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ABSTRACT

There is extensive evidence that glucocorticoids through their actions in the basolateral 
amygdala (BLA) modulate memory functions. Glucocorticoids also modulate anxiety 
behavior and it is hypothesized that this effect may be caused by the alteration of 
BLA neuron morphology. But it is not known whether memory functions and anxiety 
behavior are modulated by the same glucocorticoids-induced mechanisms. We recently 
demonstrated that a single injection of corticosterone could induce a delayed anxiolytic 
effect in male Wistar rats. To determine whether this anxiolytic treatment can also alter 
memory functions, we examined the effects of the treatment on the performance in 
high- and low-arousing memory tasks (inhibitory avoidance and object recognition). 
We showed that a single injection of corticosterone could impair performance in the 
inhibitory avoidance memory task 10 days after its administration. Interestingly, 
the same treatment did not alter the performance in the object recognition task 10 
days later. Data from the object recognition task experiment showed that the animals 
were able to learn, indicating that corticosterone may only affect emotional memory. 
The present findings demonstrate that a single injection of corticosterone not only 
has a delayed anxiolytic effect but also impairs learning and memory performance 
in a highly arousing task like the inhibitory avoidance paradigm. This suggests that 
glucocorticoids-induced mechanisms may simultaneously modulate anxiety behavior 
and processing of emotional information.
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INTRODUCTION
Extensive evidence has shown that corticosteroid hormones released shortly after 
an emotionally arousing experience influence learning and memory processing of 
these types of stressful events while they have little effects on neutral experiences 
(Abercrombie et al., 2006; Bohannon, 1988; Cahill and McGaugh, 1998; Neisser 
et al., 1996). The impact of glucocorticoid release on memory functions is dose-
dependent, but also differs with respect to the phase of memory processing (encoding 
of information, consolidation or retrieval) that is being observed (Lupien and McEwen, 
1997; Roozendaal, 2000 and 2002). For instance, moderate doses of glucocorticoids 
administered acutely after a training experience can enhance the memory consolidation 
of the event (Cottrell and Nakajima, 1977; Okuda et al., 2004; Zorawski and Killcross, 
2002). In contrast, acute administration of glucocorticoids before a retention test will 
impair the memory retrieval (de Quervain et al., 1998 and 2000; Wolkowitz et al., 
1990). Similarly stress levels of glucocorticoids impair working memory retrieval 
(Lupien et al., 1999; Arnsten, 2000; Roozendaal, 2002). It was demonstrated that 
all the aforementioned actions of corticosteroid hormones require arousal-induced 
noradrenergic activity within the basolateral amygdala (BLA) (Quirarte et al., 1997; 
Roozendaal and McGaugh, 1997a; Roozendaal et al., 2004a and 2009). Besides, the 
BLA works in concert with other brain structures of the limbic system, such as the 
hippocampus and the prefrontal cortex, to modulate the different memory functions 
(Nathan et al., 2004; Roozendaal et al., 2004b; Roozendaal and McGaugh, 1997b and 
2011).
Arousal- or stress-induced glucocorticoid release also affects emotional states, 
particularly anxiety (Kalueff, 2007; McEwen et al., 2012; Smythe et al., 1997). 
The deleterious consequences of chronic administration of corticosteroids and 
exposure to very high levels of these hormones on emotional states have been clearly 
established (Corodimas et al., 1994; Korte et al., 1996; Lee et al., 1994). For instance, 
chronic corticosterone administration increases anxiety-like behavior in rats, while 
adrenalectomy tends to reduce this type of behavior (Stone et al., 1988). On the other 
hand, both increased and decreased anxiety levels have been observed after acute 
glucocorticoid treatment (Buchanan et al., 2001; File et al., 1979; Grillon et al., 2011; 
Mitra and Sapolsky, 2008; Putman et al., 2007; Sandi et al., 1996; Wirth et al., 2011). 
Similar to its role in learning and memory processes, the amygdala is also critically 
involved in the expression of anxiety (Davis et al., 1994; Etkin et al., 2004; LeDoux, 
2003). Anxiety-like behaviors are correlated with specific neuronal activity within the 
amygdala, particularly in the BLA (Sajdyk and Shekhar, 1997; Truitt et al., 2009; Tye 
et al., 2011; Wang et al., 2011). On the other hand, lesions of the amygdala prevent 
the expression of anxious behavioral and physiological responses (Feldman et al., 
1994; Kopchia et al., 1992; Möller et al., 1997). Glucocorticoid signaling within the 
BLA plays an essential role in anxiogenesis (Shepard et al., 2000 and 2003). Recent 
evidence suggests that corticosteroid hormones modulate anxiety behavior by altering 
the dendritic morphology of the principal neurons of the BLA (Vyas et al., 2002 and 
2004; Mitra et al., 2005; Mitra and Sapolsky, 2008). Indeed, BLA dendritic hypertrophy 
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is correlated with high levels of anxiety whereas reduction of dendritic trees has been 
associated to reduction of anxiety levels (Adamec et al., 2012; Mitra et al., 2009a). In 
addition, manipulations that prevent hormone-induced changes in BLA morphology 
also could reinstate normal anxiety levels (Mitra et al., 2009b; Mitra and Sapolsky, 
2010).
It is already known that learning and memory processes and anxiety levels influence 
each other; and since they share common neuroanatomical and neurochemical 
substrates, they may also be modulated by common mechanisms (Kalueff 2007; 
McNaughton, 1997; Ribeiro et al., 1999; Salomons et al., 2012; Uzun et al., 2010). 
Given that corticosteroids are involved in both learning and memory and anxiety, and 
can modulate the functioning of the underlying neuroanatomical substrates, common 
corticosteroid-mediated mechanisms are possible candidates for simultaneous 
modulation of anxiety and memory.
We recently demonstrated that a single injection of corticosterone (of 3 or 10 mg/
kg) could cause a delayed anxiolytic effect in naïve rats. This effect was dependent 
on simultaneous noradrenergic activity. This is similar to what previously has been 
demonstrated for the corticosterone-induced effects on memory functions and 
accordingly supports the hypothesis that anxiety and memory are modulated by 
identical glucocorticoid-induced mechanisms.
In order to determine whether learning and memory processes are also altered similarly 
to anxiety by an early corticosterone treatment, we decided to examine the learning 
and memory performance at the time when the anxiolytic effect of corticosterone is 
observed in male Wistar rats. We also examined whether a potential modification of 
learning and memory functions would be dependent on the emotional component of 
the learning task, as it is well known that the effects of glucocorticoids on memory 
are influenced by the emotional context (Conrad, 2005; de Kloet et al., 1999). For this 
purpose, two different learning tasks, with different levels of arousal, were chosen; 
the low-arousing object recognition task and the high arousing inhibitory avoidance 
task. The animals received the highest dose of corticosterone (10 mg/kg) and were 
randomized for participation in the two different tasks. Ten days after the injection, the 
animals were trained in the assigned learning task, and learning and retention abilities 
were studied.

