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STELLINGEN

Behorende bij het proefschrift

The Good and Bad of Stress
Implications for memory and adaptive processes

The pure presence of a neuroendocrine response is not sufficient anymore to
label a stimulus as stressful.

Glucocorticoid hormones do not care whether an experience is positive or
negative.

We all have our time machines. Some take us back, they ‘re called memories.
Some take us forward, they ‘re called dreams. (Jeremy Irons)

Changes in the brain as response to stress should not immediately be
interpreted as maladaptive and disease-promoting.

Including female subjects in research is essential to explain neurobiological
mechanisms underlying stress-related diseases in women.

If the brain was so simple we could understand it, we would be so simple that
we couldnt.

Success is the ability to go from one failure to another with no loss of
enthusiasm. (Winston Churchill)

To achieve great things, two things are needed: a plan and not quite enough
time. (Leonard Bernstein)

Sometimes it’s important to work for that pot of gold. But sometimes it’s
essential to take time off and to make sure that your most important decision
in the day simply consists of choosing which color to slide down on the
rainbow. (Douglas Pagels)

10. Horseback riding is life, the rest is just details.

Romy Wichmann, 29 Oktober 2012
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STRESS

‘Stress is an ignorant state. It believes everything is an emergency’
Nathalie Goldberg

Stress is a common occurrence in our modern society that affects all of us at some point
in life. Hans Selye defined the concept of stress, as the ‘non-specific bodily response to
any demand which leads to a variety of temporary or permanent changes’ '. Stress is thus
a normal and necessary physiological defense reaction, which allows us to respond
appropriately to environmental or physiological demands. Therefore, contrary to
general belief, stress is not necessarily a negative event. In small amounts, it can help us
to perform under pressure, motivate us and increase our cognitive abilities.

With the response to stress, our body is equipped with an alarm system that
helps us to adjust to new demands as quickly as possible. It is composed of altered
behavioral, endocrine and autonomic function and the secretion of multiple
hormones and neurotransmitters. When working properly, it helps us to stay focused,
energetic, and alert 23 and highlights things that are important in the environment
and require closer attention.

THE STRESS RESPONSE

A situation perceived as (potentially) stressful immediately leads to an activation of the
sympatho-adrenomedullary (SAM) system. It triggers the secretion of catecholamines
(adrenaline and noradrenaline) from the adrenal medulla and the release of
noradrenaline from sympathetic nerve terminals '. These hormones alert the body for
emergency action and lead to physiological alterations, all known to us as the feeling
of being stressed: the heart pounds faster, blood pressure rises, breath quickens, the
hand palms get sweaty and the senses become sharper. The blood flow to the brain and
muscles increases dramatically and muscle tension intensifies. These physical changes
prepare the body to react quickly and effectively to any threat and to increase chances
of survival. This is also referred to as the ‘fight or flight’ reaction °.

A second, slower reaction takes place via the activation of the neuroendocrine
system and more specifically the hypothalamus-pituitary-adrenal (HPA) axis ©. Stress
stimulates the central control station of the stress system, the hypothalamus, which
results in the secretion of various hormones, like corticotropin-releasing hormone
(CRH) and vasopressin (AVP). They in turn stimulate the release of adrenocorticotropic
hormone (ACTH) from the pituitary gland into the peripheral blood stream. ACTH
reaches and stimulates its target organ, the adrenal glands. The cortex of the adrenal
glands is responsible for the synthesis and release of glucocorticoids (GCs), the final
key messenger in this cascade (Figure 1).
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Figure 1. Simplified schematic representation of the hypothalamo-pituitary (HPA) axis and the
sympatho-adenomedullary (SAM) system.

GLUCOCORTICOIDS

GCs - cortisol in humans and corticosterone in rodents - are a class of steroid
hormones, synthesized from cholesterol and released into the general circulation. They
regulate and support a variety of important cardiovascular, metabolic, immunological
and homeostatic functions and ultimately travel back to the hypothalamus, inhibit
further release of CRH and turn off the HPA-axis response (negative-feedback loop).
Next to their multitudinous effects in the periphery, GCs easily cross the blood-brain
barrier and also induce plenty of effects in different brain regions. All brain cells are in
principle exposed to corticosteroid hormones. Nevertheless, the sites where GCs are
effective are restricted by the distribution of corticosteroid receptors ’. There are two
known intracellular receptors, glucocorticoid receptors (GRs) and mineralocorticoid

1
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receptors (MRs). Bothbind the samehormone, yet with a ten-folddifferentaffinity®. The
higher affinity MR is predominantly occupied at lower, basal levels of glucocorticoids.
The GR has a much lower affinity for GCs and is therefore only heavily occupied
when there are high levels of GCs, as seen during stress °. Upon binding the hormone,
the receptors undergo a conformational change and form dimers. These translocate
into the nucleus, where they subsequently activate or repress appropriate hormone-
responsive genes 12, Consequently, GC effects on neuronal function usually require
at least an hour to develop and can last hours to days 7. However, GCs can also exert
more rapid effects that are not compatible with genomic regulation '*. Studies suggest
that these effects are instead mediated by interactions of the hormone with specific
membrane-associated receptors to cause changes within the cell that are similar to
those initiated by neurotransmitters 18,

The activation of the stress response is commonly connected to challenges of an
aversive nature. As a result, the release and presence of (nor)adrenaline and GCs is
often regarded as an indicator of exposure to aversive stimuli. However, it should be
recognized that the stimulus that triggers the stress response does not necessarily has
to have a noxious or adverse nature. Multiple appetitive and rewarding stimuli such
as sexual behavior, food, drugs of abuse or victory elicit the activation of the HPA
axis with a similar magnitude as highly aversive situations '*2!. Thus, any situation
that puts high demands on an organism - ranging from aversive stressors to highly
rewarding events — activates the stress response and results in a state of physiological
or emotional arousal %%,
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PART |
LEARNING AND MEMORY

“That which touches the heart is engraved in the memory’
Voltaire

One of the most extraordinary traits we possess is our ability to store information by
experience and to retrieve much of this information at will. The process of encoding,
storing and retrieving this information is generally defined as memory. It is a complex
biological process involving multiple brain systems and many molecular and cellular
mechanisms that process and consolidate information in the brain.

Following anylearning event, the fresh memorytraceis not instantaneously hardwired.
New memories are initially labile and sensitive to disruption before undergoing a series
of processes that slowly strengthen and transform them into a more stable and persistent
form over time 24. The hypothesis that new memories consolidate slowly over time was
proposed already over a century ago by Miiller and Pilzecker >, Their ‘perseveration-
consolidation’ hypothesis provides the opportunity for endogenous neurobiological
processes to modulate and adapt the strength of subsequent memories **. We know from
our own experience that not all information is equally well transferred into long-term
memory. Our brain is particularly good at storing information with strong emotional
content. We remember life’s significant moments especially well, such as memories
of where we were and what we were doing when we met the men (or women) of our
dreams; when we had our graduation ceremony or got an awesome birthday present.
Unfortunately, strong memories develop just as well when there is bad news, such as
the death of a loved one or the terrorist attacks of September 11. Most people remember
vividly what they were doing when they heard of these events. Hence, events that
emotionally touch (arouse) us appear to activate neurobiological processes and systems
and increase the likelihood of these events to be converted into permanent memories.
Memories for nonarousing events on the other hand are more vulnerable for disruption
and often are quickly forgotten 232 The association between the emotionally arousing
characteristics of events and facilitated memory lead to the hypothesis that the degree to
which memories are lasting may be influenced by hormonal systems activated by these
experiences **%. The link to stress hormones was quickly made and it was proposed that
stress hormones released during and immediately after emotionally arousing experiences
are the endogenous modulators of the neurobiological processes underlying memory
consolidation %7, Extensive evidence from many different studies in animals as well as
humans now supports this theory 222837-41,

STRESS HORMONE EFFECTS ON MEMORY CONSOLIDATION
CATECHOLAMINES

Adrenaline (also known as epinephrine) is perhaps the hormone best studied and
understood as an enhancer of memory formation processes. Numerous studies



repeatedly demonstrated the role of the adrenergic system in consolidation of memory
for emotionally significant experiences 25¥42%, Since adrenaline does not readily cross
the blood-brain barrier * the question arose how it affects the central brain function to
modulate memory consolidation . Today it is believed that it activates f3-adrenergic
receptors on the ascending vagus nerve terminating in the nucleus of the solitary tract
(NTS), a brainstem structure with a high population of noradrenergic cell groups > ¥.
Noradrenergic projections originating from the NTS in turn innervate forebrain
structures involved in learning and memory either directly * or indirectly via the
locus coeruleus (LC), another brainstem structure with widespread noradrenergic
projections to forebrain regions **. The NTS thus appears to be the interface between
the peripheral adrenergic activation and the neural noradrenergic brain mechanisms
regulating memory consolidation *¢!. This further implicates a crucial role for
noradrenaline (norepinephrine) in the central effects leading to enhanced memory
consolidation. Support for this assumption comes from a plethora of experiments
showing that injections of noradrenaline or a 8-adrenoceptor agonist into various
brain regions at times when memories are encoded or shortly afterwards can enhance
memory performance **¢¢¢_ Conversely, posttraining intra-cerebral injections of
adrenergic receptor antagonists block the memory-enhancing effects of emotionally
arousing experiences * or systemically administered adrenaline **%.

GLUCOCORTICOIDS

Emotionally arousing experiences additionally activate the HPA-axis, resulting
in elevated plasma levels of GCs, as already described in the previous section.
Compelling evidence indicates that elevated GC levels are also involved in modulating
consolidation processes resulting in better long-term memory ¥72%!68 72 Blockade of the
corticosterone response to stress or arousal impairs memory consolidation and prevents
arousal-induced memory enhancement in both animals and humans *7. On the other
hand, administration of moderate doses of GCs or a specific GR agonist facilitates
memory consolidation, in a dose- and time-dependent manner in different kinds of
learning tasks, including inhibitory avoidance, contextual and cued fear conditioning,
spatial discrimination tasks, conditioned taste aversion, and object recognition *7+8,
In humans beneficial effects of GCs or stress exposure on (emotional) memory
consolidation were likewise found in several studies 72*'%2, Extensive evidence indicates
that the low-affinity GR, and not the high-affinity MR, is involved in mediating GC
effects on memory consolidation 3869885,

Different findings propose that GCs facilitate memory consolidation of emotionally
arousing stimuli or of experiences occurring during states of emotional arousal, but
do not affect memory consolidation of neutral information 27277818487 These selective
effects of arousing material suggest that GCs interact with other components of
emotional arousal in influencing memory consolidation.
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ADRENERGIC-GLUCOCORTICOID INTERACTION

Indeed, the major hormonal stress systems interact to influence memory consolidation
of emotional events and information %%2. Arousal-induced noradrenergic activation
seems to be indispensable for mediating the enhancing effects of glucocorticoids on
memory consolidation in a variety of emotional learning experiences. Administration of
a f3-adrenoceptor antagonist immediately after training blocks corticosterone-induced
memory enhancement 8939, Likewise, GCs alter the sensitivity of adrenaline in influencing
memory consolidation *%. Disruption of GC synthesis prevents memory enhancement
induced by posttraining adrenaline injections or exposure to psychological stress %,

GCs appear to exert their influence via increasing the activation of postsynaptic
3-adrenoceptors. These receptors are directly coupled to adenylate cyclase (AC) to
stimulate 3’-5’-cyclic adenosine monophosphate (cAMP) formation. Intracellular
cAMP subsequently initiates a cascade of molecular events, including the activation
of the cAMP-dependent protein kinase (PKA), which ultimately results in the
phosphorylation of the transcription factor cAMP response element binding (CREB)
protein ' Manipulation of CREB levels was shown to influence long-term
memory formation for aversive conditioning '°*'%, Recent evidence indicates that the
influence of GCs on the f3-adrenergic receptor cascade is mediated by the release of
endocannabinoids and endocannabinoid effects on GABAergic interneurons 4106107,
GCs initiate the release of endocannabinoids in the synaptic cleft by binding a
membrane-bound GR. Endocannabinoids then bind their receptor type 1 (CB1)
on GABAergic terminals to inhibit the release of GABA. This inhibition disinhibits
noradrenaline release and thus increases the activation of f8-adrenergic receptors and
the succeeding cascade (see Figure 2).

THE BRAIN NETWORK INVOLVED IN EMOTIONAL MEMORY

Several brain regions, especially in the limbic system, are influenced by stress and stress
hormones and are responsible for the influence of emotions and emotional arousal on
the formation of memories. Some of these members relevant for this thesis and their
role in emotional memory consolidation will be explained in more detail below.

The amygdala, a small almond shaped region in the anteromedial temporal lobe, is
the area most strongly implicated in regulating emotional arousal and stress effects on
memory *. Among the different nuclei of the amygdala, the basolateral complex (BLA)
seems to be selectively and crucially involved in mediating these neuromodulatory
influences, whereas the adjacent central nucleus does not appear to play a significant
role in modulating memory consolidation 267685107.108

It is well established that emotional experiences that induce the release of stress
hormones also activate the amygdala. Patients with a lesion in this region show a
diminished long-term memory enhancement for emotionally arousing aversive
stimulation 3% Additional research in humans has revealed a link between the
amount of amygdala activation at encoding and the likelihood of remembering
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Figure 2. Current model of glucocorticoid-adrenergic interaction during emotional memory consolidation.
Corticosterone is released during training in emotionally arousing tasks and binds to a membrane-bound
glucocorticoid receptor (GR). This activates endocannabinoid synthesis. Endocannabinoids are then released
into the synapse where they bind to CBI receptors probably on GABAergic terminals, and thereby inhibit
therelease of GABA. This suppression of GABA release subsequently disinhibits noradrenaline release, and
this results in an activation of the postsynaptic 8-adrenoceptor and the downstream cAMP/PKA/pCREB
intracellular signaling pathway. (adapted from Atsak et al 2012)

emotional information 3!47.110.112-14 'Ngradrenaline release in the amygdala seems to
play an important, possibly critical, role in mediating the emotional arousal effects
on memory consolidation 475121, Emotionally arousing learning experiences as
well as drugs and hormones that enhance memory consolidation induce the release
of noradrenaline within the amygdala and the amount released highly correlates with
later retention performance '?'#, Lesions of the amygdala, on the other hand, block the
enhancing effects of emotional arousal or systemic administration of adrenaline **%,
There is extensive evidence that also the effects of GCs on memory consolidation are
mediated through influences involving the amygdala 767998.101.104125126 3 thijs process
requires noradrenergic co-activation within the amygdala %3127,

Although the evidence summarized above indicates that the amygdala is a critical
brain site for integrating adrenergic and GC influences on memory consolidation,
the amygdala has a clear modulatory role and is not the locus of long-term memory
storage 22'28, Rather, the amygdala enhances emotional memory encoding via
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modulation of responses in many efferent brain regions, including various cortical
regions, the hippocampus, and the nucleus accumbens 12513,

The prefrontal cortex (PFC) is the anterior part of the frontal lobes and is
involved in higher cognitive functions like decision making and reasoning. It is highly
interconnected with other cortical regions as well as subcortical areas and organized in
a topographical manner '¥. The emotional and stress responses are mainly modulated
by the medial PFC (mPFC) and its dorsal region (i.e., prelimbic cortex) in particular.
Yet, all the PFC regions interconnect to orchestrate the brain s activity for regulation
of behavior, thought and emotion.

