hamidi et al., 2004). Notably, glial cells play a critical role in 
regulating synaptic glutamate concentration, central nervous system (CNS) 
homeostasis and in the release of trophic factors (Araque et al., 2000;Ullian et al., 
2004) 

1.1.3.1   Neurogenesis 

There is a growing body of preclinical evidence in support of the neuroplasticity 
hypothesis. Gould and colleagues made a real advance, showing that against all 
expectations neurogenesis occurs in the adult brain. First, this was shown in 
rodents and non-human primates, but more recently it was also shown in humans 
(Gould et al., 1997; Eriksson et al., 1998). Next, it was demonstrated that stress 
reduced neurogenesis in scadentia, a species phylogenetically in between 
insectivores and primates, and in primates (Gould et al., 1997; Gould et al., 1998). 
Conversely, neurogenesis is stimulated in rodents placed in a rich environment 
(Kempermann et al., 1997; van Praag et al., 1999). When animals were 
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subsequently trained to perform an associative learning task, the survival rate of 
the newly formed cells increased (Gould et al., 1999). During stress, apoptosis or 
cell death appeared to be increased. The effects were region specific, but not 
restricted to the granular cell layer in the dentate gyrus of the hippocampus 
(Lucassen et al., 2001).  

These observations imply that: 

• The adult brain is capable of creating new neurons and other 
cells. 

• The process of neurogenesis and cell survival can be 
influenced by various environmental stimuli. 

• Neurogenesis combined with apoptosis may represent a 
flexible system, which has evolved to enable adaptation of 
the organism to changing environmental conditions. 

• This system of flexibility is apparently compromised by 
chronic stress. 

 

Different types of antidepressant treatment also appear to influence neurogenesis. 
For example, electroconvulsive shock treatment of animals was shown to have a 
positive effect on neuropeptide system plasticity (Altar et al., 2004). It has also 
been shown that electric convulsive therapy (ECT) induces neurogenesis and that 
antidepressants stimulate cytogenesis (Madsen et al., 2000; Malberg et al., 2000). 

The general consensus is now that the stressed/depressed brain is maladaptive, 
implying that the organism is less capable to adapt and react to external stimuli. It 
is probably this state of the brain, which causes depression. There is compelling 
evidence that the reduced neurogenis observed in several animals models can be 
reversed by antidepressants (Dranovsky & Hen, 2006). And it could be that 
stimulation of the hippocampal neurogenesis is part of the therapeutic effect of 
antidepressant drugs (Sahay & Hen, 2007). The lack of neuroplasticity might also 
offer a viable explanation for the co-occurrence of affective disorders with such 
neurodegenerative disorders as Parkinson’s disease.  

1.1.3.2   Synaptic plasticity 

As mentioned previously, glial function is compromised in depressed patients. Glia 
cells are mostly thought of for having a supportive role for neurons and as playing 
a role in synaptic activity. In the adult mammalian brain glial cells outnumber 
neurons by a factor 10-15. In the brain 3 types of glial cells can be found; 
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microglial cells, oligodendrocytes and astrocytes. Microglial cells are small cells of 
distinct shape. When activated they play a major role in immunological protection 
of the brain. Oligodendrites are involved in axon isolation and signal transduction, 
a function similar to the Schwann cells in the peripheral nervous system. 
Astrocytes are the most abundant glial cell type in the brain. They are found in 
close association with axons, blood capillaries and cell bodies. Several essential 
functions have been attributed to these cells such as, the supply of energy and 
nutrients to neurons, neurotransmitter metabolism, maintenance of ion 
homeostasis in the extracellular space, regulation of neuronal migration, secretion 
of growth factors and participation in immune and inflammatory responses. 
Because of their close association with the blood capillaries, they are a vital part of 
the blood-brain-barrier (BBB). Astrocytes also possess receptors for 
neurotransmitters and steroid hormones, that can trigger electrical and biochemical 
events inside the cell, comparable to neurons. Astrocytes can release glutamate 
and d-serine, enabling them to modulate neuronal activity. 

Moreover, astrocytes influence both synaptogenesis and synaptic transmission. A 
recent study in chronically stressed tree shrews has demonstrated a reduction in 
the number astrocytes expressing glial fibrillary acidic protein (GFAP, a cytoskelatal 
protein) as well as a decreased cell body volume. Glial cells also play an important 
role in synaptic function (Barres, 2008). In the CA1 hippocampal area a single 
astrocyte can contact with up to 140,000 synapses (Bushong et al., 2002). In this 
specific region about 60% of mainly glutamatergic synapses have intimate contact 
with surrounding astrocytes (Ventura & Harris, 1999). Astrocytes influence 
neuronal morphology in two ways: first, by releasing compounds that enhance 
synaptic transmission, such as d-serine, which acts as co-agonist of the NMDA 
receptor. Second, by releasing factors, that influence axonal and dendritic 
outgrowth, and thus the number of synaptic connections (Ullian et al., 
2004;Pittenger et al., 2007). 

Chronic stress has a major impact on the shape of dendrites in the hippocampal 
formation. It has been reported that the shape of the dendrites influences the 
firing rate of neurons (van Ooyen et al., 2002). Magarinos (1996) has shown that 
chronic stress leads to dendritic retraction of the pyramidal cell in the CA3 area of 
the hippocampus (Magarinos et al., 1996). This retraction of dendritic outgrowth 
was found with various stress paradigms, and may lead to a reduction of effective 
synapses. When animals are housed in a stimulatory environment the opposite 
occurs and increased synapse formation and an increased length of the dendrites 
are observed (van Praag et al., 2000). 

The volume loss observed in the brains of depressed patients could be related to 
stress. In animal studies it has been shown that hippocampal volume is reduced 
after chronic stress. It has been suggested that a hyperactive HPA-axis is 
responsible for this volume loss. However, this volume loss could not be induced 
by hypercortisolemia (Sousa et al., 2000; Leverenz et al., 1999). Moreover, the 
number of neurons is not significantly decreased as shown by post-mortem studies 
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in severely depressed patients or patients chronically treated with steroid 
hormones such as prednisolone (Muller et al., 2001). An alternative explanation for 
the loss of brain volume could be a reduction of extracellular space (ECS) (Sykova 
& Chvatal, 2000). The ECS of the central nervous system is the microenvironment 
of neurons and glial cells and its composition and size changes during neuronal 
activity. Suggestions have been made that the volume of the ECS might be 
compromised during pathological states of the brain. One must realize that this is 
relatively unknown territory, which deserves further investigation. 

1.1.3.3   Intracellular Plasticity 

The alleged compromised neuroplasticity in affective disorders may involve 
changes at different cellular levels. For example changes of the cAMP cascades 
have been reported by several groups (Perez et al., 2000;Perez et al., 1989;Ozawa 
& Rasenick, 1991). Also cAMP response element binding protein (CREB), a 
transcription factor that mediates many of the actions of cAMP, is up-regulated by 
chronic, but not acute antidepressant treatment (Nibuya et al., 1996). In addition, 
a post-mortem study has shown that expression of CREB is decreased in the 
temporal cortex of patients with depression, whereas antidepressant treatment 
was shown to reverse this effect (Dowlatshahi et al., 1998). Chronic antidepressant 
treatment not only increased percentage of phosphorylated state of CREB proteins, 
but it also increased the expression levels of brain derived neurotrophic factor 
(BDNF), a major gene target regulated by CREB (Duman, 2002). BDNF belongs to 
the family of neurotrophic factors, which also includes the nerve growth factors 
neurotrophin 3 and 4 (Thoenen, 1995). Initially neurotrophic factors were being 
characterized for regulating neuronal growth and differentiation during 
development, but now they are also recognized as potent regulators of synaptic 
plasticity and survival of adult neurons and glia (Patterson et al., 1996;Korte et al., 
1996). 

1.2   Affective disorders and the immune system 

Previously, we have focused primarily on the central nervous system, but immune 
function is playing an important role in affective disorders too. 

The involvement of the immune system in affective disorders is well known. For 
instance, patients treated with interleukin-1 develop depressive-like symptoms, like 
disturbances in circadian rhythm as witnessed by an altered sleep/wake cycle. 
Depressed patients are also more susceptible to infections, allergies and 
autoimmune diseases (Whitlock & Sisking, 1979). This so-called sickness behavior 
suggests impairments of immune system function. Antidepressant treatment does 
not only alleviate symptoms of depression, but it also improves immune system 
function (Castanon et al., 2002).  
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Several lines of evidence indicate that central nervous system (CNS) and immune 
system interact. For instance, sympathetic nerve endings were shown to be 
present in lymphoid tissue. Also, cytokinine receptors have been found on CNS 
neurons, amongst others in brain structures that are associated with depression, 
such as hypothalamus, hippocampus and locus coeruleus (Turnbull & Rivier, 1999). 
Moreover, activated T cells and monocytes can pass the blood brain barrier and 
bind to brain cells through cell-membrane specific molecules (Maes et al., 1995).  

The presence of monoamine receptors on lymphocytes and the production of HPA-
axis mediators such as ACTH by lymphocytes suggest a direct communication 
between CNS and immune system during stressful events. It has been reported 
that (large) increases of cortisol levels are capable of inducing thymocyte apoptosis 
(van den Brandt et al., 2007). Social defeat in rats results in more persistent 
alterations of thymus function (Engler & Stefanski, 2003). Moreover, both surgical 
and physical stress suppresses the activation of natural killer (NK) cells in rats (Ben 
Eliyahu et al., 1999).  

Several studies have been performed in vitro to investigate the effect of 
antidepressants on the immune system, for instance, by testing the proliferation 
rate of isolated lymphocytes under different antidepressant treatment regimes. It 
appeared that all tested antidepressants dose-dependently reduced the capacity of 
lymphocytes to proliferate in response to lectin or antigen activation (Castanon et 
al., 2002).  

1.3   Animal models of affective disorders 

Studying the mechanisms underlying affective disorders in humans has many 
restrictions. Invasive techniques for the brain are not allowed and ethical 
considerations limit the use of psychological trauma models that are indispensable 
for inducing pathological effects reminiscent of those in major depression.  

For this reason animal models have been developed to study the biological 
processes implicated in major depression (Shively, 1998). Such animal models 
must fulfil three important criteria viz. high face-, construct- and predictive-validity. 
High face-validity is achieved when a model replicates several of the symptoms 
seen in depressed patients, such as anhedonia and low locomotor activity. A model 
has high construct-validity when it is homologous in etiology and has an empirical 
and theoretical relationship to the disorder. Finally, having a high predictive-
validity, means that the animal model is capable of correctly identifying efficacious 
pharmacotherapy. For major depression this implies that the behavioral correlates 
of the animal model must respond to chronic antidepressant treatment. As yet, no 
animal model has been able to unambiguously meet all these three criteria. 

Animal models for depression can be divided in two groups. The first group is more 
or less based on clinical observations. In these models, the focus is on observable 
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features, which can be specifically influenced by antidepressants. The second 
group is based on etiological considerations, such as the notion that stressful life 
events are among the most potent triggers of a depressive episode (Kendler et al., 
1999). In the next sections examples of both types of animal models will be given, 
although more animal models have been developed over the years (McArthur & 
Borsini, 2006). 

1.3.1   Animal models based on observations 

In the learned helplessness paradigm animals are exposed to aversive stimuli, 
which they cannot predict, control or avoid (Seligman & Beagley, 1975). In this 
model the animal shows deficits in escape performance, but also decreased 
locomotor activity and a loss of appetite and weight. Treatment with 
antidepressants is capable of reversing these symptoms (Willner et al., 1992;Yadid 
et al., 2000) 

In the Porsolt swim test (Porsolt et al., 1977), also known as the forced swim test, 
a rat or a mouse is placed in a container filled with water from which it cannot 
escape. After some time the animal knows that it is useless to struggle, and it 
assumes an immobile posture. When placed for a second time in the container the 
period of struggling is shorter and the animal takes on its immobile posture more 
rapidly. The onset of this immobility is delayed by pre-treatment with 
antidepressants (Kawashima et al., 1986). 

In the chronic unpredictable stress paradigm (Katz, 1981) the animal is 
subsequently exposed to various kinds of stressors. This results in disrupted 
behavior in the open field test, which measures explorative behavior of the animal. 
Treatment with antidepressants during the chronic stress period was shown to 
prevent the aberrant behavior in the open field. The paradigm exists in several 
variations and is also known as the chronic mild stress model of depression (Papp 
et al., 2002) 

The animal models in this section are often used by the pharmaceutical companies 
in the screening process of new potential antidepressants (for a more elaborate 
overview see (Bourin et al., 2001).  

1.3.2   Animal models based on etiology 

Animal models based on etiology mostly refer to the notion that a stressful life 
event is likely to increase susceptibility for affective disorders. As the etiology for 
depression is still not clear, several models have been developed based on the 
assumption that stress plays a major factor in developing depression. Although the 
following list is not complete, it illustrates the diversity of the animal models based 
on etiology. 
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Prenatal stress exists of inflicting stressful stimuli to pregnant rats, such as 
repeated restraint stress for 30 minutes. Fride (1986) demonstrated that the 
offspring of these rats showed reduced stress coping abilities and an increased 
emotionality, as witnessed by an increased anxious reaction in fear related tests 
(Fride et al., 1986). Furthermore HPA-axis response to stressful stimuli in the 
offspring was more profound (Bhatnagar et al., 2005; Coe et al., 2003). 

Maternal separation is based on removing the pups for a variable period of time 
from their mother during the weaning period. These pups show a long-lasting HPA-
axis response to stress. Deficits in attention and emotions were also reported, but 
not in all studies. Sometimes the opposite effect was noted which according to 
Staton et al. (1988) might relate to the time point of maternal deprivation (Stanton 
& Levine, 1988; Millstein & Holmes, 2007). 

Social defeat models refer to the increased risk for developing an affective disorder 
when humans lose their social status (Brown et al., 1990). Many species have a 
strong hierarchical social structure, primarily based on confrontations between 
males. Loss of rank within such hierarchical structure may model the loss of social 
status in humans. It has been proposed that the loss of rank in animals in an 
established social group might serve as model for loss of self-esteem in humans, 
which could lead to depression (Willner, 1995; Rygula et al., 2008) 

Primates live in hierarchal structures, and social status is of eminent importance for 
reproduction, food intake and other privileges. It appears that basal cortisol levels 
are correlated with the social status of an individual within the group. For example 
dominant squirrel monkeys in captivity have significantly lower levels of cortisol 
(Manogue et al., 1975). High-ranking male olive baboons living in the wild also 
showed lower plasma cortisol levels, and a stronger cortisol response during 
stressful encounters (Sapolsky, 1982). However, markedly increased basal cortisol 
levels were measured in higher ranked males when their authority was 
compromised during social instability. This rise in basal cortisol levels was not only 
seen in the higher ranked animals, but occasionally also in lower ranked animals 
involved in the social instability. Apparently individual coping styles determine HPA-
axis reaction during social instability and hence the physiological consequences of 
this hypercortisolism (Sapolsky, 1994; Shively et al., 2006). 

Several animal models are based on social defeat. For example the resident 
intruder paradigm, which has been developed for several species but is most 
investigated in rats. Social defeat elicits long lasting behavioral and physiological 
changes in rats, however, these effects can be prevented by chronic 
antidepressant treatment (Koolhaas et al., 1990; Rygula et al., 2008). 

Variations of the resident intruder paradigm are also used in mice and tree shrews 
(Fuchs & Flugge, 2002). The tree shrew variant will be discussed in more 
thoroughly in chapters 2 and 3 this thesis 
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1.4   Neuropeptides and affective disorders  

Despite major advances in biological research in the past decades, no revolutionary 
new therapies to treat affective disorders have emerged. New generations of 
antidepressants still have to be administered over an extended period of time 
before any therapeutic effect can be observed. Also antidepressant treatment is 
still associated with undesirable side effects, often leading to discontinuation of 
treatment. 

Research may not have led to major breakthroughs in pharmacotherapy, but it has 
sharpened the insights in the processes and the brain areas, that play a role in 
affective disorders. Here we will discuss neuropeptides and their (neuro-) 
modulatory role in brain areas allegedly involved in affective disorders such as 
hypothalamus, amygdala, peri-aquaductal gray (PAG) and hippocampus. 

1.4.1   Neuropeptides 

The neuropeptides form a steadily growing group of more than 50 endogenous 
compounds with a broad spectrum of biological effects. Neuropeptides are 
conserved between species and can be subdivided into families. Some 
neuropeptides are associated with rather distinct behaviors. For example, oxytocin 
and vasopressin have striking and specific effects on social behaviour, including 
maternal behavior and pair bonding. Other well-known peptides are 
cholecystokinin, dynorphin, substance P and neuropeptide Y.  

 

1.4.1.1   Function 

Neuropeptides interact with G-protein-coupled receptors (also called: metabotrobic 
receptors), which are expressed by selective populations of neurons. Their 
chemical structure consists of 4 to 131 amino acid residues and distribution 
throughout the body is widespread. They function as molecular messengers 
between neurons, thereby influencing the neuron excitability through a process of 
depolarisation or hyperpolarisation, a property they have in common with classical 
neutransmitters, such as dopamine, noradrenaline and serotonine. However, 
neuropeptides can have divergent effects, such as modulation of gene expression, 
local blood flow, synaptogenesis, and glial cell morphology. 

1.4.1.2   Neuropeptides versus ‘classical’ neurotransmitters 

Many neurons are capable of making both a ‘classical’ neurotransmitter (such as 
glutamate, GABA or dopamine) and one or more neuropeptides. However, storage 
and release of these latter chemical messengers differs from ‘classical’ 
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neurotransmitters which are reflected at their functional level. For instance, the 
large dense vesicles (LDVs), in which neuropeptides are stored, are more sensitive 
to local intracellular calcium variations, leading to a more subtle release 
mechanism in comparison with the classical neurotransmitters (De Camilli, 1991). 
Release of the latter is according to a kind of ‘go or no-go’ principle. When a 
certain threshold is reached, exocytosis is a fact, while with neuropeptides release 
is generally more gradual. Neuropeptides and ‘classical’ neurotransmitters also 
display major differences in synthesis. Neuropeptides are synthesized at the 
endoplasmatic reticulum as pro-peptides, which must be spliced first by enzymes in 
order to become the bioactive neuropeptide. This splicing takes place during 
axonal transport and the neuropeptides are subsequently stored in LDVs (Hokfelt 
et al., 2000; Hokfelt et al., 2001). In contrast, classical neurotransmitters are 
synthesized by enzymes from amino acids readily available in the body and in case 
of serotonin from dietary tryptophan. Biosynthesis can take place at the release 
site, thereby avoiding the time consuming process of axonal transport (Sulzer et 
al., 2005). After synthesis, ‘classical’ neurotransmitters are stored in small synaptic 
vesicles (SSVs). Because LDVs are 10 times more sensitive to elevations of the 
intracellular calcium concentration than SSVs, neuropeptides may serve to fine-
tune the action of classical neurotransmitters (De Camilli, 1991). This increased 
sensitivity of the LDVs for calcium is likely to be related to the activity of a voltage 
dependant L-type calcium channels (tue-Ferrer et al., 1993). When these channels 
are specifically blocked, both the electrical and potassium evoked release of 
substance P is inhibited (Holz et al., 1988). Blockade of L-type calcium channels 
does, however, not inhibit potassium-evoked release of noradrenaline, indicating 
that the release of neuropeptides is regulated differently compared to ‘classical’ 
neurotransmitter release (Perney et al., 1986). LDVs are distributed throughout the 
neuron, including soma, dendrites, axonal swellings and nerve endings, whereas 
the SSVs are mainly clustered at synaptic junctions. Another major difference 
between classical neurotransmitters and neuropeptides is in the duration of 
neurotransmission, which are milliseconds versus minutes, respectively. This 
difference may be related to the time needed to remove the transmitter from the 
target area. Monoaminergic neurons possess a highly efficient reuptake mechanism 
and the enzymes responsible for the degradation of monoamines viz. catechol-O-
methyl transferase (COMT) and mono amine oxidase (MAO) are present in 
abundance (Bortolato et al., 2008). Except for cholecystokinin (CCK) a reuptake 
mechanism for neuropeptides has not been demonstrated yet. Moreover, 
neuropeptides are inactivated through several steps of enzymatic degradation. For 
instance, substance P is inactivated by endopeptidases, ACE and aminopeptidases, 
but sometimes a second enzymatic degradation step is required to fully inactivate 
substance P (Michael-Titus et al., 2002). De novo-synthesis of the neuropeptides is 
also a limiting factor, because they have to be synthesized at the endoplasmatic 
reticulum as pro-peptide, transported from the endoplasmatic reticulum to the 
release site and spliced by enzymes before they can be released. 
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1.4.1.3   Extrasynaptic transmission 

The prolonged action of neuropeptides might imply a more modulating role 
reminiscent of hormonal function. Accordingly, neuropeptides may play a role in 
paracrine transmission, also referred to as volume or extrasynaptic transmission 
(Fuxe et al., 1996; Vizi et al., 2004). The predominant extrasynaptic location of 
neuropeptides and the notion that release sites of neuropeptides do not always 
face the target receptors are equally in support of a paracrine-like function.  

1.4.1.4   Interactions between neuropeptides and monoamine neurotransmitters 

Interactions between neuropeptides and ‘classical’ neurotransmitters can take 
different forms. First, as main transmitters of peptidergic neurons they can activate 
specific receptors located on axon terminals of glutamatergic or GABA-ergic 
neurons. In this way neuropeptides may fine-tune the effects of these major 
excitatory and inhibitory neurotransmitters on monoaminergic systems, the prime 
targets of antidepressants. Examples are the regulation of 5-HT release in dorsal 
raphe nucleus by CRH through GABA and substance P via glutamate. Second, 
neuropeptides may be co-localized with monoamines. An interesting example is 5-
HT moduline, a peptide strongly associated with the function of 5-HT1B receptors. 
Deactivation of 5-HT moduline by selective antibodies has anxiolytic-like activity in 
mice as assessed in the open field and elevated plus maze tests (Fillion et al., 
1996; Moret & Briley, 2000). It is clear from these examples that neuropeptides 
modulate monoaminergic transmission. Therefore, interfering with ex- and intrinsic 
neuropeptidergic processes may have antidepressant/anxiolytic potential (Holmes 
et al., 2003). Prime examples are cortorticotrophin releasing hormone (CRH), 
oxytocin (OXT) and arginine-vasopressin (AVP) and substance P.  

1.4.1.5   Corticotrophin releasing hormone 

The neuropeptide CRH has been implicated in affective disorders in two ways. 
Firstly, CRH plays a crucial role in the regulation of HPA-axis activity. It is released 
from the paraventricular nucleus (PVN) into the hypothalamo-hypophyseal portal 
vessels, where it stimulates ACTH release from the anterior pituitary, which 
eventually leads to the release of cortisol from the adrenals. Release of CRH is also 
subject to feedback regulation controlling HPA-axis activity. Infusion of CRH 
fragments into the brain of rodents leads to anxious behavior and HPA-axis 
dysfunction. Evidence has been presented that unrestrained secretion of CRH in 
the central nervous system induces depressive symptoms by activating CRH1 
receptors continuously. All currently known antidepressants restore the negative 
feedback between corticosteroids and the HPA-axis, possibly by increasing 
corticosteroid receptor gene expression. Notably, in an open-label safety study the 
CRH1 receptor antagonist R121919 significantly reduced depression and anxiety 
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scores, however not with a faster onset of action than regular antidepressants 
(Zobel et al., 2000). 

The second way is implied in affective disorders, which involves the CRH neuronal 
circuitry in the brain. The CRH neuronal pathway originates in the amygdale, 
projecting to the bed nucleus of the stria terminalis (BNST), the PAG, dorsal raphe 
nucleus (DRN) and locus coerulus (LC). The latter two brain areas contain the 
majority of serotonergic and noradrenergic cell bodies, respectively. Arguably, 
regulation of monoaminergic activity by CRH embeds the peptide in the 
monoamine hypothesis of depression. In particular interactions between CRH and 
5-HT in dorsal raphe nucleus may be of interest in the pathophysiology of 
depression, as witnessed by the increased CRH immunoreactivity in dorsal raphe 
nucleus of depressed suicide victims. Valentino and Commons suggested that 5-HT 
neuronal activity in dorsal raphe nucleus is controlled by CRH1 and CRH2 receptors 
via opposite actions on GABA (Valentino & Commons, 2005). According to these 
authors, the abundant expression in dorsal raphe nucleus of NK1 receptors in the 
vicinity of neurons that co-localize 5-HT and CRH suggests that the dorsal raphe 
nucleus is an important locus for 5-HT-CRH-NK interactions. These interactions 
could play a role in the anxiolytic-like activity of NK1 receptor antagonists through 
inhibition of CRH/5-HT neurons that project from dorsal raphe nucleus to the 
central nucleus of the amygdala. 

Based on their observations Valentino and Commons suggest that combining 
classic antidepressants with CRH1 and NK1 receptor antagonists might help to 
individualize and optimize efficacy and minimize side effects of treatment 
(Valentino & Commons, 2005). 

1.4.1.6   Oxytocin and arginine-vasopressin 

The neuropeptides oxytocin and arginine vasopressin (AVP) are produced in the 
supraoptic and paraventricular nucleus (PVN) of the hypothalamus. Peripheral 
release is via pituitary projections to the neuro-hypophysis. However, oxytocin and 
AVP are also directed centrally into the brain (Landgraf & Neumann, 2004). Both 
oxytocin and AVP are long acting neuron-modulators, and in addition to their 
peripheral functions they may be involved in stress responses, learning and 
memory. Furthermore, AVP is co-localized with CRH. In animal models oxytocin 
has anxiolytic-like effects while AVP has anxiogenic effects (Landgraf, 2006). A 
recent study has shown that the CRH1 receptor antagonist SSR125543A, the V1b 
AVP receptor antagonist SSR149415 and the clinically effective antidepressant 
fluoxetine all reverse chronic mild stress induced suppression of neurogenesis in 
mice. It is likely that reversal in neurogenisis is cased by increased expression of 
the cAMP response element-binding protein (CREB) in dentate gyrus (Alonso et al., 
2004; Stemmelin et al., 2005). Both oxytocin and AVP have been implicated in 
obsessive behaviors and depression. Postmortem analysis of brain tissue from 
patients with mood disorder has shown increased numbers of AVP and oxytocin 
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immunoreactive neurons in the PVN (Swaab et al., 2005). Plasma levels of AVP in 
depression (especially in patients with melancholic type) were higher than normal, 
while no differences were observed for oxytocin levels, although there was a 
tendency to increased levels. Oxytocin and its precursor molecule have been 
associated with clinical response to electro-convulsive shock therapy (ECT), which 
could however not be replicated by others (Smith et al., 1994; Devanand et al., 
1998). Yet, both clinical and preclinical studies suggest a role for oxytocin as an 
endogenous antidepressant (Rosat Consiglio, 2006). Acute as well as chronic 
administration of SSRIs increases blood oxytocin levels in rats. These observations 
suggest that antidepressant treatment could be capable of normalizing the 
decreased oxytocin plasma levels in depressed patients (Uvnas-Moberg et al., 
1999). 

1.5   Substance P 

The neurokinin substance P, first known for its involvement in nociception, has 
been the subject of renewed interest since it was discovered that neurokinin 1 
antagonists possess antidepressant properties. It is also the main subject of this 
thesis. And will therefore be discussed in more detail 

1.5.1   History of substance P 

In 1931 von Euler described, an atropine resistant substance, from the gastro-
intestinal tract of rabbits in the Journal of Physiology. He named this unidentified 
compound substance P and suggested that it could be found in the brain as well. 
Pernow, a student of Von Euler, continued his work on substance P. He purified 
the substance and was able to elucidate the distribution of substance P in the 
spinal cord, the brain and the regional distribution within these areas. He also 
demonstrated the neuronal localization of substance P. At the same time a group 
in Austria under supervision of Lembeck presented convincing evidence that 
substance P is a sensory neurotransmitter. It was not until the early seventies that 
Leeman and colleagues identified substance P as an undecapeptide. Her group was 
also the first to synthesise substance P and to set-up a radioimmunoassay for the 
peptide. This enabled functional and immuno-histochemical studies. Finally, it was 
also possible to measure the release of substance P, which turned out to fulfill 
several important criteria of neurotransmitter release. It was now possible to 
describe the role of the peptide in spinal cord pain transmission in more detail, 
during this period substance P received its label as being a pain transmitter.  
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1.5.2   Biochemistry of substance P  

Substance P is synthesized from preprotachykinin-A. This pro-peptide can be 
cleaved in 4 ways resulting in substance P alone; a combination of substance P, 
NK-A and NPK; or substance P, NK-A and NP-Y. Thus maturation of the pro-
peptide can result in mono-transmission or co-transmission, which is solely 
determined by the enzyme involved in the cleaving process. Substance P 
preferably binds to neurokinin 1 (NK1) receptors, but it also displays affinity for NK2 
and NK3 receptors. In the activated state, peptide-receptor-complexes internalize 
into the target cell in endosomes. This internalization occurs within one minute 
after activation of the receptor by substance P. Studies in spinal cord and striatum 
indicate that after 30 minutes the cell membrane will return to its original state 
(Mantyh et al., 1995a; Mantyh et al., 1995b; Wang & Marvizon, 2002), 

1.5.3   Clinical targets of substance P 

In the early eighties, the first agonists and antagonists fort the neurokinin 
receptors became available. They were all based on peptide structures and were 
found to be adequate tools for investigation of the physiological role of substance 
P. Clinically these compounds were less relevant, because they did not pass the 
gastro-intestinal tract due to metabolic instability. 

A major breakthrough in substance P research took place in the beginning of the 
nineteen-nineties, when the first selective non-peptidergic NK1 receptor 
antagonists were synthesized (Snider et al., 1991). These new compounds made it 
possible to clinically target the substance P system, because they were 
metabolically more stable and thus suitable for oral administration. The initial 
therapeutic target for the NK1 antagonists was analgesia, because of substance P’s 
alleged role in nociception. However, the first clinical results were disappointing, 
but new therapeutic targets soon emerged. Primarily based on the anatomical 
distribution of substance P within the brain (e.g. nucleus tractus solitarius, area 
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postrema, striatum, amygdala and PAG) emesis, depression and schizophrenia 
were among the candidate therapeutic targets. 