MATERIALS AND METHODS

Animals 
Male adult Wistar rats (340-450 g at the time of drug treatment) from Charles River 
Breeding Laboratories (Germany) were group-housed (3 rats per cages) and maintained 
on a 12-h/12-h light/dark cycle (lights on: 07:00-19:00 h) with ad libitum access to 
food and water. Rats assigned to the vehicle, corticosterone and undisturbed home 
cage conditions were housed in separate cages and placed on different shelves within 
the animal colony room. Behavioral training and testing were performed during the 
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light phase of the cycle between 10:00 and 16:00 h. All experimental procedures were 
in compliance with the European Communities Council Directive of 24 November 
1986 (86/609/EEC) and were approved by the Institutional Animal Care and Use 
Committee of the University of Groningen, The Netherlands.

Drug Treatment
After a 1-week habituation period to the housing conditions, the rats were handled 
1 min per day for 4 consecutive days. On the following day, they received a single 
injection of corticosterone or vehicle. Other rats were assigned to a home cage control 
group and were left undisturbed. Drug administration was administered between 10:00 
and 11:00 h. The dose of corticosterone (10 mg/kg; Sigma-Aldrich) was selected on the 
basis of our prior data indicating that it reduces anxiety-like behavior on an elevated 
plus maze 10 days later (Messanvi et al., unpublished observation). Corticosterone 
was first dissolved in 100% ethanol and subsequently diluted in peanut oil (Sigma-
Aldrich) to reach the appropriate concentration. The final ethanol concentration 
was 5%. The vehicle solution contained 5% ethanol in peanut oil only. Vehicle or 
corticosterone was administered subcutaneously in a volume of 2.0 ml/kg. Vehicle and 
drug solutions were prepared freshly before each experiment. After the injection, rats 
were placed back into their home cage and left undisturbed until behavioral training 10 
days later. Rats were pseudo-randomly assigned to either the inhibitory avoidance or 
object recognition task. Rats housed together in the same cage were always assigned 
to the same learning and memory task.

Inhibitory Avoidance Task
The inhibitory avoidance apparatus consisted of a trough-shaped alley (91 cm long, 
15 cm deep, 20 cm wide at the top, and 6.4 cm wide at the bottom) divided into two 
compartments, separated by a sliding door that opened by retracting into the floor 
(McGaugh et al., 1988). The starting compartment (30 cm) was made of opaque white 
plastic and was well lit; the shock compartment (60 cm) was made of dark, electrifiable 
metal plates and was not illuminated. Training and testing were conducted in a sound- 
and light-attenuated room. 
During the training trial, the rats were placed in the starting compartment of 
the apparatus, facing away from the door, and allowed to enter the dark (shock) 
compartment. After the rat stepped completely into the dark compartment, the sliding 
door was closed and a single inescapable footshock (0.45 mA; 1 s) was delivered. The 
animal’s individual reaction to the shock was scored using an arbitrary scale ranging 
from 0 to 4 (0 = no visible reaction; 1 = flinch reaction; 2 = walk/run; 3 = jump 
reaction; 4 = jumps accompanied by vocalizations). The rats were removed from the 
shock compartment 20 s later and placed back in their home cages until testing. On the 
retention test, 48 h after training, the rat was placed again in the starting compartment 
of the apparatus and the latency to re-enter the former shock compartment with all four 
paws (maximum latency of 600 s) was measured. Longer latencies were interpreted 
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as indicating better retention. Shock was not administered on the retention test trial.

Object Recognition Task
Separate groups of rats were trained on the mildly arousing object recognition task 
10 days after drug treatment. The experimental apparatus consisted of a gray open-
field box (40 cm x 40 cm x 40 cm) with a saw-dust covered floor, placed in a dimly 
illuminated room. The objects to be discriminated were white glass light bulbs (6 
cm diameter by 11 cm length) and transparent glass vials (5.5 cm diameter by 5 
cm height). The rats were not habituated to the experimental apparatus prior to the 
training session. On the training trial, the rat was placed in the experimental apparatus 
and allowed to explore two identical objects (A1 and A2) for 5 min. Rat’s behavior 
was recorded by using a video camera positioned above the experimental apparatus. 
To avoid the presence of olfactory trails, sawdust was stirred and the objects were 
thoroughly cleaned with 70% ethanol between rats. Retention was tested 24 h after the 
training session. One copy of the familiar object (A3) and a new object (B) were placed 
in the same location as stimuli during the training trial. All combinations and locations 
of objects were counterbalanced to reduce potential biases because of preference for 
particular locations or objects. The rat was placed in the experimental apparatus for 3 
min and the time spent exploring each object and the total time spent exploring both 
objects were recorded. Exploration of an object was defined as pointing the nose to the 
object at a distance of 1 cm and or touching it with the nose. Turning around, climbing 
or sitting on an object was not considered as exploration. A discrimination index was 
calculated as the difference in time exploring the novel and familiar objects, expressed 
as the ratio of the total time spent exploring both objects (Okuda et al., 2004). Rats 
showing a total exploration time <10 s on either training or testing were excluded as 
prior data has indicated that these rats do not acquire the task (Okuda et al., 2004). 