The PFC has a specific role in working memory *71%, the ability to temporary store
and manage information necessary to execute complex cognitive tasks !**. However
an involvement in memory consolidation has also been shown 814?142 The PFC is
also a target of stress processes. Stress hormone actions within the PFC influence
structural and functional plasticity, and modulate working memory as well as memory
consolidation processes. Stress, and increased noradrenaline and GC levels, inhibit
PFC neuronal activity and induce working memory impairment via an activation
of the intracellular cAMP/PKA signaling cascade ®!¥143-146_ On the other hand, the
same stress-hormone induced disruption of PFC function during working memory
processes enhances long-term memory consolidation 8146150 This is confirmed by a
functional imaging study in humans, showing that combined administration of GC
and noradrenaline agonists during the encoding of emotionally arousing material
induces a strong deactivation of the PFC and that the level of deactivation positively
correlates with enhanced performance on a delayed retention task *2.

The hippocampus (HC) is part of the cerebral cortex. It consists of three major
subdivisions: the dentate gyrus, the Ammon’s horn (fields CA1, CA2 and CA3) and
the subiculum. Its role in learning and memory is known since decades. Early evidence
comes from studies in patients who had both hippocampi removed which resulted in
a profound impairment of their ability to retain new information '*"'*2, These early
studies as well as more recent reports show that this region is predominantly involved in
explicit/declarative and spatial memory process '**!%, Similar to amygdala activation,
the level of hippocampal activation predicts later memory strength '8,

The HC is also a critical target in the regulation of the stress response and is at
the same time affected by it ¢!, Noradrenaline release in the HC enhances cellular
excitability, synaptic transmission, and plasticity ' and modulates the encoding
efficacy . The HC contains a very high density of GRs as well as MRs *1¢*¢*, Both animal
models and human studies reveal that stress and stress levels of GCs induce structural
and functional changes in the hippocampal circuitry *1¢°. Glucocorticoids influence the
neuronal excitability and the induction of LTP in the HC ¢%!65-17%, This is consistent with
behavioral evidence suggesting that GCs regulate memory storage '-'®. Experiments
using posttraining infusions of corticosterone or specific agonists or antagonists of GRs
into the HC affect memory consolidation of different learning tasks 94105171172,



As seen in the amygdala, elevated corticosteroid levels require the presence of
elevated noradrenaline levels to promote processing of emotional stimuli !”>. Thus, also
in the HC corticosteroids increase the effects of noradrenergic stimulation on encoding
of emotional information 2.

The insular cortex (IC) is a part of the cerebral cortex within the lateral sulcus between
the temporal and the frontal lobe. It is divided into two parts, the large anterior and smaller
posterior insula. It plays a role in various functions linked to emotion and homeostasis.
Human neuroimaging studies point to a key role of the IC in emotionally influenced
learning and memory 74178 Increased activity of the anterior IC has been reported during
the encoding and recall of a broad spectrum of emotionally aversive learning tasks 7% but
see #2185, However, most animal studies investigating the role of the IC in emotional arousal
effects on learning and memory have been limited to the involvement in the formation and
maintenance of taste memory 7*'% %, although several findings also reported the involvement
of the IC in other learning tasks, including spatial water maze learning, inhibitory avoidance

LEARNING EXPERIENCE

Basolateral Amygdala

i / Py
Adrenaline " / . y;/
(B ’/ P &
6lucocorticoids
st modulatory actions

Figure 3. Schematic representation of emotional arousal-induced modulation of memory consolidation.
Learning experiences initiate time-dependent storage processes in several brain regions. In addition,
emotional arousal (e.g. stress) associated with these learning experiences stimulates the release of the
stress hormones, catecholamines and glucocorticoids, from the adrenal glands. Catecholamines, not
able to cross the blood-brain barrier, activate noradrenergic cells in the nucleus of the solitary tract
(NTS). These in turn stimulate, among other regions, the basolateral amygdala (BLA). Glucocorticoids
directly influence memory processes in several brain regions. They also interact with noradrenaline in
the BLA. This modulates the memory storage processes by influencing neuroplasticity in other brain
areas. (adapted from McGaugh et al 2000)
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and object recognition *%!*""'%, Despite the obvious involvement of the IC in emotional
memory consolidation, studies investigating the influence of stress hormone treatments on
memory function in this region are few and far between "%,

The nucleus accumbens (NAc) is a basal forebrain structure located at the top of the
brainstem. It can be divided into two structures; the nucleus accumbens core (NAcC)
and shell (NAcS). The NAc is commonly referred to as ‘the pleasure center of the brain’
due to its important role in reward, pleasure and motivation 2*'%2° Nonetheless, a
role in learning and memory is also well established #?°!. Extensive evidence, including
lesion studies and pharmacological manipulation of different neurotransmitter systems
in animals 222% as well as functional imaging studies in humans 2%2%, showed an
involvement of the NAc in the encoding and consolidation of emotional experiences.

Differentstudieshave shown thatthe NAcisactivated during stressful situations #!".
However, the involvement of the NAc regarding stress hormone-induced facilitation
of memory consolidation of emotionally arousing experiences is only scarcely and
mostly indirectly studied. It was recently shown that noradrenaline release in the
NAg, in response to emotionally arousing negative experiences, is necessary for the
consolidation of these events %22, Studies investigating the influence of GCs on NAc
activity have mainly focused on the effects of increased GC levels on the release of the
neurotransmitter dopamine in this region and subsequent behavioral outcomes 2!"232'%,
Other studies show that lesions of the NAc block the memory-enhancing effects of
systemically administered dexamethasone '*! or intracranial administered GR agonist
into the BLA or HC '*. Although it is known that the NAc expresses GRs '6* only one
recent study has so far investigated the direct actions of glucocorticoids within the NAc
on memory formation 6,

In summary, the limbic brain system, influenced by the stress hormones, exerts
diverse emotional, cognitive and mnemonic functions, involved in the regulation of
emotional arousal or stress induced memory consolidation.
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PART I
STRESS-INDUCED PSYCHOPATHOLOGY

A sick thought can devour the body s flesh more than fever or consumption’
Guy the Maupassant

The body s stress response is perfect in the short-term, but damaging if it goes on for weeks
and years. Many of the modern stressful events are psychological in origin and they are
chronic, lasting days, weeks, months, or even years. They do not involve an actual threat
and cannot be resolved by fighting or running away. However, the brain cannot distinguish
between a real or potential threat. Thus, these stressors still trigger the SAM system and the
HPA-axis, which makes them as genuine as possible. This constant activation of a system
designed to be activated occasionally can make it go into overdrive and cause stress-related
health problems. It is now evident that intensely emotional events or chronic exposure
to stressful experiences can result in the development of cardiovascular diseases, diverse
endocrine and metabolic disorders and psychopathologies, including post-traumatic stress
disorder (PTSD), burn out and depression 72",

Chronicstress can also be used as a valuable tool to investigate the neurobiological
mechanisms underlying psychopathologies in animals 2. The chronic mild stress
model is the most valid and widely used animal model of depression . It aims to
model a chronic depression-like state that develops gradually over time in response to
aseries of mild and unpredictable stressors during a prolonged period of time 2'3220222,
This has been reported to result in long-lasting changes of behavioral, neurochemical
and neuroendocrinological variables resembling a depressed state that can be reversed
by chronic, but not acute, treatment with a variety of antidepressants '8,

DEPRESSION
Depression is a chronic, recurring and potentially life-threatening illness that affects up
to 20% of the population across the globe 27?2, Its dramatic increase in prevalence over
the last years caused it to be one of the leading reasons of medical disability, morbidity
and mortality worldwide 2'*?*'. Since the 1960’s a clinical diagnosis of depression is
based on symptomatic criteria set forth in the Diagnostic and Statistical Manual of
Mental Disorders #7?**, Depression is often viewed as a heterogeneous syndrome
comprised of numerous diseases with distinct causes and pathophysiologies *"’. It has a
highly variable set of symptoms and an inconsistent response to treatment *°. The core
symptoms include long-lasting mood disturbances (characterized by profound sadness
and irritability) and anhedonia, in association with feelings of guilt and worthlessness,
disturbances of psychomotoractivity, sleep, appetite and weight and recurrent thoughts
of death and suicide *'7??. Anhedonia, the loss of motivation, reward and pleasure in
activities previously enjoyed, is one of the most common symptoms in depression.
Research attempts to elucidate the mechanisms responsible for the development
of depression has yielded valuable insight, but still the etiology and pathophysiology
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remain poorly understood. Roughly 40-50 % of the risk of depression seems to be
genetic 22222, however, no specific genetic abnormality has been identified so far 2!72%,
Most likely, depression is caused by a combination of genetic, biological, environmental,
and psychological factors 2%.

The current picture of the pathophysiology of depression is largely incomplete and
thus a variety of hypotheses have been postulated in search for the molecular causes of
depression. Three representative examples are briefly reviewed in the following section.

THE MONOAMINE HYPOTHESIS

For half a century, the hottest topic of neurobiological research and classical
pharmacotherapy regimens trying to explain depression has been the monoamine
hypothesis #%3!, This hypothesis proposes that an imbalance or deficiency of brain
monoamine neurotransmitters, such as serotonin, noradrenaline and dopamine, are
responsible for the development of depressive symptoms 27!, This theory is based and
supported by the fact that most used antidepressant drugs acutely boost monoamine
transmitter function in different brain regions #!** and patients with depression
show alterations in the production of these neurotransmitters *2%. However, current
antidepressant pharmacotherapies based on this principle alleviate symptoms only
in an average of 50% of patients 217228, Furthermore, even though the increase in
monoamine levels is very rapidly detectable, antidepressant drugs often take 2-6 weeks
before full clinical efficiency is observed 2%, Thus, the immediate biochemical effects
of antidepressants cannot fully explain this delay in the treatment response. Therefore,
although the monoaminergic transmitters are undoubtedly involved in the mechanism
and treatment of depression, enhanced neurotransmission is only part of the story and
not sufficient to explain the clinical actions of these drugs entirely 2"’. Rather, it suggests
that some gradually developing adaptive downstream changes would be ultimately
responsible for clinical symptom improvement and resulted in the formulation of
the neuroplasticity hypothesis 2172322442 This hypothesis is explained in more detail
further below in the text.

THE HPA-AXIS HYPOTHESIS
There is considerable evidence that abnormal, excessive activation of the HPA-axis is
implicated in depression as well 2!7:243-45, Stress, especially when chronic, has long been
associated with a substantial increase in risk for the onset of depression and can trigger
depressive episodes 222246248, Depression, particularly when severe, is characterized by
an over activity of the HPA-axis, associated with hypersecretion of cortisol; pituitary
and adrenal gland enlargement and an increased production of CRF 27272, Increased
HPA-axis activity is evident in about 50% of the patients and chronic antidepressant
treatment can often reverse this phenomenon 212431,

Additional support comes from animal studies, showing that stress-induced
behavioral and neuroendocrine disturbances resemble some of the symptoms seen
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in depressed patients. CRH, injected into the brain of experimental animals, mimics
some effects of depression in humans, such as diminished activity, loss of appetite, and
increased signs of anxiety. Additionally, chronic exposure to corticosterone induces
persistent and long-lasting behaviors resembling anhedonia in combination with other
molecular correlates of depression and these effects are reversible by adrenalectomy or
chronic antidepressant treatment 2425223,

Despite the compelling evidence outlined above, it is still unknown whether HPA
axis abnormalities are a primary cause of depression or, instead, secondary to depressed
mood . Thus, a major liability of the HPA axis hypothesis is the difficulty of defining
the relationship between stress and depression.

THE NEUROPLASTICITY HYPOTHESIS AND CREB

Intracellular signaling pathways linked to neuroplasticity and cellular survival are
undoubtedly involved in events that regulate complex psychological and cognitive
processes, as well as diverse vegetative functions #*? and disturbed regulation of these
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Figure 4. Simplified depiction of the different cellular events in regulation of CREB. Neurotransmitters
and peptides act at membrane receptors to trigger the different intracellular signal transduction
cascades. All these pathways culminate in the phosphorylation (P) of CREB. This activates CREB-
mediated gene transcription and results in changes in synaptic function and neural plasticity. (adapted
from Carlezon et al 2005)
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pathways is suggested as a keyevent in the development of depression #*°. Preclinical and
clinical studies have furthershown that factors involved in signaling pathways regulating
cell survival and cell death are also affected by antidepressants which may explain some
of the delayed, long-term beneficial effects observed in patients receiving these drugs 2.
Therefore, as mentioned above, more recent research into the pathophysiology and
treatment of depression focuses toward molecular mechanisms underlying long-lasting
downstream changes in the brain after chronic antidepressant treatment 2!232242,
Monoamine neurotransmitters regulate the 3’-5’-cyclic adenosine monophosphate
(cAMP) signal transduction cascade. Activation of the G protein-coupled receptor
(GPCR) subunit Gs leads to the activation of adenylyl cyclase, which, in turn, catalyzes
the conversion of ATP into cAMP. All further effects of cAMP are then mediated by the
activation of cAMP-dependent protein kinase (PKA). Once PKA is activated, it further
regulates cellular function by phosphorylation of specific target proteins. One of these
proteins is the already mentioned transcription factor CREB. CREB is a key regulator
of neuroplasticity in the brain 2% and seems to be implicated in both stress- and
antidepressant-induced effects on transcriptional regulation **>. Postmortem studies in
brains of depressed patients found reduced levels of CREB whereas CREB levels were
increased in subjects taking antidepressants at time of death 2. Exposure of animals
to chronic stress decreases CREB levels in different cortical and limbic regions %89
and an upregulation of CREB expression and function is observed with chronic
administration of virtually all classes of antidepressants 2'726*2!_ However, this effect
is not seen in all brain regions. In the NAc, for example, elevated CREB levels produce
depressive-like effects whereas reduction in CREB activity has antidepressant-like
effects 27256262263 CREB has numerous phosphorylation sites that differentially regulate
its activity. In addition to PKA, CREB is phosphorylated by several other kinases,
including the mitogen-activated protein (MAP) kinase signaling pathway (MEK/
ERK), the calcium-calmodulin kinase IT and IV (CaMK II/IV) as well as phospholipase
C (PLC) %3, Upon activation, CREB forms dimers and binds to the cAMP-response
element (CRE) in promotor regions of certain genes, and by regulation of these genes
influences synaptic plasticity 262, One such gene influenced by CREB is brain-
derived neurotrophic factor (BDNF). BDNF belongs to the family of neurotrophins,
factors essential for the survival and function of neurons **. The importance of BDNF
in stress and depression has been extensively documented 2%26527! It was shown
that prolonged exposure to different stressors results in a down-regulation of BDNF
expression ¥*%4, Studies have also clearly indicated that BDNF is increased by long-
term antidepressant treatment 2”>#¢ and also can exert antidepressant effects itself 27772,
However, reminiscent to CREB, the spatial expression of BDNF seems to be critical for
its antidepressant activity *’°.
Thus, in summary, CREB and BDNF appear to be key mediators in stress responses

and a target of antidepressant induced neural plasticity 2°.
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SEX DIFFERENCES IN DEPRESSION