1.5.4   Substance P and pain 

Initially substance P research was focused on the role of substance P in pain 
transmission. In the spinal cord substance P is abundantly present. When the 
sensory nerve endings are stimulated, substance P is massively excreted in the 
dorsal horn and a pain signal is perceived. For example capsaicin (the active 
compound in Spanish peppers) induces, when injected subcutaneously, a severe 
pain sensation. This pain sensation is mediated by substance P interneurons. 
These interneurons are part of glutamatergic pain transmission cascades in the 
spinal cord. Unfortunately, blocking the effect of substance P by selective NK1 
receptor antagonists did not alleviate the pain. It appeared, that pain is perceived 
through two different pathways and substance P plays a role in only one of these 
pathways. Thus pain signals were still able to enter the brain through the second 
pathway, making substance P a less interesting target to alleviate pain. 

1.5.5   Substance P and affective disorders 

In the 80’s of the last century it became clear, that substance P might be involved 
in affective disorders. It appeared that intra cranial injection of substance P or 
particular fragments leads to anxious behavior. More extensive research was, 
however, impossible because the right pharmacological tools were not available at 
the time. This changed when a non-peptidergic and selective substance P 
antagonist became available in 1991. After the disappointing results in analgesia 
experiments, which are partly explained by the poor penetration of NK1 antagonists 
into the brain, a new therapeutic target was found in emesis (Urban & Fox, 2000). 
The ability of NK1 antagonists to suppress emeses was a major success. Aprepitant 
is a selective NK1 receptor antagonist that effectively prevents cisplatin-induced 
emeses. Its mode of action is in the brain stem solitary tract, the emeses centre, 
where it blocks substance P induced emeses. 

In 1998 Kramer and colleagues from Merck research laboratories published a paper 
in Science, wherein preclinical and clinical evidence was presented for 
antidepressant activity of NK1 antagonists (Kramer et al., 1998). Clearly, this 
stimulated preclinical research into the role of substance P in affective disorders. 

For instance, substance P and NK1 receptors were found in brain areas involved in 
emotion, stress and arousal, such as the amygdala and the limbic system (Harbuz 
& Jessop, 2001). It also appeared that chronic antidepressant treatment in rats 
reduces substance P concentrations in these brain areas (Shirayama et al., 1996). 
A confounding factor was the species variety of NK1 receptors, which has hindered 
research into the role of substance P in affective disorders considerably. Because 
the alleged antidepressant effect of NK1 antagonists could not be tested in rat and 
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mice models of depression, research had to be redirected to other species such as 
gerbils, guinea pigs and tree shrews. For instance, in the social investigation test in 
gerbils, NK1 receptor antagonists (dose-dependently) increased the time spent on 
social investigation to a similar extent as the anxiolytic drug chlordiazepoxide 
(Gentsch et al., 2002). Neonatal vocalizations after maternal separation in guinea 
pigs were reduced after treatment with antidepressants, but not with anxiolytics. It 
was discovered that the NK1 receptor antagonist L-733,060 was also able to reduce 
these vocalizations (Kramer et al., 1998), suggesting again that NK1 receptor 
antagonists may have antidepressant properties as well. Such combined anxiolytic 
and antidepressant activity would be a positive feature of NK1 receptor 
antagonists, because comorbidity of anxiety disorders and depression is high. 

1.5.6   Biological substrate for the antidepressant activity of NK1 

antagonists 

Several attempts have been made to define the biological substrate for the 
antidepressant activity of NK1 antagonists, and to give substance P a place in 
current hypothesis of major depression.  

1.5.6.1   Substance P and the monoamine hypothesis 

Co-transmission of substance P and serotonin has been shown for descending 
projections from raphe nuclei to the spinal cord. Moreover, in humans it has been 
shown that 50 % of the dorsal raphe neurons co-express serotonin and substance 
P (Sergeyev et al., 1999). However, co-localisation could not be demonstrated in 
rats. An electrophysiological study in brain slices has shown that substance P does 
not directly interact with serotonergic neurones. Excitation of serotonergic 
neurones by substance P appears to be indirectly through glutamatergic 
interneurones, and can be blocked by the glutamate AMPA receptor antagonist 
CNQX (Liu et al., 2002). Apparently, species differences do not only relate to the 
NK1 receptor subtype, but also to the anatomical organization of substance P 
neurones. This complicates research into the functionality of substance P 
considerably. Because depression research is mostly done in mice and rats, any 
extrapolation, in the case of substance P and NK1, to humans must be treated with 
caution. Yet the obtained data from research may give some indication, as 
illustrated by a study in guinea pigs, wherein an increase in firing rate of dorsal 
raphe serotonergic neurons was observed after administration of NK1 receptor 
antagonists, which had also been observed in mice (Conley et al., 2002; Santarelli 
et al., 2001). Interestingly, the firing rate was increased after blockade of the NK1 
receptor, without a subsequent increase in basal serotonin efflux in the projection 
area. A lot of functional studies have been performed in NK1 receptor knock-out 
mice. In these animals the 5-HT1A receptor appeared to be desensitized. 
Desensitization of this receptor is also seen after chronic treatment with SSRIs and 
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according to some groups this a crucial aspect of the antidepressant effect of 
SSRIs (Santarelli et al., 2001; Froger et al., 2001).  

Substance P interacts not only with the serotonergic system, but also with the 
noradrenergic system. Substance P containing fibers have also been identified in 
the locus coeruleus and NK1 receptors are found on the noradrenergic cell bodies 
(Hahn & Bannon, 1998). Like serotonergic neurons, the firing rate of noradrenergic 
neurons increases after application of NK1 receptor antagonists, but in contrast to 
serotonin, an increased efflux of norepinephrine was observed in the dorsal 
hippocampus and frontal cortex of the guinea pig (Millan et al., 2001; Maubach et 
al., 2002). 

1.5.6.2   Substance P and the HPA-axis hypothesis 

Chronic stress or a traumatic life event is thought to play a role in the etiology of 
major depression. Experimental acute and chronic stressors are known to alter the 
synthesis and secretion of various neuropeptides, including CRH, vasopressin, 
neurotensin and opioid peptides in various brain areas. Substance P neurons are 
equally responsive to aversive stimuli. Intermittent footschock in rats reduced 
substance P content in the ventral tegmental area, olifactory tubercle and several 
hypothalamic nuclei (Bannon et al., 1986). At the same time, an increased 
substance P concentration was observed in the medial septum and dentate gyrus 
nuclei (Siegel et al., 1987). NK1 receptor internalization has been shown in the 
basolateral amygdala after maternal separation in guinea pigs and after 
immobilization stress in gerbils (Kramer et al., 1998; Smith et al., 1999). In gerbils 
the NK1 receptor antagonist L-760,735 was able to prevent this internalization. 
Summarizing, substance P plays a role in stress- induced mechanisms in the brain, 
probably via activation of NK1 receptors. Arguably, NK1 receptor antagonists may 
be able to alleviate stress-induced symptoms of depression. 

1.5.6.3   Substance P and the neuroplasticity hypothesis 

The role of neuroplasticity in affective disorders has been discussed (see 1.1.3). 
Several studies support a role for substance P and its preferred NK1 receptor in 
brain plasticity and neurogenisis. Persistent pain results in a stress-like effect on 
neurogenisis in the dentate gyrus of rat and decreases BDNF in the hippocampus 
(Duric & McCarson, 2006). Indeed NK1 knockout mice appear to have a higher rate 
of neurogenisis in the dentate gyrus and an increased level of BDNF (Morcuende et 
al., 2003) 

1.5.6.4   Clinical support for a role of SP in depression 

Attempts to support and explain the antidepressant properties of NK1 antagonists 
have also been made in clinical settings. Infusion of substance P in healthy young 
men led to a worsening of mood, compared to placebo (Lieb et al., 2002). A post 
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mortem study could demonstrate significant differences in NK1 receptors densities 
in the anterior cingulate cortex between healthy volunteers and patients with 
unipolar depression, bipolar disorder and schizophrenia (Burnet & Harrison, 2000). 
In contrast, a post-mortem study in patients with major depression showed 
decreased binding of substance P in the rostral orbitofrontal cortex compared to 
control individuals (Stockmeier et al., 2002). Furthermore, a preliminary study in 
patients with major depression has shown significantly increased serum levels of 
substance P, when compared to healthy volunteers (Bondy et al., 2003).  

A follow up study with the NK1 antagonist MK-869 was performed, but could not 
demonstrate significant differences, when compared to placebo and the reference 
compound fluoxetine. Yet, the investigators claimed a significantly improved 
efficacy in severely depressed patients (Rupniak & Kramer, 1999). Other NK1 
receptor antagonists, such as NKP 608 of Novartis and TAK 637 of Takeda, have 
also been the subject of clinical trials. However, the development of NKP 608, 
TAK637 and MK 869 has been discontinued, because the results were not as good 
as expected. However, there may yet be a role for substance P and other 
neuropeptides in affective disorders. Major depression is a heterogeneous disease, 
and the role of neuropeptides may be too small to demonstrate significant 
differences in placebo controlled clinical studies. Clearly, more research is required 
to establish the exact role of substance P and NK1 receptors in affective disorders.  

1.6   Scope of the thesis 

Depression is a multifactorial disease, with both genetic and environmental factors 
likely to play a role in its etiology. Traditionally, research has focused on the role of 
monoamines and their receptors in both the neurobiology and pharmacotherapy of 
depression. However, given the complexity of the CNS it is conceivable that other 
neuronal systems are involved. With the discovery that neurokinine NK1 receptor 
antagonists display potential antidepressant activity, research into the substance P-
NK1 peptidergic system has intensified. This thesis investigates the effects of a NK1 
receptor antagonist relative to established antidepressants on several behavioral 
and biochemical markers in the psychosocial stress paradigm in tree-shrews. This 
animal model for depression has a high face-, predictive- and construct-validity. 
NK1 receptor antagonists have been reported to augment the increase of 
extracellular 5-HT levels caused by an SSRI in rats, which makes them potential 
candidates for antidepressant augmentation strategies. In view of reported NK1 
receptor species differences, it was investigated whether this augmentation also 
takes place in guinea pigs. Knowledge of neuropeptide function in the CNS is 
severely limited due to the problems encountered when trying to measure these 
compounds in vivo. To circumvent this problem, sampling technique and chemical 
analysis of neuropeptides were improved, allowing a more reliable measurement of 
both basal levels and dynamics of neuropeptides in vivo. 
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The aims of the research presented in this thesis are: 

• To assess behavioral, humeral, brain-

metabolic and immunological parameters 

of the NK1 receptor antagonist L-730735 

as a putative antidepressant in the 

chronic psychosocial stress paradigm in 

tree-shrews and compare them to 

classical antidepressants. 

• To study the effects of combined 

administration of a NK1 receptor 

antagonist and an SSRI on extracellular 

5-HT levels in the guinea pig brain. 

• To improve the in vivo assessment of 

neuropeptides, in particular substance P, 

in the brains of laboratory animals.  

1.6.1   Outline of the thesis 

In chapter 2, the behavioral and endocrine effects of a classical antidepressant 
and L-760735, a NK1 receptor antagonist, are compared in the tree-shrew chronic 
psychosocial stress model. 

In chapter 3 the effects of chronic psychosocial stress in tree-shrews on brain 
metabolites, neurogenesis and hippocampal volume are examined. Furthermore, 
the effects of both clomipramine and L-760735 administration on these parameters 
are investigated. 

In chapter 4 the effects of chronic psychosocial stress alone and in combination 
with various antidepressants and L-760735 on stress responses and immune 
function are studied in the tree-shrew model. 

In Chapter 5 the effects of combined administration of fluoxetine, an SSRI, and 
GR 205171, a NK1 receptor antagonist, on extracellular concentrations of 
serotonin, norepinephrine and dopamine are studied in guinea pigs. 

In chapter 6 several aspects of a microdialysis approach were improved, to 
enable a more reliable and sensitive in vivo assessment of small neuropeptides, 
including substance P, in the brains of laboratory animals. 
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In chapter 7 a new LC-MS/MS method is developed and discussed, which can be 
used to measure substance P concentrations in brain microdialysates. The new 
method is compared to the traditional RIA method. 
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Abstract 

 

Substance P and its preferred receptor, the neurokinin 1 receptor (NK1), have been 
proposed as possible targets for new antidepressant therapies, although results of 
a recently completed phase III trial failed to demonstrate that the NK1 antagonist 
MK-869 is more effective than placebo in the treatment of depression. In the 
present study we compared the effects of the NK1 antagonist L-760735 with the 
tricyclic antidepressant clomipramine on endocrine and behavioral parameters in 
chronically stressed tree shrews. Animals were subjected to a 7-day period of 
psychosocial stress before receiving daily oral administration of L-760735 (10 
mg/kg/day) or clomipramine (50 mg/kg/day). The psychosocial stress continued 
throughout the treatment period of 21 days. Daily morning urine was collected to 
measure cortisol and norepinephrine levels. All animals were videotaped daily and 
three types of behavior were analyzed. Chronic psychosocial stress resulted in a 
significant increase of urinary cortisol and norepinephrine concentrations. 
Moreover, stressed animals displayed decreased marking behavior and locomotor 
activity, while grooming remained unaffected. Neither treatment with clomipramine 
nor with L-760735 was able to normalize the stress-induced elevation of cortisol or 
norepinephrine. On the behavioral parameters, L-760735 had a time-dependent 
restorative influence on marking behavior close to normal levels, without affecting 
locomotor activity. Grooming behavior was significantly increased by the three 
weeks of drug treatment. These results suggest that L-760735 was able to 
counteract certain stress-induced behavioral alterations in an animal model of 
depression.  
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2.1   Introduction 

 

Recently substance P (SP) and its preferred neurokinin 1 receptor (NK1) have been 
in focus for their possible beneficial role in affective disorders. The neuropeptide 
SP is distributed throughout the mammalian brain and is highly abundant in the 
limbic system, which is known for its involvement in stress, emotion and arousal 
(Harbuz & Jessop, 2001; Pioro et al., 1990). Several animal studies have shown 
that the SP system is also involved in the regulation of stress and aversive 
behaviors. After a microinjection of SP into the dorsal part of the periaqueductal 
grey, rats spent less time in the open arms of an elevated plus maze (Aguiar & 
Brandao, 1996). It was also shown that neonatal separation of guinea pig pups 
increased the release of substance P in the amygdala (Kramer et al., 1998). During 
maternal separation guinea pig pups emitted distress vocalizations, which were 
inhibited by intra-amygdala infusion of L-760735, a NK1 antagonist (Boyce et al., 
2001). Moreover, null mutation of the NK1 receptor in NK1

-/- mice caused a marked 
decrease in separation induced ultrasound vocalizations compared to wild type 
pups (Rupniak et al., 2000; Santarelli et al., 2001). 

L-760735 and other NK1 antagonists are effective in a wide range of anxiolytic 
screens, including the gerbil and rat social interaction test (Cheeta et al., 2001; 
File, 2000), elevated plus maze (Varty et al., 2002) and fear conditioning (Ballard 
et al., 2001). Anxiolytic drugs are also able to reduce SP levels in certain brain 
areas (Brodin et al., 1994). Chronic treatment with different types of 
antidepressants reduced the levels of substance P in several brain structures rats 
((Shirayama et al., 1996). In a chronic mild stress paradigm performed on rats, the 
NK1 antagonist NKP608 had an antidepressant-like effect (Papp et al., 2000). 

These results indicate that the substance P system in the brain plays a role in the 
pathophysiology of affective disorders like anxiety and depression. Medication that 
affects the serotonin system is widely used in the clinic to treat depression and 
anxiety (Den Boer et al., 2000). An interaction between the serotonin and SP 
system has been reported. A post-mortem study in humans demonstrated that in 
the raphe nuclei, approximately of 50% of the neurons co-express serotonin and 
substance P (Sergeyev et al., 1999). It appears that changes within the SP system 
can have a major impact on the serotonin system in the brain. Several 
electrophysiological studies have shown that NK1 blockade or deletion can enhance 
neuronal firing in the dorsal raphe (Santarelli et al., 2001; Conley et al., 2002). NK1 
-/- mice also show 5-HT1A somatodendritic autoreceptor desensitization that can 
be seen after chronic treatment with selective serotonin reuptake inhibitors (Froger 
et al., 2001). It also appears that NK1 antagonists increase the firing rate of the 
norepinephrine neurons in the locus coeruleus (Maubach et al., 2002).  
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In humans, the first clinical study testing the NK1 antagonist MK-869 demonstrated 
that it was as effective as paroxetine in treating depression (Kramer et al., 1998). 
The antidepressant efficacy has since been replicated in clinical trials with two 
further NK1 antagonists: L-759274 (Kramer et al., 2004), and CP 122721 (Chappell 
et al. presented at Association for European Psychiatry Congress, Stockholm, May 
2002). However, results of a recently completed phase III trial showed that MK-
869 was not more effective than placebo in the treatment of depression (see 
footnote in Kramer et al. (2004)).  

A major complication in substance P research is that of species variants in NK1 
receptor pharmacology (Beresford et al., 1991). This makes the conventional rat 
and mouse models of depression and anxiety unsuitable for preclinical evaluation 
of the clinically interesting NK1 antagonists. NK1 antagonists, such as L-760735, a 
close analogue of L-759274, are active in a wide range of preclinical assays for 
antidepressant and anxiolytic drugs. These preclinical assays were adapted for the 
use in species, which have more homology with the human NK1, such as guinea 
pigs and gerbils (Rupniak et al., 2001). Tree shrews (Tupaia belangeri) are animals 
which are phylogenetically placed between insectivores and primates (Martin, 
1990). Tree shrews are solitary animals and defend their territory from intruding 
conspecifics. This behavior, which is especially seen between males, is used as a 
psychosocial stress paradigm in our laboratory. The psychosocial stress paradigm 
in tree shrews has a high face and construct validity for depression (Fuchs & 
Flugge, 2002; van Kampen et al., 2002b). 

Recently, we have demonstrated that L-760735 penetrates into the brain of the 
tree shrew and is able to block the NK1 effectively, which indicates that the NK1 of 
the tree shrew shows homology with the human NK1 in this aspect (van der Hart et 
al., 2002). In this study the NK1 antagonist L-760735 had a comparable effect to 
the tricyclic antidepressant, clomipramine, on counteracting chronic psychosocial 
stress-induced alterations in the central nervous system (CNS), such as changes 
within in vivo brain metabolite levels and hippocampal cytogenesis  (van der Hart 
et al., 2002). In this study we evaluated whether the beneficial effects of 
treatment with L-760735 seen in the CNS are manifested in the neuroendocrine 
and behavioral parameters of the stressed animals. Furthermore we investigated 
whether these effects are comparable with clomipramine treated animals. 
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Animals, Materials and Methods 

 

2.1.1   Animals 

 

Experimentally naïve adult male tree shrews (Tupaia belangeri) were obtained 
from the breeding colony at the German Primate Center in Göttingen, Germany. 
These day active animals were housed singly on a regular day/night cycle (lights 
on from 08:00 h to 20:00 h) at 26 °C, 55% relative humidity, with free access to 
food and water (Fuchs, 1999). Animal experiments were conducted in accordance 
with the European Communities Council Directive of November 24, 1986 (86/EEC) 
and were approved by the Government of Lower Saxony, Germany. 

 

2.1.2   Drug administration 

 

Animals received the highly brain-penetrating NK1 receptor antagonist L-760735 
(10 mg/kg/day, Merck, Sharp and Dohme Research Laboratories, Neuroscience 
Research Centre, Harlow, UK) or the tricyclic antidepressant clomipramine (50 
mg/kg/day, Sigma) daily. Both L-760735 and clomipramine were dissolved in water 
and were administered orally in the morning between 7:30 – 8:00 a.m. The 
solutions were stored at 4 °C and protected from light. Since the majority of the 
available NK1 antagonists are designed to have a high affinity for the human NK1 
receptor (Rupniak, 2002), we conducted a pilot study. In this pilot study we 
established the dose of L-760735 that was adequate in blocking NK1 receptors in 
the tree shrew brain (for details see; van der Hart et al. (2002)).  

 

2.1.3   Experimental Design 

 

The experimental design was carried out according to our standard protocol ((Czeh 
et al., 2001; van der Hart et al., 2002). The four experimental groups (Control; 
Stress; Stress + L-760735; Stress + Clomipramine) are illustrated in Figure 1.  The 
first experimental phase (‘Control’) lasted for 7 days, during which all animals 
remained undisturbed. The second phase of the experiment consists of a 7-day 
period, during which animals of the Stress (n=5), Stress + L-760735 (n=5) and 
Stress + Clomipramine (n=6) were submitted to daily psychosocial conflict 
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(‘Stress’). For the induction of psychosocial conflict one naive male was introduced 
into the cage of a socially experienced male. After establishment of a clear 
dominant/subordinate relationship, the two animals were separated by a wire 
mesh barrier. As in earlier studies (Czeh et al., 2001; Fuchs & Flugge, 2002) all of 
the naive animals became subordinate. The barrier was removed every day for 
approximately 1 h allowing physical contact between the two males only during 
this time. By this procedure, the subordinate animal was protected from repeated 
attacks, but was constantly exposed to visual, auditory and olfactory cues from the 
dominant animal for the rest of the day. Under these conditions, subordinate 
animals displayed characteristic subordination behavior such as reduced marking 
behavior as well as eliciting alarm cries. The third experimental phase consisted of 
the treatment of the test compounds lasting 21 days. During this time, the 
subordinate animals remained in the psychosocial conflict situation and were 
treated daily with the drug or vehicle, respectively. Animals of the Stress group 
were treated according to the same experimental schedule, but received vehicle 
only. The animals of the control group (n=6) were run in a separate experiment. 
They were individually housed and undisturbed in separate quarters elsewhere in 
the facility and received only vehicle during the last phase of the experiment.  

 

 

Figure 1 Experimental design and animal groups: Control, Stress, Stress + 
Clomipramine and Stress + L-760735. The experiment consisted of 3 experimental 
phases. During the 7 days of the first phase all experimental animal groups 
received No Stress. In the second phase of the experiment, which lasted again for 
7 days, animals from the Stress, Stress + Clomipramine and the Stress + L-760735 
groups were submitted daily to psychosocial conflict. The unstressed control group 
(Control) remained undisturbed. The third experimental phase lasted for 21 days in 
which the unstressed control group stayed undisturbed, the stress group (Stress) 
remained under the stressful situation, and received daily administration of vehicle 
(water). Besides stressing the animals the treatment groups received clomipramine 
50 mg/kg/day (Stress + Clomipramine) or the NK1 receptor antagonist L-760735 
10 mg/kg/day (Stress + L-760735). 
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During the entire experiment the daily routine was to collect urine samples from 
the animals, by a slight massage over the hypogastrium every morning between 
7.30 and 8.00, before the lights went on. At this time point there is still relatively 
large amount of urine in the bladders. Morning urine was used to monitor the 
activity of the hypothalamus-pituitary-adrenocortical (HPA) axis. This was 
immediately followed by oral administration of the drug. Later between 9.00 and 
14.00, at an unpredictable time point the psychosocial confrontations took place 
for approximately 1 h. Finally, all animals were videotaped for behavioral 
assessment between 19:00 to 19:15 during all experimental phases. This time 
point was chosen to avoid any unwanted confounding factors (e.g. human activity 
around the animals).  

2.1.4   Analysis of urinary cortisol and norepinephrine  

 

Urinary free cortisol was measured with a scintillation proximity radioimmunoassay, 
using anti-rabbit IGG-coated fluomicrospheres (scintillation, proximity assay anti-
rabbit reagent type I, Amersham, Braunschweig, Germany), anti-rabbit cortisol 
antiserum (Paesel-Lorei, Frankfurt, Germany) 3H-cortisol and as radioactive tracer 
(Amersham, Braunschweig, Germany) (Udenfriend et al., 1985). Urinary 
norepinephrine was quantified by RP-HPLC with coulometric detection after 
extraction on BioRex 70 cation-exchange columns (BioRad, Munich, Germany). To 
correct for physiological alterations in urine dilutions, the resulting concentrations 
were related to creatinine concentrations, which were determined using a Beckman 
Creatinine Analyzer 2. 

2.1.5   Organ weights 

 

Post-mortem, the adrenals, testes and epididymi were removed and the weights 
were determined on an analytical balance. Relative organ weights were obtained 
by dividing the organ weights by the body weights and then expressed as 
percentage. 
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2.1.6   Behavioral analysis 

 

During the entire experiment all animals were videotaped from 19:00 until 19:15 
daily. The videotapes were coded to ensure that the observer was blind to the 
experimental treatment of the animal. Fifteen minutes of each day were analyzed 
using the Observer 3.1 software (Noldus Information Technology, Wageningen, 
the Netherlands). Throughout the observation time the duration of scent marking 
(marking with abdominal gland, the sternal gland and urinary marking) was 
scored. Self-grooming (licking, cleaning, scratching and washing) was also scored. 
Locomotor activity was scored during the same trial using Ethovision 2.1 (Noldus 
Information Technology, Wageningen, the Netherlands). The home cage of the 
animal was divided into six zones, and each crossing of the border between the 
different zones was counted during the 15-minute trial. 

2.1.7   Data analysis 

 

Data were statistically analyzed using Statistica 5.0 (Statsoft, Inc., Tulsa, OK, 
USA).  The mean of the neuroendocrine and behavioral data of each animal was 
determined for each week and used to perform two-way ANOVA for repeated 
measures (between factor: groups; within factor: experimental weeks). 
Subsequently, Duncan’s post hoc t-test was performed to detect significant 
differences between the weeks and groups. The level of significance was set at 
p<0.05. Data are expressed as mean ± SEM. 
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2.2   Results 

2.2.1   Neuroendocrine parameters 

 

 

Figure 2 Effect of chronic psychosocial stress and drug treatment with 
clomipramine or L-760735 on urinary free cortisol. (A) In the unstressed Control 
group, the concentration of urinary cortisol remained constant throughout the 
entire experiment. (B) In the Stress group, stress induced a significant and 
sustained elevation of urinary cortisol, with a slight habituation in the last two 
weeks of the experimental period. (C) In the Stress + Clomipramine group, and 
the Stress + L-760735 group (D), urinary free cortisol was significantly elevated 
throughout the whole stress period. * p<0.05, compared with the pre-stress phase 
(week 1). 
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The activity of the HPA axis and the sympathetic system were monitored for the 
duration of the experiment. Daily, morning urine was collected and prepared for 
analysis for urinary free cortisol and norepinephrine. In the Control (unstressed) 
group, the concentration of urinary cortisol remained constant throughout the 
experiment. All groups that were subjected to psychosocial stress showed a 
significant increase in urinary free cortisol. Psychosocial stress induced up to 50% 
elevation of urinary cortisol compared to pre-stress baseline levels. The increase in 
free cortisol in urine during stress (Fig. 2) revealed a significant difference between 
the experimental groups (F(3.18)=4.50, p<0.05) and between the experimental 
weeks (F(4,72)=6.73, p<0.001). In the Stress group, the elevation in urinary 
cortisol was maintained for the first 2 weeks of psychosocial stress, thereafter 
returning towards normal levels. In contrast, urinary cortisol remained elevated 
throughout the study in the animals treated with either clomipramine or L-760735.  



 

 

 

  59 

 

 

 

 

Compleet 18 mei.doc 

 
Effect of the Substance P (NK1 receptor) antagonist L-760735 and clomipramine 
on endocrine and behavioral parameters 

 

Figure 3 Effect of chronic stress and antidepressant treatment on urinary 
norepinephrine. (A) In the unstressed Control group, urinary norepinephrine 
remained unaltered throughout the whole experiment. (B) In the Stress group, 
stress induced an immediate and sustained elevation of urinary norepinephrine. (C) 
In the Stress + Clomipramine group, stress resulted in an instant elevation of 
norepinephrine, which further increased during the progress of the experiment. (D) 
In the Stress + L-760735 group, the sustained elevation of urinary norepinephrine 
demonstrates that these animals were subjected to a stressful situation throughout 
the experiment. * p < 0.05, compared with the pre-stress phase (week 1) and # 
p<0.05 compared to the Stress group in the same week. 

 

In unstressed control animals, urinary norepinephrine concentrations were stable 
throughout the experiment. Urinary norepinephrine concentrations were 
significantly increased during psychosocial stress (Fig. 3). Statistical analysis 
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revealed a significant effect between groups (F[3,18]=10.620, p<0.001), and 
within weeks (F[4,72]=19.236, p<0.001) and an interaction between these two 
factors (F[12,72]=4.495, p<0.001). Psychosocial stress resulted in up to a 70% 
elevation of urinary norepinephrine concentrations compared to pre-stress baseline 
levels in all three stress groups. In vehicle or L-760735-treated shrews, urinary 
norepinephrine levels remained elevated to a similar extent throughout the study. 
In the clomipramine-treated group, there was a continuous rise of urinary 
norepinephrine compared to baseline levels during the treatment. 

2.2.2   Organ weights 

 

Chronic psychosocial stress induced a significant increase in relative adrenal gland 
weights (Fig. 4.A, p<0.05). Relative adrenal gland weights of the Stress group 
showed a non-significant increase of 46%, while significantly larger adrenals were 
measured in animals which were stressed and treated with clomipramine (p< 
0.001) or L-760735 (p<0.01). Adrenal gland weights of the animals treated with 
clomipramine showed a larger increase compared to the Stress group or to the 
Stress+L-760735 group (Fig. 4.A).  

 

Figure 4 Effect of chronic stress and treatment with clomipramine or L-760735 on 
relative adrenal, testis and epididymis weights. (A) Relative adrenal weights. Stress 
tends to increase the relative adrenal weight, whereas animals of the drug treated 
groups had significantly larger adrenals compared to unstressed controls. (B) 
Relative testis weights: Stress significantly reduced testis weight, this reduction 
could be counteracted by antidepressant treatment. (C) Relative epididymis 
weights: Stress had a non-significant decreasing effect on the relative epididymis 
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weight whereas drug treatments had an opposite effect. * p<0.05, compared with 
the Control group; # p<0.05, compared with the Stress group. 