Statistics
Inhibitory avoidance training and retention latencies are expressed as median and 
interquartile range (IQR). Non-parametric Kruskal-Wallis and two-tailed Mann-
Whitney U tests were used to analyze the training latencies and retention latencies. 
Non-parametric statistics were used because the retention latencies were restricted 
by the maximum score of 600 s causing the results to be non-Gaussian. To determine 
whether learning has occurred, paired t-tests were used to compare the training and 
retention latencies. Data of the object recognition task are expressed as mean ± SEM. 
Object exploration training and object discrimination index were analyzed with one-
way ANOVAs, followed by Fisher’s LSD post-hoc comparison tests to determine the 
source of detected significances, when appropriate. For all comparisons, a probability 
level of p < 0.05 was accepted as statistical significance.
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RESULTS
Effect of a single corticosterone administration on performance in the 
high arousing inhibitory avoidance task 10 days later
The aim of this experiment was to investigate whether an acute corticosterone injection, 
shown to cause an anxiolytic effect 10 days later, can also affect learning and memory 
on a high-arousing task.
We first examined whether the corticosterone treatment affected training performance. 
Average step-through latencies for all groups during training, before footshock, were 
30.9 ± 3.0 s (mean ± SEM). Kruskal-Wallis test for entrance latencies of the training 
trial revealed no significant differences between groups [H(2) = 1.8, p = 0.4] as shown 
in Fig. 2A. The reactivity to the electric shock was similar among the different groups 
(data not shown). These findings indicate that the drug treatment did not influence 
general motor behavior or footshock sensitivity during the training trial. 
Forty-eight-hour retention test latencies of rats from the home cage group were 
significantly longer than their step-through latencies during the training trial (p < 0.01), 
indicating that the rats retained memory of the shock experience. Kruskal-Wallis test 
revealed a significant group effect on retention test latencies [H(2) = 7.2, p = 0.03] a 
shown in Fig. 2B. Mann-Whitney U test comparison of groups revealed that retention 
latencies of the corticosterone group were significantly shorter than those of the home 
cage control (Z = -2.3; p = 0.02) and vehicle groups (Z = -2.1; p = 0.04). Retention test 
latencies of the vehicle and home cage controls did not differ significantly (Z = -0.6; 
p = 0.57). 
These findings indicate that a single dose of corticosterone has long-lasting effects and 
can impair performance on a highly arousing inhibitory avoidance task 10 days later.

Figure1. Early corticosterone administration impairs performance in the inhibitory avoidance task.
Ten days after the injection of corticosterone the animals were trained in the inhibitory avoidance apparatus. 
Retention was tested, for 48h later. Step-through latencies and retention latencies are expressed as median ± 
interquartile range. (A) Step-through latencies of the home-cage animals (n = 11), the vehicle-treated animals (n 
= 14) and the corticosterone-treated animals (n = 13) during the training session. (B) Retention latencies of the 
different groups during the testing session 48h later. * p < 0.05 as compared  with the home-cage and vehicle-
treated animals.
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Effect of a single corticosterone administration on performance in the 
mildly arousing object recognition task 10 days later
To investigate whether the corticosterone injection can induce general memory 
impairment or whether this effect is limited to more arousing tasks, in the next 
experiment we examined whether similar corticosterone treatment could influence 
object recognition performance. 
On the training day, the average time spent exploring the two identical objects for all 
the animals was 26.7 ± 1.5 s (mean ± SEM). One-way ANOVA for object exploration 
during the training trial revealed no significant difference between the three groups 
(home cage: 24.2 ± 3.9 s; vehicle: 26.1 ± 1.9 s; CORT: 29.1 ± 2.4 s) [F(2,43) = 0.86; p 
= 0.43]. These findings indicate that the drug injection 10 days earlier did not influence 
general object exploration of the animals during the training. 
As shown in Fig. 2, one-way ANOVA for discrimination index revealed no difference 
between groups (home cage: 25.9 ± 9.3%; vehicle: 24.0 ± 10.5%; CORT: 28.4 ± 
9.9%) [F(2,43) = 0.51; p = 0.95]. Furthermore, one-sample t tests revealed that the 
discrimination index of all groups was significantly different from zero [home cage: 
t(12) = 2.80, p < 0.05; vehicle: t(15) = 2.29, p < 0.05; CORT: t(16) = 2.88, p < 0.05], 
indicating that all groups readily discriminated the novel object from the familiar 
object during the retention test. Total exploration of the two objects on the retention 
test also did not differ between groups (ANOVA).
Taken together, the findings indicate that a single dose of corticosterone, given 10 days 
before training, does not affect learning or memory on a low-arousing task. 