When discussing depression, one cannot bypass the intriguing sex difference accompanying
thisdisorder. The prevalence for depression is twice as high in women than in men 2921728028,
Additionally, the cause of depression and even the symptom pattern exhibited by men and
women can be quite different, especially when it comes to atypical symptoms of depression
33, Recent evidence also points towards sex-specific antidepressant responses '*?*. Many
factors have been implicated in this gender discrepancy, including neuroanatomical
differences, hormonal influences and environmental factors 242,

As mentioned before, chronic stress or major stressful life events are seen as an
underlying cause of depression 226282285, There is accumulating evidence that men and
women activate different brain regions and neuronal circuits in response to stressful
experiences and apply different coping strategies 2'*222% 28 Research found that
men often react to stress with the typical ‘fight or {light’ response mentioned in the
beginning of this chapter, whereas women are more likely to manage their stress with a
’tend and befriend’ response. Females respond to stressful conditions by protecting and
nurturing their young (tend) and by seeking social contact and support from others
- especially other females (befriend) **°. Women also produce more stress hormones
than men do, and the female sex hormone progesterone prevents the stress hormone
system from turning itself off. Even when women and men are confronted with similar
stressors, women may be more vulnerable than men to developing depression and
related anxiety disorders such as PTSD 2°°2%'. The underlying mechanism of these sex
differences is still insufficiently studied and remains virtually unknown 728,

Chronic mild stress models were used in preclinical studies to understand not just
the neurobiology of depression but also the underlying cause of sex differences within
this disorder. A variety of parameters, including behavioral responses, hormonal levels
as well as pattern of neuronal activity, and gene expression showed differences between
bothsexes #882922%3 Male and female rats, as humans, show differences in magnitude of the
stress response 2*2% and females are generally more behaviorally active to stressors 2.
Male rats generally show increased plasma corticosterone levels as well as increased
adrenal weights #%2%3% and reduced exploration in an open field **. Female rats
subjected to the same paradigm show similar increases of plasma corticosterone levels
and adrenal weights however show increased exploration and distance moved °3.
However, the opposite was also found . Concerning neuronal activity pattern,
chronically stressed male rats show increased activity in various limbic brain regions,
whereas females rather respond with decreased limbic activity 2229300302,

Despite a growing interest in sex differences in depression, most preclinical studies
are still done in males and comparative studies on males and females are still limited.
Therefore, the neurobiological underpinnings that may contribute to this difference
remain elusive. This represents a major research interest and further investigation
into the role of sex in the development of depression will reveal new insights on the
underlying neurobiology of this debilitating disorder.
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OUTLINE OF THE THESIS

As probably noticed, this thesis is divided into two parts. The major aim of Part 1
is to conduct fundamental research in the field of emotional learning and memory
consolidation, whereas Part 2 concentrates on the deleterious effects of chronic stress
with a special emphasis on gender differences.

Part I starts off in Chapter 2 with a detailed introduction of the main surgical
technique used throughout this part. Due to a few modifications we were able to refine
the long standing procedure of stereotaxic surgery to significantly increase animal
welfare and survival.

In Chapter 3 this method was then used to investigate the role of glucocorticoids
within the insular cortex in an aversively motivated learning paradigm. Although
glucocorticoids are known to enhance memory consolidation of emotionally arousing
experiences, little is known about the influence of the insular cortex or other cortical
regions in regulating learning and memory. Therefore, we examined the influence
of the IC in the regulation of glucocorticoid effects on memory consolidation of an
emotionally arousing training experience. Adult Sprague-Dawley rats were subjected
to inhibitory avoidance training followed by bilateral infusion of the specific GR agonist
RU 28362 into the IC immediately after training in the one-trial as well as modified,
two-phase inhibitory avoidance task. Retention performance was assessed 48-h
later. In different groups of rats, the training experience was followed by immediate
systemic injection of corticosterone or vehicle and 30 min later brain collection for
determination of training induced phosphorylation of ERK1/2.

It was already mentioned that the stress response is also activated by appetitive and
rewarding stimuli '*?'. However, so far the vast majority of studies, in animals as well
as humans, investigating the neurobiological mechanism underlying stress hormone-
induced facilitation of emotional memory consolidation made use of learning tasks
with a strong aversive or fear-motivated component. Although, there is some evidence
indicatinga possible involvement of glucocorticoids in the consolidation of emotionally
arousing appetitive experiences 7281171303301 jttle is known about the brain circuit
and mechanisms involved in the influence of glucocorticoids on the consolidation of
memory of positively motivated learning experiences.

In Chapter 4 and 5, we therefore aimed to investigate the influence of glucocorticoids
on appetitive memory consolidation in two brain regions known to be involved in
emotional learning and memory. To this aim, rats were administered RU 28362, the
specific GR agonist already used in Chapter 3, into the BLA (Chapter 4) or NAc
(Chapter 5) immediately after training on an appetitive taste learning paradigm and
retention of this positively motivated task was assessed 24 h later. The mechanism of
glucocorticoid action on aversive memory consolidation is extensively studied and
is believed to involve an interaction with the arousal-induced noradrenergic system
(see above). However, this interaction has never been investigated in the context
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of appetitive rewarding memory consolidation. For that reason, in Chapter 5, we
additionally investigated whether the mechanism used by glucocorticoids to enhance
memory consolidation of appetitive learning experiences is comparable to that seen
in aversively motivated tasks. To address this question we examined a potential
interaction with the noradrenergic system by administration of the f3-adrenoceptor
blocker propranolol concurrently with RU 28362.

Part I1

In contrast to the mostly adaptive and positive effects of acute stress and glucocorticoids
seen in Part 1, chronic stress can have deleterious effects on the brain and is a risk
factor in the development of depression. Even though the sex difference in depression
is widely recognized, the underlying biological mechanisms have not been fully
investigated. In Chapter 6 and 7 we describe some of the effects induced by acute and
chronic stress in different stress-related brain regions in male and female rats. We focus
especially on the expression of CREB and its active, phosphorylated form, pCREB.
CREB is believed to be one of the major targets of downstream antidepressant action.
Chapter 6 examined the effects of acute and chronic footshock stress on CREB, pCREB
and BDNF levels in male and female hippocampus and prefrontal cortex regions. In
Chapter 7 we then report the consequences of acute and chronic stress on CREB and
pCREB expression levels in male and female rats in the NAc shell and core.

Finally, in Chapter 8, the work addressed in this thesis is summarized and discussed.
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ABSTRACT

Stereotaxic surgery for the implantation of cannulae into specific brain regions has for
many decades been a very successful experimental technique to investigate the effects
of locally manipulated neurotransmitter and signaling pathways in awake, behaving
animals. Moreover, the stereotaxic implantation of electrodes for electrophysiological
stimulation and recording studies has been instrumental to our current understanding
of neuroplasticity and brain networks in behaving animals. Ever-increasing knowledge
about optimizing surgical techniques in rodents '*, public awareness concerning
animal welfare issues and stringentlegislation (e.g., the 2010 European Union Directive
on the use of laboratory animals *) prompted us to refine these surgical procedures,
particularly with respect to implementing new procedures for oxygen supplementation
and the continuous monitoring of blood oxygenation and heart rate levels during the
surgery as well as introducing a standardized protocol for post-surgical care. Our
observations indicate that these modifications resulted in an increased survival rate
and an improvement in the general condition of the animals after surgery (e.g. less
weight loss and a more active animal). This video presentation will show the general
procedures involved in this type of stereotaxic surgery with special attention to our
several modifications. We will illustrate these surgical procedures in rats, but it is also
possible to perform this type of surgery in mice or other small laboratory animals by
using special adaptors for the stereotaxic apparatus .
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PRE-SURGICAL PROCEDURES

Note: Antiseptic techniques should be employed during the whole procedure. All the

instruments and materials (cotton-tipped swabs, gauze, etc.) that will be used during

the surgery should be sterilized by autoclaving. A surgical mask, hair bonnet and

sterile gloves should be worn. The working area and the stereotaxic apparatus should

be cleaned thoroughly, and disinfected with a 70% ethanol solution.

i.

Set up the stereotaxic apparatus and all materials needed. Pre-warm the heating
pad.

Place the cannula in its support and check if it is straight.

Turn on the gas system - mixture of ambient air and oxygen (30-35% of total flow
should be oxygen).

Weigh the rat and administer the anesthetic. We are using a mixture of ketamine
(37.5 mg/kg) and dexmedetomidine (0.25 mg/kg) injected subcutaneously. For
different anesthesia protocols, see Flecknell * and Hellebrekers et al. ”.

After the rat lost consciousness, shave the head area going from the ears to just in
between the eyes with an electric razor.

Place the rat on the heating pad, with its nose in front of the air tubing. Use an oximeter
to ensure that the rat has an adequate blood oxygenation level (should not drop
<90%). Please follow the manufacturer’s instructions for proper use of equipment.

Apply eye cream (Duratears Z, Alcon) on both corneas to avoid dehydration.

Check the rat's reflexes (tail reflex or toe-pinch reflex, as demonstrated in Walantus
et al. 8) to ensure that it is adequately anesthetized. If the rat continues to show
strong reflexes, supplementation of anesthesia might be needed.

If no toe-pinch reflex is shown, place the rat in the stereotaxic apparatus, adjust the
ear bars so that it shows equal reading on both sides, and place again the air tubing
in front of the animal by fixing it with the nose bar. Check again if the rat showsa
blood oxygenation level of 90% or higher. If not, adjust either the tubing, bringing
it closer to the nose, or increase the flow of oxygen. Monitor the blood oxygenation
level and heart rate throughout the surgery.

. Continuously monitor the rat’s temperature with arectal thermometer (preferentially

connected to a heating pad) and record the values at the beginning and end of the
surgery. Adjust the heating pad or use a blanket to maintain a body temperature of
37.5 to 38.5°C.

SURGERY

1.

Inject the analgesic. We are using a single peri-operative administration of
carprofen (4.0-5.0 mg/kg, subcutaneously). For different analgesic protocols, see
Hellebrekers et al. ’.

Clean the shaved area of the skin from the center to the haired perimeter three
times with a disinfectant (e.g., chlorhexidine 0.5%) and locally inject a mixture
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of lidocaine (20 mg/ml) and adrenaline (5 mg/ml) for local anesthesia and
vasoconstriction (to prevent excessive bleeding).

3. Make an anterior-posterior incision of about 2.5 cm on the midline of the scalp,
going from between the eyes until the back of the ears. Use 4-6 bulldog clamps to
pinch off the skin and to keep the incision open. Remove any conjunctive tissue
with a spatula and/or cotton swabs and clean the area to expose the skull surface.

4. Check if the head is level: First, find Lambda and place the guide cannula exactly
over this location, touching the skull. Record the dorso-ventral coordinate. Next,
place the guide cannula exactly over Bregma, touching the skull, and record its
dorso-ventral coordinate. These two coordinates should be identical. If the
difference is >0.3 mm, adjust the nose bar to correct it.

5. Make two small holes for fixing the skull screws using a sterilized hand drill (one
approximately 5 mm anterior to the cannula location inone of the hemispheres and
the other 5 mm posterior to the cannula location in the contralateral hemisphere).
Place two sterile screws into these holes until they are tightly anchored, without
being inserted completely into the skull.

6. With the guide cannula placed exactly at Bregma, record the anterior-posterior and
lateral coordinates. The correctlocation of guide cannula placement for each brain
region can be calculated by adding or subtracting from Bregma, with the aid of a
stereotaxic atlas * ',

7. Position the guide cannula in its correct location, slightly touching the skull.
Record the dorso-ventral coordinate. For bilateral cannula placement, find next
the cannula location in the other hemisphere, and again record the dorso-ventral
coordinate. Both coordinates should be identical (or differ <0.3 mm).

8. Mark the cannula locations on the skull with a sterile pencil and, with the hand
driller, make the burr holes, checking the size and the correct location with the aid
ofthe guide cannula. Once the holes are made, use a sterile needle to gently punch
the meninges to allow for unobstructed insertion of the cannula.

9. Place the cannula into the first hole and lower it carefully until it reaches the final
ventral coordinate. Prepare the dental cement and generously apply it around the
cannula and one or both screws in order to fix the cannula. Wait until the cement
has dried completely. Afterwards, carefully remove the cannula support by turning
the dorso-ventral bar upwards.

10. Place the second cannula into the support and go to the cannula location in the
other hemisphere. Place the cannula into the hole and repeat the previous step.
Cover the screws and a large surface of the cannulas with the cement, and before
the cement is dry, remove any surplus from the skin.

11.Inject warm (~37°C) sterile saline (~10 ml/kg, s.c.) to ensure rehydration.

12. After the cement has completely dried, remove the cannula support and place a
sterile pin into each cannula to prevent obstruction.

13.Clean the wound area with sterile saline and suture the front and the back of the
wound.
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14. Remove the animal from the stereotaxic apparatus, replacing the gas tubing in front
of its nose. Continue to monitor the oxygen saturation level and body temperature.

15.1f an injectable anesthetic with dexmedetomidine is used, inject its antagonist
atipamezole (0.25 mg/kg, s.c.) and wait until the animal wakes up (approximately
5 minutes).

16. Place the rat into a recovery cage. To avoid hypothermia, place the cage in an
incubator at 28°C or on a heating pad in a place where you can observe the animal
for at least one hour, before returning it to the vivarium room.

POST-SURGICAL CARE

1. During the first 4 days after surgery, monitor the rat’s recovery by keeping daily
records of weight and other observations concerning the condition of the animal in
laboratory logbooks or “animal welfare diaries”.

2. Animals that show overt signs of sickness, infection of the wound, loss of body
weight or other signs of reduced well-being must undergo special care: e.g. an
extra dose of analgesics to minimize post-operative pain, a mixture of powder food
and water in addition to standard chow to stimulate the rat’s appetite, and/or a
subcutaneous injection of saline to support rehydration.

3. If the rat does not show any improvement after these interventions, or the loss of
body weight is >15% (compared to pre-surgery weight), sacrifice the animal with
an overdose of anesthetic (humane end-point).