 

Psychosocial stress resulted in a significantly smaller (-49%) relative testis weight 
in the Stress group compared to the unstressed Control group (Fig 4.B, p<0.001). 
Treatment with either clomipramine or L-760735 induced a normalization of the 
relative testis weight and no difference compared with the unstressed Control 
group was observed. Both compounds were able to counteract the stress-induced 
testis weight reduction (Stress vs. Stress + Clomipramine: p<0.005, Stress vs. 
Stress + L-760735: p<0.05). Relative epididymis weight tended to be reduced by 
chronic psychosocial stress (Fig. 4.C). Treatment with clomipramine or L-760735 
counteracted this tendency (Stress vs. Stress + Clomipramine: p<0.05, Stress vs. 
Stress + L-760735: p<0.05). Treatment with L-760735 resulted in a significant 
increase in relative epididymis weight compared to the unstressed Control group 
(p<0.05). 
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2.2.3   Behavioral parameters  

 

 

Figure 5 Effect of chronic stress and antidepressant treatment on locomotor 
behavior. (A) In the Control group locomotor activity was unaltered. (B) Stress 
significantly suppressed duration of locomotor activity in the Stress group. Neither 
treatment with clomipramine (C) nor with the NK1 antagonist L-760735 could 
counteract the reduction in locomotor activity (D). * p<0.05, compared with the 
pre-stress phase (week 1) and #  p<0.05 compared to the Stress group in the 
same week. 
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Chronic psychosocial stress in tree shrews had a significant effect on all behavioral 
parameters, except for grooming. Locomotor activity of the unstressed Control 
group remained constant throughout the experiment, whereas stress significantly 
suppressed this activity (Fig. 5). Statistical analysis revealed a significant difference 
between groups and within the different weeks (F[12,72])=2.468, p<0.01). 
Neither clomipramine nor L-760735 treatment altered the stress-induced decrease 
in locomotor activity.  

 

Figure 6 Effect of chronic stress and treatment with clomipramine or L-760735 on 
marking behavior. (A) Duration in marking behavior remained relatively stable in 
the Control group. (B) Stress had a dramatic suppressive effect on marking 
behavior, which was unaltered by clomipramine treatment (C), whereas treatment 
with L-760735 could eventually, counteracted the effect of chronic psychosocial 
stress (D). * p<0.05, compared with the pre-stress phase (week 1) and #  p<0.05 
compared to the Stress group in the same week. 
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Scent marking behavior was markedly reduced by chronic psychosocial stress (Fig. 
6). During the first 7 days of psychosocial stress (Week 2) animals in all three 
stressed groups spent approximately 50% less time on scent marking behavior 
compared to the pre-stress baseline period (Week 1). A significant effect of chronic 
psychosocial stress was seen between the groups (F[3,17]=4.944, p<0.05) and 
within the weeks (F[4,68]=11.316, p<0.001), and a significant interaction was 
detected between these factors (F[12,68]=2.086, p<0.05). Marking behavior was 
continuously suppressed in the Stress group throughout the entire stress period 
(Fig. 6.B). Three weeks of treatment with clomipramine did not counteract this 
suppression, and only a tendency to normalization of marking behavior was 
observed (Fig. 6.C). In contrast, two weeks of treatment with L-760735 was able 
to normalize the stress-induced decrease in marking behavior (Fig. 6.D).  
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Figure 7 Effect of chronic stress and treatment with clomipramine or L-760735 on 
self-grooming behavior. The time spent on self-grooming was constant in the 
unstressed Control group throughout the experiment (A). In the Stress group, 
stress resulted initially in a decrease of self-grooming behavior to 25% of the pre-
stress baseline level. The observed reduction recovered spontaneously (B). In the 
Stress + Clomipramine group, stress induced an initial increase in self-grooming 
behavior to 178% of the control week, which was then normalized. In the last 
week of the experiment, a significant increase in self-grooming behavior was 
observed (C). In the Stress + L-760735 group, stress had no apparent effect on 
self-grooming behavior, but a substantial increase in this behavior was observed in 
the last 2 weeks of the stress period (D). * p < 0.05, compared with the pre-stress 
phase (week 1) and #  p<0.05 compared to the Stress group in the same week. 
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Stress did not consistently alter grooming behavior, although there were marked 
changes in grooming in the first week of the psychosocial confrontation (Week2, 
Fig. 7). Interestingly, treatment with either clomipramine or L-760735 increased 
self-grooming behavior above baseline levels at the end of the experiment (Fig. 7. 
C-D). Significant differences were seen in time spent on self-grooming behavior on 
the factor weeks (F[4,68]=3.484, p<0.05), and on the interaction between groups 
and weeks (F[12,68]=1.995, p<0.05).  
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2.3   Discussion 

 

In the present study we used the chronic psychosocial stress paradigm in male 
tree shrews, an established model for research on the pathophysiology of major 
depression (Fuchs & Flugge, 2002; van Kampen, 2002). In this model we 
investigated the effects of chronic treatment with a NK1 antagonist L-760735 on 
stress-induced alterations of behavioral and endocrine parameters. Furthermore, 
we treated a group of animals with clomipramine, so that we could compare the 
effect of the NK1 antagonist to the effect of a well-known tricyclic antidepressant 
drug. The main findings of the present study are that treatment with both the NK1 
antagonist and clomipramine attenuated certain stress-induced alterations on 
organ weight, whereas neither drug treatment counteracted the stress-induced 
elevation of cortisol and norepinephrine. Furthermore, the NK1 antagonist 
counteracted the stress-induced reduction on marking behavior. 

2.3.1   The effect of clomipramine and L-760735 treatment on the stress 
induced activation of the HPA axis.  

 

Chronic psychosocial stress activates the HPA axis and the sympathetic nervous 
system. Increased concentrations of cortisol and norepinephrine signal noxious 
stimulation to the CNS, cardiovascular and immune systems (McEwen, 2000). The 
increased concentration of urinary cortisol and norepinephrine demonstrates that 
the animals in the Stress, Stress + Clomipramine and Stress + L-760735 groups, 
were severely stressed throughout the entire experimental stress period. 
Pharmacological intervention did not attenuate the stress-induced elevation of 
urinary cortisol concentrations. Habituation to the psychosocial stress was 
observed in the Stress group as the cortisol levels decreased slightly by the end of 
the experiment. This phenomenon has also been observed in previous chronic 
stress studies based on social conflict (Dal Zotto et al., 2002). However, in the 
present study, this habituation of the HPA axis to chronic stress was not seen in 
the drug treated animals, suggesting that the habituation mechanism may be 
compromised in this study by pharmacological intervention. 

Besides cortisol, urinary norepinephrine concentrations were also significantly 
elevated throughout the four weeks of stress, in all stressed groups. The increase 
of urinary norepinephrine concentration of the Stress + Clomipramine group was 
the most pronounced among the groups. The main pharmacological property of 
clomipramine and its active metabolite des-clomipramine is that they inhibit the re-
uptake of norepinephrine. This may account for the higher norepinephrine 
concentration in the urine of these animals (McTavish & Benfield, 1990).  
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The increased relative adrenal weight confirms the observation seen in the urinary 
cortisol levels. The adrenals of the three stressed groups weighed more than the 
adrenals of the unstressed Control group. Furthermore, the ratio of the relative 
adrenal weights appears to be similar to the ratio of the cortisol concentrations 
seen in the last week of the experiment. Apparently, the increased excretion of 
cortisol led to an increased adrenal weight in the stressed animals. 

2.3.2   The effect of clomipramine and L-760735 treatment on the 
behavior of chronically stressed tree shrews. 

 

Locomotor activity gradually decreased after the onset of stress. Neither 
clomipramine nor L-760735 could counteract the effect of stress. In the Stress + 
Clomipramine group, stress resulted in a prompt decrease of locomotor activity 
(Fig  5.C), probably because these animals experienced the most severe stress 
right from the start of the stress procedure. A previous study by our group showed 
a restoration of locomotor activity after 30 days of treatment with clomipramine 
(Fuchs et al., 1996). The duration of antidepressant treatment therefore appears 
to be important in order to see a clear drug effect on locomotor behavior.  

Marking behavior was significantly reduced by chronic psychosocial stress. The 
duration of marking behavior during the observation period decreased drastically 
until 10-15% of the pre-stress baseline levels. In a previous study, our group 
demonstrated that marking behavior is related to the gonad function of the 
animals. Marking behavior in male tree shrews is controlled by androgens and the 
stress-induced reduction in marking behavior can therefore be counteracted by 
testosterone treatment (Flugge et al., 1998). Chronically stressed tree shrews have 
been shown to have a decreased testosterone plasma concentration and a 
decreased testis and epididymis weight (Fischer et al., 1985). The present study 
showed that animals treated with L-760635 exhibit normalized marking behavior of 
up to 80% of the pre-stress baseline level, while in the animals treated with 
clomipramine, marking remained significantly suppressed, despite the three weeks 
of treatment. 

The decreased testis weight in the stressed animals was completely reversed by 
pharmacological intervention. The trend towards a decreased epididymis weight 
after chronic stress was also counteracted by antidepressant treatment. These 
observations are in accordance with the observation that marking behavior is 
restored by L-760735 treatment.  

 

In this experiment chronic psychosocial stress had no effect on the duration of 
self-grooming behavior. In our previous experiments with tree shrews, the duration 
of grooming behavior was reduced by chronic psychosocial stress. Apparently, the 
time of the observation may influence the outcome of the analysis of self-grooming 
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behavior. Directly after the physical confrontation with the dominant tree shrew, 
the stressed animal does not groom differently from controls (Kramer et al., 1999). 
It seems that due to the constant social presence of the dominant animal in the 
adjacent cage, the duration of self-grooming was not altered in the subordinates. 
Furthermore, the individual differences within tree shrews are considerable, since 
decreases as well as increases of self-grooming behavior were observed during the 
stress period (van Kampen et al., 2002a). Interestingly, drug treated animals 
demonstrated an increase of grooming up to 350% above baseline levels after 
three weeks. It is not known whether the increased grooming activity after chronic 
treatment is due to the pharmacological intervention itself, or due to the 
combination of chronic psychosocial stress and chronic treatment. From earlier 
studies however, it is known that chronic clomipramine treatment does not 
increase grooming activity in non-stressed animals (Fuchs et al., 1996). 

 

In an earlier study we could demonstrate that the anxiolytic diazepam was not able 
to normalize the stress-induced behavioral and neuroendocrine changes in tree 
shrews (van Kampen et al., 2000). This indicates that the observed alterations in 
stressed tree shrews are not a result of anxiety behavior (van Kampen et al., 
2000). Furthermore, we could previously demonstrate that longer treatment with 
clomipramine could counteract the stress-induced behavioral alterations in this 
paradigm (Fuchs et al., 1996).  

Most of the antidepressant drugs exert their effect on the monoamine system. In 
this study we could demonstrate that L-760735, a compound that blocks the NK1 
receptor, was able to counteract certain behavioral changes seen after chronic 
stress in tree shrews. This could predict a potential antidepressant-like activity for 
NK1 receptor antagonists, however clinical studies have shown ambiguous results 
concerning its anti-depressant effects. Further research is needed to gain an 
insight into the working mechanisms of NK1 antagonists.  
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Abstract 

The neuropeptide substance P and its receptor, the neurokinin 1 receptor (NK1) 
have been proposed as possible targets for new antidepressant therapies. The 
present study investigates the effect of the NK1 antagonist L-760,735 and the 
tricyclic antidepressant clomipramine in the chronic psychosocial stress paradigm 
of adult male tree shrews (Tupaia belangeri). Animals were subjected to a 7-day 
period of psychosocial stress to elicit stress-induced bio-behavioral alterations 
before the onset of daily oral administration of L-760,735 (10 mg/kg b.w./day) or 
clomipramine (50 mg/kg b.w./day). The psychosocial stress continued throughout 
the treatment period of 28 days. Brain metabolite concentrations were determined 
in vivo by proton magnetic resonance spectroscopy, cell proliferation in the dentate 
gyrus was quantified with bromodeoxyuridine as a marker for dividing cells and 
hippocampal volume was measured post mortem. Chronic psychosocial stress 
significantly decreased in vivo concentrations of N-acetyl-aspartate (-17%), 
creatine and phosphocreatine (-18%) and choline-containing compounds (-18%). 
The proliferation rate of the granule precursor cells in the dentate gyrus was 
reduced (-45%), and hippocampal volume was decreased (-14%). Stress effects 
were prevented by the concomitant administration of the drugs. The normalization 
of brain metabolite level, hippocampal volume and dentate cytogenesis rate 
support recent theories of depression. They regard impairments of neuronal 
viability and neuroplasticity as important causal factors for the pathobiology of 
mood disorders and suggest antidepressant drugs as potential stimulators to 
overcome these deficiencies. 
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3.1   Introduction 

Limitations of current antidepressant medications such as the delay for a full 
therapeutic response, a substantial percentage of non-responders, and bothersome 
side effect profiles, merit the full exploration of all plausible agents with novel 
antidepressant mechanisms of action. Recently, it was reported that an antagonist 
of a receptor subtype, neurokinin 1 (NK1) for the neuropeptide, substance P (SP), 
exhibited antidepressant activity comparable to one of the selective serotonin 
reuptake inhibitors in a placebo-controlled, double-blind trial (Kramer et al., 1998). 
Though these findings of the first clinical trial of a NK1 antagonist in depression are 
encouraging, the preclinical and clinical evaluation of SP-active compounds as 
putative antidepressants has not been sufficiently addressed (Stout et al., 2001; 
Argyropoulos & Nutt, 2000). 

Functional and neuroanatomical studies suggest that SP is a central stress 
neurotransmitter. The neuropeptide and its preferred tachykinin NK1 are expressed 
throughout stress-processing pathways of the brain including the peri-aqueductal 
gray, hypothalamus, amygdala and hippocampus (Saria, 1999; Ribeiro-da-Silva & 
Hokfelt, 2000). In rats, neurochemical studies have demonstrated an increase in 
septal and hippocampal SP content following inescapable footshock (Siegel et al., 
1984). Other studies reported a decrease in SP content after immobilization stress 
(Takayama et al., 1986). Because these and other studies suggest, that the activity 
of SP-containing pathways is modulated by stress, and pharmacological blockade 
of NK1 might provide a mechanism to alleviate maladaptive stress-induced 
processes. Recently, several long-lasting and orally bioavailable NK1 antagonists 
were tested in preclinical stress experiments. For example, in the guinea pig model 
the selective NK1 antagonist L-760,735 attenuated neonatal vocalization (Rupniak 
et al., 2000; Boyce et al., 2001). This effect was also achieved by treating animals 
with antidepressant agents such as imipramine and fluoxetine, but not by 
treatment with anxiolytics like diazepam (see (Kramer et al., 1998)). 

Laboratory stressors can produce behavioral and physiological changes resembling 
depression and the models developed have been notably helpful in detecting and 
explaining the effects of antidepressant drugs (Yadid et al., 2000). One established 
model for research on the patho-pyhsiology of major depression is the chronic 
psychosocial stress paradigm in male tree shrews (van Kampen et al., 2002). Using 
this stress model we recently provided experimental support for novel theories that 
antidepressant treatment restores brain structural plasticity and neural viability 
(Duman et al., 1999; Duman et al., 1997; Jacobs et al., 2000). Administration of 
the modified tricyclic antidepressant tianeptine prevented stress-induced changes 
in major cerebral metabolites, neurogenesis, and hippocampal volume (Czeh et al., 
2001). 

Because the majority of available substance P receptor antagonists have only low 
affinity for rat and mouse NK1 rodent stress models are not suitable to test the 
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efficiency of newly developed compounds. We decided to overcome this species-
related difficulty by conducting the present study in tree shrews where L-760,735 
has been shown to effectively block the central NK1 (see below). The central 
nervous system effects of the NK1 antagonist were compared to the effect of 
clomipramine since this tricyclic compound is a well established antidepressant in 
the clinical practice and known to reverse stress-induced alterations in tree shrews 
(Fuchs et al., 1996).  Based on the clinical potential of increasing adult 
neurogenesis, especially in therapy of neuropsychiatric diseases, and taking 
advantage of the chronic psychosocial stress paradigm in male tree shrews, we 
simulated a realistic situation of antidepressant medication. The daily oral 
application L-760,735 and clomipramine started after the stress-induced bio-
behavioral alterations had been established. The action of the drugs was followed 
across a clinically relevant time period of four weeks while the psychosocial stress 
continued during the whole treatment period. At the end of the experiment, we 
measured brain metabolite concentrations in vivo with localized proton magnetic 
resonance spectroscopy (MRS) and quantified cell proliferation in the dentate gyrus 
and the hippocampal volume post mortem with the aim to determine the potential 
capacity of the two drugs to prevent stress-induced adverse effects on brain 
physiology and structure.  

3.2   Materials and Methods 

3.2.1   Animals, experimental procedure and drug treatment 

The day active tree shrews are regarded as an intermediate between insectivores 
and primates and have been placed in the taxonomic order Scandentia (Martin, 
1990). Experimentally naive adult male tree shrews (Tupaia belangeri, aged 
around 16 months) were obtained from the breeding colony at the German 
Primate Center (Göttingen, Germany). Animals were housed individually in air-
conditioned facilities on a 12hr/12hr light/dark cycle with artificial illumination 
(lights on from 8:00 A.M. to 8:00 P.M.) and with free access to food and water (for 
details see (Fuchs, 1999)). All treatments were performed during the day (activity 
period, lights on). Animal experiments were conducted in accordance with the 
European Communities Council Directive of November 24, 1986 (86/EEC) and were 
approved by the Government of Lower Saxony, Germany. The minimum number of 
animals required to obtain consistent data was employed. 

Animals received the highly brain-penetrant NK1 receptor antagonist L-760,735 
(Merck, Sharp and Dohme Research Laboratories, Neuroscience Research Center, 
Harlow, UK) and clomipramine (Sigma) orally. This route of administration was 
chosen because oral application is the most common route of administration for 
antidepressants in psychiatric patients. Moreover, we aimed to minimize 
uncontrollable stress effects caused by daily injections. 
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Since the majority of available NK1 receptor antagonists are highly species specific 
we tested in a pilot study whether L-760,735 blocks NK1 receptors in the tree 
shrew brain. The methodology used is based on the ability of NK1 receptor 
antagonists to block nicotine-induced vomiting in musk shrews (Tattersall et al., 
1995). In a coded study adult male tree shrews (n = 4) received either vehicle, L-
760,735 (10 mg/kg) or its low affinity analogue L-781,773 (10 mg/kg) orally 
followed 30 minutes later by subcutaneous administration of  (-)nicotine (4 mg/kg; 
Sigma) and the number of emetic episodes occurring during the following 30 min 
was recorded. Each animal received the treatments in a cross-over design, with 10 
days washout period between studies. Emetic episodes were suppressed by L-
760,735 in three of the four animals, whereas the low affinity analogue L-781,773 
and vehicle were ineffective. These results show that L-760,735 penetrates into 
the tree shrew brain and effectively blocks central NK1 receptors. 

The experimental procedure is identical to the one described recently by Czeh et 
al. (2001). The experimental groups (Control; Stress; Stress + L-760,735; Stress + 
Clomipramine; n = 5 in each) and the experimental design are displayed in Fig.1.  

 

Fig. 1 : Experimental design and the four experimental groups: Control, Stress, 
Stress + L-760,735; Stress + Clomipramine. The first experimental phase consisted 
of a 7-day No stress period. During the second phase, which lasted again 7 days, 
the animals of the three stress groups (Stress, Stress + L-760,735, Stress + 
Clomipramine) were submitted to daily psychosocial conflict, whereas animals of 
the control group (Control) remained undisturbed. The third experimental phase 
lasted 28 days. Stressed animals remained in the psychosocial conflict situation 
and received the drugs orally (Stress + L-760,735; 10 mg/kg/day; Stress + 
Clomipramine; 50 mg/kg/day) or tap water (Stress). In total, the psychosocial 
stress exposure lasted 35 days. Control animals remained undisturbed. During 
experimental days 37 to 40 all animals underwent proton magnetic resonance 
spectroscopy (MRS) for in vivo measurements of brain metabolite concentrations. 
To evaluate dentate granule cell proliferation, 5-bromo-2’-deoxyuridine (BrdU; 100 
mg/kg) was given i.p. in the morning of day 42, and the animals were sacrificed 24 
hours later. 
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The first experimental phase (No Stress) lasted for 7 days, during which all animals 
remained undisturbed and body weight was recorded daily. The second phase of 
the experiment was a 7-days period, during which the animals of the Stress, Stress 
+ L-760,735, and the Stress + Clomipramine group were submitted to daily 
psychosocial conflict (Stress). The induction of psychosocial conflict was carried out 
according to our standard procedure (Fuchs et al., 1996). Briefly, one naive male 
was introduced into the cage of a socially experienced male. This resulted in active 
competition for control over the territory, and after establishment of a clear 
dominant/subordinate relationship, the two animals were separated by a wire 
mesh barrier. As in earlier studies (Fuchs et al., 1996; van Kampen et al., 2000) all 
of the naive animals turned out to become subordinate. The barrier was removed 
every day for approximately 1 hour allowing physical contact between the two 
males only during this time. By this procedure, the subordinate animal was 
protected from repeated attacks, but it was constantly exposed to olfactory, visual 
and acoustic cues from the dominant. Under these conditions, subordinate animals 
displayed characteristic subordination behavior such as reduced locomotor activity 
and decreased marking behavior. The third experimental phase consisted of the 
antidepressive drug treatments lasting for 28 days. During this time the stressed 
animals remained in the psychosocial conflict situation and were treated daily with 
the antidepressive drugs or vehicle, respectively. The animals of the Stress + L-
760,735 group (10 mg/kg body weight/day) and of Stress + Clomipramine (50 
mg/kg body weight/day) group received the compound orally. Previously, we 
reported that a daily dose of 50 mg/kg clomipramine is effective in reversing 
stress-induced endocrine and behavioral impairments in male tree shrews (Fuchs 
et al., 1996). In all cases, the drug solutions were freshly prepared every second 
day and the solutions were stored light protected and cool. Animals of the Stress 
group were treated according to the same experimental schedule but received tap 
water only. The animals of the Control group were run in a separate experiment. 
They were individually housed and undisturbed in separate quarters elsewhere in 
the animal facility and received normal tap water. During all experimental phases 
body weight from all animals was recorded daily.  

3.2.2   Localized proton magnetic resonance spectroscopy (MRS) 

During experimental days 37-40, animals underwent localized proton MRS 
measurements to evaluate in vivo brain metabolite concentrations of N-acetyl-
aspartate (NAA), creatine and phosphocreatine (Cr), choline-containing compounds 
(Cho), and myo-inositol (Ins).  

3.2.2.1   Anesthesia  
Animals received an intra muscular injection of a mixture of xylazine, ketamine, 
atropine (2:10:0.02 mg/kg), were transferred to the MRS facility, and were 
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intubated under visual control (pediatric laryngoscope, Aesculap AN 404) with a 
purpose-made endotracheal tube and connected to an anesthetic circuit (70:30 
N2O:O2, 0.5 – 1.0 % halothane). Body temperature was maintained constant 
using a warmed water cushion. Respiration frequency and amplitude were 
monitored via a water-filled balloon attached to the chest of the animal.  

3.2.2.2   Localized proton magnetic resonance spectroscopy 
The measurements were performed as described recently (Michaelis et al., 2001). 
In brief, fully relaxed short echo-time proton MR spectra (STEAM, TR/TE/TM = 
6000/20/10 ms, 64 averages) were acquired from a 0.245 ml (7 x 5 x 7 mm3) 
volume-of-interest (VOI) at 2.35 T using a MRBR 4.7/400 mm magnet (Magnex 
Scientific, Abingdon, England) driven by DBX electronics (Bruker, Karlsruhe, 
Germany). Radiofrequency excitation and signal reception were accomplished by a 
14 cm Helmholtz coil and a 2 cm surface coil, respectively. Anesthetized animals 
were measured in a prone position with their head firmly fixed between a plastic-
made holder and the surface coil. The position of the VOI was carefully selected 
from multislice sagittal and coronal T1-weighted gradient-echo images (FLASH, 
TR/TE = 150/5 ms, 20° flip angle, 50 mm field-of-view, 256 x 256 data matrix, 1 
mm sections) and centrally placed in the forebrain including parasagittal neocortex, 
adjacent white matter and portions of subcortical forebrain structures (caudate-
putamen, hippocampus, thalamus, ventricles; see also (Michaelis et al., 2001)). 
Metabolite quantification involved fully-automated and user-independent spectral 
evaluation by LCModel (Provencher, 1993) and calibration with respect to the brain 
water concentration (Michaelis et al., 1999).  

3.2.3   Histological procedures 

3.2.3.1   Bromodeoxyuridine injection and immunocytochemistry  
On the last experimental day (day 42) animals received a single intra peritonial 
injection of 5-bromo-2’-deoxyuridine (BrdU; 100 mg/kg; Sigma) to label dividing 
cells and were perfused 24 hours later. This survival time allows for the completion 
of at least one cell cycle by cells in S phase at the time of BrdU injection 
(Takahashi et al., 1992). In deep anesthesia the animals were perfused 
transcardially with 4% paraformaldehyde. Serial, horizontal, 50-µm sections were 
collected with the freezing microtome throughout the dorso-ventral extent of the 
left hippocampal formation. Every seventh section was slide-mounted and coded 
before processing for immunocytochemistry to ensure objectivity. According to the 
standard protocol (Gould et al., 1997) BrdU labeling requires the following 
pretreatment steps: DNA denaturation (0.01 M citric acid, pH 6.0, 95 °C, 20 min), 
membrane permeabilization (0.1% trypsin, 10 min), and acidification (2 M HCl, 30 
min). Primary antibody concentration was mouse anti-BrdU (DAKO, 1:100) and 
immuno-cytochemistry was completed by using the avidin-biotin/diaminobenzidine 
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visualization method (Vector Laboratories) followed by counterstaining with 
hematoxylin.  

3.2.3.2   Quantification of BrdU labeled cells  
A modified unbiased stereology protocol was used that has been reported to 
successfully quantify BrdU labeling (Malberg et al., 2000; Czeh et al., 2001). Every 
seventh section (an average of 19) through the dorso-ventral extent of the left 
hippocampus was examined. All BrdU-labeled cells in the granule cell layer 
together with the subgranular zone, defined as a two-cell-body-wide zone along 
the border of the granule cell layer were counted regardless of size or shape. To 
enable counting of cell clusters, cells were examined under ×400 and ×1,000 
magnification, omitting cells in the outermost focal plane. The total number of 
BrdU-labeled cells was estimated by multiplying the number of cells counted in 
every 7th section by 7. 

3.2.3.3   Measurement of hippocampal volume 
To determine the volume of the entire hippocampus (hippocampus proper, dentate 
gyrus) and the granule cell layer adjacent sections were analyzed by using the 
Neurolucida system (Mi-crobrightfield, Colchester, VT, USA). Volumes were 
estimated on the basis of the Cavalieri principle, starting at a random position 
every 7th section was used (an average of 19). Briefly, the specific structures were 
outlined, the computed areas were then summed, and multiplied with the 
thickness of the sections and with the intersection distance. 

3.2.4   Data analysis 

Results are presented as the mean ± SEM. Treatment effects were assessed with a 
one-way ANOVA, followed by the Newman-Keuls test as post-hoc analysis for 
further examination of group differences.  
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3.3   Results 

3.3.1   Body weight as indicator of stress 

 

A decrease in body weight is an important and reliable indicator by which tree 
shrews can be classified as subordinates (Fuchs et al., 1993). Animals from the 
Stress group displayed a significant reduction of body weight (p < 0.01) during the 
five weeks of psychosocial stress compared to the pre-stress period (Fig. 2). 
Treatment with L-760,735 or clomipramine had clear and improving effects on 
body weight. In animals from the Control group body weights remained about 
constant throughout the entire experimental procedure (Fig. 2).  

 

Fig. 2 Effects of chronic psychosocial stress and concomitant drug treatment on 
body weight. During the five weeks of psychosocial stress, body weight in the 
Stress group was significantly reduced (p < 0.01), whereas the body weight of the 
control group remained almost constant. Drug treatment resulted in almost a 
complete recovery to the original body weight value. Data are expressed as 
percentage of the values of the first experimental phase (No stress; 100% equals 
220 ± 4 g) and are given as mean + SEM. 
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3.3.2   Effect of drug treatment on cerebral metabolites  

 

As shown in Figure 3 mean proton MR spectra of animals in the four groups exhibit 
marked alterations of the cerebral metabolite resonances for NAA, Cr, Cho and Ins 
in response to stress and treatment. The resulting concentrations are summarized 
in Table 1. In comparison with Controls, chronically stressed animals revealed 
significantly decreased concentrations of NAA (−14%; q=3.96; P<0.01), Cr 
(−15%; q=3.88; P<0.05), and Cho (−15%; q=3.82; P<0.05) while Ins remained 
normal. When compared to the Stress group, animals treated with L-760,735 
revealed significantly elevated concentrations of NAA (q=4.95; P<0.01), Cr 
(q=5.66; P<0.01), and Cho (q=3.98; P<0.05) within the normal range of 
concentrations in the Control group. Clomipramine treatment caused similar effects 
yielding normal concentrations of NAA (q=4.24; P<0.05), Cr (q=3.78; P<0.05), 
and Cho (q=4.78; P<0.05). Additionally, significantly increased Ins concentrations 
were observed after treatment with L-760,735 (q=6.20; P<0.001) and 
clomipramine (q=4.24; P<0.01). 

 

 

Table 1 Quantitative results of localized proton magnetic resonance spectroscopy 
(MRS) of N-acetyl-aspartate (NAA), creatine and phosphocreatine (Cr), choline-
containing compounds (Cho), and myo-inositol (Ins) in animals from the Control, 
Stress, Stress + Clomipramine  and Stress + L-760,735 group. Results for the 
metabolite concentrations (mM/VOI) are presented as mean + SEM; Control vs 
Stress: * p<0.05; ** p<0.01. 

 
Control Stress 

Stress + 

Clomipramine 

Stress + 

L-760,735 

NAA 10.75 ± 0.24 8.97 ± 0.34* 10.64 ± 0.75 10.93 ± 0.33 

Cr 8.54 ± 0.22 7.02 ± 0.24** 8.03 ± 0.42 8.73 ± 0.29 

Cho 2.80± 0.03 2.31 ± 0.06* 2.76 ± 0.16 2.70 ± 0.09 

Ins 7.22 ± 0.30 6.59 ± 0.15 7.50 ± 0.33 8.07± 0.17 
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Fig. 3 Proton magnetic resonance spectroscopy (MRS) in vivo showing the effect 
of long term psychosocial stress and concomitant antidepressant drug applications 
on brain neurochemistry. The mean proton MR spectra (STEAM, TR/TE/TM = 
6000/20/10 ms, 0.245 ml volume of interest, 64 accumulations per animal) include 
resonances from N-acetyl-aspartate (NAA), creatine and phosphocreatine (Cr), 
choline-containing compounds (Cho), and myo-inositol (Ins). Individual spectra 
were scaled in proportion to the brain water concentration before averaging across 
animals. Arrows indicate differences in comparison with animals from the Control 
group. Note that the decreases in Cho, Cr and NAA in the Stress group are 
reversed in the Stress + L-760,735 and the Stress + Clomipramine group and that 
Ins increases in the Stress + L-760,735 group compared to Controls. 