Figure2. Early corticosterone administration does not affect performance in the object recognition task.
Ten days after the injection of corticosterone, the rats underwent a 5-min object recognition training session in 
which they could explore two identical objects. Retention was tested, for 24h later by placing the animals, for 3 
min, into the apparatus containing a similar object as in the training and a novel object. Total exploration time and 
discrimination index are expressed as mean ± SEM. (A) Total exploration time of the objects during the training 
session of the home-cage animals (n = 13), the vehicle-treated animals (n = 16) and the corticosterone-treated 
animals (n = 17). (B) Discrimination index of the animal during the testing session 24h later.
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DISCUSSION
The present study investigated whether anxiety behavior and learning and memory 
functions which share common neurochemical and neuroanatomical substrates, 
are simultaneously modulated by glucocorticoids. For this purpose, male Wistar 
rats received a single injection of a high dose of corticosterone (10 mg/kg) that has 
been shown to have an anxiolytic effect 10 days after (Messanvi et al., unpublished 
observations). In the present study, 10 days after the injection, the learning and memory 
capabilities were assessed in low- and high-arousing conditions, respectively the 
object recognition task and the inhibitory avoidance task. Our findings indicate that the 
corticosterone treatment can impair performance in the inhibitory avoidance memory 
task 10 days later, as shown by the low retention latencies of the corticosterone-treated 
animals compared to the control animals (home cage and vehicle groups). The latency 
to enter the dark compartment and the reactivity to the footshock during the training 
session were similar in all the groups. These results indicate that the probably low 
levels of anxiety in the corticosterone-treated rats did not influence the training of 
those animals. Interestingly, the same treatment does not alter the performance in the 
object recognition task. The mean total exploration time during training and testing, as 
well as the mean discrimination index during testing are similar among the different 
treatment groups. Besides, the discrimination indexes indicate that the animals are able 
to learn and recall information that is not emotionally arousing. The present findings 
demonstrate that an acute administration of corticosterone having a delayed anxiolytic 
effect, as shown previously, can also impair learning and memory performance in a 
task that is highly arousing like the inhibitory avoidance paradigm.
Our findings that acute administration of corticosterone decreases performance in 
high-arousing memory task but not in a low-arousing memory task are in line with 
previous studies indicating that anxiolytic compounds also affect learning and memory 
functions that have strong emotional components (Beuzen and Belzung, 1995; Ribeiro 
et al., 1999). For instance, agonists of the serotonin 5-HT1A receptor, which are 
anxiolytic agents, have also impairing effects on memory consolidation (Leong et al., 
2012; McEntee and Crook, 1991; Quartermain et al., 1993). The frequently prescribed 
benzodiazepines are also well known for impairing different types and stages of memory 
(Beracochea, 2006; Thiebot, 1985; Uzun et al., 2010). We have recently demonstrated 
the delayed anxiolytic properties of an acute corticosterone administration in a previous 
series of experiments (Messanvi et al., unpublished observations). Ten days (but not 
one day) after the injection, the rats displayed an increased exploration of the open 
arms of the elevated plus maze. In the present study, animals trained 10 days after 
corticosterone treatment displayed reduced performance in the inhibitory avoidance 
task during the testing session. The present data indicate that when corticosterone has 
anxiolytic effects, it also affects memory performance in high-arousing conditions. 
This provides further evidence that memory processing of emotional information and 
anxiety behavior partly share common corticosterone-induced mechanisms. There is 
evidence from animal studies that the actions of benzodiazepines are mediated by 
GABAergic mechanisms within the BLA (Izquierdo et al., 1990; Silva and Tomaz, 
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1995; Tomaz et al., 1992 and 1993). Given that both enhanced GABA transmission 
within the BLA and intra-amygdala infusion of benzodiazepines reduced anxiety, 
it was suggested that the anxiolytic and amnestic effects of benzodiazepines are 
mediated by the same mechanisms within the BLA (Delgado et al., 2005; Graeff, 
1990; cf Tomaz 1993). Similarly to benzodiazepine effects, the BLA could be one 
of the regions where corticosterone-induced mechanisms simultaneously modulate 
learning and memory functions and anxiety behavior. Extensive evidence has already 
demonstrated the role of the BLA in mediating glucocorticoids influence on learning 
and memory (Abercrombie et al., 2006; Roozendaal et al., 2009). There is also strong 
evidence that glucocorticoid hormones induce changes in anxiety behavior that are 
correlated with alteration of the morphology of BLA principal neurons (Mitra et al., 
2009; Mitra and Sapolsky, 2008). Indeed, high anxiety levels are accompanied by 
increased numbers of dendritic branches and/or dendritic spine density (Adamec 
et al., 2012; Mitra and Sapolsky, 2008). We did not assess the neuromorphology in 
our experiments, but we can hypothesize that the corticosterone-induced anxiolytic 
effects would be accompanied of a reduced complexity of the dendritic arbors of BLA 
principal neurons. Remodeling of neuron morphology, particularly at the level of the 
dendritic arborization, is concomitant to changes in synaptic networks, which will 
alter the circuitry (Alfarez et al., 2008; Engert and Bonhoeffer, 1999; Maletic-Savatic 
et al., 1999). In the BLA, which harbors circuits involved in memory and anxiety, 
these corticosterone-induced morphological changes might ultimately alter the two 
functions simultaneously. In follow-up experiments we will determine the effects of 
our treatment on BLA neuromorphology, in parallel to their effects on learning and 
memory performance.
The finding that only performance in the highly emotionally arousing memory 
task is reduced by the early corticosterone treatment is consistent with the fact that 
glucocorticoids modulate memory of emotionally arousing information and have 
little effects on consolidation and retrieval of neutral events (Abercrombie et al., 206; 
Bohannon, 1988; Cahill et al., 2003; Cahill and McGaugh, 1998; Neisser et al., 1996). 
We used two different tasks in order to determine the influence of arousal on the delayed 
effects of corticosterone on learning and memory performance. Inhibitory avoidance is 
an aversive task, and the electric shock, even of mild intensity, provokes a considerable 
release of norepinephrine in the BLA, that correlates with a strong memory for the event 
(Galvez et al., 1996; McIntyre et al., 2002). In contrast, an object recognition task is 
only mildly arousing (Roozendaal et al. Castello, 2008), but 5 minutes of training are 
sufficient to induce a relatively good memory for all the groups as we demonstrated 
here. In our experiments, corticosterone was administered 10 days before training 
and testing when the circulating corticosterone levels are normal physiological range 
as shown previously (Messanvi et al., unpublished observation; Mitra and Sapolsky, 
2008). Therefore, the influence of glucocorticoids on memory performance observed 
here is not conveyed by the same mechanisms as when the hormones are delivered 
around the training or testing session. It is still interesting to observe that, either 
directly or indirectly, and on short or long-term, corticosteroid hormones selectively 
affect emotional memory through different types of mechanisms. Few studies have 
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investigated the long-term effects of acute elevation of glucocorticoids on memory 
function. Delayed impairing effects of glucocorticoids on memory performance have 
been reported by studies in which the hormone had been administered several days in a 
row (Newcomer et al., 1994 and 1999; Wolkowitz et al., 1990). In one of these studies, 
the authors also tested the delayed effects of an acute administration of dexamethasone, 
and found no modification in memory performance (Wolkowitz et al., 1990). To our 
knowledge, there is no previous study concerning the long-term consequence of single 
exposure to glucocorticoids. The mechanisms by which corticosterone can induce a 
long term decrease of performance in the high-arousing task have to be investigated. 
Here again, it would be interesting to examine morphological changes in the BLA 
circuitry. For corticosterone-induced alteration of the neuronal network could impair 
the processing of memories, particularly those with a strong emotional component. 
Evidence indicates that the integrity of the amygdala is crucial for encoding, memory 
consolidation and retrieval of emotionally-arousing information, whereas it would be 
less important for low arousing information (Adolphs et al., 1994 and 1997; Aggleton 
et al., 1992; Anderson and Phelps, 2001; Kensinger and Corkin, 2004; LaBar and 
Cabeza, 2006; Mumby and Pinel, 1994; Murray and Mishkin, 1998; Richardson et al., 
2004; Vuilleumier et al., 2004). This could explain why corticosterone-treated animals 
perform less than the controls animals in the inhibitory avoidance task, and why there 
is no difference in the object recognition task.
It is important to notice that the present experimental setting does not allow us to ascertain 
whether the impaired performance observed in the inhibitory avoidance task reflect a 
real memory impairment. The object recognition task experiment demonstrated that 
the animals were able to learn a task. Therefore, there is a possibility that the animals 
remember the shock experience and actually associated the dark compartment with 
this aversive experience. However, because of their low levels of anxiety, they may be 
less frightened of a potential new shock and would be less inhibited to go in the dark 
compartment than control animals. Indeed in a review, Beuzen and Belzung discussed 
the fact that less anxious animals may process and recall information normally but that 
their preference for dark places may not be as much inhibited (Beuzen and Belzung, 
1995).