4. Ratsusually need to recover for at least 7 days before commencement of behavioral
experiments.

REPRESENTATIVE RESULTS

To determine whether the various modifications to our surgical procedure, particularly
with respect to oxygen supplementation and the continuous monitoring of blood
oxygenation levels, heart rate and body temperature, enhanced the animal's survival
and improved its general condition after surgery, we compared the non-survival rate
of 20 cohorts of animals (consisting of 20 rats each) that underwent surgery after we
implemented these modifications with the non-survival rate of 24 cohorts (20 rats
each) operated with the standard protocol. As is shown in Figure la, the non-survival
rate was significantly reduced in the sample of cohorts that was operated with the
modified protocol (P < 0.05; Mann-Whitney U test, two tailed). Moreover, as is shown
in Figure 1b, post-surgical weight loss of rats operated with the modified protocol
was also significantly reduced as compared to that of rats operated with the standard
procedure (post-operative day 1: P < 0.05; post-operative day 2: P <0.01; post-operative
day 3: P = 0.17; Student t-tests).
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Figure 1. Effect of surgical modifications on non-survival rate and post-surgical weight loss. (A.) Non-
survival rate of rats operated with the modified protocol as compared to that of rats operated with
the standard protocol. The non-survival rate (median + interquartile ranges) was calculated as the
percentage of rats, per cohort of 20 rats, that did not survive surgery. *p < 0.05, Mann-Whitney U
test two tailed (n = 20 cohorts for the modified protocol and 24 cohorts for the standard protocol).
(B.) Weight loss (mean + SEM as percentage of pre-surgery weight) during the first (POD1), second
(POD2) and third (POD3) post-operative day. *P < 0.05, **P < 0.01, Student t-test (n = 60 per group).

DISCUSSION

The main purpose of this video presentation is to familiarize behavioral neuroscientists
with the basic principles of stereotaxic surgery. Researchers who are already performing
stereotaxic surgery might also benefit from this video and consider some of the
procedural refinements for use in their own laboratory. An ever-increasing knowledge
about optimizing surgical techniques '3, the development of new anesthetics and
analgesics for use in human and veterinary medicine *, public awareness concerning
animal welfare issues and stringent legislation (e.g., the 2010 European Union Directive
on the use of laboratory animals *) prompted us to implement new procedures for oxygen
supplementation and the continuous monitoring of blood oxygenation and heart rate
levels during the surgery. We observed, as shown for a representative sample of animals,
an overall increased survival rate and a significantly reduced post-surgical weight loss.
Such a reduced post-surgical weight loss might reflect a smaller burden of the surgical
procedure on the animal and, consequently, result in a more active animal in the
immediate aftermath of surgery. Whether it also has beneficial effects on its long-term
health is not clear. However, a remarkable observation was that removing the oxygen
supply temporarily led to a marked and reliable decrease in blood oxygen saturation
levels, which could drop even below 50% (See the video presentation for a demonstration
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hereof). It is conceivable that prolonged inadequate blood levels of oxygen, possibly as
occurring inanimals not provided withany oxygen supplementation during surgery, might
result in hypoxia with long-term behavioral consequences and also negatively impact the
outcome and/or quality of behavioral experimentation. We do not know whether such a
depression of oxygen blood supply during surgery is specific to the anesthetic protocol
used in our laboratory (i.e., a mixture of ketamine and dexmedetomidine) or whether it is
a more general phenomenon associated with injectable anesthetics. The use of inhalation
anesthesia, with a mixture of ambient air and oxygen, might be an alternative method to
overcome the depression of blood oxygen levels.
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ABSTRACT

Glucocorticoids are known to enhance the consolidation of memory of emotionally
arousing experiences by acting upon a network of interconnected brain regions.
Although animal studies typically do not consider the insular cortex (IC) to be part
of this network, the present findings indicate that the IC is importantly involved in
regulating glucocorticoid effects on memory consolidation of emotionally arousing
inhibitory avoidance training. The specific glucocorticoid receptor agonist RU 28362
(3 or 10 ng in 0.5 pl) infused bilaterally into the IC of male Sprague-Dawley rats
immediately after one-trial inhibitory avoidance training dose-dependently enhanced
48-h retention performance. Moreover, training on the inhibitory avoidance task
increased neuronal activity of the IC, as assessed by an increased number of cells
expressing immunoreactivity for phosphorylated extracellular signal-regulated
kinase 1/2 (pERK1/2). However, systemic administration of a memory-enhancing
dose of corticosterone (1 mg/kg) after inhibitory avoidance training rapidly reduced
the number of pERKI/2-positive cells in the IC, suggesting that glucocorticoid
administration reduces overall neuronal activity of the IC. To investigate which
components of the inhibitory avoidance training experience were influenced by the
intra-IC glucocorticoid administration, in the last experiment rats were trained on a
modified inhibitory avoidance task in which context exposure and footshock training
occur on two sequential days. RU 28362 administration into the IC enhanced later
retention when infused immediately after either the context or footshock training.
Thus, these findings indicate that the IC mediates glucocorticoid effects on the
consolidation of memory of different components of inhibitory avoidance training
and suggest that the IC might be an important element of the rodent brain network
involved in emotional regulation of learning and memory.
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INTRODUCTION

Glucocorticoid hormones ~ stress hormones released from the adrenal cortex

are known to strengthen the consolidation of memory of emotionally arousing
experiences '7.Most animal studies investigating glucocorticoid-induced
enhancement of memory consolidation examined their effects on a network of
interacting brain regions involved in emotional regulation of memory, including
the basolateral amygdala (BLA), prefrontal cortex and hippocampus 8 '*. Although
human neuroimaging studies generally support an involvement of these brain
regions, as well as their functional interaction, in emotionally influenced learning
and memory "', they also consistently point to a key role for the insular cortex
(IC) 72!, Extensive evidence indicates that the IC, which receives autonomic, visceral
and somatosensory inputs ?*?%, might be part of a ‘salience network’ involved in the
detection of novel and salient information '*2*?% that is collectively upregulated
in response to an acute stressful event and after highly stressful experiences *2.
Accordingly, increased anterior insula activity has been reported during the subjective
awareness of both positive and negative emotions '*!* as well as during the encoding
and recall of a broad spectrum of emotionally salient learning tasks.

Contrasting the human literature, the IC never received a prominent position in
animal research investigating stress hormone or emotional arousal effects on learning
and memory. Although Bermudez-Rattoni and colleagueshave reported several findings
supporting the view that the IC might be involved herein **%, most animal studies
have been limited to investigating its involvement in the formation and maintenance
of taste memory ", The present study investigated whether the IC is implicated
in regulating glucocorticoid effects on the consolidation of memory of emotionally
arousing inhibitory avoidance training. In the first experiment, we investigated
whether the specific glucocorticoid receptor (GR) agonist RU 28362 administered
into the IC immediately after one-trial inhibitory avoidance training enhances long-
term retention of the training experience. Next, we examined whether a systemic
injection of corticosterone, the major endogenous glucocorticoid in rodents, given
immediately after inhibitory avoidance training recruits the IC and induces changes in
cellular activity within this brain region. Cellular activity was assessed by determining
phosphorylation levels of extracellular signal-regulated kinase 1/2 (pERK1/2), a
signaling cascade implicated in neuronal activity and synaptic plasticity ***. To gain a
better understanding of the precise role of the IC in regulating glucocorticoid effects
on inhibitory avoidance memory, in the last experiment we employed a modified
inhibitory avoidance procedure '>*® that allows investigating which components of
the inhibitory avoidance experience (i.e., memory of the context or the footshock)
were influenced by the glucocorticoid infusion.
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MATERIALS AND METHODS

Subjects

Male adult Sprague-Dawley rats (280-320 g at time of surgery) from Charles River
Breeding Laboratories (Kisslegg, Germany) were kept individually in a temperature-
controlled (22°C) colony room and maintained on a standard 12-h light: 12-h dark
cycle (07:00-19:00 h lights on) with ad libitum access to food and water. Training and
testing were performed during the light phase of the cycle between 10:00 and 15:00 h.
All procedures were in compliance with the European Community’s Council Directive
(86/609/EEC) and approved by the Institutional Animal Care and Use Committee of
the University of Groningen, The Netherlands.

Surgery for cannula implantation

Animals, adapted to the vivarium for at least 1 week, were anesthetized with a
subcutaneous injection of ketamine (37.5 mg/kg of body weight; Alfasan) and
dexmedetomidine (0.25 mg/kg; Orion), and received the non-steroidal analgesic
carprofen (4 mg/kg, s.c; Pfizer). Oxygen (35%) mixed with ambient air was
administered during surgery such that blood oxygenation levels would not drop
below 90% (Fornari et al 2012)*. The skull was positioned in a stereotaxic frame (Kopf
Instruments), and two stainless-steel guide cannulae (15 mm; 23 gauge; Small Parts,
Inc) wereimplanted bilaterally with the cannula tips 2.0 mm above theanterior IC. The
coordinates were based on the atlas of Paxinos and Watson (2007): anteroposterior:
+1.0 mm from Bregma; mediolateral: #5.5 mm from midline; dorsoventral: -4.8 mm
from Bregma; incisor bar: -3.3 mm from interaural. The cannulae were affixed to the
skull with two anchoring screws and dental cement. Stylets (15-mm long 00-insect
dissection pins), inserted into each cannula to maintain patency, were removed only
for the infusion of drugs. After surgery, the rats received a subcutaneous injection
of 3 ml of saline to facilitate clearance of drugs and prevent dehydration, and were
subsequently administered atipamezole hydrochloride (Antisedan, 0.25 mg/kg, s.c.;
Orion) to reverse anesthesia. The rats were allowed to recover for a minimum of 7
days before initiation of training and were handled 3 times for 1 min each during this
recovery period to accustom them to the infusion procedure.

Inhibitory avoidance apparatus and procedures

For all experiments, rats were trained and tested in an inhibitory avoidance apparatus,
consisting of a trough-shaped alley (91 cm long, 15 cm deep, 20 cm wide at the top, and
6.4cm wide at the bottom) divided into two compartments, separated by a sliding door
that opened by retracting into the floor . 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.
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For one-trial inhibitory avoidance training, the rats were placed in the starting
compartment of the apparatus, facing away from the door, and were 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
(0.35 mA; 1 s) was delivered. The rats were removed from the shock compartment
15 s later and, after drug treatment, returned to their home cages. For the modified,
two-phase inhibitory avoidance procedure *¥, on the first day (context training),
the rat was placed into the starting compartment, facing away from the door, and
allowed to freely explore the inhibitory avoidance apparatus for 3 min. On day 2
(shock training), each rat was placed directly into the dark compartment, facing
away from the starting compartment, with the retractable door closed. The rat then
received an inescapable footshock (0.75 mA; 1 s) and immediately afterward was
removed from the training apparatus. For both one-trial and two-phase inhibitory
avoidance, retention was tested 48 h after training by placing the rat into the starting
compartment of the inhibitory avoidance apparatus and measuring the latency to
re-enter the former shock compartment with all four paws (maximum latency of
600 s). Longer latencies were interpreted as indicating better retention. Shock was
not administered on the retention test trial.

Local drug infusion into the insular cortex

The specific GR agonist RU 28362 (11p,17B-dihydroxy-6,21-dimethyl-17a-pregna-
4,6-trien-20yn-3-one, 3 or 10 ng; a generous gift of Aventis, Frankfurt, Germany)
was first dissolved in 100% ethanol and subsequently diluted in 0.9% saline to reach
a final ethanol concentration of 0.5%. Receptor binding studies have shown that this
compound has selective and high affinity for GRs *2. Bilateral infusions of RU 28362
or an equivalent volume of vehicle (0.5% ethanol in saline) into the IC were given
immediately after one-trial inhibitory avoidance training or after either the context
or footshock components of the modified, two-phase inhibitory avoidance task by
using 30-gauge injection needles connected to a 10-pl Hamilton microsyringe with
polyethylene (PE-20) tubing. The injection needle protruded 2.0 mm beyond the tip
of the cannula and a 0.5-pl injection volume was infused over a period of 50 s by an
automated syringe pump (Stoelting Co). The injection needles were retained within
the cannulae for an additional 20 s after drug infusion to maximize diffusion and to
prevent backflow of drug into the cannulae. The infusion volume was based on previous
findings indicating that infusion of this volume into the IC **%, but not the cortex dorsal
to the IC *, modulates memory consolidation. To control for time- and site specificity,
additional groups of rats received delayed infusions of RU 28362 or vehicle into the IC
3 h after the training trial or immediate posttraining infusions into the somatosensory
cortex, located approximately 1 mm dorsal to the IC. The use of posttraining drug
administration provides direct support for the view that the treatment affects memory
consolidation processes and that retention performance is, thus, not confounded by
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possible effects on attentional, motivational, or sensory-perceptual mechanisms at the

time of training or test **.

Systemic corticosterone treatment

Corticosterone (1 mg/kg, Sigma-Aldrich) or vehicle, in a volume of 2 ml/kg body
weight, was given subcutaneously immediately after the training trial. Corticosterone
was dissolved in 5% ethanol in saline. This dose of corticosterone is known to enhance

memory consolidation of different types of training .

Cannula placement verification

Rats were deeply anesthetized with an overdose of sodium pentobarbital (~100 mg/kg,
ip.) and perfused transcardially with a 0.9% saline solution followed by 4%
formaldehyde. Following decapitation, the brains were removed and immersed in fresh
4% formaldehyde. At least 24 h before sectioning, the brains were submerged in a 25%
sucrose (wt/vol) solution in water for cryoprotection. Coronal sections of 50 um were
cut on a cryostat, mounted on gelatin-coated slides, and stained with cresyl violet. The
sections were examined under a light microscope and determination of the location
of injection needle tips in the IC was made according to the atlas plates of Paxinos &
Watson (2007)*°, by an observer blind to drug treatment condition. Rats with injection
needle placements outside the IC or with extensive tissue damage at the injection
needle tips were excluded from analysis.