3.3.3   Chronic antidepressant treatment prevents stress-induced 
suppression of adult dentate cell proliferation 

 

To evaluate the effect of chronic stress and concomitant antidepressant treatment 
on adult hippocampal cell proliferation, the animals received a single BrdU injection 
at the end of the 35 days psychosocial stress period and the 28 day antidepressant 
treatment, respectively (Fig. 1). BrdU-positive cells generally occurred singly or in 
small clusters of three to five cells. They were found predominantly in the 
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subgranular zone along the subpyramidal and intrapyramidal blades of the dentate 
gyrus, and only occasionally in the hilus. Animals of the present study were 
sacrificed 24 hours after the BrdU injection, thus histological analysis could 
evaluate only the rate of cell proliferation. Survival and future cellular phenotype of 
these newly generated cells was not investigated here. We can only speculate that 
the majority of these cells would have differentiated into mature neurons that are 
integrated into the hippocampal circuitry. Previously, we demonstrated that three 
weeks after BrdU injection, about 80% of BrdU-labeled cells expressed the 
neuronal marker neuron specific enolase, and were incorporated into the granule 
cell layer (Gould et al., 1997). 

Psychosocial stress resulted in a pronounced decrease (-45%) in the number of 
BrdU-positive cells relative to unstressed Controls (Fig. 4). One-way ANOVA 
revealed significant difference between the groups [F(3,16)=4.82; p<0.05] and 
Tukey’s post-hoc comparisons showed significant difference comparing the Control 
and the Stress group (q=4.74; p<0.05). Treatment of stressed animals with the L-
760,735 resulted in a significant increase in the number of BrdU-labeled cells in the 
dentate gyrus (q=4.57; p<0.05 versus Stress); a similar statistically significant 
increase was observed in the animals from the Stress + Clomipramine group 
(q=3.02; p<0.05 versus Stress). This indicates that chronic treatment with the 
antidepressants may overcome the stress-induced reduction of cell proliferation in 
the dentate gyrus.  

 

Fig. 4 Chronic psychosocial stress significantly suppressed cell proliferation in the 
hippocampal dentate gyrus (Stress), whereas chronic drug treatment reversed the 
stress-induced effect (Stress + L-760,735; Stress + Clomipramine). Results are 
given as the mean ± SEM number of BrdU-positive cells in the hippocampal 
dentate gyrus. *  p<0.05 significantly different from untreated Controls.   
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3.3.4   Stress-induced reduction of hippocampal volume is prevented by 
antidepressant treatment 

To determine whether chronic psychosocial stress and antidepressant treatment 
influence hippocampal volume, volumetry of the left hippocampal formation (Cornu 
Amonis, gyrus dentatus) was performed post-mortem. In agreement with reports 
in depressed patients (Sheline et al., 1996; Bremner et al., 2000) and our previous 
data in tree shrews (Ohl et al., 2000; Czeh et al., 2001) we found that chronic 
exposure to psychosocial stress resulted in a significant decrease (-11%) of the 
hippocampal volume in subordinate tree shrews (Stress) compared to non-stressed 
Controls (Table 2). One-way ANOVA revealed significant difference between the 
groups [F(3,16) = 3.50; p < 0.05], and Tukey’s post-hoc comparisons showed 
significant difference comparing the Control and the Stress group (q = 4.49; p < 
0.05). Antidepressant drug treatment with both L-760,735 and clomipramine 
resulted in a tendency of normalization (+7% increase in volume). Importantly, 
the hippocampal volume of the Stress + L-760,735 and Stress + Clomipramine 
group did not differ from the Control group (Table 2). 

 

 

Table 2 Volumes of the entire left hippocampus (hippocampus proper and gyrus 
dentatus) and the granule cell layer of the left dentate gyrus. The volumes (mm3) 
were determined post-mortem and are given as mean + SEM. * p<0.05 vs. 
Control. 

 Hippocampus Granule cell layer 

Control 41.31 ± 0.96 2.39 ± 0.12 

Stress 35.68 ± 1.51* 2.33 ± 0.19 

Stress + Clomipramine 38.23 ± 1.53 2.29 ± 0.13 

Stress + L-760,735 39.31 ± 0.86 2.44 ± 0.09 

 

 

We did not perform a systematic analysis to evaluate which hippocampal 
subregions were specifically affected by the volume changes. Only the volume of 
the granule cell layer was estimated to evaluate whether the decreased 
proliferation rate in the dentate gyrus contributes to the hippocampal volume 
reduction. No changes in the volume were observed after five weeks of chronic 
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stress and concomitant antidepressant treatment any of the groups (ANOVA: 
F(3,16)=0.27; p=0.84; Table 2). This finding indicates that the decreased rate of 
cell proliferation in the gyrus dentatus of the Stress group is not accompanied by a 
volume loss of the granule cell layer and suggests that the observed hippocampal 
volume changes occurred in other hippocampal subregions than the dentate gyrus.  
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3.4   Discussion 

 

The present study confirms and extends earlier findings that chronic psychosocial 
stress in male tree shrews significantly decreased in vivo concentrations of major 
cerebral metabolites, hippocampal volume and the proliferation rate of the granule 
precursor cells in the dentate gyrus (Czeh et al., 2001). Here we demonstrated 
that blockade of NK1 receptors with the selective antagonist L-760,735 prevented 
these stress-induced alterations and that the NK1 receptor antagonist has a profile 
similar to that seen with the established antidepressant clomipramine. Although 
the functional implications of these findings have to be established, they reinforce 
recent hypotheses speculating that remodeling of neural circuits at cellular and 
molecular levels and stabilization of neural viability may lead to antidepressant 
effects (Duman et al., 1997; Duman et al., 1999; Jacobs et al., 2000; Manji et al., 
2000). 

 

Stress-induced reductions of brain metabolites are prevented by antidepressants. 
In line with our recent study on tianeptine (Czeh et al., 2001), chronically stressed 
animals revealed significantly decreased concentrations of NAA, Cr, and Cho. In 
comparison with the stress group, stress-induced metabolic changes were 
significantly prevented by both antidepressants. In addition, both treatments led to 
elevated concentrations of Ins. A detailed comparison with clinical studies of 
depressed subjects is hampered by the common use of metabolite ratios rather 
than metabolite concentrations in the respective literature. In fact, stress-induced 
reductions of NAA, Cho, and Cr would have escaped detection if our study would 
have been based on mere alterations of metabolite ratios. It is therefore not 
surprising that the use of metabolite ratios in clinical proton MRS studies of 
depressed subjects led to conflicting results (Renshaw et al., 1997; Frey et al., 
1998; Winsberg et al., 2000; Steingard et al., 2000; Auer et al., 2000). Moreover, 
the effects of drug administration would have been overseen, because the 
increased Ins concentrations lead to elevated Ins/Cr ratios which are not 
significantly different from those observed in the Stress group. A decrease of the 
cerebral NAA level is commonly understood as a reduction of neuroaxonal cellular 
density and/or dysfunction. Interestingly, a recent clinical study reported an 
increase of the brain NAA concentration during mood stabilizer lithium treatment 
(Moore et al., 2000). Coinciding with this finding, our results suggest that 
treatment with antidepressants may reestablish neuronal resilience. Because Cr is 
a major constituent of all cells, it is to be expected that Cr alterations parallel the 
NAA findings as long as the drug effects mainly reflect changes in cellular density. 
This is indeed what we observed, i.e. a stress-induced reduction of Cr which is no 
longer observed in treated animals. Alterations of the Cho level have been 
proposed to be the result of changes in cytosolic choline compounds due to 
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disturbances in the formation and degradation of cell membranes. Because Cho is 
highly concentrated in oligodendrocytes (Urenjak et al., 1993), one may speculate 
about a respective reduction of cell number, size, and density as found in post-
mortem brains of depressed patients (Rajkowska, 2000). Interestingly, this finding 
in glial cells is not paralleled in astrocytes as evidenced by the observation of a 
normal concentration of the respective marker compound Ins after chronic stress. 
However, elevated Ins concentrations after both drug administration’s suggest a 
glial involvement during the course of treatment, for example in terms of an 
astrocytosis, that accompanies stimulated growth of both neuronal and glial cells. 
Stress-induced reduction in dentate cytogenesis is prevented by antidepressant 
treatment. Recent work implicates regulation of neurogenesis as a form of 
plasticity in the adult mammalian hippocampus (Gross, 2000). One factor that 
potently suppresses adult neurogenesis is stress exposure. Decreased granule cell 
proliferation has been reported in subordinate tree shrews in response to acute 
and chronic psychosocial stress (Gould et al., 1997; Czeh et al., 2001). In the 
current experiments, animals were stressed for 7 days before the antidepressant 
drug treatments started. Thus, it is very likely that the cell proliferation rate was 
initially suppressed due to stress and reversed across the antidepressant 
application. Regulation of neurogenesis is a complex process and several 
hypotheses should be considered regarding the mechanisms by which new 
neurons are produced in the adult dentate gyrus. Among others, the 
neurotransmitter serotonin (5-HT) is thought to be involved because therapeutic 
interventions, such as treatment with the selective serotonin reuptake inhibitor 
fluoxetine, stimulated neurogenesis (Malberg et al., 2000; Manev et al., 2001). In 
line with these results one can explain the beneficial effect of clomipramine on 
granule cell proliferation since this tricyclic antidepressant is a potent and 
preferential inhibitor of 5-HT reuptake (McTavish & Benfield, 1990). Moreover, 
there is a growing body of evidence suggesting that mood stabilizers and 
antidepressants exert neurotrophic effects. Recent reports indicate that lithium, the 
monoamino oxidase inhibitor tranylcypromine, the modified tricyclic tianeptine, and 
the norepinephrine-selective reuptake inhibitor reboxetine all positively affected 
neurogenesis (Chen et al., 2000; Malberg et al., 2000; Czeh et al., 2001).  

Substance P and NK1 receptors are intimately associated with ascending 
serotonergic and noradrenergic projections to the forebrain including the 
hippocampus (Saria, 1999; Ribeiro-da-Silva & Hokfelt, 2000). The close anatomical 
relationship between substance P, NK1 receptors and classical transmitter systems 
such as the 5-HT system raises the question whether NK1 blockade alters 5-HT 
function. In rats treated with the NK1 antagonist GR205171 the efflux of serotonin 
in the hippocampus was not increased (Millan et al., 2001) and there was no 
alteration in basal serotonin efflux in NK1 receptor knock-out mice (Froger et al., 
2001). These findings are in contrast to increased serotonin efflux in terminal 
regions of the 5-HT system after administration of selective serotonin reuptake 
inhibitors (Tao et al., 2000). The hippocampal formation is usually cited as an 
example of a brain region where a mismatch between the substance P innervation 
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and its receptors occurs. The dentate gyrus is apparently not heavily innervated by 
substance P-containing fibers, but a strong immunoreactivity for NK1 receptors is 
described for this part of the hippocampal formation (Saria, 1999; Ribeiro-da-Silva 
& Hokfelt, 2000). Whether blockade of these receptors by L-760,735 and/or 
interaction with the serotonergic or other neurotransmitter systems are related to 
the observed neurotrophic effects of the receptor antagonist warrants further 
investigations. Stress-induced hippocampal volume loss is prevented by 
antidepressant treatment. Recent imaging studies in humans revealed, that the 
hippocampus undergoes selective volume reduction in several stress-related 
neuropsychiatric illnesses such as recurrent depressive illness or post-traumatic 
stress disorder (Gurvits et al., 1996; Sheline et al., 1996; Bremner et al., 2000; 
Sapolsky, 2000). Besides reduced neurogenesis, the hippocampal formation has 
also been shown to undergo another morphological change in response to stress, 
namely the retraction of apical dendrites of CA3 pyramidal neurons (Magarinos et 
al., 1996). Based on these findings in animals, the clinically observed hippocampal 
volume loss is—at least partially—explained by dendritic retraction and reduced cell 
proliferation (McEwen, 1999; McEwen, 2000). Among the mechanistic explanations 
for the remodeling, one may speculate that the reversibility is due to alterations in 
the dendritic, axonal and synaptic components, as well in the glial cells of the 
hippocampal neural network (Sousa et al., 2000). To definitively determine the 
cellular bases of these observations and which cellular components are specifically 
affected, detailed immunohistochemical and molecular studies are needed. 

3.5   Conclusion 

Four weeks of social conflict induced in subordinate tree shrews a significant 
decrease in major brain metabolites, a reduction in the proliferation rate of the 
granule precursor cells in the dentate gyrus and a mild hippocampal volume loss 
which can be prevented by concomitant treatment with the antidepressant 
tianeptine (Czeh et al., 2001). This latter finding, together with the results of the 
present study, is intriguing because it demonstrates a similar neurobiological 
profile for three different antidepressants L-760,735, clomipramine, and tianeptine. 
Moreover, these data extend the experimental evidence for recent concepts of 
pharmacological modification of neuronal viability and neuronal remodeling in the 
treatment of mood disorders. Although these concepts are still in their infancy, 
they have increasingly attracted research efforts which may result in new 
treatment strategies of neural resilience responsible for the etiopathophysiology of 
psychiatric disorders, such as major depression. 
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Abstract 

 

Major depressive disorder has been associated with a disturbance of immune 
function. In the present study we investigate the effect of different types of 
antidepressants on splenocyte proliferation in a chronic psychosocial stress 
paradigm in tree shrews. The animals were subjected to a 7-day period of 
psychosocial stress, before receiving daily oral administration of tianeptine (50 
mg/kg/day), L-760735 (10 mg/kg/day), clomipramine (50 mg/kg/day) or fluoxetine 
(15 mg/kg/day). The psychosocial stress continued throughout the treatment 
period of 28 days. Daily morning urine was collected to measure cortisol and 
norepinephrine levels. Chronic psychosocial stress resulted in a significant increase 
of urinary cortisol and norepinephrine concentrations. None of the treatments with 
tianeptine, fluoxetine, clomipramine or L-760735 was able to normalize the stress-
induced elevation of cortisol or norepinephrine. Stress increased the relative weight 
of the adrenal glands, but none of the antidepressants in the study was able to 
reverse this increase. In contrast, stress decreased the relative spleen weights. 
While tianeptine and clomipramine tended to normalize relative spleen weight, L-
760,735 and fluoxetine did not. Five weeks of chronic psychosocial stress increased 
the responsiveness of splenocytes to stimulation with the mitogen concavalin A. 
With the exception of L-760,735, four weeks of treatment with the antidepressants 
normalized the stress-induced increased responsiveness of splenocytes.  
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3.7    Introduction 

Depressed patients display impairments of both immune system function and 
hypothalamic-pituitary-adrenal (HPA)-axis activity (Steckler et al., 1999). Besides 
alleviating symptoms of depression, antidepressants are often capable of 
improving immune system function as well as normalizing HPA-axis function 
(Himmerich et al., 2006b). Antidepressants also attenuate symptoms of depression 
associated with cytokine (e.g. inteferon-α and IL-2) treatment (Musselman et al., 
2001). 

A major pathogenic theory states that chronic stress precipitates symptoms of 
depression (Holsboer et al., 1984). Stress activates the HPA-axis and the 
sympathetic adrenal medullary (SAM) system. This leads to an increased release of 
cortisol from the adrenal cortex and of catecholamines from sympathetic nerve 
endings and the adrenal medulla. The increased release of cortisol suppresses the 
immune system (Carrasco & Van de Kar, 2003). It has been shown that patients 
who experience depression often exhibit sustained activation of the HPA-axis 
resulting in higher than normal plasma concentrations of cortisol under basal 
conditions (Maes et al., 1995). It is conceivable that the changes in HPA-axis 
activity, associated with major depression, will also influence the immune system. 
This theory is supported by studies in laboratory animals, wherein chronic stress 
was demonstrated to induce immune system deficits. For instance, the thymus, 
which is essential in T-cell maturation and plays a decisive role in the immune 
system, was shown to be extremely sensitive to acute and chronic stressors in rats 
(Selye, 1936). Another study showed that social defeat in rats results in more 
persistent and long lasting alterations of thymus function (Engler & Stefanski, 
2003). In rats both surgical and physical stress suppress the activation of natural 
killer (NK) cells (Ben Eliyahu et al., 1999). Suppression of NK cell activation is also 
seen after chronic application of a α adrenoceptor agonist (Shakhar & Ben Eliyahu, 
1998), the sympathetic adrenal medullary system (SAM) is likely to play a role in 
this suppression too (Padgett & Glaser, 2003). Interestingly, during the initial 
phase of the stress response activation of NK cells is increased, suggesting 
dynamic and temporal effects of stress on the immune system (Leonard, 2001). 

The intensity and the duration of exposure to a stressor may influence the effect of 
stress on immune system function. Acute exposure to auditory stressors 
suppresses the splenocyte reaction to mitogen exposure. However, prolonged 
exposure to these stressors results in an elevation of mitogenic activity (Monjan & 
Collector, 1977). Antidepressants with monoaminergic properties tested on isolated 
lymphocytes in experimental studies showed a dose dependant reduction in 
lymphocytes (Audus & Gordon, 1982). On the other hand ex-vivo data were less 
convincing, but this may reflect to the heterogeneity of the patient group (Haack et 
al., 1999). 
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Tree shrews (Tupaia belengeri) are phylogenetically in between insectivores and 
primates. Their HPA-axis and immune system more closely resemble that of 
humans, than that of rodents (Flugge et al., 2002).  Previously it was 
demonstrated that the chronic psychosocial stress paradigm in tree-shrews has 
high construct, face and predictive validity for depression (Kramer et al., 1999). In 
the present study we have investigated the effect of the antidepressants 
clomipramine, tianeptine, fluoxetine and the NK1 receptor antagonist L-760,735 on 
several stress indices in this model. These include some immunological 
parameters, like the activation of splenocyte proliferation by concavalin A (conA). 
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3.8     Materials and Methods 

3.8.1    Animals: 

Experimentally naive male adult tree shrews (Tupaia belengeri) were obtained 
from the breeding colony of the German Primate Centre in Göttingen. Tree shrews 
are regarded as an intermediate between insectivores and primates and have been 
placed in the taxonomic order Scadentia (Martin, 1990). The day active animals 
were housed singly on a regular day/night cycle (lights on from 08:00 h to 20:00 
h) at 26 °C, 55% relative humidity, with free access to food and water (for details 
see: (Fuchs, 1999). Animal experiments were conducted in accordance with the 
European Communities Council Directive of November 24, 1986 (86/EEC) and were 
approved by the Government of Lower Saxony, Germany. The minimum number of 
animals required to obtain consistent data was employed. 

3.8.2    Drug treatment: 

Animals received tianeptine (Stablon; Servier, Courbevoie, France) dissolved in 
tap water via drinking bottles, which were light-protected (for more detail see 
(Czeh et al., 2001)). This route of administration resulted in a mean intake of 
tianeptine of 50 mg/kg per day. Alternatively the animals received the highly brain-
penetrating NK1 receptor antagonist L-760,735 (10 mg/kg/day, Merck, Sharp and 
Dohme Research Laboratories, Neuroscience Research Centre, Harlow, UK). Since 
the majority of the available NK1 antagonists are designed to have a high affinity 
for the human NK1 receptor, we conducted a pilot study to establish whether L-
760,735 has an adequate affinity for the tree shrew NK1 receptor. This study was 
also used to establish the dose that effectively blocks the NK1 receptor in the brain 
(for details see for details see (van der Hart et al., 2002)). A third group of animals 
was treated with) and the tricyclic antidepressant clomipramine (50 mg/kg/day 
Sigma, St Louis, USA) were dissolved in water and every second day freshly 
prepared. Finally some animals were administered with 15 mg/kg/day fluoxetine 
(Ratiopharm, Ulm, Germany), which resulted in a 81-634 ng/mL plasma 
concentration of norfluoxetine 24 hours after the last administration of the four 
weeks long treatment period. A similar range has been reported for patients under 
fluoxetine treatment (Laboratory Corporation of America database). L-760,735, 
clomipramine and fluoxetine were given in the morning orally. This route of 
administration was chosen because oral application is the most common route of 
administration for antidepressants in psychiatric patients and it also circumvents 
the effects caused by daily injections. 
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3.8.3    Experimental design 

The experimental procedure was identical to the one described by Czeh et al. 
(2001). The experimental groups (Control; Stress; Stress + Tianeptine; Stress + L-
760,735; Stress + Clomipramine; Stress + Fluoxetine) and the experimental design 
are shown in Fig. 1. The first experimental phase (No Stress) lasted for 7 days, 
during which all animals remained undisturbed and body weight was recorded daily 
to control for the general physical health of the animals. During the second phase 
of the experiment was a 7-days period, during, the animals of the Stress, Stress + 
L-760,735, and the Stress + Clomipramine group were submitted to daily 
psychosocial conflict (Stress). The induction of psychosocial conflict was carried out 
according to our standard procedure (Fuchs et al., 1996). Briefly, one naive male 
was introduced into the cage of a socially experienced male. This resulted in active 
competition for control over the territory, and after establishment of a clear 
dominant/subordinate relationship, a wire mesh barrier separated the two animals. 
As in earlier studies (Fuchs et al., 1996; van Kampen et al., 2000), all of the naive 
animals turned out to become subordinate. The barrier was removed every day for 
approximately 1 hour allowing physical contact between the two males only during 
this time. By this procedure, the subordinate animal was protected from repeated 
attacks, but it was constantly exposed to olfactory, visual and acoustic cues from 
the dominant. Under these conditions, subordinate animals displayed characteristic 
subordination behavior such as reduced locomotor activity and decreased marking 
behavior. The third experimental phase consisted of the antidepressant drug 
treatments lasting for 28 days. During this time the stressed animals remained in 
the psychosocial conflict situation and were treated daily with the antidepressant 
drugs or vehicle, respectively. The animals of the Stress + L-760,735 group (10 
mg/kg body weight/day) and of Stress + Clomipramine (50 mg/kg body 
weight/day) group received the compound orally. Previously, we reported that a 
daily dose of 50 mg/kg clomipramine is effective in reversing stress-induced 
endocrine and behavioral impairments in male tree shrews (Fuchs et al., 1996). In 
all cases, the drug solutions were freshly prepared every second day and the 
solutions were stored light protected and cool. Animals of the Stress group were 
treated according to the same experimental schedule but received tap water only. 
The animals of the Control group were run in a separate experiment. They were 
individually housed and undisturbed in separate quarters elsewhere in the animal 
facility and received normal tap water. During all experimental phases morning 
urine was collected daily to assess indices of HPA axis and SAM function.  
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Fig. 1 Experimental setup  

3.8.4    Analysis of urinary cortisol and noradrenaline.  

Urinary free cortisol was measured by scintillation proximity radioimmunoassy 
(Udenfried et al., 1985) using anti-rabbit cortisol antiserum (Paesel-Lorei, 
Frankfurt, Germany). Antirabbit IGG-coated fluormicrosrospheres (scintillation, 
proximity assay anti-rabbit reagent type I and 3H-cortisol were from Amersham, 
Braunschweig, Germany. Urinary noradrenaline was quantified by RP-HPLC with 
coulometric detection after extraction on BioRex 70 cation-exchange columns 
(BioRad, Munich, Germany). To correct for difference in urine dilutions, the 
resulting concentrations were related to creatinine concentrations, which were 
determined with a Beckman Creatinine Analyzer 2. 

3.8.5    Organ data  

Animals were anaesthetized with an overdose of xylazin/ketamine (50 mg/18 mg 
per 100 ml). Thereafter under deep sleep, the spleen and the adrenals of the 
animals were removed and weighed. Organ weights were normalized via 
bodyweights. 

3.8.6    Proliferation data 

Spleens were aseptically removed and transferred into phosphate buffered saline. 
The splenocytes were harvested by pressing the organ through a plastic strainer 
and collected in a plastic sterile tube. The splenocytes were separated by 
lymphocyte separation medium (LSM®, ICN Biomedilac, aurora, OH, USA). The 
yielded monocytes were washed three times with HEPES buffered RPMI 1640 (life 
technologies, Glasgow, UK) supplemented with 10% FCS, 10 mM MEM with non 
essential amino acids, 2 mM L-glutamine, 100 U/ml pencillin G, 100 µg/ml 
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streptomycin and 2 x 10-4 M ME and counted. The cells were then resuspended in 
culture medium at a density 1 x 106/ml and distributed to 96-well flat-bottomed 
plates (100 µl per well, containing 1 x 105 cells). Then, the T-cell mitogen 
concavalin A (conA) was applied in triplicate to the wells. The cells were incubated 
for 48 hour and subsequently pulsed with 0.5 µCi/well [3H]thymidine for 18 h. 
Incorporated radioactivity was measured in a matrix 9600 beta-counter (Packerd, 
Meridan, CT, USA). The results are expressed as the mean stimulation Index (S.I.). 
In each experiment, a non-treated stress group was tested. To compensate for 
minor uncontrollable changes, the stress group in each separate experiment was 
set as 1.  

3.8.7    Data analysis 

Data was statistically analyzed using Sigmastat 3.5 (Sysstat software, Inc, Chicago, 
IL, USA). The treatment effect was assessed using Kruskal Wallis test. 
Subsequently a post hoc test according to Dunn’s method was performed to test 
for significant differences between the groups. Significance was set at p < 0.05. 
Data are expressed as mean ± SEM. 

 

 



 

 

 

  107 

 

 

 

 

Compleet 18 mei.doc 

 
The effects of antidepressants and an NK1 antagonist on the proliferation of 
splenocytes in the tree-shrew chronic psychosocial stress model 

3.9    Results  

 

In Fig. 2 the morning urinary cortisol/ creatinine levels are shown in the last week 
of the chronic study. Morning urinary cortisol levels were elevated after chronic 
stress compared to the basal values measures in the control week in the 
experiment this effect was significant (Czeh et al., 2001; van der Hart et al., 2002). 
The elevation was pronounced throughout the entire duration of the psychosocial 
stress. None of the tested compounds were able to reverse this increase, although 
clomipramine showed a tendency to normalize the elevation. Fluoxetine, on the 
other hand, further enhanced the increase of cortisol levels. In the last week of the 
experiment and the chronic stress, the fluoxetine treated animals showed a 
significantly higher urinary cortisol level (p<0.01) 
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Figure 2 Mean urinary cortisol/creatinine ratios in pg/µmol in week 6 of the 
chronic psychosocial stress experiment. * denotes significantly different from 
control (p < 0.01) 
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Fig. 3 shows that urinary noradrenaline is elevated in the last week of the 
experiment, in all groups that underwent chronic psychosocial stress for five 
weeks. The urinary noradrenaline concentration rises immediately when the 
psychosocial stress commences. During the five weeks of stress the urinary 
norepinephrine levels are increased in all the experimental groups that undergoing 
the chronic psychosocial stress. None of the tested compounds were able to 
normalize the observed increase. Tianeptine and clomipramine augmented the 
effect of chronic psychosocial stress. Both tianeptine and clomipramine treated 
animals had significantly higher norepinephrine concentration in their morning 
urine compared to the control animals in the fifth week (p<0.05). 
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Figure 3 Mean urinary norepineprhine/creatinine ratio in the last week of the 
chronic stress experiment. * denotes significantly different from control (p<0.05) 

 

In Fig. 4 the relative adrenal gland to body weight of the different groups is 
shown. Chronic stress increased the relative adrenal weight in tree shrews. Four 
weeks of treatment with any of the compounds did not result in a normalization of 
the relative weight of the adrenals (p<0.05). While tianeptine and L-760 735 
showed a tendency to normalization, clomipramine and fluoxetine appeared to 
increase their relative adrenal weight more than stress alone did. This effect was 
significant for clomipramine and fluoxetine versus control (p<0.05). 
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Figure 4 Relative adrenal weight corrected for bodyweight. * denotes significant 
different from control (p<0.05) 

 

Chronic psychosocial stress reduced the relative spleen weight of tree shrews as is 
shown in Fig. 5. Treatment with either tianeptine or clomipramine showed a 
tendency towards normalization. Treatment with the NK1 antagonist, L-760,735 did 
not show any effect compared to chronic stressed animals alone and fluoxetine 
further decreased the relative spleen weight, which was significantly smaller than 
that of animals treated with tianeptine (p<0.05) 
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Figure 5 Relative spleen weight corrected for bodyweight. * denotes significant 
different from tianeptine (p<0.05) 

 

Fig. 6 shows that proliferation of spleen cells induced by conA stimulation was 
significantly increased in the animals after chronic psychosocial stress for 5 weeks 
(p < 0.05). Tianeptine, clomipramine and fluoxetine were able to reverse this 
increase. However, in the L-760.735 treated group there was still a significantly 
increased in stimulated splenocyte proliferation rate compared to controls (p < 
0.05). 

 

 



 

 

 

  111 

 

 

 

 

Compleet 18 mei.doc 

 
The effects of antidepressants and an NK1 antagonist on the proliferation of 
splenocytes in the tree-shrew chronic psychosocial stress model 

Con
tro
l

Str
ess

Tia
nep

tine

Clo
mip

ram
ine

L-7
60,

735

Flu
oxt

ine
0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

 

 

C
o
n

 A
 s

ti
m

u
la

ti
o
n

 i
n
d

e
x
 r

a
ti
o

 (
s
tr

e
s
s
=

1
)

*
*

 

Figure 6 Splenocyte stimulation index for the mitogen concavalin A normalized for 
stress. * denotes significant different from control (p < 0.05) 
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3.10    Discussion  

The present study in tree shrews shows that with chronic psychosocial stress 
several indices of sympathetic and HPA-axis activity change compared to non-
stressed animals. Neither the antidepressants nor the NK1 antagonist were able to 
reduce the stress induced changes of SAM and HPA-axis activity. In fact on some 
occasions the effects were augmented. Chronic psychosocial stress significantly 
increased the proliferation of splenocytes following conA activation, but relative 
spleen weight was not significantly altered. Overall the treatments tended to 
normalize the indices of immune function, but effects were moderate and mostly 
non significant. 

Monocyte proliferation by the non-specific mitogen concavalin A activation might 
be a suitable index of immune system integrity. Short term stress decreased the 
proliferation rate of conA stimulated monocytes (Kubera et al., 1995; Shurin et al., 
1994). This blunted response has been attributed to increased concentrations of 
circulating glycocorticoids following activation of the HPA-axis. In the present study 
we show that five weeks of chronic psychosocial stress increases the proliferation 
rate of splenocytes after conA stimulation compared to control animals. As cortisol 
levels still tended to be increased after five weeks of psychosocial stress in our 
study, this might indicate that the immune cells have become less sensitive to the 
elevated cortisol levels (Sterzer et al., 2004). The antidepressants tended to 
normalize the increased proliferation rate of the spleen cells, however this effect 
could not be observed for the NK1 antagonist L-760,735. Involvement of the 
monoaminergic system is in line with a previous study showing that classic 
antidepressants dose-dependently reduce the number of lymphocytes in vitro 
(Audus & Gordon, 1982). It is interesting to see that most of the effects in the 
present study failed to reach significance and that previous ex-vivo data were also 
ambiguous (Haack et al., 1999). 