Posttraumatic disorder (PTSD), a common anxiety disorder, develops after an 
experience of severe trauma and is characterized by three groups of symptoms: 
hyperarousal, avoidance and re-experiencing of the traumatic event (American 
Psychiatric Association, 2000; Parsons and Ressler; 2013; Yehuda, 2004). There is 
evidence that dysregulation of the HPA axis, reflected by a low level of cortisol at the 
time of the trauma, is a risk factor to develop the disease (Yehuda, 2009). Consistent 
with this view, studies have shown that administration of exogenous cortisol to 
patients could either reduce the incidence of PTSD if done early, or reduce the re-
experiencing symptoms in patients suffering from chronic PTSD (Aerni et al., 2004; 
Schelling 2004; Weis et al., 2006). At the moment of the trauma, low cortisol levels 
fail to shut down the stress response and therefore allow enhanced consolidation of 
the event. In chronic PTSD, elevation of cortisol concentration is thought to weaken 
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the traumatic memories by impairing their retrieval, and ultimately improves the 
mood of the patients (De Quervain and Margraf, 2008). Our findings are interesting 
in that respect, because the present anxiolytic glucocorticoids treatment can impair 
performance of aversive memory task while having no effect on the neutral task. This 
dual action of a single corticosterone administration, both on anxiety-like behavior 
and aversive memories, if confirmed, would be interesting to test in animal models 
of PTSD symptoms, and could constitute a path to explore in terms of defining the 
therapeutic actions of glucocorticoids.



CORTICOSTERONE LONG-TERM EFFECTS ON LOW- AND HIGH-AROUSING LEARNING TASK

  5

 123

REFERENCES 

Abercrombie, H. C., Speck, N. S., & Monticelli, R. M. (2006). Endogenous cortisol elevations are related to 
memory facilitation only in individuals who are emotionally aroused. Psychoneuroendocrinology, 31(2), 
187-196. 

Adamec, R., Hebert, M., Blundell, J., & Mervis, R. F. (2012). Dendritic morphology of amygdala and hippocampal 
neurons in more and less predator stress responsive rats and more and less spontaneously anxious handled 
controls. Behavioural Brain Research, 226(1), 133-146. 

Adolphs, R., Cahill, L., Schul, R., & Babinsky, R. (1997). Impaired declarative memory for emotional material 
following bilateral amygdala damage in humans. Learning & Memory (Cold Spring Harbor, N.Y.), 4(3), 
291-300. 

Adolphs, R., Tranel, D., Damasio, H., & Damasio, A. (1994). Impaired recognition of emotion in facial expressions 
following bilateral damage to the human amygdala. Nature, 372(6507), 669-672. 

Aggleton, J. P., Kentridge, R. W., & Sembi, S. (1992). Lesions of the fornix but not the amygdala impair the 
acquisition of concurrent discriminations by rats. Behavioural Brain Research, 48(2), 103-112. 

Alfarez, D. N., Karst, H., Velzing, E. H., Joels, M., & Krugers, H. J. (2008). Opposite effects of glucocorticoid 
receptor activation on hippocampal CA1 dendritic complexity in chronically stressed and handled animals. 
Hippocampus, 18(1), 20-28. 

Anderson, A. K., & Phelps, E. A. (2001). Lesions of the human amygdala impair enhanced perception of emotionally 
salient events. Nature, 411(6835), 305-309. 

Beracochea, D. (2006). Anterograde and retrograde effects of benzodiazepines on memory. The scientific world 
journal, 6, 1460-1465. 

Beuzen, A., & Belzung, C. (1995). Link between emotional memory and anxiety states: A study by principal 
component analysis. Physiology & Behavior, 58(1), 111-118. 

Bohannon, J. N.,3rd. (1988). Flashbulb memories for the space shuttle disaster: A tale of two theories. Cognition, 
29(2), 179-196. 

Buchanan, T. W., Brechtel, A., Sollers, J. J., & Lovallo, W. R. (2001). Exogenous cortisol exerts effects on the 
startle reflex independent of emotional modulation. Pharmacology, Biochemistry, and Behavior, 68(2), 203-
210. 

Cahill, L., Gorski, L., & Le, K. (2003). Enhanced human memory consolidation with post-learning stress: Interaction 
with the degree of arousal at encoding. Learning & Memory (Cold Spring Harbor, N.Y.), 10(4), 270-274. 

Cahill, L., & McGaugh, J. L. (1998). Mechanisms of emotional arousal and lasting declarative memory. Trends in 
Neurosciences, 21(7), 294-299. 

Conrad, C. D. (2005). The relationship between acute glucocorticoid levels and hippocampal function depends 
upon task aversiveness and memory processing stage. Nonlinearity in Biology, Toxicology, Medicine, 3(1), 
57-78. 

Corodimas, K. P., LeDoux, J. E., Gold, P. W., & Schulkin, J. (1994). Corticosterone potentiation of conditioned fear 
in rats. Annals of the New York Academy of Sciences, 746, 392-393. 

Cottrell, G. A., & Nakajima, S. (1977). Effect of corticosteroids in the hippocampus on passive avoidance behavior 
in the rat. Pharmacology, Biochemistry, and Behavior, 7(3), 277-280. 

de Kloet, E. R., Oitzl, M. S., & Joels, M. (1999). Stress and cognition: Are corticosteroids good or bad guys? Trends 
in Neurosciences, 22(10), 422-426. 

de Quervain, D. J., Roozendaal, B., & McGaugh, J. L. (1998). Stress and glucocorticoids impair retrieval of long-
term spatial memory. Nature, 394(6695), 787-790. 

de Quervain, D. J., Roozendaal, B., Nitsch, R. M., McGaugh, J. L., & Hock, C. (2000). Acute cortisone administration 
impairs retrieval of long-term declarative memory in humans. Nature Neuroscience, 3(4), 313-314. 