Immunohistochemistry
Thirty minutes after training and systemic corticosterone treatment, rats were perfused
transcardially with ice-cold 0.01 M phosphate-buffered saline (PBS), pH 7.4, followed
by ice-cold 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4. The brains
were removed, postfixed overnight at 4°C, and then transferred to a 25% sucrose
solution in 0.1 M PB for 3-6 days at 4°C. Frozen coronal sections at the level of the
anterior IC (0.2 - 2.5 mm anterior to Bregma) were cut at a thickness of 20 pm on
a cryostat and collected in Tris-buffered saline (TBS) with 0.1% sodium azide and
phosphatase inhibitors (20 mM sodium fluoride and 2 mM sodium orthovanadate).
Every eighth section was used for quantification. Free-floating sections were rinsed
in 0.3% Triton X-100 in TBS with phosphatase inhibitors. To block non-specific
binding, sections were incubated with TBS containing phosphatase inhibitors, 0.3 %
Triton X-100 and 5% normal donkey serum (nds, Jackson ImmunoResearch) for
1 h. Subsequently, sections were incubated with a cocktail of primary antibodies for
pERK1/2 (rabbit anti-phospho-p44/42 MAP kinase, 1:1000; Cell Signaling # 9101) and
NeuN (mouse anti-NeuN, 1:100; Millipore Mab 377) or pERK1/2 and CaMK II (mouse
anti-calcium/calmodulin-dependent protein kinase II, 1:400; Millipore #05-532)
in TBS containing phosphatase inhibitors, 0.3 % Triton X-100 and 1% nds for 48 h at
4°C. Sections were then rinsed several times with TBS and incubated with a cocktail
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of specific fluorochrome-conjugated antibodies (Alexa Fluor 488 donkey anti-rabbit
1:500 and Alexa Fluor 594 donkey anti-mouse 1:1000 or Alexa Fluor 633 goat anti-
rabbit 1:500 and Alexa 488 donkey anti-mouse 1:500; Invitrogen) for 2 h in the dark.
Sections were rinsed again in TBS, incubated with Hoechst dye (0.1 pg/ml, Invitrogen)
for 30 min and mounted on gelatin-coated slides, using non-fading mounting medium
for coverslipping and stored in the dark for further analysis.

Images of each section were acquired with TissueFaxs®, Zeiss AxioObserver
Z1 Microscope System (Tissue-Gnostics GmbH, Vienna, Austria). The number of
pERK1/2 immunopositive nuclei was quantified with Image] 1.43m software (Girish
and Vijayalakshmi, 2004; ). Cell counts were determined at two levels within the
anterior IC (2.5-1.7 mm and 1.6-0.7 mm anterior to Bregma), according to the standard
atlas plates of Paxinos & Watson (2007), and expressed as number of pERK1/2-positive
nuclei per mm2. Quantitative analysis of cell counts was performed blind to treatment
condition. Double labeling was examined with a Leica SP2 AOBS confocal microscope.

Statistics

Data are expressed as mean * SEM. Inhibitory avoidance training and retention
test latencies were analyzed with one-way ANOVAs. Further analysis used Fisher’s
post-hoc tests to determine the source of the detected significances. To determine
whether learning had occurred, paired t-tests were used to compare the training and
retention latencies. Quantitative measures of pERK1/2 immunoreactivity in the IC
were analyzed with two-way-ANOVAs, using Training (training versus no training)
and Corticosterone treatment (vehicle versus corticosterone) as independent factors.
The analyses were followed by Fisher’s post-hoc tests, when appropriate. Individual
comparisons with home-cage control groups were performed with Student ¢-tests for
independent samples. For all comparisons, a probability level of < 0.05 was accepted as
statistical significance. The number of rats per group is indicated in the figure legends.

RESULTS

GR agonist administration into the insular cortex enhances memory consolidation of
inhibitory avoidance training

This experiment examined whether the GR agonist RU 28362 infused into the IC
enhances the consolidation of memory of inhibitory avoidance training. For that,
bilateral infusions of RU 28362 (3 or 10 ngin 0.5 pl) or vehicle were administered into the
IC immediately after one-trial inhibitory avoidance training and retention of the training
was tested 48 h later. Control groups received delayed infusions of the GR agonist into the
IC 3 h after the training trial to determine whether the GR agonist enhances retention by
influencing time-dependent processes underlying memory consolidation.

Average step-through latencies for all groups during training, before footshock
or drug treatment, were 9.9 + 0.8 s (mean + SEM). One-way ANOVA for training
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latencies revealed no significant differences between groups [F(2,31) = 0.17, p = 0.84,
data not shown]. Forty-eight hour retention latencies of rats administered vehicle into
the IC immediately after training were significantly longer than their latencies during
the training trial (paired t-test: p < 0.05), indicating that the rats retained memory of
the inhibitory avoidance experience. As is shown in Fig. 1A, rats treated with the GR
agonist immediately after training had significantly longer retention test latencies as
compared with rats that received vehicle [F(2,31) = 3.59, p < 0.05]. Fisher’s post hoc tests
revealed that the lower dose of RU 28362 (3 ng) enhanced retention (p < 0.05, compared
with vehicle), whereas retention latencies of animals given the higher dose (10 ng)
approached, but failed to reach, significance (p = 0.07). As is shown in Fig. 1B, the GR
agonist administered into the IC 3 h after the training did not significantly alter retention
latencies [F(2,16) = 0.26, p = 0.78], indicating a time-limited involvement of the IC in
mediating glucocorticoid effects on the consolidation of inhibitory avoidance memory.

Fig. 1C and 1D show cannula placement within the IC. All injection needle tips
of rats included in the analysis were localized within the granular and dysgranular
subdivisions of the IC. To control for site specificity, other groups of rats received
immediate posttraining infusions of vehicle or the GR agonist (3 or 10 ng in 0.5 pl)
into the somatosensory cortex, approximately 1 mm above the IC (see, Fig. 1C).
One-way ANOVA for 48-h retention latencies revealed no significant GR agonist effect
(F(2,12) = 0.29, p = 0.75, Fig. 1E), indicating that the memory-modulatory effects of
RU 28362 are localized within the IC.

Systemic corticosterone administration immediately after one-trial inhibitory
avoidance training reduces pERK1/2-immunoreactivity in the insular cortex
The findings described above indicate that direct pharmacological activation of GRs
in the IC after inhibitory avoidance training enhances the consolidation of memory of
this experience in a dose-, time- and site-specific manner. However, these findings do
not indicate whether circulating glucocorticoids normally act upon the IC in regulating
memory consolidation. Therefore, the next experiment examined whether a systemic
injection of corticosterone after inhibitory avoidance training changes neuronal
activity of the IC. Rats received a subcutaneous injection of corticosterone (1 mg/kg) or
vehicle immediately after one-trial inhibitory avoidance training (or without training)
and were sacrificed 30 min later. Brains were processed to investigate training- and
drug-induced changes in the number of pERK1/2-positive cells at two locations within
the anterior IC. ERK1/2, a member of the mitogen-activated protein (MAP) kinase
family, is considered to be phosphorylated by elevated neuronal activity and synaptic
plasticity. Home-cage control groups did not receive any training or drug treatment.
Other rats received the same posttraining injection of corticosterone or vehicle and
their retention was tested 48 h later

As is shown in Fig. 2A, posttraining injection of this dose of corticosterone
significantly enhanced 48-h retention latencies (p < 0.05). Fig. 2B shows the pattern

55



56

(A) O Vehicle (B) O Vehicle

300 - ORU28362(3 ng) 300 7 ORU 28362 (3 ng)
- B RU 28362 (10 ng) . B RU 28362 (10 ng)
& 250 A * @ 250 -
2 @
‘e 200 A I ‘G 200 -
c c
) ]
o 150 w150
c c
2 100 4 2 100 A
1] 1]
2 50 - 2 50 A
(14 o
o JC o JCoCnim
Immediate 3-h delayed

(E)  Somatosensory cortex:
O Vehicle

300 7 ORU 28362 (3 ng)

M RU 28362 (10 ng)

250 A

200 -
150 -
100 -

I i

Figure 1. Glucocorticoid receptor agonist administration into the insular cortex enhances memory
consolidation of inhibitory avoidance training, A, Step-through latencies (mean + SEM) in seconds on
the48 hinhibitoryavoidanceretentiontest of ratsgivenbilateral infusions of the glucocorticoid receptor
agonist RU 28362 (3 or 10 ng in 0.5 pl) into the ICimmediately after training. * p < 0.05 as compared with
the vehicle-treated group (n = 11-12 per group). B, Step-through latencies (mean + SEM) in seconds
on the 48 h inhibitory avoidance retention test of rats given the glucocorticoid receptor agonist RU
28362 (3 or 10 ngin 0.5 pl) into the IC 3 h after training (n = 6-7 per group). C, Location of injection
needle tips within the IC of all rats included in the immediate infusions groups (black circles) and 15
rats with infusion needle tips in the somatosensory cortex as a control for site specificity (open circles).
Adapted from Paxinos & Watson (2007). D, Representative photomicrograph illustrating placement of
cannulae and needle tips within the insular cortex. E, Step-through latencies (mean + SEM) in seconds
on the 48 h inhibitory avoidance retention test of rats given bilateral infusions of the glucocorticoid
receptor agonist RU 28362 (3 or 10 ng in 0.5 pl) into the somatosensory cortex, approximately 1 mm
above the IC, immediately after training (n = 4-6 per group).
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of pERK1/2 expression in the IC. Immunoreactivity for pERK1/2 was found in
somata as well as fibers (Fig. 2C). Qualitative double-labeling indicated that the vast
majority of pERK1/2-positive cells in the IC also showed immunoreactivity for the
neuronal marker NeuN (Fig. 2C) or CaMKII (Fig. 2D), a marker for glutamatergic
pyramidal cells . These observations strongly suggest that pERK1/2 immunoreactivity
within somata was mainly expressed in glutamate-rich pyramidal cells. Because most
pERK1/2 immunoreactivity was concentrated in the superficial layers (II-I1II) of the
agranular and dysgranular IC, cell counts were restricted to these regions, at two levels
(2.5-1.7 mm and 1.6-0.7 mm anterior to Bregma), according to the standard atlas plates
of Paxinos & Watson (2007). Fig. 2E shows the number of pERK1/2-positive cells at
these two levels of the IC of rats treated with corticosterone or vehicle immediately
after inhibitory avoidance training or of rats that were not trained. Across all groups,
the number of pERK1/2-positive cells at the more rostral level appeared to be higher
than that at the more caudal level. At the rostral level, two-way ANOVA indicated a
significant training effect [F(1,14) = 11.63, p < 0.01] but no corticosterone effect [ F(1,14)
= 1.95, p = 0.18] or interaction effect between these two parameters [F(1,14) = 0.53, p
=0.48]. Fisher’s post-hoc analyses indicated that rats that were trained on the inhibitory
avoidance task and subsequently treated with vehicle had more pERK1/2-positive
cells than non-trained vehicle-treated rats (p < 0.05). Corticosterone administration
after inhibitory avoidance training did not significantly alter the number of pERK1/2-
positive cells as compared to vehicle-treated rats. When compared to home cage
controls, student t-test analysesindicated that rats treated with either vehicle (p < 0.05)
or corticosterone (p < 0.05) immediately after training had more pERK1/2-positive
cells, whereas the number of pERK1/2-positive cells of non-trained rats administered
vehicle or corticosterone did not differ from those of home cage controls.

On the other hand, two-way ANOVA for the number of pERK1/2-positive cells at
the more caudal level revealed significant effects of training [F(1,14) = 21.66, p < 0.01],
corticosterone treatment [F(1,14) = 10.55, p < 0.01] and the interaction between them
[F(1,14) = 6.64, p < 0.05, Fig. 2E]. Fisher’s post-hoc analyses indicated that trained rats
that were subsequently injected with vehicle had significantly more pERK1/2-positive
cells than rats that were administered corticosterone after training (p < 0.01) or non-
trained rats treated with either vehicle or corticosterone (p < 0.01). When compared to
home cage controls, the group that received vehicle immediately after training was the
only one that showed increased cell counts (p < 0.0001). These findings indicate that
training on the inhibitory avoidance task increases the number of pERK1/2-positive
cells within this area of the IC, and that posttraining administration of a memory-
enhancing dose of corticosterone resulted in a significant decrease in the number of
pPERK1/2-positive cells (as compared to vehicle-treated trained rats), which did not
differ significantly from home cage controls or non-trained rats.
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Figure 2. Systemic injection of a memory-enhancing dose of corticosterone after one-trial inhibitory
avoidance training reduces pERK1/2-immunoreactivity in the insular cortex. A, Step-through latencies
(mean + SEM) in seconds on a 48 h inhibitory avoidance retention test of rats given a subcutaneous
injection of corticosterone (1 mg/kg) or vehicle immediately after training. * p < 0.05 (n = 8-9 per
group). B, Example of a Nissl-stained coronal section depicting the region that was acquired for the
analyses of immunostaining and the distribution pattern of pERK1/2 expression in the insular cortex.
The white square indicates the region analyzed for cell counts. C, Triple localization of Hoechst (blue),
pERK1/2 (green) and the neuronal marker NeuN (red) in the insular cortex. Merging the three channels
demonstrates that all pERK1/2-positive cells exhibit immunoreactivity for NeuN. D, Dual localization
of pERK1/2 (red) and CamKII (green) immunoreactivity in the insular cortex. Merging of the red and
green channels demonstrates that pERK1/2-positive cells also showed immunoreactivity for CamKIIL.
Arrows point to cells with combined pERK1/2 and CamKII immunoreactivity. E, Number of pERK1/2-
positive cells (mean + SEM) at two levels within the insular cortex as assessed 30 min after inhibitory
avoidance training and systemic injection of corticosterone (n = 4) or vehicle (n = 4). Non-trained rats
received an injection of corticosterone (n = 5) or vehicle (n = 5) but were not trained on the inhibitory
avoidance task. Home cage (HC) control rats (n = 6) did not receive any training or systemic injection. *
p <0.05 ascompared with non-trained vehicle-treated rats. ® p < 0.01 as compared with all other groups.
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GR agonist infusions into the insular cortex enhance memory for both the context
and footshock components of inhibitory avoidance training

The findings described above indicate that the IC is an important target structure for
glucocorticoids in regulating memory consolidation of inhibitory avoidance training.
However, with one-trial inhibitory avoidance it is not possible to investigate the relative
involvement of a brain region in memory consolidation of the contextual information
independently from that of the footshock. To address this issue, a modified two-phase
inhibitory avoidance training procedure had been developed in which context training
and footshock training occur on two sequential days . In the next experiment, we
used this modified inhibitory avoidance training procedure to investigate whether
GR agonist administration into the IC enhances memory consolidation of contextual
information, the footshock experience, or of both components of training.

Fig. 3 shows 48-h retention latencies of rats administered the GR agonist (3
or 10 ng in 0.5 pl) into the IC after either the context or footshock component of
inhibitory avoidance training. One-way ANOVAs for retention latencies revealed
significant group effects of rats given intra-IC infusions of RU 28362 immediately
after either context [F(2,37) = 3.50, p < 0.05] or footshock training [F (2,37) = 4.04, p
< 0.05]. Retention latencies of rats given intra-IC infusions of the 3 and 10 ng doses
of RU 28362 immediately after context training (both, p < 0.05), or infusions of the 3
ng dose of RU 28362 after footshock training (p < 0.01) were significantly longer than
those of their respective vehicle controls. Importantly, as is shown in Table 1, both
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@ 200 - B RU 28362 (10 ng)
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©
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Figure 3. Glucocorticoid receptor agonist infusions into the insular cortex enhance memory
consolidation of both the context and footshock components of inhibitory avoidance training. Step-
through latencies (mean + SEM) in seconds on the 48 h inhibitory avoidance retention test of rats
given bilateral infusions of the glucocorticoid receptor agonist RU 28362 (3 or 10 ng in 0.5 pl) into the
insular cortex immediately after either context or shock training on the two-phase modified inhibitory
avoidance task (n = 12-14 per group). * p < 0.05, ** p < 0.01, as compared with the corresponding
vehicle-treated group.
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Table 1. Efficct of RU 28362 after context or footshock exposure alone.