Antidepressants alleviate many chronic psychosocial stress induced changes in tree 
shrews (van der Hart et al., 2002; van der Hart et al., 2005), but obviously not the 
increased activation of the HPA-axis and the sympathetic nervous system in the 
present study. SAM and HPA-axis influence immune function either through direct 
innervation, or endocrine activation of glycocorticoid and norepinephrine receptors 
on immune cells and lymphoid organs. The increased SAM and HPA-axis activity 
are in keeping with previously published studies in tree shrews (Kramer et al., 
1999; van der Hart et al., 2002), however the immune system data from this study 
are novel for this animal model. Our results are consistent with the idea that 
during stressful events both the sympathetic system and HPA-axis are activated 
(Koolhaas et al., 1997) and the fact that this may have consequences for immune 
function (Padgett & Glaser, 2003). 

It is known that the central nervous system (CNS) and immune system 
communicate through various mechanisms, including direct sympathetic 
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innervation of the primary and secondary lymphoid organs, hormonal activation by 
the HPA-axis and molecular mechanisms (Glaser & Kiecolt-Glaser, 2005; Ader et 
al., 1995;Haas & Schauenstein, 2001). Yet, it is far from clear whether a causal 
relation exists between the stress-induced increase of SAM/HPA-axis activity and 
an altered immune function. Because stress precipitates symptoms of depression 
(Holsboer et al., 1984), and antidepressants are capable of ameliorating symptoms 
of depression, we have investigated the effect of several antidepressants on stress-
induced changes of SAM/HPA-axis activity and immune function. The 
antidepressants used in this study belong to different pharmacological classes, 
therefore the outcome of the study could have provided information regarding the 
neuronal systems involved in the communication between CNS and immune 
system during psychosocial stress.  

On a molecular level, there are many candidates that could play a role in this 
communication. 

I. Increased circulating norepinephrine might modulate immune function 
through ß-adrenergic receptors that are expressed by all lymphocytes 
(Nance & Sanders, 2007). 

II. Glucocorticoids regulate many aspects of immune cell function. They play 
a role in the adaptive responses of T-helper cells, inhibiting pro-
inflammatory cytokines, like TNF-alpha or interleukin-2 (Glaser & Kiecolt-
Glaser, 2005).  

III. Serotonin could also play a role because selective serotonin reuptake 
inhibitors are capable of improving immune system function as well as 
normalizing HPA-axis dysfunction in depression (Himmerich et al., 2006a). 

IV. Antidepressants also attenuate symptoms of depression associated with 
cytokine (e.g. inteferon-α and IL-2) treatment (Musselman et al., 2001). 

V. Substance P promotes inflammation in peripheral tissues, and many 
immune cell types express receptors for substance P, including NK1 
receptors. Afferents of neurokinine neurons innervate immune organs and 
activation by substance P up-regulates pro-inflammatory cytokines and 
influences other immunological processes (Rosenkranz, 2007). 

Unfortunately, as our results failed to reach significance, it is not possible to 
identify one clear candidate for the communication between the CNS and the 
immune system. 

The idea of interaction between the CNS and immune system and a mutual 
influence of these systems is well accepted. Depressed patients often have an 
impaired immune system (Maes et al., 1995), as witnessed by an increased liability 
for infections and an impaired wound healing capacity (Kemeny & Schedlowski, 
2007). Conversely, patients with an impaired immune system often show 
symptoms of depression (Konsman et al., 2002). Furthermore, cytokine treatment 
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can lead to depressive-like symptoms (Valentine et al., 1998).  It is conceivable 
that feedback and other control mechanisms play an important role in the 
communication between CNS and immune system. Accordingly, concentrating on 
splenocyte proliferation and spleen weight alone does not merit the complexity of 
the CNS-immune system interaction, though it might give an impression of its 
functionality and the capacity of antidepressants to alleviate stress induced 
symptoms. Other parameters of the immune system have been investigated in 
relation to stress and antidepressant treatment, but these data are equally 
inconclusive. For instance, in vitro a major impact of antidepressant treatment on 
cytokine production has been reported but this could not be replicated in vivo 
(Castanon et al., 2002). It is imaginable that the mutual influence of CNS and 
immune system is so complex that the involved processes is extremely difficult 
using classical pharmacological tools as used in the present study.   

 

Conclusion 

The present data are in line with previous studies indicating that stress may 
compromise immune function. It is also clear that our data do not support the idea 
of a clear-cut relation between increased SAM/HPA-axis activity and impaired 
immune function, which corroborates previously published in vivo studies on this 
item. 
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Abstract 

The neuropeptide substance P (SP) has gained interest as a target in the treatment 
of depression and anxiety. Several studies have reported on substance P-serotonin 
interactions in the brain. Studies in rats and mice have shown that inhibition of the 
NK1 receptor, to which SP preferentially binds significantly increases the effect of 
selective serotonin uptake inhibitors (SSRIs) on serotonin levels in prefrontal 
cortex. This indicates that augmentation strategies with NK1 antagonists might 
improve antidepressant treatment. 
As the pharmacology of substance P is species dependant, here we studied 
whether the interplay between a NK1 antagonist and an SSRI also occurs in the 
guinea pig. This is of interest because SP neuro-architecture in guinea pigs is more 
akin to humans than in rats and mice. 
Whereas robust effects of the SSRI fluoxetine (10 mg/kg intra-peritoneal) were 
observed on serotonin levels in median prefrontal cortex, no augmentation was 
seen when fluoxetine was co-administered with the selective NK1 antagonist GR 
205171 (0.63 mg/kg sub-cutaneous. Interestingly, when the co-administration was 
studied in the ventral hippocampus, a pronounced augmentation of the effect of 
fluoxetine on serotonin levels was observed. 
The present study supports the idea that profound differences exist in substance P 
pharmacology between guinea pigs and rodents. The observation that the SP-
serotonin interaction in guinea pigs only occurs in the hippocampus, indicates that 
SSRI augmentation with an NK1 antagonist may be more effective in depression 
with high co-morbid anxiety than with core symptoms of depression. 
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4.1   Introduction 

 

Substance P (SP) is a member of the neurokinin family, which further consists of 
neurokinin A and B and the more recently discovered hemokinin I (Zhang et al., 
2000; Duffy et al., 2003). Although the involvement of substance P in pain 
perception and emesis has been known for nearly half a century (Zubrzycka & 
Janecka, 2000), its relevance for psychiatric disorders has only been subject of 
investigation in the last decade (Chahl, 2006). 

The increased interest in substance P as possible target to treat psychiatric 
disorders has led to a substantial increase of pharmacological studies on SP 
neurotransmission and its interaction with other neurotransmitter systems. 
However, when studying SP neurotransmission and pharmacology one is 
confronted with a number of problems. 

First, the in vivo assessment of SP itself forms a major obstacle. Both microdialysis 
and bioanalysis of SP appeared to be far more complicated than with classical 
neurotransmitters such as monoamines (this thesis; Ebner & Singewald, 2006). 
Second, a limiting factor with pharmacological studies is the marked species variety 
with respect to neurokinin receptors. Three types of neurokinin receptors have 
thus far been identified (NK1, NK2 and NK3). However, SP preferentially binds to 
NK1 receptors. The amino acid sequences of these receptors differ between species 
(Sachais et al., 1993), as a result the affinities of NK1 antagonists and agonists 
vary considerably between species. Whereas the differences between human, 
guinea pigs and gerbils are not extreme, affinities in mice and rats severely deviate 
from those in humans (van der Hart et al., 2002; Beresford et al., 1991). This issue 
becomes even more relevant when compounds are being studied for drug 
development purposes. An additional complicating factor is that NK1 receptor 
function might be different between species (Watling et al., 1994).  

Because of its possible relevance for the treatment of depression, several studies 
have investigated the interaction of SP with serotonin. Overall, an inhibitory effect 
of SP was observed on the serotonergic system and in particular on the firing rate 
of dorsal raphe nucleus (DRN) serotonergic neurones in rats (Haddjeri & Blier, 
2000), offering a rational for using NK1 antagonists in the treatment of depression. 
However, NK1 receptors could not be demonstrated on the serotonergic cell bodies 
in rat, suggesting an indirect effect through glutamate and/or GABA. Alternatively, 
localization of NK1 receptors on serotonergic terminals has been hypothesized 
(Adell, 2004; Conley et al., 2002).  

In line with the inhibitory action of SP on serotonergic activity an interesting 
observation was made by Guiard et al. (2004). Whereas NK1 antagonists were 
devoid of pronounced effects on brain serotonin levels when administered 
systemically alone, a clear augmentation was observed when a NK1 antagonist was 
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co-administered with a SSRI (Guiard et al., 2004). Augmentation with NK1 
antagonists has the potential to improve antidepressant therapy and this has 
certainly stimulated research into SP-serotonin interactions. However, most of this 
research has been performed with rats and mice, and one may question whether 
these results can be safely translated to humans. Given the different NK1 
antagonist affinities and divergent NK1 receptor functions between species, it is 
important to study how universal this augmentation really is (Sergeyev et al., 
1999; Commons & Valentino, 2002; Beresford et al., 1991). Accordingly, we 
investigated co-administration of the SSRI fluoxetine with the selective NK1 
antagonist GR 205171 in guinea pigs. Because NK1 receptor function may differ 
between brain regions we studied the interaction in both prefrontal cortex and 
ventral hippocampus in freely moving guinea pigs. 
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4.2   MATERIALS AND METHODS 

4.2.1   Animals 

 

Male Dunkin Hartley guinea pigs (350-500g; Harlan, Horst, the Netherlands) were 
used for the experiments. Guinea Pigs were housed in pairs in plastic cages (35 x 
55 x 20 cm) and had access to food and water ad libitum untill surgery. After 
surgery the animals were housed individually in plastic cages (32 x 49 x 30 cm) 
and had access to food and water ad libitum. Experiments were conducted in 
accordance with the declarations of Helsinki and were approved by the 
Institutional Animal Care and use Committee of the University of Groningen. 

4.2.2   Surgery 

 

Guinea Pigs were anesthetized using isoflurane (2%, 800 ml/min O2). Lidocain (10 
% w/v) was used for local anesthesia. Each animal was placed into a stereotaxic 
frame (Kopf instruments, USA) and I-shaped probes with hospal membrane (6 kD, 
4 mm exposed surface, Brainlink, Groningen, the Netherlands) were inserted into 
the prefrontal cortex (PFC) and ventral hippocampus (vHip). Coordinates according 
to the guinea pig brain atlas of Luparello (Karger, Switzerland, 1967) were: 
anterior to intra-aural + 15 mm, lateral to midline + 1 mm and ventral to dura – 
4.5 mm for PFC and anterior to intra-aural + 4.9 mm, lateral to midline + 6.5 mm, 
and ventral to dura – 9.0 mm for vHip. The probe was then fixed to the skull with 
dental cement and a screw. Flunixin (1 mg/kg s.c.) was administered as peri/post-
operative analgesic. 

4.2.3   Experiments 

 

Experiments were carried out 24-48 hours after surgery. On the day of the 
experiment, the probes were connected with flexible PEEK tubing to 
microperfusion pumps (CMA 102, Sweden). The dialysis probes were perfused with 
a Ringer solution containing 147 mM NaCl, 3.0 mM KCl, 1.2 mM CaCl2, and 1.2 mM 
MgCl2 at a flow rate of 1.5 µl/min. Microdialysis samples were collected at 30 min 
intervals into mini-vials already containing 45 µl 0.02 M formic acid. Samples were 
collected by an automated fraction collector (CMA 142, Sweden), and stored at -80 
°C until further analysis. After completion of the experiments the guinea pigs were 
sacrificed. The brains were removed and stored in paraformaldehyde solution (4% 
w/v). The location of each probe was verified histologically, according to Luparello 
in coronal sections of the brain (Luparello, Karger, Basel, Switzerland, 1967). 
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4.2.4   Drug administration 

 

Fluoxetine and GR 205171 (kindly donated by Servier, France) were dissolved in 
ultra purified water. Fluoxetine injections were given intraperitonealy at a dose of 
10 mg/kg and GR 205171 injections were given intraperitonealy at a dose of 0.63 
mg/kg. GR 205171 was given at t = 0 minutes and fluoxetine was given at t=30 
min. Volume of injection was 1 ml/kg. Injection times are indicated by arrows in 
the figures.  

 

4.2.5   Analysis 

 

Concentrations of serotonin, norepinephrine and dopamine were determined in the 
same sample, by HPLC and electrochemical detection. Samples were split into two 
aliquots; one was used for the simultaneous analysis of norepinephrine and 
dopamine and the second aliquot was used for the analysis of serotonin. 

4.2.5.1   Norepinephrine and dopamine  
 

Separation: 

Aliquots (20 µl) were injected onto the HPLC column (Reversed Phase, particle size 
3 µm, C18, Thermo BDS Hypersil column, 150 x 2.1 mm, Keystone Scientific, USA) 
by a refrigerated microsampler system, consisting of a syringe pump (Gilson, 
model 402, France), a multi-column injector (Gilson, model 233 XL, France), and a 
temperature regulator (Gilson, model 832, France). Chromatographic separation 
was performed using a mobile phase that consisted of a sodium acetate buffer (4.1 
g/l) with methanol (2.5% v/v), disodium EDTA (150 mg/l), octyl sulphonic acid  
(150 mg/l), and Tetramethylammonium (150 mg/l) and adjusted with glacial acetic 
acid to pH = 4.1 (isocratic). The mobile phase was run through the system at a 
flow rate of 0.35 ml/min by an HPLC pump (Shimadzu, model LC-10AD vp, Japan).  
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Electrochemical detection:  

Norepinephrine and dopamine were detected electrochemically using a 
potentiostate (Antec Leyden, model Intro, the Netherlands) fitted with a glassy 
carbon electrode set at +500 mV vs. Ag/AgCl (Antec Leyden, the Netherlands).  

 

Data were analyzed by Chromatography Data System (Shimadzu, class-vp, Japan) 
software. Concentrations of norepinephrine and dopamine were quantified by the 
external standard method. 

4.2.5.2   Serotonin 
 

Chromatography:  

Aliquots (20 µl) were injected onto the HPLC column (Reversed-phase, particle size 
3 µm, C18 ODS Hypersil column, 100 x 2.0 mm, Phenomenex, USA) by a 
refrigerated microsampler system, consisting of a syringe pump (Gilson, model 
402, France), a multi-column injector (Gilson, model 233 XL, France), and a 
temperature regulator (Gilson, model 832, France). Chromatographic separation 
was performed using a mobile phase consisting of a sodium acetate  (4.1 g/l) with 
methanol  (4.5% v/v), disodium EDTA (500 mg/l), heptane sulphonic acid  (50 
mg/l), and triethylamine (30 µl/l) and adjusted with glacial acetic acid to pH = 4.74 
(isocratic). Mobile phase was run through the system at a flow rate of 0.4 ml/min 
by an HPLC pump (Shimadzu, model LC-10AD vp, Japan).  

 

Electrochemical detection:  

Serotonin was detected electrochemically at +500 mV, using the same method as 
described for norepinephrine and dopamine. 

4.2.6   Statistical evaluation 

 

Four consecutive microdialysis samples with less than 50 % variation were taken 
as baseline levels and set at 100%. Drug effects were expressed as percentages of 
basal level (means ± SEM) within the same subject. Statistical analysis was 
performed using Sigmastat for Windows (SPSS Corporation). Treatment or dose 
effects were statistically evaluated using two-way ANOVA for repeated measures, 
followed by Student Newman Keuls post-hoc test. The level of statistical 
significance level was set at p<0.05. 
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4.3   Results  

4.3.1   Prefrontal cortex 

 

Extracellular serotonin in the prefrontal cortex was monitored throughout the 
entire experiment. All groups received two i.p. injections. At t=0 min the guinea 
pigs received either vehicle or the NK1 antagonist GR 205171 (0.63 mg/kg) and at 
t = 30 either vehicle or fluoxetine (10 mg/kg). The effects on extracellular 
serotonin in the prefrontal cortex are shown in Fig. 1. 

No significant difference between the different treatment groups, not considering 
the time effect, could be observed (F(2,12)=3.725; p=0.055). Yet, a significant 
interaction between the groups and time was observed (F(16,75)=4.151; p<0.001). 
Within the vehicle and fluoxetine treated group an increase of extracellular 
serotonin was observed at t=40 minutes, 210 minutes after administration of 
fluoxetine. If GR 205171 is administered 30 minutes prior to fluoxetine, the rise of 
extracellular serotonin compared to baseline has an earlier onset, at t=150 
minutes. This effect is also seen when both groups are compared to the vehicle 
treated group. A significant difference at any given time point between the GR 
205171 and fluoxetine treated animals and those treated with fluoxetine alone 
could not be observed. 
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Figure 1 The effects of vehicle (n=6, closed squares), fluoxetine 10 mg/kg (n=6, 
open circles) or a combination of GR 205171 0.63 mg/kg and fluoxetine 10 mg/kg 
(n=6, open triangles) on extracellular levels of 5-HT in the prefrontal cortex. 

 

In Fig. 2 the effects on extracellular norepinephrine is shown. No significant 
treatment effect on the extracellular levels of norepinephrine in the prefrontal 
cortex was found (F(2,12)=3.650; p=0.055). Yet, an interaction between the 
different treatments and time was found (F(16,102)= 4.656; p<0.001). Treatment 
with vehicle and fluoxetine was significantly different from baseline, prior to vehicle 
injection, from t=30 min to t=240 min. An additional effect of fluoxetine is seen at 
t=210 min to t=240 min (compared to t=30 min, prior to fluoxetine injection). The 
combination of GR 205171 and fluoxetine did not show a significant increase 
compared to baseline or the additional fluoxetine injection. The animals treated 
with fluoxetine alone compared to the animals treated with both GR 205171 and 
fluoxetine showed a significant higher increase in extracellular norepinephrine 
levels at t=180 to t=240 min. The animals treated with fluoxetine alone showed a 
significant increase of extracellular norepinephrine compared to the animals which 
were treated with vehicle at t=90 min and from t=180 min to t=240 min. 
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Figure 2 The effects of vehicle (n=6, closed squares), fluoxetine 10 mg/kg (n=6, 
open circles) or a combination of GR 205171 0.63 mg/kg and fluoxetine 10 mg/kg 
(n=6, open triangles) on extracellular levels of NE in the prefrontal cortex. 

 

Extracellular dopamine levels in the prefrontal cortex of guinea pigs were 
monitored after injection of either vehicle or GR 205171, followed after 30 min by 
an injection of vehicle or fluoxetine. Fluoxetine alone or combined with GR 205171, 
had no effect on the levels of extracellular dopamine (F(2,9)=0.863;p=0.454), nor 
was there any interaction effect observed between treatment and time 
(F(16,61)=0.324;p=0.992). 
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Figure 3 The effects of vehicle (n=3, closed squares), fluoxetine 10 mg/kg (n=6, 
open circles) or a combination of GR 205171 0.63 mg/kg and fluoxetine 10 mg/kg 
(n=6, open triangles) on extracellular levels of DA in the prefrontal cortex. 

 

4.3.2   Ventral Hippocampus 

 

Fig 4 shows the effect on extracellular levels of serotonin in the ventral 
hippocampus. Extracellular serotonin levels increased after administration of 
fluoxetine alone or combined with GR 205171 (F(2,13)=6.973; p<0.01). However the 
time course differed between the treatment groups (F(16,104)=6.011; p<0.001). 
Compared to baseline a significant increase was observed when the animals with 
treated with fluoxetine alone (t=210 minutes). This increase was present until the 
end of the experiment. For the treatment group, which received both GR 205171 
and fluoxetine, the onset of the increase started at t=90. Apparently, the NK1 
antagonist enhanced the effect of fluoxetine in the ventral hippocampus on the 
extracellular level of 5-HT. 
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Figure 4 The effects of vehicle (n=6, closed squares), fluoxetine 10 mg/kg (n=5, 
open circles) or a combination of GR 205171 0.63 mg/kg and fluoxetine 10 mg/kg 
(n=5, open triangles) on extracellular levels of 5-HT in the ventral hippocampus. 

 

Extracellular norepinephrine levels in the ventral hippocampus of guinea pigs were 
monitored for 240 minutes after injection of either vehicle or GR 205171 and 210 
minutes after injection of vehicle or fluoxetine. The treatment combinations used in 
this study; vehicle alone, fluoxetine alone or fluoxetine combined with GR 205171, 
did show an effect on the levels of extracellular norepinephrine over time 
(F(8,111)=2.482;p<0.05), but this effect could not be attributed to a specific 
treatment (F(16,111)=1.661;p=0.065). 
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Figure 5 The effects of vehicle (n=6, closed squares), fluoxetine 10 mg/kg (n=5, 
open circles) or a combination of GR 205171 0.63 mg/kg and fluoxetine 10 mg/kg 
(n=6, open triangles) on extracellular levels of NE in the ventral hippocampus. 

 

Extracellular dopamine levels in the ventral hippocampus of the guinea pigs were 
monitored for 240 min after injection of either vehicle or GR 205171 and 210 min 
after injection of vehicle or fluoxetine within the same animal. All experimental 
conditions; vehicle alone, fluoxetine alone or fluoxetine combined with GR 205171, 
showed no difference in effect on the levels of extracellular dopamine 
(F(2,12)=0.567;p=0.582), nor was any interaction effect between treatment and 
time was observed (F(16,82)=0.973;p=0.493). 
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Figure 6 The effects of vehicle (n=6, closed squares), fluoxetine 10 mg/kg (n=4, 
open circles) or a combination of GR 205171 0.63 mg/kg and fluoxetine 10 mg/kg 
(n=6, open triangles) on extracellular levels of DA in the ventral hippocampus. 
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4.4   Discussion and conclusions 

 

Given the sometimes marked species differences in receptor function and 
pharmacology it is not without risk to translate results from preclinical experiments 
to the human situation (DeGraba & Pettigrew, 2000; Bolton, 2007). The present 
study illustrates this by showing that NK1 receptor pharmacology in guinea pigs 
markedly deviates from that previously reported for rodents.  With targets that are 
very species dependant, such as NK1 receptors, confirmation of the hypothesized 
mechanisms of action in multiple species is warranted, in particular when such 
data concern compounds that are used as a lead for clinical studies. 

Treatment of depression is generally focused on the elevation of extracellular 
monoamine levels (Elhwuegi, 2004; Trudeau, 2004). As a non monoaminergic 
target, the NK1 receptor to which substance P preferentially binds would have been 
a welcome addition to the existing neuronal targets in the treatment of depression 
and anxiety (Rupniak, 2002;Adell, 2004). However, the low efficacy of NK1 
antagonists in clinical trials came as an unpleasant surprise (Keller et al., 2006). 
Yet, the irrefutable role SP in stress and anxiety (Ebner & Singewald, 2006) and 
the observation that an NK1 antagonist augmented the effect of an SSRI on 
extracellular serotonin levels has kept interest in the neuropeptide alive (Guiard et 
al., 2004). In this latter study a selective NK1 antagonist had no effect in mice 
when given alone, but it significantly augmented the effect of a SSRI on 
extracellular serotonin levels in the frontal cortex. NK1 receptors are mainly found 
in the dorsomedial part of the DRN. In rodents they are mainly located on non-
serotonergic cells (Valentino et al., 2003), but in humans NK1 receptors are found 
on the serotonergic cell body (Sergeyev et al., 1999). Moreover, substance P 
neurons are in contact with serotonergic and GABA-ergic neurons in the DRN in 
rats (Magoul et al., 1986). Finally, local application of substance P into the dorsal 
part of the DRN increased the serotonergic firing rate in rats, whereas a decrease 
was observed when the neuropeptide was applied into the ventral part. 
Interestingly, systemic administration of NK1 antagonists also increased DRN 
serotonergic firing rate indicating that NK1 receptors are involved in the 
autoregulation of serotonergic activity in rats (Haddjeri & Blier, 2001). Accordingly, 
the augmentation by NK1 antagonists of SSRI evoked increases in extracellular 
serotonin levels might relate to an attenuation of autoregulatory processes at the 
level of cell firing in the raphe nuclei. It is conceivable that, that this augmentation 
will result in improved efficacy and a reduced onset of action of the antidepressant. 

The fact that the potency of NK1 antagonists varies between species has been 
known for decades (Beresford et al., 1991). Additionally, a different functionality of 
NK receptors among species has been equally well described (Rigby et al., 2005; 
Sachais et al., 1993). However, whereas behavioral work focused on animals that 
are more relevant for human pharmacology such as guinea pigs and gerbils, most 
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biochemical studies were performed in mice and rats (Malkesman et al., 2007; 
Dableh et al., 2005; Santarelli et al., 2001; Vendruscolo et al., 2003). This is 
surprising given the well known and pronounced species differences in both 
substance P pharmacology and neuroarchitecture. For instance, in mice a clear 
augmentation of cortical serotonin levels was observed when fluoxetine was 
administered in conjunction with a NK1 antagonist (Guiard et al., 2004), while our 
data in guinea pigs showed no such interaction in the median prefrontal cortex. In 
contrast, microdialysis in ventral hippocampus showed a significant augmentation 
of extracellular serotonin levels when fluoxetine and a NK1 antagonist were 
combined. This result can be attributed to a different neuro-architecture of cortex 
and hippocampus in guinea pigs, where the median prefrontal cortex is exclusively 
innervated by the DRN. However, the ventral hippocampus receives innervations 
from both the dorsal and the median raphe nucleus (McQuade & Sharp, 1997). 
Thus, the observed differences may relate to a varying role of NK1 receptors in the 
controlling of dorsal versus median raphe nucleus firing, in the different species. 
However, this is no more than speculative as in contrast to 5-HT1A receptors 
relevant literature comparing the expression and function of NK1 receptors 
between species does not exist (Price et al., 1996). 

NK1 receptors are abundantly present in striatum and locus coereleus, and a local 
interaction with dopaminergic and noradrenergic systems can therefore  be 
expected (Mantyh et al., 1984). In the prefrontal cortex, an area with relatively low 
levels of substance P, fluoxetine alone, or in combination with GR 205171 did not 
exert any effect on dopamine levels. Norepinephrine, on the other hand, was 
increased following fluoxetine administration, but GR 205171 appeared to 
counteract this effect. This might be attributed to an excitatory effect of substance 
P on locus coereleus neurons that is counteracted by the combination of fluoxetine 
and GR 205171 (Blier et al., 2004; Maubach et al., 2002). However, in the ventral 
hippocampus, extracellular norepinephrine and dopamine was not influenced by 
fluoxetine or the combination of SSRI and NK1 antagonist, suggesting regional 
differences. This absence of response is probably related to species variety in 
neuroanatomy and pharmacology of NK1 receptors, as in rat NK1 antagonist 
showed an effect on dopamine, which could not be shown in gerbils (Renoldi & 
Invernizzi, 2006). 

In conclusion, the present study shows that an NK1 receptor antagonist augments 
the fluoxetine induced increase of 5HT levels in ventral hippocampus of the guinea 
pig. A significant augmentation was not observed in medial frontal cortex, which is 
in contrast with a previous study in mice. The marked species difference in NK1 
receptor pharmacology indicates that an extensive study on the functionality, 
distribution and pharmacology of NK1 receptors between species is needed before 
any further conclusions can be drawn as to how these results translate to the 
human situation. 
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Abstract 

Neuropeptides are subject of increased interest for their alleged role in various 
central nervous system processes. However, in vivo assessment of these 
compounds is complicated because of the generally low concentrations in the brain 
and the neuropeptides susceptibility to proteolytic degradation. This explains why 
so few microdialysis studies on neuropeptides have been published in the past. An 
additional problem is insufficient in vivo recovery of the neuropeptides when using 
microdialysis membranes. 
In this study we determined the recovery and dynamic behavior of several 
microdialysis membranes in vitro for three neuropeptides. For this purpose existing 
radio immuno assays (RIA) were optimized for Substance P (SP), vasopressin and 
corticotrophin releasing factor quantification in microdialysates. Finally, local 
potassium stimulation in freely moving rats was used to induce neurotransmitter 
release in order to assess the dynamic behavior of the membranes in vivo. 
Our results show that recovery of neuropeptides depends on the cut-off, pore-size 
and physico-chemical properties of the membrane, but the individual physico-
chemical properties of neuropeptides also play a role. Polyethersulfon (PES) 
membranes appeared to be most effective membranes for use in vitro and in vivo. 
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5.1   Introduction 

Measurement of neurotransmitters in brains of freely moving animals has evolved 
considerably in the past decades. This has enhanced research into brain 
functioning, pathology and pharmacotherapy to a large extent (L'Heureux et al., 
1986; Sharp et al., 1986). Given the complexity of the brain it is not realistic to 
think that in vivo measurements will be replaced by in vitro alternatives in the near 
future. 

In the early years, neurotransmitter content of brain tissue was quantified ex vivo. 
These studies gave insight in the synthesis and turnover of neurotransmitters 
(Westerink & Korf, 1976; Neff & Tozer, 1968), but its relevance for synaptic 
neurotransmission is questionable (Cheramy et al., 1981). 

To monitor synaptic processes more accurately, in vivo sampling techniques were 
developed that allowed measurement of neurotransmitters with improved spatial 
and temporal resolution. Examples are push-pull sampling (Philipu, 1984), 
ultrafiltration (Leegsma-Vogt et al., 2003), voltammetry (Robinson et al., 2003), 
sensoring (Burmeister & Gerhardt, 2001; Oldenziel et al., 2006) and microdialysis 
(Ungerstedt, 1991b; Ungerstedt, 1971). Clearly all these techniques have 
advantages and disadvantages. Push pull sampling, for instance has a high in vivo 
recovery and is uncritical with respect to the molecular mass of the compounds 
under study, however, practical problems such as tissue damage have restricted its 
wide spread use for in vivo sampling (Myers et al., 1998). With respect to tissue 
damage, ultrafiltration is probably superior. In this technique samples are drawn 
under negative pressure through a large pore dialysis fiber. This technique is also 
not limited by the molecular weight of the analyte or recovery issues, but low 
levels of extracellular fluid in the brain restrict its practical use (Kaptein et al., 
1998). Voltammetry, in which neurotransmitters are measured locally by an 
electrode, might seem the ideal sampling technique given its ease of use, absolute 
recovery and high temporal and spatial resolution. However, the use of this 
technique is limited to a small number of analytes that can be quantified in a 
complex brain matrix by voltammetric sweeps. Moreover, because of its moderate 
selectivity only brain areas with a relatively high concentration of the 
neurotransmitter under investigation can be studied (Benveniste, 1989). An 
improvement to this technique is sensoring, which uses enzymatic conversions to 
increase selectivity and increase in signal strength. Moreover, it is also applicable 
for not electrochemically active compounds (Gardiner & Silver, 1979). Finally, 
microdialysis is by far the most frequently used technique for sampling of 
neurotransmitters. Its ease of use, low invasiveness to the animal and brain micro 
environment makes microdialysis ideal for studying extracellular levels of small 
molecules in the brain (Westerink, 2000a). In contrast to sensoring and 
voltametry, analyses are performed after sampling, which extends its applicability 
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to an almost indefinite number of analytes, including neurotransmitters, hormones 
and exogenous compounds. 