Delgado, V. B., Izquierdo, I., & Chaves, M. L. (2005). Differential effects of acute diazepam on emotional and 
neutral memory tasks in acutely hospitalized depressed patients. Neuropsychiatric Disease and Treatment, 
1(3), 269-275. 

Engert, F., & Bonhoeffer, T. (1999). Dendritic spine changes associated with hippocampal long-term synaptic 
plasticity. Nature, 399(6731), 66-70. 

Etkin, A., Klemenhagen, K. C., Dudman, J. T., Rogan, M. T., Hen, R., Kandel, E. R., & Hirsch, J. (2004). Individual 
differences in trait anxiety predict the response of the basolateral amygdala to unconsciously processed 
fearful faces. Neuron, 44(6), 1043-1055. 

Feldman, S., Conforti, N., Itzik, A., & Weidenfeld, J. (1994). Differential effect of amygdaloid lesions on CRF-41, 
ACTH and corticosterone responses following neural stimuli. Brain Research, 658(1-2), 21-26. 



 124

File, S. E., Vellucci, S. V., & Wendlandt, S. (1979). Corticosterone -- an anxiogenic or an anxiolytic agent? The 
Journal of Pharmacy and Pharmacology, 31(5), 300-305. 

Galvez, R., Mesches, M. H., & McGaugh, J. L. (1996). Norepinephrine release in the amygdala in response to 
footshock stimulation. Neurobiology of Learning and Memory, 66(3), 253-257. 

Graeff, F.G. (1990). Brain defense systems and anxiety. In G.D. Burrows, M. Roth and R. Noyers Jr: (Eds.), 
Handbook of Anxiety. Vol. 3: The Neurobiology of Anxiety, Elsevier Science Publishers BV, Amsterdam, pp. 
307-354.

Grillon, C., Heller, R., Hirschhorn, E., Kling, M. A., Pine, D. S., Schulkin, J., & Vythilingam, M. (2011). Acute 
hydrocortisone treatment increases anxiety but not fear in healthy volunteers: A fear-potentiated startle study. 
Biological Psychiatry, 69(6), 549-555. 

Izquierdo, I., Da Cunha, C., Huang, C. H., Walz, R., Wolfman, C., & Medina, J. H. (1990). Post-training down-
regulation of memory consolidation by a GABA-A mechanism in the amygdala modulated by endogenous 
benzodiazepines. Behavioral and Neural Biology, 54(2), 105-109. 

Kalueff, A. V. (2007). Neurobiology of memory and anxiety: From genes to behavior. Neural Plasticity, 2007, 
78171. 

Kalueff, A. V., & Murphy, D. L. (2007). The importance of cognitive phenotypes in experimental modeling of 
animal anxiety and depression. Neural Plasticity, 2007, 52087. 

Kensinger, E. A., & Corkin, S. (2004). Two routes to emotional memory: Distinct neural processes for valence and 
arousal. Proceedings of the National Academy of Sciences of the United States of America, 101(9), 3310-
3315. 

Kopchia, K. L., Altman, H. J., & Commissaris, R. L. (1992). Effects of lesions of the central nucleus of the 
amygdala on anxiety-like behaviors in the rat. Pharmacology, Biochemistry, and Behavior, 43(2), 453-461. 

Korte, S. M., Korte-Bouws, G. A., Koob, G. F., De Kloet, E. R., & Bohus, B. (1996). Mineralocorticoid and 
glucocorticoid receptor antagonists in animal models of anxiety. Pharmacology, Biochemistry, and Behavior, 
54(1), 261-267. 

LaBar, K. S., & Cabeza, R. (2006). Cognitive neuroscience of emotional memory. Nature Reviews.Neuroscience, 
7(1), 54-64. 

Lee, Y., Schulkin, J., & Davis, M. (1994). Effect of corticosterone on the enhancement of the acoustic startle reflex 
by corticotropin releasing factor (CRF). Brain Research, 666(1), 93-98. 

Leong, K. C., Goodman, J., & Packard, M. G. (2012). Buspirone blocks the enhancing effect of the anxiogenic drug 
RS 79948-197 on consolidation of habit memory. Behavioural Brain Research, 234(2), 299-302. 

Lupien, S. J., Gillin, C. J., & Hauger, R. L. (1999). Working memory is more sensitive than declarative memory 
to the acute effects of corticosteroids: A dose-response study in humans. Behavioral Neuroscience, 113(3), 
420-430. 

Lupien, S. J., & McEwen, B. S. (1997). The acute effects of corticosteroids on cognition: Integration of animal and 
human model studies. Brain Research.Brain Research Reviews, 24(1), 1-27. 

Maletic-Savatic, M., Malinow, R., & Svoboda, K. (1999). Rapid dendritic morphogenesis in CA1 hippocampal 
dendrites induced by synaptic activity. Science (New York, N.Y.), 283(5409), 1923-1927. 

McEntee, W. J., & Crook, T. H. (1991). Serotonin, memory, and the aging brain. Psychopharmacology, 103(2), 
143-149. 

McEwen, B. S., Eiland, L., Hunter, R. G., & Miller, M. M. (2012). Stress and anxiety: Structural plasticity and 
epigenetic regulation as a consequence of stress. Neuropharmacology, 62(1), 3-12. 

McGaugh, J. L., Introini-Collison, I. B., & Nagahara, A. H. (1988). Memory-enhancing effects of posttraining 
naloxone: Involvement of beta-noradrenergic influences in the amygdaloid complex. Brain Research, 
446(1), 37-49. 

McIntyre, C. K., Hatfield, T., & McGaugh, J. L. (2002). Amygdala norepinephrine levels after training predict 
inhibitory avoidance retention performance in rats. The European Journal of Neuroscience, 16(7), 1223-
1226. 

McNaughton, N. (1997). Cognitive dysfunction resulting from hippocampal hyperactivity--a possible cause of 
anxiety disorder? Pharmacology, Biochemistry, and Behavior, 56(4), 603-611. 