Vehicle RU 28362 (3 ng) RU 28362 (10 ng) P
Context exposure alone 4.2+09 (5) 3.1+03(7) 3.2+0.9(6) 0.51
Footshock exposure alone 8.7+ 4.2 (7) 19.0 + 5.2 (6) 13.0 + 8.3 (5) 0.44

Dataarc presented as mean + SEM. Number of animals per group is shown in parentheses.

doses of RU 28362 administered into the IC after either context or shock training to
animals that did not receive the other component of training did not enhance 48-h
retention latencies [context: F(2,15) = 0.70, p = 0.51; footshock: F(2,15) = 0.88, p =
0.44], indicating that the expression of the enhanced memory depends on the learning
about both context and footshock.

DISCUSSION

The aim of this study was to investigate whether the IC is involved in regulating
glucocorticoid effects on memory consolidation of inhibitory avoidance training. Our
findings indicate that the specific GR agonist RU 28362 infused bilaterally into the IC
after inhibitory avoidance training induced dose- and time-dependent enhancement
of the consolidation of memory of this training experience. Moreover, training on
the inhibitory avoidance task increased neuronal activity of the IC, as assessed with
immunoreactivity for pERK1/2. Unexpectedly, systemic injection of a memory-
enhancing dose of corticosterone after inhibitory avoidance training rapidly reduced
pERK1/2 expression in the IC. Lastly, we show that posttraining activation of GRs in
the IC enhanced the consolidation of memory of both the footshock and contextual
components of inhibitory avoidance training. These findings provide evidence that the
IC is an important target structure for glucocorticoids in regulating the consolidation
of different components of inhibitory avoidance memory.

It is well established that glucocorticoid hormones, via GR activation, enhance
memory consolidation of emotionally arousing training experiences . However,
most studies investigating glucocorticoid effects on the formation and stabilization
of memory, and its molecular underpinnings, examined glucocorticoid actions
on a network of interconnected brain regions such as the BLA and hippocampus .
Surprisingly little is known concerning glucocorticoid effects on the IC or other cortical
regions in regulating learning and memory. Our finding that RU 28362 infused into the
IC immediately after inhibitory avoidance training enhanced later retention is in line
with other recent evidence indicating that corticosterone or GR agonist administration
into the IC also enhances the consolidation of memory of conditioned taste aversion
and object recognition training . More generally, findings from human and, to a
lesser extent, animal studies indicate that the IC is involved in memory formation of
emotionally arousing experiences. Human neuroimaging studies reported activation of
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the IC during the encoding of aversive conditioning paradigms '*'¢*32, In rats, lesions
of the IC, made before training, disrupted memory of emotionally arousing water-maze
spatial > 3 and inhibitory avoidance training . Although such neuroimaging studies in
humans and permanent lesion studies in animals obviously cannot determine whether
the memory effects were attributable to specific influences on memory consolidation,
our findings using immediate posttraining or delayed drug delivery provide compelling
evidence for the view that the IC is involved in time-dependent processes underlying
the consolidation of memory.

To investigate whether inhibitory avoidance training normally recruits the IC,
we examined the pattern of pERK1/2 expression in this cortical region 30 min after
inhibitoryavoidance training. ERK isarapidlyactivated proteinthathas beenimplicated
in neuronal activity as well as neuroplasticity and memory consolidation *#62%, Exposure
to the inhibitory avoidance training procedure increased the number of pERK1/2-
positive cells within the IC of rats treated with vehicle. Qualitative immuno-staining
indicated that most pERKI1/2-positive cells were glutamate-rich pyramidal cells.
These findings are consistent with the evidence that ERK1/2 is activated in neurons
in response to excitatory glutamatergic activity 65, and suggest that the elevated
pERK1/2 immunoreactivity reflects an increased neuronal activity within this region
%, Such findings are in agreement with the above-mentioned human neuroimaging
studies indicating enhanced IC activity during affective processing and the encoding
of emotionally arousing information *16272932 The pattern of pERK1/2 expression in
the present study was similar to that of Kobayashi et al. (2010)¢ reporting that novel
sucrose stimulation increased the number of pERK1/2-positive cells in the IC, when
compared to sucrose-experienced rats. As in our study, they found that pyramidal
neurons, but not GABAergic interneurons, in the upper layers of the IC were most
susceptible to ERK1/2 phosphorylation. However, the difference between naive
and sucrose-experienced rats was only found in the gustatory region -dysgranular
and granular subdivisions- of the IC ¢, whereas in the present study most pERK1/2
immunoreactivity was concentrated in the agranular and dysgranular regions, and not
in the gustatory region. Other studies also indicated increased pERK1/2 levels in the IC
in response to an unfamiliar taste stimulus %, and that such activation is necessary for
taste learning %. These findings suggest that ERK1/2 activation in the IC may contribute
to the detection of novelty and/or memory formation *'¢78,

A more puzzling observation is that a memory-enhancing dose of corticosterone
administered immediately after inhibitory avoidance training resulted in a rapid
decrease in the number of pERKI1/2-positive cells within the IC. Corticosterone
administration to non-trained rats did not induce such a reduction. The selective
influence of corticosterone on trained, and not naive, rats is consistent with prior
evidence indicating that RU 28362 infused into the IC interacts with training-
induced noradrenergic activation in enhancing memory consolidation *. However,
the direction of the corticosterone effect on pERK1/2 immunoreactivity appears to
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contrast prior evidence indicating that glucocorticoid effects on memory consolidation
involving other brain regions require an upregulation of pERK1/2-MAP kinase
activity. Previously, we reported that a memory-enhancing dose of RU 28362 infused
into either the BLA or medial prefrontal cortex after inhibitory avoidance training
rapidly elevated pERK1/2 levels in the other brain site (medial prefrontal cortex or
BLA, respectively) '>. Moreover, stress and corticosterone are known to interact
with training-associated glutamatergic activity within the hippocampus to increase
the expression and enzymatic activity of the MAP kinase pathway **7°. A blockade
of pERK1/2 signaling with a MEK inhibitor infused into any of these brain regions
prevented glucocorticoid effects on memory consolidation. Thus, although we only
examined pERK1/2 immunoreactivity in somata, and not in fibers, these findings
suggest that glucocorticoids, at least at a 30-min time interval, might exert an opposite
influence on the pERK1/2-MAP-kinase pathway, and possibly neuronal activity, in the
IC as compared to the BLA or hippocampus. Emerging evidence supports the view that
glucocorticoids can activate or suppress synaptic plasticity and neuronal activity in a
highly time-dependent and brain region-specific manner ”'.

Our finding that corticosterone-induced enhancement of inhibitory avoidance
memory is associated with a reduced pERK1/2 expression, and possibly neuronal
activity, of the IC is in agreement with that of a recent functional magnetic resonance
imaging study in humans showing that the combined oral administration of cortisol
and the noradrenergic stimulant yohimbine shortly before the encoding of emotionally
arousing pictures led to a strong deactivation of the IC, along with the hippocampus
and orbitofrontal cortex 2. Moreover, the magnitude of this deactivation correlated
with enhanced recall of the material assessed 1 week later. Highly comparable, another
study reported that human participants who responded with a large increase in cortisol
when confronted with a psychosocial stressor, as opposed to low-responders, also
showed deactivation of a network of limbic regions that includes the right anterior
insula ?. The crucial question is whether and how such overall deactivation of the IC
might contribute to the enhanced consolidation of memory processing. Pruessner et
al. (2008)” interpreted the deactivation of limbic regions in their study as a stress-
mediated regulatory influence on hypothalamic-pituitary-adrenal (HPA) axis activity.
However, no findings are available indicating whether or not the IC per se is involved
in HPA-axis regulation. Alternatively, based on the involvement of frontal areas,
including the anterior IC, in emotional regulation, attention and focusing ’*’, Van
Stegeren et al. (2010)"* suggested that a reduced BOLD signal in these areas could reflect
either a loss of top-down inhibition, and therefore activation (disinhibition) of other
brain regions, or an increased signal-to-noise ratio, resulting in a shift of attentional
processing from a peripherally to a centrally focused view. In line with this hypothesis,
others have proposed that the anterior IC is part of a “salience network” which detects
salient stimuli (events) and triggers appropriate control signals to regulate behavior
and homeostatic state '*?*%. It is possible, therefore, that a reduced neuronal activity
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of the IC after exogenous glucocorticoid administration induces a “reallocation of
resources’, thereby increasing the detection of the most relevant stimuliand enhancing
the consolidation of memory of these experiences 727,

Such a potential role of the IC, as part of the salience network, in novelty and
salience detection fits well with our finding that local activation of GRs with RU 28362
enhanced the memory of exposure to both the contextual and aversive components
of inhibitory avoidance training. Similarly, findings of human neuroimaging studies
indicated activation of the IC in fear conditioning studies during the presentation
of either specific conditioned stimuli or context '*!?%77 A broad involvement of the
IC in regulating the consolidation of memory of emotionally salient experiences
fits also well with other findings of animal studies indicating that posttraining
pharmacological manipulation of IC activity modulates memory consolidation of
training on many different kinds of learning tasks, including spatial water maze ¥,
conditioned taste aversion '**$'7 and object recognition *%%. The extensive network
of connections between the IC and other cortical regions, including the prefrontal,
cingulate, perirhinal and entorhinal cortices %7 %', might account for such a general
modulatory influence on memory. There are also dense reciprocal connections
between the IC and BLA 8828, Extensive evidence indicates that the BLA influences
memory consolidation of emotionally arousing training experiences by regulating
neuroplasticity and information storage processes in other brain regions, including
the hippocampus and dorsal striatum %, Therefore, it is possible that the IC and BLA
share a functional commonality and cooperate in regulating memory consolidation.
Indeed, some findings provide evidence for a necessary interaction between the IC and
BLA in strengthening the consolidation of memory of emotionally arousing training.
Posttraining infusion of a cAMP analog into the IC is known to enhance memory
consolidation of both conditioned taste aversion and inhibitory avoidance training.
However, concurrent blockade of noradrenergic transmission in the BLA with the
o-adrenoceptor antagonist propranolol prevents this memory enhancement €'
Findings of human studies indicating an increased connectivity between the amygdala
and IC during the encoding of emotionally arousing material 3 support a functional
interaction between the BLA and IC in regulating memory consolidation.

In summary, the present findings provide evidence for the view that the IC is
importantly involved in regulating glucocorticoid effects on memory consolidation of
emotionally arousing inhibitory avoidance training. These findings indicate that the
IC deserves a prominent position in animal research investigating the neural basis of
emotional regulation of learning and memory.
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ABSTRACT

It is well established that glucocorticoid hormones strengthen the consolidation
of long-term memory of emotionally arousing experiences but have little effect
on memory of low-arousing experiences. Although both positive and negative
emotionally arousing events tend to be well remembered, studies investigating the
neural mechanism underlying glucocorticoid-induced memory enhancement focused
primarily on negatively motivated training experiences. In the present study we show
an involvement of glucocorticoids within the nucleus accumbens (NAc) in enhancing
memory consolidation of both an appetitive and aversive form of taste learning. The
specific glucocorticoid receptor (GR) agonist RU 28362 (1 or 3 ng) administered
bilaterally into the NAc shell, but not core, of male Sprague-Dawley rats immediately
after an appetitive saccharin drinking experience dose-dependently enhanced
24-h retention of the safe taste, resulting in a facilitated attenuation of neophobia.
Similarly, GR agonist infusions given into the NAc shell immediately after pairing of
the saccharin taste with a malaise-inducing agent enhanced memory of this negative
experience, resulting in an intensified conditioned aversion. Importantly, a suppression
of noradrenergic activity within the NAc shell with the f8-adrenoceptor antagonist
propranolol blocked the facilitating effect of a concurrently administered GR agonist
on memory consolidation in both the appetitive and aversive learning task. Thus, these
findings indicate that GR activation interacts with the noradrenergic arousal system
within the NAc to enhance memory consolidation of emotionally arousing training

experiences regardless of valence.
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INTRODUCTION

Emotional memory enhancement is a well-recognized phenomenon that helps us
to remember important life events. Both positive and negative emotionally arousing
experiences are more likely to be recalled with greater detail and vividness than events
that lackemotional significance 2. However, studies investigating the neural mechanisms
underlying arousal-induced memory enhancement have focused almost exclusively on
negatively motivated experiences. Such studies indicate that glucocorticoid hormones
(corticosterone in rodents, cortisol in humans), released from the adrenal cortex during
arousing episodes, are crucially involved in facilitating the consolidation of long-term
memory of these experiences *°. Corticosterone or specific glucocorticoid receptor
(GR) agonists are known to act upon different loci within the emotional memory
network, including the basolateral amygdala, hippocampus and various cortical rcgions,
to enhance memory consolidation of training on a wide variety of aversively motivated
learning tasks 7 '%. Further studies report that arousal-induced noradrenergic activity

is required for enabling the effects of glucocorticoids on memory consolidation *'*

,a
mechanism that might explain why glucocorticoids selectively affect memory formation
of experiences that are emotionally arousing **''. However, and importantly, despite
extensive evidence indicating that the release of endogenous glucocorticoids is initiated
not only during aversive or noxious stimulation but that corticosterone levels also
mount in response to appetitive and rewarding stimuli such as food, drugs of abuse or
sexual activity '¢'8, little is known concerning the influence of glucocorticoids on the
consolidation of memory of positively motivated learning experiences 2.

Substantial evidence indicates that the nucleus accumbens (NAc), which receives
major input from the basolateral amygdala, hippocampus and prefrontal cortex 2?2,
is importantly involved in the processing of positively motivated or rewarding
information ?'%; however, it is also uniquely positioned to subserve a role in the
formation and/or retrieval of emotionally influenced memory ?’?*, Indeed, lesion and
pharmacological manipulation studies indicate an involvement of the NAc in memory
for both appetitive 3! and aversive training experiences ***, including appetitive 336
and aversive taste learning >** *, Taste learning, and its corresponding gastro-intestinal
consequences, is a commonly used and evolutionary significant experimental model
for the study of memory formation **'. If the ingestion of a novel appetitive drinking
solution is not followed by any negative consequences, the animal learns that the taste
is safe, a process termed attenuation of neophobia (AN) occurs and the animal will
increase its consumption upon subsequent taste presentations 3. On the other hand,
if the ingestion is followed by malaise, a conditioned taste aversion (CTA) developsand
the animal will reject the taste on the next encounter 2,

The present study investigated the effects of glucocorticoid administration into the
NAc on memory consolidation of both appetitive and aversive taste learning. In the first
experiment, we investigated whether the specific GR agonist RU 28362 administered
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into the shell or core subregions of the NAc immediately after ingestion of a novel
saccharin drinking solution enhances the consolidation of memory of the appetitive
taste learning experience. In the second experiment, we investigated whether GR agonist
administration into the NAc induces comparable memory consolidation enhancement
of an aversive taste learning experience. In the last experiment we investigated whether
noradrenergic activity within the NAc is essential for enabling the facilitating effects
of glucocorticoids on memory of both appetitive and aversive learning experiences.