The primary focus of pharmacotherapy of brain pathology has been on classical 
neurotransmitters such as the monoamines and acetylcholine (Gardier et al., 1996; 
Di et al., 2004; Bruno et al., 1999). Lately, there is increased interest in 
neuropeptide systems as potential targets for treating central nervous system 
diseases (Holmes et al., 2003). However, most research has been targeted toward 
the effects of neuropeptide receptor antagonists and agonists on monoamine, 
amino acid and acetylcholine levels. Consequently, relatively little information is 
available concerning neuropeptide transmission. Further reasons for this lack of 
information are the physico-chemical properties of neuropeptides and their e low 
abundance in the brain, which prevent reliable in vivo assessments. Technically, 
voltammetry and sensoring techniques are unsuitable for measuring 
neuropeptides. While sampling based techniques are hard to apply because 
neuropeptides are non-polar and high in molecular weight, which will limit in vivo 
recovery and facilitate non-specific binding to the sampling system. Clearly, any 
sampling technique must be extensively validated in terms of dynamic behavior 
and in vivo recovery, because these parameters will crucially influence the in vivo 
results. 

Within the group of neuropeptides, the variation of size, mass (see Table 1), 
charge, pKa and other physical and chemical properties is considerable. This might 
necessitate a specific approach for each neuropeptide when optimizing 
microdialysis conditions. Generally in microdialysis studies of neuropeptides the 
technique is not extensively validated, which makes it difficult to judge how 
accurate the in vivo assessment reflects the extracellular situation in the brain. 
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Table 1  Molecular weights of four monoamine neurotransmitters and the three 
neuropeptides measured in the present study 

Analyte Molecular weight (Da) 

Serotonin 177 

Acetylcholine 147 

Norepinephrine 169 

Dopamine 154 

Substance P 1348 (11 AA’s) 

[Arg]8-vasopressin 1084 (9 AA’s) 

CRF 4757 (41 AA’s) 

 

In the current study we evaluated several microdialysis membranes with respect to 
their in vitro and in vivo dynamics for Substance P, vasopressine (VP) and cortico 
releasing factor (CRF). To this end, the absolute recoveries of the membranes 
were studied, but also their response to sudden changes in external 
concentrations.  
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5.2   Materials and methods 

5.2.1   In vitro experiment 

 

The artificial cerebrospinal fluid (aCSF) used as perfusion medium was the same in 
all the experiments performed in this study, except for the bovine serum albumine 
(BSA) concentration (see example CRF table 2), which was dependant of the 
neuropeptide under investigation. aCSF used was composed of: 142 mM NaCl, 3 
mM KCl, 1.2 mM CaCl2 and 1 mM MgCl2. The BSA concentration was 0.025%, 
0.5% or 0.2% for SP, CRF or VP respectively. BSA was used to reduce non-specific 
binding of the neuropeptides to the sampling system. 

Table 2  Recovery of CRF with different concentrations of BSA in the perfusion 
medium 

BSA Concentration Recovery 

0.2% 1.15 ± 0.48 

0.3% 2.98 ± 2.40 

0.5% 3.15 ± 0.94 

 

The microdialysis probes used to investigate the recovery for the neuropeptides 
were custom made by Brainlink, the Netherlands. All the probes were y-shaped 
and had the same dimensions, 2 mm of free dialyzable membrane and a shaft 
length of 6 mm. The only difference was the type of dialysis membrane; the 
following membranes were used (see Table 3). 
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Table 3  Overview of different characteristics of the membranes used in this 
study 

Membrane Material ID OD Cut-off 

Hospal AN 69 Polyacrylonitril 200 µm 300 µm 6 kD  

Cuprophan Regenerated cellulose 200 µm 208 µm 9 kD 

Hollow fibre Cellulose 200 µm 216 µm 18 kD 

Hemophan Synthetically modified 
cellulose 

200 µm 208 µm 6 kD 

PES Polyethersulfon 200 µm 280 µm 20 kD 

 

The following protocol was used to determine the recovery over the tested dialysis 
membranes. One in vitro setup consisted of a beaker containing only aCSF with the 
appropriate BSA concentration, a second was prepared with the same bath solution 
but now containing the neuropeptide under investigation at 10-9 M. A microdialysis 
probe with a membrane of interest was placed in the first beaker and a flow of 1.5 
µl/min was established through the probe. Samples were collected during 30 
minutes interval for three hours in vials already containing 65µl RIA-buffer. During 
the first sample, at t = 23 minutes, 7 min prior to sample change (to correct for 
lag time) the probe was placed in the second bath. The samples were collected by 
an automated fraction collector (CMA 142, Sweden) and stored at -80 °C pending 
analysis. Recovery for CRF and VP was only tested using the PES membrane.  

5.2.2   In vivo experiment 

Rats (280-350 g; Harlan, Horst, The Netherlands) were used for the in vivo 
experiments. The animals were individually housed in plastic cages (30 x 30 x 20 
cm) and had access to food and water ad libitum. Experiments were conducted in 
accordance with the declarations of Helsinki and were approved by the 
Institutional Animal Care and Use Committee of the University of Groningen. 

Rats were anesthetized using isoflurane (2%, 1000 ml/min O2). Bupivacain / 
norepinephrine were used for local anesthesia. The animals were placed in a 
stereotaxic frame (Kopf instruments, USA), and I-shaped probes (PES Fresenius 
membrane, 4 mm exposed surface; BrainLink, The Netherlands) were inserted into 
ventral hippocampus. Coordinates for the tips of the probes were for the ventral 
hippocampus: posterior (AP) = -5.3 mm to bregma, lateral (L) = +4.8 mm to 
midline and ventral (V) = -8.0 mm to dura according to Paxinos and Watson, 
(1982). Experiments were performed 24-48 hours after surgery. On the day of the 
experiment, the probes were connected with flexible PEEK tubing to a 
microperfusion pump (Syringe pump UV 8301501, Univentor, Malta) and perfused 
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with aCSF, as described above. Microdialysis samples were collected during 30 min 
periods into mini-vials containing 65 µl of SP RIA buffer. Microdialysis samples 
were collected by an automated fraction collector (CMA 142, sweden) and stored 
at -80 °C pending analysis. 

After the experiment, rats were sacrificed and their brains removed. The brains 
were stored for 3 days in a 4% (w/v) solution of paraformaldehyde. The position 
of each probe was histologically verified according to Paxinos and Watson (1982) 
by making coronal sections of the brain. 

5.2.3   Analysis 

For the determination of Substance P, VP and CRF concentration, a RIA was used, 
which was optimized for each neuropeptide. Calibration curves samples were 
prepared in 45% aCSF and 65% appropriate RIA-buffer mixture, the same matrix 
as for the collected samples. Calibration curves were prepared in the following 
range; 1×10-9 M - 5×10-14 M for the Substance P (SIGMA, St Louis, Missouri, USA) 
and CRF (SIGMA, St Louis, Missouri, USA) and 5×10-10 M - 1×10-14 M for VP 
(SIGMA, St Louis, Missouri, USA) respectively. 

Substance P was measured using the following protocol: Standards and samples 
were preincubated with 100 µl of diluted Substance P-antiserum (Euro-Diagnostica, 
AB Malmö, Sweden) for 48 h at 4 °C. A cross reaction of Substance P antiserum 
was 100% to Substance P and less than 0.1% to other peptides. After addition of 
[125I]Bolton-Hunter-SP [8000 cpm in 100 µl (Amersham Biosciences, 
Buckinghamshire, UK), samples were further incubated for 48 h at 4 °C. Antibody-
bound radioligand was separated from unbound radioligand by addition of 0.6% 
charcoal slurry (SIGMA, St Louis, Missouri, USA) in RIA buffer (1 ml) and 
centrifugation. The supernatant was removed, and the bound radioactivity was 
counted in a gammacounter (5000 Riastar, Packard, Illinois, USA). Control 
samples, either without Substance P or without antibodies, were incubated 
simultaneously to measure maximal tracer binding and unspecific binding, 
respectively. The detection limit of the assay was 0.5 fmol per sample. 

VP concentration was determined in the same way as the Substance P 
concentrations, except, standards and samples were preincubated with 100 µl of 
diluted VP-antiserum (Acris, Hiddenhausen, Germany) for 24 h at 4°C. A cross 
reaction of VP antiserum was 100% to VP and less than 0.1% to other peptides. 
After addition of [125I] Vasopressin [Arg8] (Amersham Biosciences, 
Buckinghamshire, UK), samples were further incubated for 24 h at 4°C. Antibody-
bound radioligand was separated from unbound radioligand by using a second 
antibody. 100 µl of goat anti rabbit IgG 1:1000 in RIA buffer (Linco Research, St 
Charles, Missouri, USA) 100 µl and 100 µl of 1% Normal rabbit serum in RIA buffer 
(Jackson Immuno Research, Cambridgeshire, UK) were added. After an additional 
two hour incubation, to allow for an antibody complex forming, the samples were 
centrifuged and the supernatant was removed. The bound radioactivity was 
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counted in a gammacounter (5000 Riastar, Packard, Illinois, USA). Control 
samples, either without standards or without antibodies, were incubated 
simultaneously to measure maximal tracer binding and unspecific binding, 
respectively. The detection limit of this assay was 0.3 fmol per sample. 

CRF concentrations were determined in the same way as the Substance P 
concentrations, except, standards and samples were pre-incubated with 100 µl of 
diluted CRF-antiserum (EURO-Diagnostica AB Malmö, Sweden) for 24 h at 4 °C. A 
cross reaction of CRF antiserum was 100% to CRF and less than 0.1% to other 
peptides. After addition of [125I] Tyr0-CRF (PerkinElmer Life sciences, Zaventem, 
Belgium), samples were further incubated for 24 h at 4 °C. Antibody-bound 
radioligand was separated from unbound radioligand, using a secondary antibody, 
as described for VP. The bound radioactivity was counted in a gammacounter 
(5000 Riastar, Packard, Illinois, USA). Control samples, either without standards or 
without antibodies, were incubated simultaneously to measure maximal tracer 
binding and unspecific binding, respectively. The detection limit of the assay was 
0.8 fmol per sample. 

 

5.2.4   Data presentation 

Data are presented as percentage of batch concentration for the in vitro 
experiments. The data presented for the in vivo experiment are either in absolute 
output or as percentage of basal levels. For basal levels, three consecutive 
microdialysis samples with less than 50% variation were taken as baseline levels 
and set at 100%. Local infusion effects were expressed as percentages of basal 
level within the same subject. All data are expressed as mean ± SEM.  
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5.3   Results 

 

To identify the membrane with the optimal recovery for neuropeptides, four 
different membranes were compared for the recovery of SP, These membranes 
varied in cut-off (6-20 kD), inner and outer diameter and physico-chemical 
properties. The custom made microdialysis probes were stabilized in an aCSF bath 
without any Substance P added and after a stabilizing period, the probe was 
transferred into a aCSF bath with a concentration of SP of 10-9 M and samples 
were collected for 30 minute periods. Fig. 1 shows the dynamics of the different 
membranes used. It appeared that the dynamics of the hemophan and cuprophan 
probe were slower in establishing a steady flux compared to the PES en cellulose 
membrane. These latter membranes appeared to establish the equilibrium for the 
recovery of SP instantly. Furthermore, it appeared that both the cuprophan and 
hemophan membrane finally reached equilibrium the recovery was around 4% of 
the total bath concentration. Both PES and cellulose finally reached a recovery of 
7.5% of the total bath concentration. 
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Figure 1  In vitro recoveries of SP with different microdialysis membranes % ± 
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Fig. 2 shows the dynamics of Substance P levels in vivo in the ventral hippocampus 
of the rat. The absolute output of SP was comparable between membranes: 1.35 
± 0.19; 1.45 ± 0.24 and 1.67 ± 0.26 fmol/sample for PES, hemophan and 
cellulose, respectively. The expected effect of a local increase of Substance P, in 
response to a high potassium concentration in the perfusion fluid, was not 
observed for the probes fitted with the hemophan and the hollow fiber 
membranes. PES was the only type of membrane with which the expected increase 
in Substance P was observed. 
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Figure 2  Effect of local potassium stimulation on extracellular Substance P 
levels in the ventral hippocampus of the rat 

Fig.  3 shows the in vitro recoveries of Substance P, vasopressin and CRF over a 
PES membrane. Prior to the in vitro recovery experiment, the optimal BSA 
concentration for the perfusion fluid was determined. For Substance P a BSA 
concentration of 0.025 % in the perfusion fluid was sufficient to prevent Substance 
P from sticking to the tubing and the probe. Further increasing the BSA 
concentration did not further increase the recovery of Substance P over the dialysis 
membrane (data not shown). For vasopressin this concentration was 0.2% BSA 
(data not shown) and for CRF a concentration of 0.5% was needed (Table 3). 
Substance P concentration in the perfusion fluid increases immediately after the 
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probe is placed in the perfusion fluid containing 10-9 M Substance P. Vasopressin 
on the other hand shows a slow increase in recovery. After three hours of 
monitoring the recovery of vasopressin the experiment was discontinued; the 
concentration of the recovered of vasopressin was at that time still increasing. As 
with Substance P, the recovery of CRF stabilized instantly after the probe was 
placed in the beaker spiked with 10-9 M CRF. The measured recovery for CRF was 
3.15%, which was constant throughout the 3 hour monitoring period. 

 

 

Figure 3  In vitro recovery for Substance P (open circles), Vasopressin (closed 
squares) and CRF (open triangles) expressed in percentage of bath (10-
9 M) concentration. 

 

Table 4 shows the absolute measured concentration of Substance P in different 
brain areas using RIA in combination PES membrane probes. The data are in 
accordance with the reported distribution of Substance P throughout the brain. The 
Substance P concentration in striatum is higher than in the ventral hippocampus. 
The concentration measured in the dorsal raphe nucleus seems to be lower, but 
here the free dialyzable membrane surface is considerably smaller than the free 
dialyzable membrane used in the ventral hippocampus. 
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Table 4 Basal concentration of SP measured in different brain areas of the rat 

Brain area Basal concentration (fmol/30 min 
sample ± sem) 

vHipp (4 mm open) 1.29 ± 0.22 

DRN (1.5 mm open) 0.76 ± 0.04 

Striatum (3 mm open) 2.90 ± 0.16 

 

Tabel 5 shows the basal output of vasopressin measured by microdialysis in 30 min 
samples in paraventricular nucleus of the hypothalamus (PVN) only. Vasopressin is 
not as widely spread throughout the brain as Substance P. Therefore vasopressin 
was not sampled in other brain areas. 

Table 5  Basal output of vasopressin in the para-ventricular nucleus of the 
hypothalamus. 

Brain area Basal concentration (fmol/30 min 
sample ± sem) 

PVN (1.5 mm open) 0.085 ± 0.038 
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5.4   Discussion 

Measuring neuropeptides by microdialysis remains a challenge. Clearly, the 
knowledge and experience obtained in 30 years of microdialysis research does not 
guarantee reliable measurements of neuropeptides. 

Decades ago, Ungerstedt and co-workers tried to measure extracellular levels of 
dopamine in the brain using a dialysis fiber obtained from an artificial kidney to 
extract molecules from the extracellular space without inducing a net transport of 
fluid (Ungerstedt, 1991a). This method was rapidly adopted by several researchers 
and was successfully employed to monitor brain extracellular levels of monoamines 
and related compounds. By infusing compounds that decrease neuronal release of 
neurotransmitters, the method was shown to be useful for sampling 
neurotransmitters that were directly derived from neuronal release (Westerink & 
de Vries, 1989). After years of development, the method is now routinely used in 
research of CNS pharmacology and industrial drug development, especially for 
monitoring monoamines, like dopamine, serotonin and norepinephrine (Westerink, 
2000b). However, in parallel to the routine application of the method, alternative 
applications of the method are currently also explored. As microdialysis monitors 
dynamic processes in time, any application should be validated to see whether it 
actually instantaneously reflects the exterior concentrations it samples. Even for 
monoamines like serotonin, it was shown that some membranes have delayed 
responses when suddenly exposed to changes in outer concentrations (Tao & 
Hjorth, 1992). As new applications tend to focus on monitoring compounds that 
are larger than monoamines (> 300 Da) but also significantly more non-polar, the 
dynamics of sampling becomes more complex. 

Membranes-materials: Several issues are of importance when applying 
microdialysis to sample large non-polar compounds such as neuropeptides. The 
first important issues are the composition and structure of the membrane. 
Membranes typically consist of polymers that are produced by electrostatic 
polymerization. Different materials have been used throughout the years and most 
membranes are either cellulose derivatives (hollow fiber, cuprophane) or 
polyethersulfonic acid derivatives (PES, hemophane, HOSPAL). Whereas some 
membranes posses a charged surface (Hospal), which might add to overall 
recovery but might blunt dynamics, most are neutral in charge. Typically neutral 
membranes are best for sampling less polar compounds because a charged surface 
might repel non-polar compounds. However, the present results show that for 
sampling of Substance P, no pronounced difference is observed between the use 
of cellulose or polyether sulfone membranes. Another important issue is when 
sampling neuropeptide is the matrix in which the membrane is placed, as this can 
have a major influence on membrane passage and/or adsorption of the 
neuropeptides. The medium in which the in vitro recovery is measured can play a 
role, e.g. the protein content in which it is perfused (Tsuchida et al., 2004). pH of 
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the solution can also have a major effect on the recovery, since it can affect the 
charge of the membrane  and substrate and thus cause repulsion between the 
neuropeptide to be measured and the membrane, thereby decreasing recovery 
(Matsumoto et al., 2003) 

Membranes-pores: A feature that determines recovery by microdialysis probes 
to a large extent is the cut-off (pore size) of the membrane. Although the cut-off is 
a dynamic process and only defines a mean pore, it does not provide any 
indication as to how the pores are distributed, nor whether they are funnel shaped 
toward the inside or outside of the lumen, as is typically the case with the newer 
types of membranes. For Substance P, recovery was substantially lower when low 
cut-off membranes were used instead of high cut off membranes (see table 2 this 
chapter). This indicates that membranes with even larger pore membranes might 
be employed in sampling of neuropeptides. However, above 30 kD cut-off 
ultrafiltration becomes an increasingly significant factor. Therefore it is not 
recommendable to use this type of membranes, as it will influence the local 
physiology of the brain and thus the concentration of the analytes under 
investigation. 

Non-specific binding: Any bioanalysis of non-polar compounds is compromised 
by non-specific binding of the compound to the sampling system. Although 
microdialysis probes are constructed of fused silica, and peek tubings are used for 
connections in order to minimize these effects, non-specific binding remains an 
issue. To this end several approaches have been proposed to circumvent these 
events. Some authors use cyclodextrines to chelate the compounds under study, 
preventing them from attaching to the surface of sampling/analytical systems 
(Caille et al., 2007; Walker et al., 1999). Although very functional in its approach, 
given the low molecular weight of cyclodextrins (mw ~ 1.1 kDa) compared to the 
cut-off of the membranes, inclusion of these compounds to the dialysis fluid might 
lead to infusion into the extracellular fluid. The cyclodextrins can then interact with 
multiple systems in the extracellular space, making this approach undesirable. 
Another approach to reduce non-specific binding, which was used in this study, is 
the inclusion of albumine in the dialysis fluid. As the molecular weight of BSA is 
much higher than the cut-off of the membrane (mw ~ 66 KDa), no risk of 
contamination of the extracellular space is present.  Indeed, in the present study 
we observed that inclusion of BSA significantly elevated recoveries for CRF (see 
table 3 this chapter). The necessity to increase the BSA concentration for 
vasopressin and CRF supports the idea that microdialysis has to be optimized for 
individual neuropeptides to guarantee reliable quantification. In the case of 
vasopressin and CRF their polarity is the most likely cause non-specific binding. 
Therefore, it is not likely that recoveries can be improved by changing the type of 
membrane, but that a solution must be found in which a compound is used that 
prevents the non-specific binding. 

In vivo sampling of Substance P: While in vivo sampling of Substance P has 
already been described in 1983 in the caudate putamen of the rat (Brodin et al., 
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1983), membrane properties have to our knowledge never been studied. Initial in 
vitro recovery studies showed pronounced differences for the hollow fiber and PES 
membranes vs. the hemophane membrane. However, no such differences were 
observed when the membranes were applied in vivo in the ventral hippocampus. 
All types of probes yielded about 1.5 fmol Substance P per 30 min of 
microdialysate sample. However, when using potassium to evoke a response, only 
in the case of the PES membrane was an increase in Substance P levels of about 
45% (Fig. 3). Using cellulose, the increase observed upon potassium stimulation 
was much less pronounced reaching no more than 20%. It is not clear whether 
this occurs by reduction of Substance P entering the membrane or restriction of 
potassium diffusion from the probe, and should be further elucidated; for instance 
by looking at the effect of potassium on monoaminergic neurotransmitters. 
Microdialysis in multiple areas of the brain showed that Substance P levels are 
highest in striatum (2.9 fmol/sample), while lower levels were observed in the 
ventral hippocampus (1.29 fmol/sample) and DRN (0.75 fmol/sample). Previously 
various concentrations of Substance P in different brain areas, ranging from 0.1 
fmol per 30 min sample in striatum up to 8 fmol per 30 min sample in the 
amygdala. It is clear however, that the reported concentrations are connected with 
the type of antibody used. 

In vivo sampling of CRF and vasopressin: CRF and vasopressin could be 
extracted using the PES membrane. A complicating factor however, is the blunted 
dynamics when the membranes are exposed to sudden changes of the external 
concentration of the neuropeptide. It took a considerable time before equilibrium 
was reached, this lag-time will skew any pharmacology measured in vivo. Even 
with increased levels of albumine (up to 0.5%), the delayed response to 
concentration changes could not be reduced. However, as shown in Table 5, it was 
possible to measure vasopressin concentration in the PVN. 

Conclusions 

The current study evaluated the possibility of applying microdialysis for monitoring 
brain levels of neuropeptides. Although multiple studies have been published 
(Ebner & Singewald, 2006; Wotjak et al., 2008), none of them have systematically 
investigated the characteristics and dynamic behavior of the applied microdialysis 
probe, to better understand the phenomena underlying the observed signal. It can 
be concluded that, Substance P can be reliably monitored using a PES membrane 
with a 20 kDa cut-off. However, applying this membrane to more non-polar or 
larger neuropeptides such as vasopressin or CRF was less successful. Finally, it was 
shown that the physico-chemical properties of membrane affect the recovery and 
recovery rate of the studied neuropeptide, this may in turn lead to incorrect 
conclusions about their concentrations. 
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Abstract 

 

Neuropeptides have gained interest for their role in numerous central nervous 
system processes in the last decade. Generally neuropeptides are analyzed using 
radio immune assay (RIA), which can handle complex matrices and have excellent 
sensitivity. A limitation of RIAs is their selectivity and the stability of the antibodies. 
Other detection methods are available but their sensitivity is generally too low for 
detection of neuropeptides in microdialysates. In this study we developed an HPLC 
method in combination with tandem mass spectrometry, sensitive enough to 
detect Substance P in brain microdialysates. 

RIA and HPLC- MS/MS were compared as detection methods for Substance P. It 
appeared that concentrations of Substance P were approximately five-fold lower 
when LC-MS/MS was used than with a RIA. Local potassium stimulation in the 
dorsal raphe nucleus of rat induced a significant increase of the extracellular 
Substance P concentration. The increased concentration was detected by both 
analysis methods. In the striatum however, this effect was not observed. 

Our results indicate that LC-MS/MS offers an excellent alternative for the 
conventional RIA analyses of Substance P in microdialysates. LC-MS/MS has at 
least comparable sensitivity but is arguably more selective. The significantly lower 
SP levels found with LC-MS/MS indicate that the RIA does not discriminate 
between Substance P and degradation fragments. In the worst case RIA is unable 
to discriminate between Substance P and related peptides from the neurokinin 
family. This may have major consequences for the interpretation of previously 
published studies using RIA. 
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6.1   Introduction 

Substance P (SP) is abundantly present in the brain. SP belongs to the neurokinin 
family, which also consists of neurokinin A and B and hemokinin 1 (Hokfelt et al., 
2000; Duffy et al., 2003).  

Neurokinin receptors that have been classified thus far are the NK1, NK2 and NK3 
receptors. Whereas NK1 and NK3 receptors are distributed throughout the brain, 
NK2 expression is limited to cortex, hippocampus, septum and thalamus of the 
brain (Saffroy et al., 2003). Although all neurokinin peptides have some affinity for 
other NK receptors, SP predominantly binds to NK1 receptors (Maggi, 1995; Regoli 
et al., 1994).  

Preclinical research on SP is complicated by species differences in NK1 receptors 
distribution throughout the brain. Moreover, species variation of the NK1 receptor 
(Sachais et al., 1993; Beresford et al., 1991; Rigby et al., 2005), might result in 
divergent NK1 agonist and antagonist affinities between various animal species. 
Finally,  NK1 receptor function also varies between species, which adds an extra 
layer of  complexity when interpreting the results of preclinical research to the 
clinic (Beresford et al., 1991). 

Besides SP’s role in the regulation of autonomic processes and pain physiology, 
several studies have indicated that the neuropeptide might be involved in stress 
response and affective behavior (Severini et al., 2002; Kramer et al., 1998). 
However, clinical studies on the relevance NK1 antagonists for affective disorders 
have been far from unequivocal (Kramer et al., 2004; Adell, 2004; Ebner & 
Singewald, 2006). Currently NK1 antagonists are used in the clinic as anti-emetics 
to treat chemotherapy-induced emesis. 

Neurotransmission of SP has been shown to occur via co-transmission, that is to 
say that SP is a neurotransmitter as well as neuromodulator (Otsuka & Yoshioka, 
1993;Levita et al., 2003). Both clinical and preclinical research indicates that SP is 
involved in multiple pathophysiological disorders of the central nervous system 
(CNS). Accordingly, it is of interest to study the processes involved in the release 
and control of extracellular SP (Rupniak & Kramer, 1999).  

Many complications are encountered when attempting to measure extracellular 
levels of SP in brain. Total tissue content of SP will only yield limited information on 
actual release of SP as it represents both the intra- and extracellular compartment 
(Gamse et al., 1981). To measure extracellular SP levels accurately in the brains of 
freely moving animals demands both an adequate sampling technique and a state 
of the art analysis. In theory the push pull technique is suitable for sampling of 
extracellular SP, however its damaging impact on the surrounding brain tissue 
cannot be ignored, which has limited its practical application considerably (Brodin 
et al., 1983; Lindefors et al., 1985a). The currently preferred method for sampling 
extracellular levels of SP is undoubtedly microdialysis (Ebner & Singewald, 2006), 



 

 

 

162 

 

 

 

 

  Compleet 18 mei.doc 

Substance P and the Neurokinin 1 Receptor: from behavior to bioanalysis 

 

but this technique also has limitations especially when it is used for monitoring 
neuropeptide levels.  

Passage of an analyte through the microdialysis membrane is typically expressed 
as percentage recovery. Earlier work has shown that multiple problems are 
encountered when applying microdialysis to sample neuropeptides (See chapter 6, 
this thesis). Ideally, recovery should instantaneously change when probes are 
transferred from an analyte free solution, to a solution containing the analytical 
standard. Chapter 6 it was demonstrates that the physico-chemical properties, the 
cut-off value of the membrane and the inclusion of bovine serum albumine (BSA) 
in the solution critically influence neuropeptide dynamics in the dialysate. These 
dynamics are arguably the most essential aspect of in vivo measurements. Yet, in 
the past very little attention was paid to the dynamics of SP in microdialysis 
experiments and one may therefore question how relevant previous studies were. 
Some other aspects of microdialysis make the analysis of neuropeptides in 
biomatrices difficult. Apart from non-specific binding of neuropeptides to the 
sampling system, levels of these compounds in brain dialysates are low and make 
ultrasensitive analysis methods mandatory. Typically, this has forced researchers to 
use antibody assays like RIA or ELISA when measuring peptides in dialysates.  

Several issues are of crucial importance when antibody assays are being used to 
measure neuropeptide concentrations in dialysates. 

1) Cross reactivity with other neuropeptides can be detrimental to the analysis. 
Neuropeptides are metabolized in vivo by peptidases. The resulting fragments 
(Michael-Titus et al., 2002), may also have considerable affinity for the antibody, 
and compromise the analysis of the original compound (Nilsson et al., 1998).  

2) The bioanalytical matrix can influence high affinity binding of antibodies to the 
neuropeptides. For instance ionic strength, pH and temperature conditons can be 
crucial in obtaining optimal results (Midgley, Jr. et al., 1969). As all these factors 
can influence the binding characteristics, a uniform matrix within a bioanalytical 
batch is desirable. Obviously, ionic strength will change with local potassium 
stimulation, which and may also influence binding to the antibody. In all, as a 
typical bioanalytical experiment is measured and compared to a calibration line in a 
single matrix, these effects are not compensated. 

3) Another confounding factor could be the measures taken to reduce non-specific 
binding of the analyte to the materials used for sample collection. As discussed 
(above and in chapter 6), addition of BSA to the perfusion solutions reduces 
nonspecific binding to the sampling system. Although albumine is also used in the 
antibody assays its concentration should not exceed a certain level, which limits its 
use (Amino et al., 1983).  

4) Antibodies are derived from biological systems and their performance may 
therefore not always be consistent. Whereas common methodological protocols 
can be used, clear differences between the overall sensitivity of the antibodies can 
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be observed between batches. Likewise, complicating factors like cross reactivity 
and dependence on physical or chemical properties might also differ between 
batches.  

Overall these issues make antibody assays a bioanalytical tool that is difficult to 
constantly control over extended periods of time when applied to in vivo samples. 