Mitra, R., Adamec, R., & Sapolsky, R. (2009). Resilience against predator stress and dendritic morphology of 
amygdala neurons. Behavioural Brain Research, 205(2), 535-543. 

Mitra, R., Ferguson, D., & Sapolsky, R. M. (2009). SK2 potassium channel overexpression in basolateral amygdala 
reduces anxiety, stress-induced corticosterone secretion and dendritic arborization. Molecular Psychiatry, 
14(9), 847-55, 827. 



CORTICOSTERONE LONG-TERM EFFECTS ON LOW- AND HIGH-AROUSING LEARNING TASK

  5

 125

Mitra, R., Jadhav, S., McEwen, B. S., Vyas, A., & Chattarji, S. (2005). Stress duration modulates the spatiotemporal 
patterns of spine formation in the basolateral amygdala. Proceedings of the National Academy of Sciences of 
the United States of America, 102(26), 9371-9376. 

Mitra, R., & Sapolsky, R. M. (2008). Acute corticosterone treatment is sufficient to induce anxiety and amygdaloid 
dendritic hypertrophy. Proceedings of the National Academy of Sciences of the United States of America, 
105(14), 5573-5578. 

Mitra, R., & Sapolsky, R. M. (2010). Expression of chimeric estrogen-glucocorticoid-receptor in the amygdala 
reduces anxiety. Brain Research, 1342, 33-38. 

Moller, C., Wiklund, L., Sommer, W., Thorsell, A., & Heilig, M. (1997). Decreased experimental anxiety and 
voluntary ethanol consumption in rats following central but not basolateral amygdala lesions. Brain 
Research, 760(1-2), 94-101. 

Mumby, D. G., & Pinel, J. P. (1994). Rhinal cortex lesions and object recognition in rats. Behavioral Neuroscience, 
108(1), 11-18. 

Murray, E. A., & Mishkin, M. (1998). Object recognition and location memory in monkeys with excitotoxic lesions 
of the amygdala and hippocampus. The Journal of Neuroscience : The Official Journal of the Society for 
Neuroscience, 18(16), 6568-6582. 

Nathan, S. V., Griffith, Q. K., McReynolds, J. R., Hahn, E. L., & Roozendaal, B. (2004). Basolateral amygdala 
interacts with other brain regions in regulating glucocorticoid effects on different memory functions. Annals 
of the New York Academy of Sciences, 1032, 179-182. 

Neisser, U., Winograd, E., Bergman, E. T., Schreiber, C. A., Palmer, S. E., & Weldon, M. S. (1996). Remembering 
the earthquake: Direct experience vs. hearing the news. Memory (Hove, England), 4(4), 337-357. 

Newcomer, J. W., Craft, S., Hershey, T., Askins, K., & Bardgett, M. E. (1994). Glucocorticoid-induced impairment 
in declarative memory performance in adult humans. The Journal of Neuroscience : The Official Journal of 
the Society for Neuroscience, 14(4), 2047-2053. 

Newcomer, J. W., Selke, G., Melson, A. K., Hershey, T., Craft, S., Richards, K., & Alderson, A. L. (1999). 
Decreased memory performance in healthy humans induced by stress-level cortisol treatment. Archives of 
General Psychiatry, 56(6), 527-533. 

Okuda, S., Roozendaal, B., & McGaugh, J. L. (2004). Glucocorticoid effects on object recognition memory require 
training-associated emotional arousal. Proceedings of the National Academy of Sciences of the United States 
of America, 101(3), 853-858. 

Putman, P., Hermans, E. J., Koppeschaar, H., van Schijndel, A., & van Honk, J. (2007). A single administration of 
cortisol acutely reduces preconscious attention for fear in anxious young men. Psychoneuroendocrinology, 
32(7), 793-802. 

Quartermain, D., Clemente, J., & Shemer, A. (1993). 5-HT1A agonists disrupt memory of fear conditioning in 
mice. Biological Psychiatry, 33(4), 247-254. 

Quirarte, G. L., Roozendaal, B., & McGaugh, J. L. (1997). Glucocorticoid enhancement of memory storage 
involves noradrenergic activation in the basolateral amygdala. Proceedings of the National Academy of 
Sciences of the United States of America, 94(25), 14048-14053. 

Ribeiro, R. L., Andreatini, R., Wolfman, C., Viola, H., Medina, J. H., & Da Cunha, C. (1999). The “anxiety state” 
and its relation with rat models of memory and habituation. Neurobiology of Learning and Memory, 72(2), 
78-94. 

Richardson, M. P., Strange, B. A., & Dolan, R. J. (2004). Encoding of emotional memories depends on amygdala 
and hippocampus and their interactions. Nature Neuroscience, 7(3), 278-285. 

Roozendaal, B. (2000). 1999 curt P. Richter award. glucocorticoids and the regulation of memory consolidation. 
Psychoneuroendocrinology, 25(3), 213-238. 

Roozendaal, B. (2002). Stress and memory: Opposing effects of glucocorticoids on memory consolidation and 
memory retrieval. Neurobiology of Learning and Memory, 78(3), 578-595. 

Roozendaal, B., Castello, N. A., Vedana, G., Barsegyan, A., & McGaugh, J. L. (2008). Noradrenergic activation of 
the basolateral amygdala modulates consolidation of object recognition memory. Neurobiology of Learning 
and Memory, 90(3), 576-579. 

Roozendaal, B., Hahn, E. L., Nathan, S. V., de Quervain, D. J., & McGaugh, J. L. (2004). Glucocorticoid effects 
on memory retrieval require concurrent noradrenergic activity in the hippocampus and basolateral amygdala. 
The Journal of Neuroscience : The Official Journal of the Society for Neuroscience, 24(37), 8161-8169. 

Roozendaal, B., McEwen, B. S., & Chattarji, S. (2009). Stress, memory and the amygdala. Nature Reviews.
Neuroscience, 10(6), 423-433. 



 126

Roozendaal, B., & McGaugh, J. L. (1997). Basolateral amygdala lesions block the memory-enhancing effect of 
glucocorticoid administration in the dorsal hippocampus of rats. The European Journal of Neuroscience, 
9(1), 76-83. 