MATERIAL & METHODS

Subjects

Adult male Sprague-Dawley rats (300-350 g at time of surgery) from Charles River
Breeding Laboratories (Kisslegg, Germany) were housed individually in a temperature-
controlled (22°C) colony room and maintained on a standard 12-h:12-h light:dark
cycle (07:00-19:00 h lights on) with ad libitum access to food and water, except when
noted in the behavioral procedures. They were kept in these conditions for at least 7 d
before surgery for cannula implantation. Training and testing were performed during
the light phase of the cycle between 10:00 and 13:00 h, at the rat nadir of the diurnal
rhythm of corticosterone. All experimental procedures were in compliance with the
European Communities Council Directive of 24 November 1986 (86/609/EEC) and
approved by the Institutional Animal Care and Use Committee of the University of
Groningen, The Netherlands.

Surgery for cannula implantation

For a detailed description of surgical procedures, see Fornari et al (2012) 4. Briefly, rats
were anesthetized with a subcutaneous injection of ketamine (37.5 mg/kg body weight;
Alfasan), dexmedetomidine (0.25 mg/kg; Orion) and atropine sulfate (0.4 mg kg;
Pharmachemie BV), and received the non-steroidal analgesic carprofen (4 mg/kg, sc;
Pfizer). The skull was positioned in a stereotaxic frame (Kopf Instruments) and two
stainless-steel guide cannulae (15 mm long; 23 gauge, Small Parts Inc.) were implanted
bilaterally with the cannulatips 2.0 mm above the NAc shell or core. The coordinates were
based on the atlas of Paxinos and Watson (2007) *; for NAc shell: anteroposterior [AP],
1.6 mm anterior to Bregma; mediolateral [ML], £1.0 mm from midline; dorsoventral
[DV], 5.7 mm below skull surface; for NAc core: AP, 1.6 mm anterior to Bregma;
ML, £1.7 mm from midline; DV, 50 mm below skull surface; incisor bar -3.3 mm
from interaural. The cannulae were affixed to the skull with two surgical screws and
dental acrylic cement. Stylets (15-mm long 00-insect pins) were inserted into each
guide cannula to maintain patency. After surgery, the rats received a subcutaneous
injection of 3 ml of saline to facilitate clearance of drugs and prevent dehydration, and
were subsequently administered atipamezole hydrochloride (Antisedan, 0.25 mg/kg,
sc; Orion) to reverse anesthesia. The rats were allowed to recover for a minimum of 7d

n
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before initiation of training and were handled three times, for 1 min each, during this
recovery period to accustom them to the infusion procedure.

Appetitive taste learning

Rats were initially deprived of water for 24 h and then habituated to drink water for
20 min/d for 5 d. After a stable water consumption baseline was reached, the animals
were divided into several treatment groups, counterbalanced according to their mean
baseline water consumption. On the acquisition trial, rats were allowed to freely drink
a novel 0.5% saccharin (saccharin sodium salt hydrate, Sigma-Aldrich) solution for 20
min in their home cages. A neophobic response was calculated as the ratio of saccharin
intake relative to water baseline consumption. Due to the high relative novelty of this
saccharin concentration, a large neophobic response is observed **. Immediately or 3 h
after the saccharin presentation, the rats received microinfusions of drug or vehicle.
On the 24-h retention test, rats had access to the same (familiar) saccharin solution
for 20 min and the volume drunk was recorded. An AN index was calculated as the
saccharin consumption on the retention test relative to the acquisition trial. A larger
AN index was interpreted as indicating better retention of the appetitive taste learning
experience. Rats had additional access to water for 10 min at the end of each day to
assure that all animals consumed their daily fluid requirements.

Aversive taste learning

As on the appetitive taste learning task, rats were initially deprived of water for 24 h
and subsequently habituated to drink water for 20 min/d for 5 d. After a stable water
consumption baseline was reached, the animals were divided into several treatment
groups, counterbalanced according to their mean baseline water consumption, and
acquisition of aversive taste learning was performed '**. For conditioning, the rats
were allowed to freely drink a novel 0.1% sodium saccharin solution for 20 min in
their home cages, and the volume drunk was recorded. This concentration of saccharin
is highly preferred but, in contrast to higher saccharin concentrations, only induces a
slight neophobic reaction *. Thirty minutes after completion of saccharin intake, the
animals were injected intraperitoneally with 0.15 M lithium chloride (LiCl), a dose
that produces only mild gastric malaise. Immediately, 3 or 6 h after the LiCl injection,
rats received microinfusions of drug or vehicle. For the next three days, rats could
drink water for 20 min/d. Four days after conditioning, the 0.1% saccharin solution
was presented again for 20 min to test for retention of the acquired taste aversion (i.e.,
single bottle test). A CTA index was calculated as the saccharin intake on the 96-h
retention test relative to that ingested on the acquisition trial. A smaller CTA index,
i.e., a larger conditioned avoidance of the taste, was interpreted as indicating better
retention of the aversive taste learning experience.
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Drugs and infusion procedures

The specific GR agonist RU 28362 (1 or 3 ng in 0.3 pl; 11f,17B-dihydroxy-6,21-
dimethyl-17a-pregna-4,6-trien-20yn-3-one, a generous gift of Aventis, Frankfurt,
Germany) was first dissolved in 100% ethanol and subsequently diluted in saline to
reach the appropriate concentration. The final concentration of ethanol was 0.5%.
Receptor binding studies have shown thatthis compound has selective and high affinity
for GRs *. For the last experiment, the f8-adrenoceptor antagonist DL-propranolol
hydrochloride (0.3 pg in 0.3 pl; Sigma-Aldrich) was infused together with a memory-
enhancing dose of the GR agonist (3 ng) or vehicle (0.5% ethanol in saline). Bilateral
infusions of drug, or an equivalent volume of vehicle, were made by using 30-gauge
injection needles connected to 10-pl Hamilton microsyringes by polyethylene (PE-20)
tubing, driven by an automated microinfusion pump (Stoelting Inc.). The injection
needles protruded 2.0 mm beyond the tip of the cannula, and an injection volume
of 0.3 pl per hemisphere was delivered over 30 s. The injection needles were retained
within the cannulae for an additional 30 s following drug infusion to maximize diffusion
and prevent backflow of drug along the cannula track. Drug doses were chosen on the
basis of previous findings '*. The drug volume and infusion sites selected have been
reported previously to induce selective activation/blockade of the shell and/or core
subregions of the NAc *.

Histology

Following completion of behavioral testing, rats were injected with an overdose of sodium
pentobarbital (100 mg/kg, i.p.) and perfused transcardially with 09% saline, followed by
4% formaldehyde (w/v) in water. After decapitation, the brains were removed and stored
in a fresh 4% formaldehyde solution at 4°C for 24 h. The brains were then immersed in
25% sucrose (w/v) for cryoprotection. Coronal sections of 50 um were cut on a cryostat,
mounted on gelatin-coated slides, and stained with cresyl violet. The sections were
examined under a light microscope and determination of the location of injection needle
tips within the NAc shell or core, respectively, was made according to the atlas plates of
Paxinos and Watson (2007) *, by an observer blind to drug treatment condition. Rats
with injection needle placements outside the NAc shell or core or with extensive tissue
damage at the injection needle tips were excluded from analysis.

Statistics

Data are presented as mean + SEM. The AN and CTA indices were analyzed with one-
or two-way ANOVAs. Further analyses used pairwise Fisher’s LSD post-hoc tests, when
appropriate. Additionally, one-sample ¢-tests were used to examine whether the AN
and CTA index was significantly different from one, indicating that animals showed
retention of the learning experience. For all comparisons, a probability level of < 0.05
was accepted as statistical significance. The number of animals per group is indicated
in the figure legends.
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RESULTS

Posttraining administration of a GR agonist into the nucleus accumbens shell, but not
core, enhances consolidation of appetitive taste memory

This experiment investigated whether the GR agonist RU 28362 administered
bilaterally into the NAc shell immediately after an appetitive saccharin drinking
experience enhances the consolidation of memory of this safe taste learning experience,
resulting in a facilitated AN response upon re-exposure to the taste stimulus 24 h later.

Baseline water consumption was stable over the 3 d of registration prior to
conditioning. One-way ANOVA for mean baseline water intake revealed no significant
differences between later drug treatment groups [F(2,35) = 0.49; p = 0.62; Table I].
On the acquisition day, novel saccharin ingestion also did not differ between groups
[F(2,35) = 1.99; p = 0.15; Table I] and all rats showed a robust neophobic response, as
assessed by a significantly lower intake of the novel saccharin solution compared to
water intake on the previous day (p <0.0001; Table I). As is shown in Fig. 1A, one-way
ANOVA for AN index, i.e., saccharin consumption on the 24-h retention test relative to
that on the acquisition trial, indicated a significant drugeffect [F(2,35) = 3.40; p < 0.05].
One-sample t-test revealed that the AN index of rats treated with vehicle was
significantly larger than 1 (2.56 + 0.33; p < 0.01), indicating that control rats retained
memory of the appetitive taste stimulus. Fisher’s LSD post-hoc analysis revealed that
the AN index of rats administered the higher dose of RU 28362 (3 ng) was significantly
larger than that of vehicle control rats (p < 0.05) and thus reflects an enhanced retention
of the appetitive taste learning experience. In contrast, the lower dose of RU 28362
(1 ng) did not induce significant retention enhancement (p = 0.35). To determine
whether the GR agonist enhanced retention by influencing time-dependent processes
underlying the consolidation phase of memory, other groups of rats received delayed
infusions of the GR agonist after the saccharin drinking experience. As is shown in
Fig. 1B, RU 28362 (1 or 3 ng) administered into the NAc shell 3 h after the appetitive

Table 1 Fluid intake prior to conditioning and on the acquisition day.

Drug groups H,0 baseline (ml) Acquisition (ml)
Appelitive vehicle 179+ 0.8 43+0.6
taste learning RU 28362 (1 ng) 17.5+0.6 39+0.6
o RU 28362 (3 ng) 18.7+ 0.9 30+04
Aversive vehicle B 17.3+0.7 125+ 1.0
taste learning RU 28362 (1 ng) 16.0 +0.7 13.0+ 1.1
RU 28362 (3 ng) 173 +0.5 11.8+1.2

Data are presented as mean + SEM of baseline water consumption on 3 consecutive days prior to
conditioning and novel saccharin consumption on the acquisition day.
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taste learning experience did not significantly alter the AN index [F(2,40) = 0.02; p =
0.98], indicating that the posttraining drug treatment did not directly affect behavior
on the 24-h retention test.

To determine whether the GR agonist effect was localized within the NAc shell,
other rats received infusions of RU 28362 (1 or 3 ng) or vehicle into the adjacent core
subregion of the NAc immediately after saccharin drinking. One-way ANOVA for
AN index did not reveal a significant drug effect [F(2,31) = 1.22; p = 0.31; Fig 1C],
indicating a site-specific involvement of the NAc shell in mediating GR agonist effects
on memory consolidation of the appetitive taste experience.
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Figure 1. Effect of the glucocorticoid receptor agonist RU 28362 administered posttraining into the
nucleus accumbens (NAc) on memory consolidation of appetitive taste learning. (A) RU 28362 (1 or
3 ng in 0.3 pl) administered into the NAc shell immediately after novel saccharin drinking enhanced
24-h retention performance, as indicated by an increased attenuation of neophobia (AN). The AN
index (mean + SEM) is expressed as saccharin drinking on the retention test relative to the acquisition
trial (n = 11-13 per group). (B) In contrast, RU 28362 (1 or 3 ng in 0.3 pl) administered into the
NAc core after saccharin drinking did not enhance the AN index (n = 10-13 per group). (C) Delayed
infusions of RU 28362 (1 or 3 ng in 0.3 pl) administered into the NAc shell 3 h after saccharin drinking
also did not enhance the AN index (n = 14-15 per group). *p < 0.05 compared with the vehicle group.
(D) Representative diagram and photomicrographs illustrating placement of the cannulae and needle
tips in the NAc shell and core, respectively. Arrows point to the infusion needle tips.
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Fig. 1D shows representative photomicrographs of cannula placement within
the NAc shell and core. All injection needle tips of rats included in the analysis were
localized exclusively within the shell or core, respectively.

Posttraining administration of a GR agonist into the nucleus accumbens shell,
but not core, enhances consolidation of aversive taste memory

To investigate whether posttraining activation of GRs withinthe NAc induces comparable
enhancement of memory consolidation of an aversive taste learning experience, bilateral
infusions of RU 28362 (1 or 3 ng) or vehicle were administered into the NAc shell or
core immediately after aversive conditioning with an intraperitoneal injection of the
malaise-inducing agent LiCl, 30 min after completion of saccharin intake.

Baseline water consumption was stable over the 3 d of registration prior to
conditioning. One-way ANOVA for mean baseline water intake revealed no significant
differences between later drug groups [F(2,36) = 1.46; p = 0.25; Table I]. There were
also no group differences in novel saccharin ingestion during training [F(2,36) = 0.29;
p = 0.75; Table I]. As is shown in Fig. 2A, one-way ANOVA for CTA index, i.e., saccharin
consumption on the 96-h retention test relative to that on the acquisition trial, revealed a
significant drug effect [F(2,36) = 4.17; p < 0.05]. One sample ¢-test indicated that the CTA
index of rats treated with vehicle was significantly smaller than 1 (0.69 + 0.06; p < 0.001),
indicating that control ratsexhibited a mild aversion tothesaccharin taste ontheretention
test. Fisher’s post-hoc comparison tests revealed that rats administered either dose of RU
28362 showed a significantly greater conditioned aversion to the saccharin taste (1 ng:
p < 0.05; 3 ng: p < 0.05, compared to vehicle-treated rats). Control groups received RU
28362 immediately after pseudo-conditioning with an intraperitoneal injection of saline.
In these rats, the GR agonist did not induce any saccharin aversion on a 96-h retention
test [F(2,30) = 0.08; p = 0.93; Fig. 2B], indicating that the RU 28362 enhanced memory of
the pairing of the saccharin taste with gastric malaise.