Liquid chromatography with tandem masspectrometry (LC-MS/MS) is a technique 
that allows analysis of compounds by selection of ionized compounds through 
electrostatic fields, using their mass-charge ratio. Tandem masspectrometry 
(MS/MS) can be used in combination with liquid chromatography, thus allowing 
separation of a compound of interest from a complex matrix in conjunction with 
identification of mass and mass products. These features make the methodology 
very robust, selective and sensitive. Given the identification and chromatographic 
possibilities, this method is not prone to the issues described for antibody assays. 
Arguably, mass spectrometry measures ions and hence separation from ions 
during the chromatography is needed to prevent ionization suppression (Beaudry & 
Vachon, 2006b). 

Several attempts have been made to quantify SP with LC-MS/MS (Rieux et al., 
2007; Beaudry & Vachon, 2006a), however, to our knowledge no studies have so 
far been published using this method to quantify SP in brain dialysates. The 
current study was set up to develop such a method and compare it to antibody 
assays. 
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6.2   Materials and methods 

6.2.1   Animals, Surgery and experiment 

Rats (280-350 g; Harlan, Horst, The Netherlands) were used for the experiments. 
They were individually housed in plastic cages (30 x 30 x 20 cm) and had access to 
food and water ad libitum. Experiments were conducted in accordance with the 
declarations of Helsinki and were approved by the Institutional Animal Care and 
Use Committee of the University of Groningen. 

Rats were anesthetized using isoflurane (2%, 1000 ml/min O2). Bupivacain / 
norepinephrine was used for local anesthesia. The animals were placed in a 
stereotaxic frame (Kopf instruments, USA), and I-shaped probes (PES Fresenius 
membrane, 3 mm exposed surface; BrainLink, The Netherlands) were inserted into 
striatum.  

Coordinates for the tips of the probes was for the ventral hippocampus: posterior 
(AP) = +0.9 mm to bregma, lateral (L) = +1.1 mm to midline and ventral (V) = -
6.0 mm to dura (Paxinos and Watson, 1982). 

Experiments were performed 24-48 hours after surgery. On the day of the 
experiment, the probes were connected with flexible PEEK tubing to a 
microperfusion pump (Syringe pump UV 8301501, Univentor, Malta) and perfused 
with artificial CSF, which contained 142mM NaCl, 3mM KCl, 1.2mM CaCl2, 1mM 
MgCl2 and 0.025% BSA which was freshly prepared  daily. The flow rate was set at 
1.5 µl/min. 

Microdialysis samples were collected for 30 min periods into mini-vials already 
containing 65 µl of RIA buffer for those analyzed in a radio immuno assay. 
Alternatively, samples were collected without additive, when analyzed on the 
LC/MS/MS. Microdialysis samples were collected by an automated fraction collector 
(CMA 142) and stored at -80 °C pending analysis. 

After the experiment, rats were sacrificed and their brains removed. The brains 
were stored for 3 days in a 4% (w/v) solution of paraformaldehyde. The position 
of each probe was histologically verified according to Paxinos and Watson (1982) 
by making coronal sections of the brain. 
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6.2.2   Analysis 

 

6.2.2.1   RIA 
In each assay, standard curves were prepared for SP by using known amounts of 
synthetic SP (SIGMA, St Louis, Missouri, USA) 1*10-9M - 5*10-14 prepared in aCSF 
RIA buffer (at a 45:65 ratio). Standards and samples were pre-incubated with 100 
µl of diluted SP-antiserum (Euro-Diagnostica, AB Malmö, Sweden) for 48 h at 4 °C. 
Cross reaction of SP antiserum was 100% to SP and less than 0.1% to other 
peptides. After addition of [125I]Bolton-Hunter-SP 8,000 cpm in 100 µl (Amersham 
Biosciences, Buckinghamshire, UK), all samples were further incubated for 48 h at 
4 °C. Antibody-bound radioligand was separated from unbound radioligand by 
addition of 0.6% charcoal slurry (SIGMA, St Louis, Missouri, USA) in RIA buffer (1 
ml) and centrifugation. The supernatant was removed, and the bound radioactivity 
was counted in a gammacounter (5000 Riastar, Packard, Illinois, USA). Separate 
samples, either without standards or without antibodies, were incubated 
simultaneously to measure maximal tracer binding and unspecific binding, 
respectively. The detection limit of the assay was 1 fmol per sample. 

6.2.2.2   LC/MS/MS 
 

To 45 µl standards and samples, 5 µl of internal standard (SP-5*C13-1*N15) was 
added and the sample was injected onto a C18 BDS Hypersil 10 x 2.1 mm guard 
column with a particle size of 5 µm. The initial mobile phase condition consisted of 
acetonitrile (0.1% formic acid) and ultra-purified water (0.1% formic acid) at a 
ratio of 5:95. From 0 to 3 min, the ratio was maintained at 5:95. From 3 to 8 a 
gradient was a plied to go stepwise to a ratio of 80:20. At 8.5 min the mobile 
phase composition was reverted to 5:95 and the column was allowed to equilibrate 
for 3.5 min for a total runtime of 12 min. From 0 min to 5.5 min and from 8 to 12 
min the flow was diverted directly to waste, to prevent salt and protein overload 
on the mass-spectrometer. The flow rate was fixed at 0.25 ml/min.  

The detection was performed using an API 4000 MS/MS system consisting of a API 
4000 MS/MS detector and a Turbo Ion Spray interface (both from Applied 
Biosystems, the Netherlands). The acquisitions were performed in positive 
ionization mode, with ion spray voltage set at 5.3 kV with a probe temperature of 
450 °C. The instrument was operated in multiple-reaction-monitoring (MRM) mode 
for detection of SP (precursor 450.0 amu, product 600.5 amu) and SP-5*C13-
1*N15: (precursor: 452.0 amu, product: 603.5 amu). 
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6.2.3   Data presentation 

Data are presented either in absolute output or as percentage of basal levels. For 
basal levels, three consecutive microdialysis samples with less than 50% variation 
were taken as baseline levels and set at 100%. Local infusion effects were 
expressed as percentages of basal level within the same subject. All data are 
expressed as mean ± SEM. Data was statistically analyzed by one or two way 
ANOVA; p < 0.05 was considered significant.  
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6.3   Results: 

 

6.3.1   Analysis method 

Fig. 1A shows the variation in SP-5*C13-1*N15 levels measured by RIA overnight 
and fig. 1B shows a typical chromatogram of Substance P and its internal standard 
SP-5*C13-1*N15. 

A     B 

 

Figure 1  Internals standard of SP tested for stability overnight (1A) and a typical 
chromatogram of SP and internal standard (IS), measured by LC-
MS/MS (1B) 

 

Detection limit of SP in the RIA was around 1 fmol/45 µl. Levels of SP varied 
between 1 fmol and 13 fmol per sample. A typical calibration curve of SP by RIA is 
shown in Fig. 2A For the LC/MS/MS detection with a stable isotope of SP as 
internal standard levels of SP varied between 0.23 fmol and 4.6 fmol/sample. 
Analysis of Substance P with LC-MS/MS was linear over three decades as shown in 
Fig. 2B.  
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Figure 2  Examples of typical calibration curves for SP measured by RIA (A) and 
with LC-MS/MS (B) 

 

It appears that the LC-MS/MS measurements give more reproducible calibration 
curves of SP than the RIA analysis. The detection limit of SP measured with RIA 
ranged from 1 to 3 fmol/sample, depending on the antibody batch that was used. 
For the LC-MS/MS analysis the capacity of the guard column was found to be the 
critical factor that determined the limit of detection. 

6.3.2   Result of analysis method in vivo 

Fig. 3 shows the basal striatum and DRN concentrations of SP measured by RIA or 
LC-MS/MS. It appears that the basal level of SP in the striatum measured by RIA is 
significantly higher than that measured with LC-MS/MS. A comparable effect was 
observed in the basal levels of SP in the DRN as well. The difference observed in 
the striatum is approximately seven-fold and in the DRN threefold. Both in striatum 
and DRN the difference was statistically significant according by one way ANOVA 
(p < 0.001). 
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Figure 3  Basal output of Substance P in the striatum and DRN measured with 
either RIA or LC-MS/MS. *** indicates p < 0.001 
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Figure 4  Effect of local potassium infusion into the dorsal raphe nucleus. Panels 
A and B show the relative and absolute data, respectively. * indicates p 
< 0.05 

 

By reversed microdialysis it is possible to locally infuse compounds or to change 
the ionic balance in the target area. An increased extracellular potassium or 
calcium concentration leads to increased exocytosis of the neurotransmitter, which 
in turn increases the extracellular neurotransmitter concentration. Local stimulation 
of potassium in the dorsal raphe nucleus of rats showed an increase in 
extracellular SP levels (Fig. 4). The relative increase in extracellular levels of SP is 
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comparable between the analysis methods. A significant time effect at t = 30 
minutes is seen for the local potassium stimulation (two way ANOVA, using 
Student Newman Keuls post-hoc test: F7,42 = 2.309, p < 0.05) on extracellular SP 
concentration, although this effect could not be attributed to a specific analysis 
method. 
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Figure 5  shows the effect of a local infusion of potassium in the striatum. Panels 
A and B show the relative and absolute data, respectively. * indicates p 
< 0.05 

Local potassium stimulation in the striatum of the rat does not show any effect on 
the extracellular concentration of SP levels (Fig. 5), but when the same experiment 
was repeated and measured with LC-MS/MS a minor increase to 150% of basal 
values is observed. This effect was however not found to be statistically significant 
in a two way ANOVA (F6,30 =1.078, p = 0.398). 

6.3.3   In vivo experiments 

 

As shown above, local stimulation for 60 minutes with 60 mM potassium resulted 
in increased extracellular SP up to 150% of basal levels in the dorsal raphe 
nucleus. Similarly we tried the effect of increased calcium concentration in the 
DRN. However, this did not appear to affect extracellular SP comcentrations, 
neither did the omission of calcium in the perfusion fluid (Fig. 6). 
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Figure 6  Effects of different local infusions into the DRN on extracellular level of 
Substance P measured by LC-MS/MS. 

 

Local infusion in the striatum of a high potassium concentration in the perfusion 
medium resulted in an increase extracellular SP to 150% of basal level. Local 
infusion of high calcium or TTX did not alter extracellular SP concentrations (two 
way ANOVA for repeated measurements: F14,84 =1.539, p = 0.115) (Fig. 7). 
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Figure 7  Effect of different infusions into the striatum on extracellular SP 
measured by LC- MS/MS 
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6.4   Discussion 

 

Microdialysis is a well established technique that is routinely employed to monitor 
neurotransmitter release in the brains of freely moving animals. Conventionally the 
method is used to monitor small polar neurotransmitters like monoamines 
(norepinephrine, dopamine and serotonin), aminoacids (GABA, glutamate) and 
acetylcholine (Westerink, 2000). In the previous chapter we showed that a 
thorough study of membrane characteristics is necessary, to obtain optimal 
conditions for performing microdialysis to study neuropeptides. Here we show that 
optimization of the analytical conditions for studying neuropeptides is equally 
important. 

Although antibody assays of SP in dialysates have been applied abundantly 
(Lindefors et al., 1985b; Ebner et al., 2004), no studies have described the 
quantification of SP in microdialysates using LC-MS/MS. This is primarily due to the 
complications that arise when studying microdialysates. For instance, Ringer used 
for microdialysis contains large amounts of salts and BSA, which interfere / foul the 
mass spectrometer. To prevent this, a a guard column was was successfully 
combinined with the LC step to remove BSA and desalt the solution. 

Interestingly, it was observed that quantification of neuropeptide levels in 
dialysates using antibody assays give of up to 5 times higher levels of SP then 
quantification by mass spectrometry. This means that ~80% of the signal that is 
measured using the current antibody method would result from partial degradation 
products from SP or from other abundant neuropetides. Although not all published 
studies used the same antibody as the present study, observed levels where close 
to those found in the present antibody assays. In addition, when levels would have 
been as low as quantified with MS, RIA sensitivity would not have been sufficient. 
This observation is in line with several previous studies in which antibody assays 
were compared to masspectrometry (Nilsson et al., 1998). For neuropeptide Y, 
somatostatin and galanin similar observations have been reported, indicating that 
data of antibody assays should be interpreted with care (Nilsson et al., 2001). The 
major part of the signal measured for SP is apparently derived from degradation 
products of SP or from other tachykinins and their degradation products, rather 
than the SP itself. In this respect it is of interest that also the degradation products 
have been found to be functional in vivo (Khan et al., 1995; Khan et al., 1996). 

In the DRN the relative effect of infusion of potassium is consistent between RIA 
and LC-MS/MS analyses. Both result in a rise of extracellular SP to about 150 % of 
basal values. The absolute values however, are 3-fold lower in the samples 
analyzed by LC-MS/MS. This indicates that the degradation products and other 
peptides additionally measured with RIA, show the same response to potassium 
stimulation as SP alone. In the striatum a small increase of 50% was observed in 
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the samples, measured by LC-MS/MS, but not in the samples measured by RIA. 
Other studies have reported a rise for potassium stimulation in different brain 
areas measured by RIA (for an overview see (Ebner & Singewald, 2006)).  

No effect was observed when either the sodium channel blocker TTX or elevated 
calcium was infused into the DRN or striatum. As both RIA and MS analysis 
showed no significant effects, these data lead to the conclusion that SP is not 
modified by impulse dependent mechanisms or calcium dependent mechanisms. 
Since no effect was observed in the samples analyzed with RIA, the concentration 
of the degradation products of SP and other peptides are not TTX and calcium 
dependant either. This might be explained by the fact that the calcium dependent 
release of neuropeptides is regulated by the L-type calcium-channels and not as 
for e.g. norepinephrine, the N-type calcium channel (Hirning et al., 1988;Perney et 
al., 1986). These L- type channels are more sensitive to intracellular calcium, 
which appears not to be not affected by the extracellular changes of calcium 
(Perney et al., 1986; Holz et al., 1988). This is in contrast to in vitro results, where 
clear release of SP from slices was observed in response to increased extracellular 
calcium (Huang & Neher, 1996). SP appears to be insensitive to the effect of local 
TTX infusion. This is probably because neuropeptides often not only have 
neurotransmitter like transmission, but also a paracrine like transmission within the 
brain (Wotjak et al., 2008). This concept has been postulated on the basis of 
anatomical studies, showing that some SP terminals are not in close proximity of 
the preferred NK1 receptor (Liu et al., 1994; Vruwink et al., 2001). This could 
explain why the local TTX induced decrease of SP transmission is not observed, 
since paracrinic SP replenishes the local concentration at faster rate than the local 
exocytosis. Paracrinic transmission is also observed for serotonin and serotonin 
decreases after local application of TTX (Bunin & Wightman, 1998). Serotonin is 
however degraded faster than SP, which could explain the observed differences. 

 

Overall the present study clearly shows that microdialysis of neuropeptides is 
complicated by multiple factors. Whereas antibody assays measure SP and its 
degradations products, the pharmacological response to potassium stimulation is 
similar in this study. SP levels as quantified by microdialysis appear to be not 
related to neuronal impulse flow or to be extracellular calcium dependent. The 
extent to which the parallel release of SP and its degradation products holds for 
additional pharmacological studies is unknown. In conclusion, mass spectrometry 
appears to be a more precise analysis technique than RIA and should be applied to 
ensure identity of the compound under study. 
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This thesis discussed the function of the neuropeptide Substance P from the 
molecular to the behavioral level. Substance P is abundantly distributed in the 
brain and belongs to the neurokinine family. When it was discovered that 
antagonists for the neurokinine NK1 receptor, to which Substance P preferentially 
binds, have antidepressant properties in animal models, both the preclinical and 
clinical research was intensified. The first open label clinical studies with the NK1 
antagonist MK 869 were indeed promising, but the initial results could not be 
reproduced in a larger double-blind placebo-controlled study. Two factors may 
have contributed to the disappointing results in the latter study. Firstly, the focus 
in antidepressant research is primarily on monoaminergic systems. This focus has 
been ongoing for so many years that this may have led to a certain emphasis on 
monoamine related symptoms of depression, excluding other factors that could 
play a role in the biological mechanisms which are responsible for major 
depression. This would have possibly left some marks on the questionnaires used 
in clinical studies, which are used for measuring the effectiveness of 
antidepressant treatment. The tree-shrew studies in the first part of this thesis 
may also be instructive in this respect. The classic monoamine antidepressant 
clomipramine, a drug that primarily affects the monoaminergic system, was used 
as a control compound. Initially it shows that an NK1 antagonist displays similar 
efficacy when compared with important aspects of our model. However, some 
differences were observed, especially on immune system function parameters. This 
might indicate that NK1 antagonists are less efficacious with certain symptoms of 
depression, but it also illustrates that potential new types of antidepressants, which 
target other neuronal systems, can’t shown the same efficacy in treating 
depression, since they target other, not taken into account, symptoms.  The 
disappointing results with glucocorticoid receptor antagonists in major depression 
may also point in that direction. Secondly, the efficacy of the traditional 
monoamine-based antidepressants is far from satisfactory. The effectiveness of 
antidepressants barely exceeds placebo response according to a large meta-
analysis of clinical studies in major depression. This is not only caused by the 
complexity and considerable heterogeneity of the disease, but it also indicates that 
it is far from trivial to demonstrate antidepressant efficacy in clinical studies. The 
moderate efficacy of the classic antidepressants and the lag time of the therapeutic 
response have inspired researchers to investigate augmentation strategies to 
improve their antidepressant effect. When it was discovered that an NK1 antagonist 
augmented the effect of an SSRI on extracellular 5-HT levels in prefrontal cortex of 
mice, a revived interest in NK1 antagonists for treating depression occurred. 
Augmentation strategy for treating depression is already pursued by targeting 
classical antidepressant in combination with compounds that exert their effect on 
monoaminergic receptors. However, preclinical research continued and it showed 
that large differences exist with respect to the NK1 receptor between species. The 
same turned out to be the case for SP neuronal architecture. This species variation 
is likely to have a major impact on the pharmacology of NK1 antagonists. In 
addition, the differences in neuronal architecture suggest that Substance P is 
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involved in different central processes in the various species. This is indeed 
supported by our study in guinea pigs wherein augmentation of 5-HT levels was 
observed in ventral hippocampus but not prefrontal cortex, indicating that one 
should be cautious with generalizing SP data from mice to other species. The study 
in guinea pigs also demonstrates the need for more fundamental research to fully 
comprehend the role of Substance P in the brain. This requires a reliable in vivo 
assessment of Substance P, with both the sampling and the analysis being 
optimized.  

 

In chapters 2-4 of this thesis the effect of chronic treatment with the NK1 
antagonist L-760,735 on psychosocial stress in tree shrews is studied, using the 
antidepressant clomipramine as a reference. Phylogenetically, tree shrews are in 
between insectivores and primates and thus more closely related to humans than 
rodents are. The tree shrew model is based on social defeat and has been 
validated extensively with antidepressants from various pharmacological classes. 
Moreover, it has excellent construct and face validity and a variety of behavioral 
and biological parameters can be studied. 

 

In chapter 2 the endocrine and behavioral responses are studied. Psychosocial 
stress in tree shrews induces HPA-axis hyperactivity, which is also seen during 
chronic stress and depression in humans. Furthermore a traumatic or stressful life 
event is seen as a trigger for depression. Behaviorally, locomotor activity, marking 
and grooming behavior are reduced by chronic psychosocial stress in tree shrews. 
Moreover, submissive animals display significantly more freezing behavior when 
confronted with a dominant male. Both clomipramine and L-760,735 were capable 
of reversing the impaired HPA-axis activity and behavior. The normalization of the 
behavioral parameters by clomipramine can be explained by its antidepressant 
properties, since anxiolytics were not capable of normalizing of the chronic 
psychosocial stress induced changes, indicating that L-760,735 has antidepressant 
properties. 

 

In chapter 3 the effects of L-760,735 on neuroplasticity and brain metabolism are 
studied. Psychosocial stress in tree shrews has a major effect on brain plasticity: 
the hippocampus decreases in size and neurogenesis is diminished in dentate 
gyrus. Brain metabolism, as measured by magnetic resonance spectroscopy, is also 
reduced in stressed animals. Treatment with clomipramine or L-760,735 was able 
to partially restore brain plasticity and metabolism. L-760,735 even appeared to be 
more effective than clomipramine. 

 



 

 

 

182 

 

 

 

 

  Compleet 18 mei.doc 

Substance P and the Neurokinin 1 Receptor: from behavior to bioanalysis 

 

In chapter 4 the effect of L-760,735 on the disturbed immune function caused by 
psychosocial stress was studied and compared to effects of the antidepressants 
clomipramine, fluoxetine and tianeptine. Immune function was determined by in 
vitro activation of splenocyte proliferation by the T-cell mitogen concavalin A. In 
control animals chronic psychosocial stress increased [3H]thymidine uptake in 
splenocytes approximately 5 fold. Only fluoxetine and tianeptine were able to 
significantly reverse the increased proliferation. Spleen weight was found to be 
reduced in stressed animals as well, but only clomipramine and tianeptine were 
able to normalize this effect. 

 

In chapter 5 the effect of combined administration of a SSRI with a NK1 antagonist 
on extracellular serotonin levels was investigated in the guinea pig prefrontal 
cortex and ventral hippocampus. Most antidepressants exerts their pharmacological 
effect on the serotonin system and previous microdialysis studies had 
demonstrated that NK1 antagonists are capable of augmenting the effect of SSRIs 
on extracellular serotonin levels in the prefrontal cortex of rats and mice, it was 
suggested that NK1 antagonists might improve therapeutic efficacy of SSRIs. We 
were able to replicate the rodent findings using fluoxetine and the NK1 antagonist 
GR 205171 in the guinea pig ventral hippocampus but not in prefrontal cortex. 
These data support the idea that SP neuronal architecture varies among species. 
Also, they imply that extreme caution must be taken when translating animal data 
to different species, and to the clinic.  

 

Chapter 6 investigates dynamic behavior of Substance P in microdialysis and the in 
vitro recovery. In vivo concentration determination of Substance P is indispensable 
for full comprehension of the neuropeptide’s role in the central nervous system. 
Although several microdialysis studies on Substance P have been previously 
reported, microdialysis has never been properly validated for neuropeptides. To 
this end we investigated the performance of several microdialysis membranes. It 
appeared that the physicochemical properties of the membrane and their pore size 
are critical to achieve detectable levels of Substance P to measurable dynamic 
behavior of the neuropeptide. It was possible to achieve detectable levels of 
Substance P with both poly-ether-sulphon (PES) and cellulose membranes, but 
only when bovine serum albumin was included in the perfusate to minimize non-
specific binding of Substance P to the sampling system. However, PES was the 
only membrane that also met our criteria regarding the dynamic response to 
potassium stimulation in vivo. 

 

Chapter 7 compares the conventional RIA analysis of Substance P with a newly 
developed LC-MS/MS method. RIA is sensitive but cross reactivity with related 
peptides or degradation products complicates interpretation of data. Moreover, 
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changes in ion strength that occur during in vivo assessment might influence the 
affinity of the antibody for the peptide. We have developed a coupled LC-MS/MS 
method that is both more sensitive and more selective than RIA for Substance P. 
The methods were compared, using microdialysates from striatum and dorsal 
raphe nucleus of freely moving rats. On average, levels of Substance P were four 
times higher in RIA then when analyzed by LC-MS/MS. However, the relative 
increase following potassium stimulation in dorsal raphe nucleus was comparable 
between the methods. This suggests that with RIA degradation products of 
Substance P are also cross-reacting when determining Substance P levels. Infusion 
of tetrodotoxin, elevation of the calcium ion concentration or omission of calcium 
from the perfusate had no effect on Substance P dialysate levels, indicating that 
the detection of neurotransmission of Substance P does not meet the classical 
neurotransmitter release criteria. Our data indicate that critical evaluation of the 
analysis method is important when determining neuropeptide levels in in vivo 
experiments. 

 

Conclusion 

Several aspects of Substance P have been investigated in this thesis. NK1 
antagonism appeared to fulfill several criteria for antidepressant-like behavior in 
the tree shrew model. The NK1 antagonist was able to augment the effect of SSRIs 
on extracellular serotonin levels in the ventral hippocampus of the guinea pig but 
not in the prefrontal cortex. Some inconsistencies in the current literature may be 
related to species differences in NK1 receptor function and Substance P neural 
architecture. Clearly, more research is required to fully understand the role of 
Substance P in the central nervous system. One important step forward in 
neuropeptide research, as presented in this thesis, is the development of an in vivo 
assessment method for Substance P that can be used to quantify the peptide 
reliably in freely moving animals. 
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Affectieve stoornissen zoals angst en depressie zijn aandoeningen die een grote 
invloed hebben op het welbevinden van patiënten en op hun omgeving. Uit 
epidiomologische studies blijkt dat een belangrijke traumatische gebeurtenis een 
rol kan spelen in de ontwikkelingen van deze aandoeningen. Wereldwijd worden 
deze aandoeningen beschouwd als een van de belangrijkste oorzaken van 
invaliditeit. Volgens de wereld gezondheids organisatie (WHO) zullen, in 2020, 
angst en depressie de op één na belangrijkste aandoening zijn, na cardio-
vasculaire aandoeningen. Men verwacht zelfs dat affectieve stoornissen voor 
vrouwen de voornaamste oorzaak van ziekte zullen zijn. Helaas is er de laatste 
jaren weinig vooruitgang geboekt in het begrip van de onderliggende oorzaken van 
depressie evenals in de ontwikkeling van nieuwe geneesmiddelen. 

Chronische stress wordt gezien als een van de factoren die bij de ontwikkeling van 
depressie een belangrijke rol speelt. Dit uitgangspunt wordt dan ook veel gebruikt 
in onderzoek naar de depressie en naar de ontwikkeling van nieuwe 
geneesmiddelen,zo ook in dit proefschrift.  

Boomfeeksen (tupaia belangeri) zijn kleine dieren, ongeveer zo groot als een 
eekhoorn, waar ze op het eerste gezicht ook veel op lijken. Maar in de classificatie 
staan ze tussen de primaten en insecteneters. Ze leven solitair in de regenwouden 
van Maleisië, waar ze in bomen leven. Het zijn dagdieren die hun territorium 
beschermen tegen andere indringers. Om hun territorium te beschermen vechten 
de manlijke boomfeeksen met elkaar. 

In het model dat voor dit onderzoek is gebruikt, worden onervaren manlijke 
boomfeeksen in het gebied van een ouder ervaren dominant dier binnen gelaten. 
De jonge dieren worden als indringers gezien en opgejaagd, dit is een stressvolle 
ervaring voor hen. In de natuur gaat de jonge verslagen boomfeeks dan ook weg, 
en op zoek naar een ander leef gebied. Maar in dit onderzoek wordt het jonge 
verslagen dier constant geconfronteerd met het dominante dier, waar het van 
verloren heeft.  

Door ze dagelijks deze ervaring te laten ondergaan en door ze te confronteren met 
verschillende dominante dieren, gaan de jonge dieren zich “depressief” gedragen. 
Ze gaan zich minder bewegen, ze verzorgen zichzelf minder en ze markeren hun 
omgeving minder of helemaal niet.  

Naast deze gedragsveranderingen, veranderen er ook allerlei fysiologische 
parameters. Zo stijgt de concentratie van cortisol (het belangrijkste stress 
hormoon) in hun bloed en urine. Het onderdrukt het immuun systeem, maar heeft 
ook, als het langdurig verhoogd is, negatieve effecten op de hersenen.  

Buiten verhoogde cortisol concentratie, stijgt ook de concentratie van 
noradrenaline in de ochtend urine. Dit geeft aan dat de mannetjes constant alert 
zijn op wat er eventueel kan gebeuren, omdat de dominante boonfeeks constant 
bij ze in de buurt is en ze niet weten wat er kan gebeuren. 
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Na enkele weken van dit soort stressvolle dagen, blijkt dat er in de hersenen ook 
veel is veranderd. Zo zijn in de hippocampus, een hersen gebied dat bij veel 
processen een belangrijke rol speelt, de contacten tussen de hersencellen sterk 
verminderd. Daarnaast worden er minder nieuwe hersencellen aangemaakt als de 
dieren dagelijks aan de psychosociale stress worden blootgesteld. Ook is de 
concentratie van bepaalde metabolieten (een maatstaaf voor de algemene 
activiteit van de hersenen) sterk verlaagd. In eerdere studies is aangetoond dat de 
dieren door behandeling met antidepressiva, ondanks de dagelijkse stress, minder 
veranderingen vertonen in hun gedrag. Daarnaast worden allerlei functies van hun 
hersenen minder aangetast.  

Dit model maakt het niet alleen mogelijk de gevolgen van chronische stress te 
onderzoeken, maar vooral ook om potentiële nieuwe behandelingen voor depressie 
te onderzoeken. Een belangrijke reden om dergelijk onderzoek te doen in dit 
model, is dat erkende geneesmiddelen voor bijvoorbeeld angst de negatieve 
effecten van de chronische stress niet volledig kunnen omkeren. 

 

Vandaar dat dit model wordt gebruikt om de werking van “nieuwe” antidepressiva 
te onderzoeken. Dit type wordt als nieuw beschouwd omdat het op farmacologisch 
gebied een ander mechanisme in de hersenen aangrijpt dan de zogenaamde 
klassieke antidepressiva (de nu erkende geneesmiddelen) gebruikt. Traditionele 
antidepressiva werken voornamelijk op het monoaminerge systeem. 
Neurotransmitters zoals serotonine, noradrenaline en dopamine vallen in deze 
groep. Het nieuwe antidepressivum, gebruikt in dit proefschrift is een Neurokinine 
1 antagonist. Neurokinines zijn kleine eiwiten, ook wel peptides genoemd, die 
bestaan uit ongeveer 11 aminozuren. Substance P is de bekendste ervan en oefent 
zijn werking voornamelijk via de Neurokinine 1 Receptor uit. Het nieuwe 
antidepressivum gebruikt in dit proefschrift blokkeert de Neurokinine Receptor.  

 

Om de effectiviteit van het nieuwe antidepressivum te testen, heb ik gekeken naar 
het effect ervan in de boomfeeks. Hierbij heb ik vooral gekeken naar het gedrag en 
de fysiologische parameters, waarvan bekend is dat ze veranderen onder invloed 
van  chronische psychosociale stress. Het doel van deze deze metingen was het 
uitzoeken van mogelijk nieuwe behandel methoden tegen depressie, dat is van 
groot belang aangezien maar 70 % van de patiënten goed reageert op de 
bestaande behandel methoden. 