Roozendaal, B., & McGaugh, J. L. (1997). Glucocorticoid receptor agonist and antagonist administration into the 
basolateral but not central amygdala modulates memory storage. Neurobiology of Learning and Memory, 
67(2), 176-179. Roozendaal, B., & McGaugh, J. L. (2011). Memory modulation. Behavioral Neuroscience, 
125(6), 797-824. 

Roozendaal, B., McReynolds, J. R., & McGaugh, J. L. (2004). The basolateral amygdala interacts with the medial 
prefrontal cortex in regulating glucocorticoid effects on working memory impairment. The Journal of 
Neuroscience : The Official Journal of the Society for Neuroscience, 24(6), 1385-1392. 

Sajdyk, T. J., & Shekhar, A. (1997). Excitatory amino acid receptor antagonists block the cardiovascular and 
anxiety responses elicited by gamma-aminobutyric acidA receptor blockade in the basolateral amygdala of 
rats. The Journal of Pharmacology and Experimental Therapeutics, 283(2), 969-977. 

Salomons, A. R., Arndt, S. S., & Ohl, F. (2012). Impact of anxiety profiles on cognitive performance in BALB/c 
and 129P2 mice. Cognitive, Affective & Behavioral Neuroscience, 12(4), 794-803. 

Sandi, C., Venero, C., & Guaza, C. (1996). Novelty-related rapid locomotor effects of corticosterone in rats. The 
European Journal of Neuroscience, 8(4), 794-800. 

Shepard, J. D., Barron, K. W., & Myers, D. A. (2000). Corticosterone delivery to the amygdala increases 
corticotropin-releasing factor mRNA in the central amygdaloid nucleus and anxiety-like behavior. Brain 
Research, 861(2), 288-295. 

Shepard, J. D., Barron, K. W., & Myers, D. A. (2003). Stereotaxic localization of corticosterone to the amygdala 
enhances hypothalamo-pituitary-adrenal responses to behavioral stress. Brain Research, 963(1-2), 203-213. 

Silva, M. A., & Tomaz, C. (1995). Amnesia after diazepam infusion into basolateral but not central amygdala of 
rattus norvegicus. Neuropsychobiology, 32(1), 31-36. 

Smythe, J. W., Murphy, D., Timothy, C., & Costall, B. (1997). Hippocampal mineralocorticoid, but not 
glucocorticoid, receptors modulate anxiety-like behavior in rats. Pharmacology, Biochemistry, and Behavior, 
56(3), 507-513. 

Stone, E. A., Egawa, M., & McEwen, B. S. (1988). Novel effect of chronic corticosterone treatment on escape 
behavior in rats. Behavioral and Neural Biology, 50(1), 120-125. 

Thiebot, M. H. (1985). Some evidence for amnesic-like effects of benzodiazepines in animals. Neuroscience and 
Biobehavioral Reviews, 9(1), 95-100. 

Tomaz, C., Dickinson-Anson, H., & McGaugh, J. L. (1992). Basolateral amygdala lesions block diazepam-induced 
anterograde amnesia in an inhibitory avoidance task. Proceedings of the National Academy of Sciences of the 
United States of America, 89(8), 3615-3619. 

Tomaz, C., Dickinson-Anson, H., McGaugh, J. L., Souza-Silva, M. A., Viana, M. B., & Graeff, F. G. (1993). 
Localization in the amygdala of the amnestic action of diazepam on emotional memory. Behavioural Brain 
Research, 58(1-2), 99-105. 

Truitt, W. A., Johnson, P. L., Dietrich, A. D., Fitz, S. D., & Shekhar, A. (2009). Anxiety-like behavior is modulated 
by a discrete subpopulation of interneurons in the basolateral amygdala. Neuroscience, 160(2), 284-294. 

Tye, K. M., Prakash, R., Kim, S. Y., Fenno, L. E., Grosenick, L., Zarabi, H., Thompson, K. R., Gradinaru, V., 
Ramakrishnan, C., & Deisseroth, K. (2011). Amygdala circuitry mediating reversible and bidirectional 
control of anxiety. Nature, 471(7338), 358-362. 

Uzun, S., Kozumplik, O., Jakovljevic, M., & Sedic, B. (2010). Side effects of treatment with benzodiazepines. 
Psychiatria Danubina, 22(1), 90-93. 

Vuilleumier, P., Richardson, M. P., Armony, J. L., Driver, J., & Dolan, R. J. (2004). Distant influences of amygdala 
lesion on visual cortical activation during emotional face processing. Nature Neuroscience, 7(11), 1271-
1278. 

Vyas, A., Mitra, R., Shankaranarayana Rao, B. S., & Chattarji, S. (2002). Chronic stress induces contrasting patterns 
of dendritic remodeling in hippocampal and amygdaloid neurons. The Journal of Neuroscience : The Official 
Journal of the Society for Neuroscience, 22(15), 6810-6818. 

Vyas, A., Pillai, A. G., & Chattarji, S. (2004). Recovery after chronic stress fails to reverse amygdaloid neuronal 
hypertrophy and enhanced anxiety-like behavior. Neuroscience, 128(4), 667-673. 

Wang, D. V., Wang, F., Liu, J., Zhang, L., Wang, Z., & Lin, L. (2011). Neurons in the amygdala with response-
selectivity for anxiety in two ethologically based tests. PloS One, 6(4), e18739. 



CORTICOSTERONE LONG-TERM EFFECTS ON LOW- AND HIGH-AROUSING LEARNING TASK

  5

 127

Wirth, M. M., Scherer, S. M., Hoks, R. M., & Abercrombie, H. C. (2011). The effect of cortisol on emotional 
responses depends on order of cortisol and placebo administration in a within-subject design. 
Psychoneuroendocrinology, 36(7), 945-954. 

Wolkowitz, O. M., Reus, V. I., Weingartner, H., Thompson, K., Breier, A., Doran, A., Rubinow, D., & Pickar, D. 
(1990). Cognitive effects of corticosteroids. The American Journal of Psychiatry, 147(10), 1297-1303. 

Zorawski, M., & Killcross, S. (2002). Posttraining glucocorticoid receptor agonist enhances memory in appetitive 
and aversive pavlovian discrete-cue conditioning paradigms. Neurobiology of Learning and Memory, 78(2), 
458-464. 