 

Uit dit proefschrift blijkt inderdaad dat de Neurokinine 1 antagonist vele door 
chronische stress veroorzaakte veranderingen in het lichaam kan tegengaan of 
normaliseren zoals de traditionele antidepressiva. Het gedrag, zoals zelfverzorging 
en markering worden genormaliseerd door de behandeling. Bovendien worden 
allerlei parameters die veranderen in de hersenen ten gevolge van stress -zoals de 
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grote van hun hippocampus, het aantal nieuwe hersencellen dat per dag wordt 
aangemaakt en hersen metabolieten- genormaliseerd.  

De chronische psychosociale stress heeft ook een verstorend effect op het 
functioneren van het immuun systeem. De klassieke antidepressiva kunnen die 
verstoring gedeeltelijk tegengaan, maar de Neurokinine 1 antagonist niet. 

 

Daarnaast hebben klinische studies de positieve effecten van Neurokinine 1 
antagonisten niet kunnen bevestigen in de behandeling van depressie. Wel was 
duidelijk geworden dat Neurokinine 1 antagonisten betrokken zijn in hersen 
processen die een rol spelen in de verwerking van emoties zoals angst en 
depressie in muizen. De gedachte ging daarom vervolgens uit naar een combinatie 
behandeling met de traditionele antidepressiva en de Neurokinine antagonisten 
samen. Eerdere studies hebben aangetoond dat deze combinatie zeer hoopgevend 
is. In dit proefschrift wordt onderzocht of deze combinatie ook toepasbaar is in 
cavia’s. Er is namelijk een variëteit is tussen diersoorten in de reactie op 
geneesmiddelen. Kleine structuur verschillen tussen eiwitten in de hersenen 
kunnen namelijk de werkzaamheid van een geneesmiddel beinvloeden. Van 
bepaalde receptoren in de hersenen is bekend dat ze verschillen tussen muis, rat, 
cavia, boomfeeksen en mensen. Dit geldt ook voor de Neurokinine 1 receptor, die 
van de mens is vrijwel hetzelfde als die in boomfeeksen en cavia’s.  Daarentegen is 
de Neurokinne 1 receptor in ratten en muizen anders dan die in mensen. Dit 
betekent dat de Neurikinine 1 antagonisten voor de kliniek niet onderzocht kunnen 
worden in ratten en muizen. Om toch een goed model voor Neurikinine 1 
antagonisten te hebben, is het belangrijk te onderzoeken of de bevindingen in 
muizen in cavia’s kunnen worden herhaald. Als dit het geval is, dan zou een 
combinatie therapie van antidepressiva en Neurokinine receptoren ook werkzaam 
in de kliniek kunnen zijn. 

Uit mijn onderzoek is gebleken dat een combinatie therapie van antidepressiva en 
Neurokinine 1 antagonisten waarschijnlijk geen meerwaarde voor de kliniek zal 
hebben, aangezien er geen effect werd gevonden in cavia’s. Een mogelijke verdere 
verklaring is dat er niet alleen een verschil is tussen de structuren van de receptor 
in de verschillende organismen, maar ook in de rol die de receptor in de hersenen 
speelt. 

 

Uit het bovenstaand onderzoek is gebleken dat de kennis over de functie van 
Substance P in hersenen tekort schiet. Een reden hiervoor is, dat het meeste 
onderzoek aan Substance P indirect is. Dat wil zeggen, dat Substance P niet zelf 
wordt gemeten, maar de gevolgen in de hersenen van het verhogen of verlagen 
van Substance P in de hersenen. Ook wordt niet gekeken naar de invloed van 
bekende processen op Substance P. Dit komt doordat de concentratie van 
Substance P in de hersenen heel laag is en dus moeilijk te meten is met bestaande 



 

 

 

  189 

 

 

 

 

Compleet 18 mei.doc 

 
Nederlandse Samenvatting 

analyse methodes. Daarnaast is Substance P groter dan de klassieke 
neurotransmitters (bv. serotonine en dopamine). Dit maakt bepaling van 
Substance P met de door mij toegepaste onderzoeksmethoden lastig. In dit 
proefschrift wordt een verbeterde onderzoeksmethode beschreven, die het 
mogelijk maakt om in de toekomst het de concentraties van Substance P direct te 
onderzoeken, alsook de gevolgen van een verandering in de concentratie. 

 

Een van de voor dit proefschrift toegepaste onderzoeksmethoden is microdialyse. 
Dit is een methode waarbij gebruik gemaakt wordt van een halfdoorlaatbaar 
membraam. Kleine moleculen komen er makkelijk doorheen, maar grotere 
moleculen hebben daar problemen mee. Deze techniek werkt goed om 
veranderingen in neurotransmitter concentraties in de hersenen te bestuderen. Om 
Substance P in de hersenen beter te bestuderen ben ik op zoek gegaan naar 
membranen die Substance P beter doorlaten. Daarnaast heb ik gekeken of de 
membranen ook geschikt zijn om veranderingen in de concentratie van Substance 
P in de hersenen te kunnen volgen. Van de vijf geteste membranen blijkt er slechts 
één geschikt te zijn om Substance P te bestuderen met behulp van microdialyse. 

 

Een ander probleem dat bij het bestuderen van Substance P meespeelt is dat 
Substance P lastig te meten is met de huidige beschikbare analyse methoden. Dit 
effect wordt versterkt door het feit dat Substance P in hele lage concentraties in de 
hersenen voorkomt. 

De enige bestaande mogelijkheid om Substance P te meten was met behulp van 
een zogenoemde antilichaam methode. Hoewel de antilichamen zo gemaakt zijn 
dat ze alleen maar aan Substance P zouden kunnen binden, blijkt dat in de praktijk 
niet het geval te zijn. In dit proefschrift wordt een nieuwe techniek om Substance 
P betrouwbaar te kunnen meten beschreven, namelijk massaspectrometrie. Het 
blijkt dat door een eenvoudige chromatografische scheidingsmethode te koppelen 
aan een massaspectrometer het mogelijk is om Substance P te meten in 
hersenvloeistof monsters. Met deze methode is de data in dit proefschrift gemeten 
en vergeleken met de antilichaammethode. Het blijkt dat conclusies getrokken uit 
de data verkregen met behulp van de oude methode, soms effecten meeneemt die 
komen van peptiden die op Substance P lijken. Hierdoor zouden belangrijke 
processen in de hersenen ten onrechte toegeschreven kunnen worden aan 
Substance P. Helaas is al veel onderzoek gedaan met de oude methode. Veel van 
dat werk zal overgedaan moeten worden, omdat de kans groot is dat er verkeerde 
conclusies uit getrokken zijn. 

  

Met de nieuwe methode is niet alleen mogelijk om Substance P concentraties in de 
hersenen te bepalen, maar ook die concentraties van andere peptiden in de 
hersenen. Dit is van groot belang, omdat meer en meer blijkt dat de peptiden in de 
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hersenen een erg belangrijke rol spelen in de fijn-reguleren van allerlei processen. 
Het meten van peptide concentraties is daarom een belangrijke stap vooruit op de 
route naar de ontwikkeling van nieuwe geneesmiddelen. 
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Dan zijn we nu aangekomen bij het meest gelezen gedeelte van het proefschrift. 
En ik heb vele mensen te danken en waarschijnlijk zal ik er ook nog wel een paar 
vergeten. 

Ik heb om hier te komen een lange reis gemaakt, wat begon in Göttingen in 
Duitsland bij het primaten centrum aldaar om uiteindelijk via Groningen te eindigen 
in San Francisco in de Verenigde Staten. 

 

Maar laat ik bij het begin beginnen. Thomas en Fokko, dank je wel voor het 
vertrouwen in mijn kwaliteiten om dit traject aan te kunnen. Inmiddels hebben 
jullie wel gemerkt dat ik me makkelijk af liet leiden door nieuwe en andere 
projecten, die het traject niet echt versneld hebben. Maar jullie enthousiasme, 
vertrouwen en betrokkenheid hebben er uiteindelijk wel toe geleid dat dit boekje 
er uiteindelijk gekomen is. De vele kleine momenten die zich over het hele traject 
hebben afgespeeld zijn er teveel om op te noemen, maar allemaal stuk voor stuk 
memorabel. Sommigen goed als sterke kroegverhalen andere inspirerend om me 
verder te ontwikkelen. Dank daarvoor. 

 

When I started out in Germany at the primate centre I was still “wet behind my 
ears” (Dutch expression for being inexperienced) so it was a very good experience 
for me. It tought me that indeed I had learned something during my 
undergraduate-studies, which was useful for my research. I would like to thank 
prof. Fuchs for having the faith that I could independently set-up and plan an 
experiment with the most special animals I have encountered (probably, because it 
is hard not to adore the tree shrews). Once you get to know them, they will never 
leave your heart and I miss them still on a daily basis. But I also cherish the small 
talk and the conversations we had about science, European collaborations, 
publishing politics. I am sure my period at the DPZ formed a lot as a scientist. Also 
the diversity of techniques and research areas of our group and the readiness to 
share the knowledge with each other made working at the DPZ pleasant. 
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I have to also thank Gabriel (Txiki), thank you for introducing me with working 
with the tupi’s, you made sure that I got familiar with all the things necessary to 
work with the tupi’s. When you went back to Spain I missed you a lot. You taught 
me to be critical to previous data, but also to play around with raw data, since 
maybe there would be something in it, which you can miss and that would be 
waste. And then we had our Friday afternoon sessions to figure out a new function 
in Coreldraw together with Jeanine, when all the Germans left for their weekend 
we figure out ways to make our posters and figures better and fancier. Thank you 
for all that.  

En ja dan kom ik nu bij de Nederlandse enclave op het DPZ. Jeanine je was en 
bent vast en zeker nog steeds een fantastische collega. De twee en half jaar dat ik 
op het DPZ was, was jij er ook. Steun en toe verlaat in alle frustraties die bij 
onderzoek komen kijken. Ik heb een groot respect voor jouw perfectionisme. Voor 
mij was het altijd een groot inspiratie om beter mij best te doen of extra tijd te 
besteden om grafieken net iets mooier te krijgen. Maar ik mag natuurlijk ook niet 
onze verwondering over de fietskwaliteiten van de Duitsers in Göttingen vergeten. 
Maarten als mede koffie junk en criticus van de Nederlandse politiek was je 
onmisbaar voor mijn goede tijd aan het DPZ. Maarja, helaas was je snel weg toen 
ik om de hoek kwam kijken, maar aangezien ik veel van jouw onderzoek heb 
gebruikt om mijn werk op te starten heb je een grotere invloed op me gehad, dan 
dat je ooit verwacht zou hebben. 

Boldizsar, the stoic Hungarian on the lab. Always thinking ahead and with view 
about the politics of publishing and the science world. Always taking time to 
explain me the choices for certain approaches, which in the long run helped me a 
lot to become more independent in making my decisions. Then, slowly people 
leave and new people arrive, like Urs and Keneoue from the Neuroscience 
program. Together with you and the rest of your program, like Christian and 
Martin we had a good time outside the lab. Tania I have to thank especially, in one 
way you are true to many prejudices about Italians, but only the positive ones. 
Passionate about everything, science, food, friendship, family, good atmosphere 
and so much more. I really had a good time with you and when I am in Italy 
again, I am sure I’ll make a detour and visit you again. Barthel, I left you with the 
responsibility over the tupi’s and I really hope that you enjoyed working with them 
as much as I did. And of course Gaby, I did not have much contact with you, but I 
always saw our contacts as a symbol of the diversity of the group. Even though 
there were always so many different research lines within the group, we always 
managed to know about each other’s work, what we did and how we could help 
each other. It seemed so natural back then, but I learned in the meantime, that it 
is actually really unique, that although the group had heterogeneous projects, it is 
a homogeneous group. I miss it a lot. 
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Ich möchte mich auch gerne bei meinen Kollegen am DPZ bedanken. Ihr wart alle 
grossartig und dank Euch war mein Aufenthalt in Göttingen sehr angenehm. 

Zuallererst möchte ich mich bei Heino und Achim ganz herzlich bedanken, die 
meinen Aufenthalt in der Einheit sehr angenehm gestalltet haben. Wenn mal 
wieder morgens früh die Tiere eingesperrt werden mussten, dann haben sie immer 
gute Laune mitgebracht und waren so wieder einmal fuer einen guten 
Tagesanfang besorgt. Dadurch hat mir die Arbeit in der Einheit immer viel Spaß 
gemacht und ich danke Euch dafür. Aber auch die Gespraeche über Weltpolitik, 
Geschichte, Kultur unsw. waren immer toll. Es war wirklich eine Freude morgens 
um sieben Uhr in die Einheit zu kommen. 

Auch im Labor habe ich mich wie zu Hause gefühlt. Steffi, Simone und Miriam, Ihr 
wart immer super hilfreich bei den Vorarbeiten für die Experimente und ich habe 
dabei gelernt, dass wenn man eine lanweilige Arbeit zusammen macht, es ziemlich 
gut zu tun ist. Andreas, fuer mich war es sehr angenehm das da auch einer mit 
analytische Qualitaeten war. Ich hoffe das es auch fuer dich eine Veratmung war, 
das da mal enlich eine Doktorandin war die das verstand. 

 

Obwohl es manchmal so aussieht, als ob das Leben einer Doktorandin sich nur im 
Labor abspielt, habe ich doch auch ein zu Hause in der Heinrich Heine WG gehabt. 
Anna, Jana, Marek, Tom, Emmy und Miriam, es war echt total super mit Euch 
zusammen. Auch dank den taeglichen Besucher, wie Ravi und Emma, Ihr habt alle 
die WG als ein warmes zu Hause eingerichtet. Ich werde nie die Studien ueber 
deutschen Hip Hop, die total gut organisierten WG-Partys, unseren Trip zum 
Altstadtfest in Saarbrücken und all die anderen Sachen vergessen, die wir 
zusammen gemacht haben. 

Ich habe mit Euch wirklich ein gutes zu Hause gehabt und das hat auf jeden Fall 
dafuer gesorgt, dass ich kaum Heimweh gehabt habe. 

Aber ich danke Euch auch für die Gastfreundlichkeit, wenn die Truppe aus 
Groningen mal wieder fuer ein ganzes Wochenende die WG eingenommen hat. Ihr 
habt auf jeden Fall meinen Aufenthalt in Deutschland sehr schön gemacht. 

 

Terug in Groningen waar ik weer met oude bekende samen ben gaan werken. Dat 
was de opzet van mijn traject, een grensoverschrijdende samenwerking zoals prof 
den Boer het voor ogen zag. Hij hield in mijn Duitsland tijd voor mij een bureau 
warm hield op de 6de. Waar ik natuurlijk roomies had die ik moet vermelden. Ten 
eerste natuurlijk Minke, met wie ik een lange overeenkomstige geschiedenis heb. 
Ongeveer samen begonnen aan ons promotie traject, dezelfde begeleiders, 
dezelfde frustraties, samen naar neuroscience en samen roadtrippen, in de 
zuidelijke staten van de VS en naar Sjoukje in Bergen, maar ook allebei bijklussen 
bij BOL. Daarnaast natuurlijk ook Sjoukje, je was de verbinding met de 7de en dat 
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heeft er voor gezorgd dat we toch wel mooi paar keer AiO uitjes bij de biologische 
psychiatrie hebben kunnen organiseren. Charmaine, when the rest spread their 
wings, you were still there together with me and I can say, you were good 
company, together with Tony you reinvented barbequing, or should I say having a 
barby, for me. Verder moet ik op de 6de natuurlijk ook onze buren vermelden. 
Simone en Sacha, het was echt beregezellig met jullie als buren, soms leek het 1 
kamer. En ik geloof dat we het als enigen voor elkaar hebben gekregen dat we als 
‘kinderen’ terecht warden gewezen op onze volume productie tijdens het 
bijkletsen. Memba en Peter-paul, ook heerlijke ganggenoten, dank daarvoor. 
Margot en Jaqueline jullie hebben me laten kennismaken met het fenomeen een 
functionerend secretariaat. En ik kan zeggen dat is een standaard die jullie hebben 
gezet, die tot nu toe nog niet overtroffen is. Jullie kennis van waar je moet zijn als 
je wat geregeld wil hebben binnen het ziekenhuis en universiteit zullen vel AiO’s 
doen watertanden. Dank voor jullie hulp bij alle regel dingen die ik heb moeten 
doen. Maar zeker ook de koffie/thee kwartiertjes. Dan kom ik vanzelf uit op de 
7de. Christel, Andrea, Marjolein, Petra, Gabor, Kor, Rikje, Tineke, Kirsten, Folkert 
en Anatoli. Een bont gezelschap. Veel verhalen kennis, historie. Dan moet ik 
natuurlijk ook Bernard en Marit danken voor hun aanwezigheid. Terwijl alles een 
beetje leegliep, begonnen jullie net. Ik hoop dat we jullie toch nog genoeg op weg 
hebben kunnen helpen om het uiteindelijk te redden, maar ook het plezier van 
onderzoek doen hebben kunnen meegeven. Natuurlijk moet ik ook prof Jaap Korf 
bedanken, voor de DJ clubs, maar ook over het nadenken buiten de gebaande 
paden.  

 

De volgende plek waar ik tijdens mij promotie heb gewerkt is bij farmacie, 
Biomonitoring en Sensoring, waar ik ooit als gretig studentje ben begonnen, 
hoewel het toen nog een onderdeel was van famacochemie, maar inmiddels begon 
BOL ook al wat groter te worden. Jan, je was er gelukkig nog steeds, de rotsvaste 
branding voor alle praktische vragen, van onhandelbare ratten en lekkende probes, 
tot het reviseren van kolommen en pompen. Maar inmiddels ook de uitgebreide 
staf op de 5de. Karola, Marius, later ook Suzan en Harm. Jullie hebben mij veel 
werk uit handen genomen, maar ook jullie honger om nieuwe dingen te leren is 
altijd inspirerend geweest en een eigenschap die niet vanzelfsprekend is,maar het 
samenwerken wel een stuk prettiger maakt. 

Verder natuurlijk ook de andere AiO’s die het leven een stuk aangenamer hebben 
gemaakt. Weite, ook een beetje samen opgegroeid op de 5de. Kieran, bringin in 
some Irish wits, en Miranda, het was ech baie baie gesellig. Jelle, je hebt nog een 
lange weg te gaan, maar het was al snel duidelijk toen je nog bij ons rondliep, dat 
onderzoeken wel je roeping is. Martin ik denk echt dat de studenten een goede 
aan je hebben als begeleider. In het bijzonder wil ik Alex nog bedanken. Ik kon me 
geen betere student om te begeleiden bedenken. Je zelfstandigheid in de 
projectjes die ik naar je toeschoof en hoe je ermee omging kunnen maar weinigen. 
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Gunnar er valt zoveel te bespreken hier, wat we allemaal samen als student en 
tijdens het promotie-traject hebben meegemaakt, maar daar is de ruimte en tijd 
niet echt naar. Ik denk dat je het meeste wel weet. Maar als buddy ben je zeer 
geschikt, dank dat je mijn frustraties nooit persoonlijk heb genomen, waarschijnlijk 
komt dit ook door de herkenbaarheid. Corry, ik wil je nog bedanken voor de crash 
course toegepaste massaspectrometrie en de “schrijf wat beter op wat je gedaan 
hebt” cursus. Deze waren erg nuttig voor het MS hoofdstuk, hoewel ik al een 
beetje door Lutea was getraind. Daarnaast zijn er in de farmacie tijd nog zoveel 
andere mensen de revue gepasseerd, de MS afdeling met Margot, Andries en 
Korrie, inderdaad MS-en bijten niet. Farmacochemie: Pieter, Ulrike, Jeroen, Andre, 
Durk en Cor. Als de biologische aspecten van mijn onderzoek net iets te soft voor 
me werd, was ik blij dat ik weer eens een structuurtje kon zien. Margriet en 
Janneke met een steeds kleiner budget toch proberen hetzelfde te doen. En er zijn 
in de tussentijd nog zoveel meer mensen geweest. Van andere groepen binnen 
farmacie, waar ik vluchtig mee heb samengewerkt, of half even op dezelfde 
labtafel heb gewerkt. Maar natuurlijk ook Laurent, die als eerste geprobeerd heeft 
om Substance P betrouwbaar te meten op een MS, die indirect toch heeft 
bijgedragen aan mijn MS hoofdstuk (GEEN fosfaten in de ringer, ionsuppressie). Ik 
had gelukkig een beter apparaat. Verder moet ik natuurlijk ook de mensen van 
Brainlink bedanken voor hun werk aan de probes, waardoor ik het in vitro 
hoofdstuk heb kunnen schrijven, Klaas-Jan bedankt voor het plakken. En natuurlijk 
ook prof. Westerink, je zult je misschien geërgerd hebben aan de tijd die ik er 
uiteindelijk voor genomen heb, maar ik heb wel gebuurt bij bijna iedere afdeling 
die farmacie rijk is. Zelfs bij technische farmacie en biologische farmacie, waarmee 
ik vrijdag regelmatig heb gebuurt in de gouden Zweep. Terugkijkend, denk ik dat 
ik alleen de afdeling sociale farmacie heb overgeslagen. 

 

Omdat ik tijdens mijn promotie traject inmiddels ook al aan de slag ben gegaan bij 
BOL, was er indirect ook vanuit hun kant veel ondersteuning. Dus, Tietie en Elvira 
dank daarvoor, omdat jullie snappen waarom afdelingsuitjes belangrijk zijn. 

 

Nu ik grotendeels al mijn wetenschappelijke samenwerkingen heb gehad, kom ik 
nu terecht bij de mensen die me geestelijk gezond hebben gehouden, of allicht dat 
geprobeerd hebben. Nu is er natuurlijk ook wel overlap met veel van mijn 
labgenoten, maar die zijn al aan de beurt geweest. 

 

Dus nu kom ik op mijn Sneakclub. Ten eerste de starters ervan, tevens mijn neef 
en nicht. Mirjam en Edwin, jullie hebben een pracht traditie gestart. Hoewel het nu 
door tegenslagen (verhuizing camera, vehuizing sneakdag enz) minder is 
geworden, zijn jullie nog altijd op zoek naar vorm die semi-werkbaar is. Maar kort 
gezegd, de dinsdagavond was een rots in de branding van normaliteit die mijn 
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geestelijke gesteldheid weer even kon resetten. Hoewel sommige films het 
tegenovergestelde bewerkstelligde, maar dat werd dan weer netjes met bier in 
Tramps gecompenseerd. Verder natuurlijk Judith, hoewel het verder terug gaat 
dan de sneak, want je was het beste reismaatje wat ik mee ik kon nemen naar 
mijn russische gastouders in Novorossyijsk. Benni, immer onbetrouwbaar maar 
altijd gezellig en leuk. Gwenny, labmeetings behoren in de Zweep, toch? En de 
vele voorbijgangers die er zijn geweest. Imke, Ja es stimmt, auf Niederlaendisch 
ist alles zweideutig. Gyrste, Ja toze xotsoe govarit po-pribaltiskii. En Evelien, al met 
al een bont gezelschao, die ook weekendjes uit georganiseerd hebben. Eerst om 
samen met mij Göttingen onveilig te maken en later verschillende plekken in 
Nederland. Uiteraard hoort hier ook Renee een beetje bij, vesting onderzoek was 
het toch? 

 

Ook moet ik mijn Rusland groep (Saskia, Roland, Boris, Knut en Ina) vermelden. 
Was het niet om mijn vorming, dan wel om het traject dat we samen doorlopen 
hebben. Op totaal verschillende paden, maar met veel herkenbaarheid, zoals we 
vaak tussendoor hebben vast kunnen stellen.  

 

Ik mag natuurlijk ook niet mij familie vergeten. Het valt moeilijk te omschrijven 
wat jullie rol precies is geweest. Maar zeker is dat ik vaak naar blikken heb 
gekregen die zeiden; “Ik weet bij god niet waar je het over hebt, maar ik zie dat 
erg interessant moet zijn”. Dank daarvoor. Paps, Mams, Peter, Tineke, Petra, Lex, 
Rutger, Milou, Kaiya, Sander, Rogier en Berber. Fijn dat jullie het altijd erg leuk 
voor me hebben gevonden dat ik blij werd van om op onmogelijke tijstippen in het 
lab te werken, want dan had ik weer een datapuntje. 

 

Ik weet nu al dat ik teveel mensen ben vergeten te vermelden, ten eerste heb ik er 
wat langer over gedaan dan normaal, maar heb ook op veel verschillende plekken 
gewerkt, waardoor het onmogelijk is om iedereen die een rol heeft gespeeld in 
mijn traject te herinneren op het moment dat ik dit schrijf. Sorry daarvoor en 
alsnog bedankt ervoor. 

 

Tenslotte moet ik Joost nog speciaal vermelden, hij is vandaag mijn paranimf en 
dat is niet voor niets. Zelfs als ik hem niet gevraagd zou hebben, ben ik bang dat 
hij alsnog alles, dat hij voor mij gedaan heeft (en dan met name bij de laatste 
loodjes) zou hebben gedaan. Want zo is Joost., en het rare is, andersom zou ik het 
ook zo gedaan hebben.  

Lieve Joost, in de vele verhaaltjes die hierboven beschreven zijn, hoort jouw naam 
ertussen. We hebben veel zelfde soort dingen gedaan, soms samen soms apart. En 
al die jaren dat we elkaar kennen, met alles wat we doen en vooral met welke 
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inzet we het doen, is allemaal terug te voeren op onze eerste U-raads jaar samen 
met Judith, de drie jonge honden van de fractie, maar zoals wij het heel soms zelf 
zagen, de drie musketiers. 



 

 

 

198 

 

 

 

 

  Compleet 18 mei.doc 

Substance P and the Neurokinin 1 Receptor: from behavior to bioanalysis 

 

 



 

 

 

  199 

 

 

 

 

Compleet 18 mei.doc 

 
Publications 

 
Publications 

 

ALFONSO,J., POLLEVICK,G.D., VAN DER HART,M.G., FLUGGE,G., FUCHS,E. & FRASCH,A.C. 
(2004). Identification of genes regulated by chronic psychosocial stress and 
antidepressant treatment in the hippocampus. Eur. J. Neurosci., 19, 659-666. 

BOSKER,F.J., FOLGERING,J.H., GLADKEVICH,A.V., SCHMIDT,A., VAN DER HART,M.C., 
SPROUSE,J., DEN BOER,J.A., WESTERINK,B.H. & CREMERS,T.I. (2009). Antagonism 
of 5-HT(1A) receptors uncovers an excitatory effect of SSRIs on 5-HT neuronal 
activity, an action probably mediated by 5-HT(7) receptors. J. Neurochem., 108, 
1126-1135. 

BOSKER,F.J., WESTERINK,B.H., CREMERS,T.I., GERRITS,M., VAN DER HART,M.G., 
KUIPERS,S.D., VAN DER,P.G., TER HORST,G.J., DEN BOER,J.A. & KORF,J. (2004). 
Future antidepressants: what is in the pipeline and what is missing? Cns Drugs, 18, 
705-732. 

CZEH,B., PUDOVKINA,O., VAN DER HART,M.G., SIMON,M., HEILBRONNER,U., 
MICHAELIS,T., WATANABE,T., FRAHM,J. & FUCHS,E. (2005a). Examining SLV-323, a 
novel NK1 receptor antagonist, in a chronic psychosocial stress model for depression. 
Psychopharmacology (Berl), 180, 548-557. 

CZEH,B., SIMON,M., VAN DER HART,M.G.C., SCHMELTING,B., HESSELINK,M.B. & FUCHS,E. 
(2005). Chronic stress decreases the number of parvalbumin-immunoreactive 
Interneurons in the hippocampus: Prevention by treatment with a substance P 
receptor (NK1) antagonist. Neuropsychopharmacology, 30, 67-79. 

MICHAEL-TITUS,A.T., ALBERT,M., MICHAEL,G.J., MICHAELIS,T., WATANABE,T., FRAHM,J., 
PUDOVKINA,O., VAN DER HART,M.G., HESSELINK,M.B., FUCHS,E. & CZEH,B. (2008). 
SONU20176289, a compound combining partial dopamine D(2) receptor agonism 
with specific serotonin reuptake inhibitor activity, affects neuroplasticity in an animal 
model for depression. Eur. J. Pharmacol., 598, 43-50. 

OLIVIER,J.D., VAN DER HART,M.G., VAN SWELM,R.P., DEDEREN,P.J., HOMBERG,J.R., 
CREMERS,T., DEEN,P.M., CUPPEN,E., COOLS,A.R. & ELLENBROEK,B.A. (2008). A 
study in male and female 5-HT transporter knockout rats: an animal model for 
anxiety and depression disorders. Neuroscience, 152, 573-584. 



 

 

 

200 

 

 

 

 

  Compleet 18 mei.doc 

Substance P and the Neurokinin 1 Receptor: from behavior to bioanalysis 

 

VAN DER HART,M.G., CZEH,B., DE BIURRUN,G., MICHAELIS,T., WATANABE,T., NATT,O., 
FRAHM,J. & FUCHS,E. (2002). Substance P receptor antagonist and clomipramine 
prevent stress-induced alterations in cerebral metabolites, cytogenesis in the dentate 
gyrus and hippocampal volume. Mol. Psychiatry, 7, 933-941. 

VAN DER HART,M.G., DE,B.G., CZEH,B., RUPNIAK,N.M., DEN BOER,J.A. & FUCHS,E. (2005). 
Chronic psychosocial stress in tree shrews: effect of the substance P (NK1 receptor) 
antagonist L-760735 and clomipramine on endocrine and behavioral parameters. 
Psychopharmacology (Berl), 181, 207-216. 

 

CREMERS, T. I. F. H., DE VRIS, M. G.; HUININK, K. D., VAN LOON, J., VAN DER HART, M., 
EBERT, B., WESTERINK, B. H. C. & DE LANGE, E. C. M. (2009). Quantitative 
microdialysis using modified ultraslow microdialysis: Direct rapid and reliable 
determination of free brain concentrations with the MetaQuant technique. J. of 
Neuroscience Methods, 178, 249-254. 

 

BERK, J. A. M.; VAN DER LAAN, A., WOLTHUIS, A.; OPPENHEIMER, L. J., HOMMEMA, G., 
VAN DER HART, M. G. C., HESSELINK, M. B., VAN AMSTERDAM, P. H. & FUCHS, E 
(2004). Norepinephrine detection in "Tree shrews" urine using LC-tandem MS to 
verify that stress-induced alterations are prevented by the NK1 receptor antagonist 
SLV 323. Ned. Tijdschrift. v. Klinische Chemie en Laboratoriumgeneeskunde , 29, 
269-270. 

 

 
 

 