We further found that the GR agonist administration induced a time-dependent
enhancement of the consolidation of aversive taste memory. As is shown in Fig. 2C,
RU 28362 administered into the NAc shell 3 h after conditioning still enhanced 96-h
retention [F(2,31) = 3.95; p < 0.05]. Post-hoc Fisher’s LSD tests revealed that both doses
of RU 28362 enhanced conditioned aversion on the 96-h retention test (1 ng: p < 0.05;
3 ng: p < 0.05, compared to vehicle). However, when RU 28362 was administered
6 h after conditioning, no increase in saccharin aversion on the 96-h retention test
was found [F(2,30) = 2.25; p = 0.12; Fig. 2D]. Also comparable to the findings of
the first experiment, RU 28362 (1 or 3 ng) administered into the adjacent NAc core
immediately after aversive conditioning did not significantly alter the CTA index on
the 96-h retention test [F(2,45) = 0.82; p = 0.45; Fig. 2E], indicating a site-specific
involvement of the GR agonist within the NAc shell in enhancing the consolidation of
aversive taste memory.
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Figure 2. Effect of the glucocorticoid receptor agonist RU 28362 administered posttraining into the
nucleus accumbens (NAc) on memory consolidation of aversive taste learning. (A) RU 28362 (1 or
3 ng in 0.3 pl) administered into the NAc shell immediately after pairing of a novel saccharin drinking
solution with the malaise-inducing agent lithium chloride enhanced 96-h retention performance, as
indicated by an increased conditioned taste aversion (CTA). The CTA index (mean + SEM) is expressed
as saccharin drinking on the retention test relative to the acquisition trial (n = 11-15 per group). (B)
RU28362 (1 or 3 ng in 0.3 pl) administered into the NAc shell immediately after pseudo-conditioning
with an injection of saline did not induced tasteaversion on a 96-h retention test (n = 9-13 per group).
(C) Delayed infusions of RU 28362 (1 or 3 ng in 0.3 pul) administered into the NAc shell 3 h after
aversive taste learning enhanced the CTA index on the 96-h retention test, whereas (D) RU 28362
administered 6 h after aversive conditioning did not alter the CTA index (n = 9-13 per group). (E) RU
28362 (1 or 3 ng in 0.3 pl) administered into the NAc core after aversive taste learning did not alter the
CTA index (n = 14-18 per group). *p < 0.05 compared with the vehicle group.

Role of the noradrenergic system within the nucleus accumbens shell in enabling
GR agonist effects on memory of appetitive and aversive taste learning

It is well established from studies in other brain regions that arousal-induced
noradrenergic activity is a prerequisite for enabling glucocorticoid effects on memory
consolidation of aversive training experiences '»'*%%2 As described above, such an
essential interplay between these two neuromodulatory systems can possibly explain
why glucocorticoids selectively enhance the consolidation of memory of emotionally
arousing, and not emotionally neutral, training experiences *“*. However, it is
presently unknown whether the enhancing effect of glucocorticoid administration on
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the consolidation of memory of positively motivated learning experiences requires a
similar interaction with the noradrenergic arousal system. To address this issue, we first
investigated whether a suppression of noradrenergic activity within the NAc shell with
local infusions of the f3-adrenoceptor antagonist propranolol (0.3 pg in 0.3 pl) would
prevent the GR agonist-induced consolidation enhancement of appetitive taste memory.
As is shown in Fig. 3A, two-way ANOVA for AN index on a 24-h retention test showed
no GR agonist [F(143) = 2.05; p = 0.16] or propranolol effect [F(1,43) = 0.89; p = 0.35]
but a significant interaction effect between GR agonist and propranolol [F(1,43) = 4.46;
p < 0.05]. Post-hoc Fisher's LSD tests indicated that RU 28362 (3 ng) administered
alone into the NAc shell significantly increased the AN index (p < 0.05, compared to
vehicle-treated rats) and that concurrent administration of propranolol blocked this
memory enhancement (p < 0.05). This low dose of propranolol administered alone into
the NAc shell did not impair retention.

Next, we examined whether posttraining antagonism of f3-adrenoceptors within
the NAc shell with propranolol (0.3 pg in 0.3 pl) induces a comparable blockade of
the effect of RU 28362 (3 ng) in the aversive taste learning paradigm. As is shown
in Fig. 3B, two-way ANOVA for CTA index on a 96-h retention test showed no GR
agonist [F(1,38) = 0.42; p = 0.52 ] or propranolol effect [F(1,38) = 1.39; p = 0.25] but
a significant interaction effect between GR agonist and propranolol [F(1,38) = 4.63;
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Figure 3. Effect of blockade of f8-adrenoceptor activity within the nucleus accumbens (NAc) shell
on glucocorticoid-induced enhancement of memory consolidation of appetitive and aversive taste
learning. (A) The glucocorticoid receptor agonist RU 28362 (3 ng in 0.3 pl) infused into the NAc shell
immediately after appetitive taste learning enhanced 24 h retention of this experience, as indicated by
an increased attenuation of neophobia (AN) index. Concurrent administration of the -adrenoceptor
antagonist propranolol (0.3 pg) prevented this RU 28362 cffect. The AN index (mean + SEM) is
expressed as saccharin drinking on the retention test relative to the acquisition trial (n = 8-14 per
group). (B) RU 28362 (3 ng in 0.3 pl) infused into the NAc shell immediately after aversive taste
learning enhanced 96-h retention of this experience, as indicated by an increased conditioned taste
aversion (CTA). Concurrent administration of the 8 adrenoceptor antagonist propranolol (0.3 pg)
prevented this RU 28362 effect. 'The CTA index (mean + SEM) is expressed as saccharin drinking on
the retention test relative to the acquisition trial. (n = 11-13 per group). *p < 0.05 as compared with
the vehicle group; #p < 0.05 as compared with RU 28362 alone group.
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p < 0.05]. Post-hoc Fisher’s LSD tests indicated that RU 28362 infused alone into the
NAc shell significantly increased conditioned saccharin aversion (p < 0.05, compared
to vehicle-treated rats) and that concurrent administration of propranolol blocked this
GR agonist effect (p < 0.05). Thus, these findings indicate that GR agonist administration
into the NAc shell interacts with the noradrenergic arousal system in enhancing the
consolidation of memory of both appetitive and aversive taste learning,

DISCUSSION

The present study investigated whether glucocorticoids are involved in modulating the
consolidation of memory of emotionally arousing training experiences regardless of
valence. In strong support of this view, we found that the specific GR agonist RU 28362
administered bilaterally into the NAc shell after ingestion of an appetitive saccharin
drinking solution induced dose-, site- and time-specific enhancement of long-term
retention of the safe taste experience. Comparably, GR agonist administration into the
NAc shell after pairing of the saccharin taste with a malaise-inducing agent enhanced
retention of the aversive taste learning experience. Furthermore, and importantly,
as concurrent antagonism of f3-adrenoceptor activity within the NAc blocked the
GR agonist-induced retention enhancement on both tasks, the findings indicate
that noradrenergic signaling within the NAc is essential for enabling the enhancing
effects of glucocorticoids on memory consolidation of both positively and negatively
motivated learning experiences. The use of posttraining treatment ensures that animals
were drug-free at the time of training and, thus, that drug effects are not attributable
to possible influences on attentional, motivational or perceptual processes during
memory acquisition **%*. Additionally, the finding that delayed drug infusions did
not affect behavior during the retention test trial further strengthens the conclusion
that drug effects are solely caused by time-dependent influences on neurobiological
processes underlying the consolidation of long-term memory.

Our finding that the GR agonist RU 28362 infused into the NAc shell immediately
after either appetitive or aversive taste learning enhanced retention of the training
experience indicates that glucocorticoids induce a prioritized storage of emotionally
arousing information into long-term memory regardless of the valence of the stimulus.
The use of gustatory learning as experimental model to examine the effects of a GR
agonist on memory consolidation of both positively and negatively valenced information
has several advantages. Both tasks share multiple characteristics in their setup, which
facilitate a comparison of effects ***. In both tasks, animals learn to associate the
comsumption of a novel saccharin solution with their respective outcome. In the
aversive taste learning task the ingestion of saccharin is followed by gastric malaise,
which induces an association of this experience with a negative consequence, and
aversion develops. In the appetitive taste learning task, rats associate the saccharin taste
with a positive reinforcement by learning that no negative consequences are associated
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with the taste (learned safety) *%8. The ingestion of a novel saccharin solution induces an
initial neophobic response *, which easily disrupts the ingestion of these solutions *7%.
Repeated exposure enhances familiarization and reduces the neophobic response.
Therefore, the GR agonist effect to enhance this attenuation of neophobia response in
the appetitive taste learning task could also be interpreted as an enhanced extinction
of this innate fear response. Several prior studies indicated that glucocorticoids
administered systemically after extinction learning on fear-associated tasks enhance the
consolidation of extinction memory %', Despite these qualitative similarities, training
on these two tasks likely induces different levels of endogenous emotional arousal and
consequent circulating levels of corticosterone %2, which could explain our finding that
the memory-enhancing doses of RU 28362 were not identical on both tasks.

Although it is well established that both positive and negative emotionally arousing
events are remembered better than neutral ones '*%, prior studies investigating the
neurobiological mechanism underlying this memory facilitation have focused almost
exclusively on aversive or fear-motivated learning. Findings from these studies indicate
that glucocorticoids, via GR activation, act within a network of interconnected brain
regions, including the basolateral amygdala, hippocampus and prefrontal cortex, to
produce dose- and time-dependent enhancement of the consolidation of memory on
various aversive learning tasks 7'*!4*70_Such investigations have also provided valuable
insight into the putative molecular machinery underlying the modulatory influence of
glucocorticoids on neural plasticity within this memory network 7 ”*. However, although
itis now well established that appetitive and rewarding experiences also induce therelease
of glucocorticoid hormones from the adrenal cortex '*'5, only a few prior studies, using
either animals or humans, have investigated a possible involvement of glucocorticoids in
memory consolidation of positively motivated learning. In general agreement with the
present findings, Zorawski and Killcross (2002) reported that systemic administration
of dexamethasone, a synthetic glucocorticoid, to rats enhances memory consolidation
of both an appetitive and aversive Pavlovian conditioning procedure . Moreover,
intraventricular or intrahippocampal administration of corticosterone was shown
to enhance memory on an appetitive operant conditioning task in mice . A small
number of studies in human subjects indicated that stress exposure or the administration
of cortisol, given either shortly before or after learning, enhances memory for arousing
pleasant words and pictures to a similar extent as it does for arousing negatively valenced

material =63

. Although none of these previous studies investigated the underlying brain
mechanism, this prior evidence supports our present findings that glucocorticoids
enhance the consolidation of memory of both appetitive and aversive training experiences
and, thus, that the level of arousal associated with the learning experience tends to be a
better prospect for memory strength than stimulus valence '.

Our current finding that noradrenergicactivity within the NAcis essential for enabling
the effects of GR agonist administration on memory consolidation of both appetitive

and aversive taste learning is congruent with extensive prior evidence indicating that
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arousal-induced noradrenergic activation is indispensable for mediating the enhancing
effects of glucocorticoids on memory consolidation of a variety of emotionally negative
learningexperiences *'>11505! However, this glucocorticoid dependence on noradrenergic
activity had never been investigated within the NAcorinregardto glucocorticoid effects on
memory of appetitive learning experiences. Previous studies in the basolateral amygdala
(but also prefrontal and insular cortices) investigating the neural mechanism underlying
this permissive interaction have shown an involvement of a rapid, nongenomically
mediated action of glucocorticoids on the noradrenergic system !31351527578
Such a glucocorticoid-induced facilitation of noradrenergic transmission led to
downstream CREB protein activation and changes in neuronal plasticity and
memory '>+7678 As norepinephrine signaling is low during non-arousing conditions, this
mechanism of interaction could thus explain why glucocorticoids might selectively affiect
memory formation of emotionally arousing experiences and have little effect on memory
for neutral material %77, As both highly rewarding and aversive emotionally arousing
experiences are known to induce the release of norepinephrine into different brain
regions, including the NAc ¥, these findings suggest that a similar mechanism might
underlie glucocorticoid effects on memory of appetitive taste learning. However, recent
findings suggested that the interaction between glucocorticoids and norepinephrine,
particularly within theamygdala, might lead to a facilitated processing of negative stimuli
at the expense of positive stimuli 8% and that heightened amygdala activation is linked
to an implicit negative cognitive bias ®. This negative bias suggests that glucocorticoids
in conjunction with noradrenergic acitivity give rise to a valence-specific facilitation of
emotionally negative information. Our present findings indicating that a suppression of
noradrenergic activity within the NAc shell prevented GR agonist-induced enhancement
of memory on an appetitive as well as aversive taste learning task clearly do not support
this view. Rather, they suggest that glucocorticoid-induced enhancement of memory
consolidation for positively and negatively motivated emotionally arousing learning
experiences might depend on a highly comparable recruitment of the noradrenergic
system. Although we cannot exclude the possibility of brain region-specific differences
between the NAc and basolateral amygdala, recent findings from our laboratory
indicate that a GR agonist administered into the basolateral amygdala induces a near
identical enhancement of long-term memory of appetitive taste learning (Wichmann &
Roozendaal unpublished observations).

As the recollection of highly appetitive experiences has the same evolutionary
significance as the remembrance of highly aversive stimuli, a privileged storage of
highly affective stimuli or experiences regardless of valence is advantageous. At
present, it is highly debated whether the role of arousal within the larger emotional
memory network may differ depending on valence #%. The NAc has a well-established
role in processing rewards and reward-associated stimuli #%. Emerging evidence from
functional neuroimaging studies additionally associates the NAc with reward-related
learning *'%2. Some studies suggest that this brain region is exclusively involved in
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reward-related processing ***. However, our findings showing that local activation of
GRs within the NAc shell enhances the memory of an appetitive as well as aversive
taste learning experience fit better with a potential broad involvement of the NAc in
the detection of biological significant experiences *’. Substantial evidence indicates that
the NAc encodes the emotional intensity (salience) and arousing properties of stimuli,
independent of their valence **'”. As the core and shell subregion of the NAc differ
substantially in their efferent connections ?%!%, this raises the possibility of functionally
independent neuronal networks '©*!*. Whereas the core projects mainly to the basal
gangliacircuitry, the shell projects extensivelyto subcortical limbic structures '°. Hence,
especially the NAc shell is functionally and anatomically well positioned to integrate the
components of salience. It is a crucial element of the mesocorticolimbic dopaminergic
system ', and receives highly processed information from the basolateral amygdala,
hippocampus and prefrontal cortex 2. Earlier findings indicate that an intact NAc is
essential for mediating glucocorticoid-induced memory enhancement of emotionally
arousing information ?’. Lesions of the NAc block memory enhancement induced by a
GR agonist administered into either the basolateral amygdala or hippocampus 2. Thus,
the NAc may integrate influences derived from these brain regions and subsequently
convey this information to cortical areas for permanent storage '”’. The present findings
indicate that the NAc is not just processing information of new learning experiences
coming from other brain regions but that the NAc itself is an important target for
mediating the modulatory effects of glucocorticoids (and norepinephrine) on memory
consolidation of emotionally arousing experiences.

In conclusion, the present findings indicating that GR agonist administration into the
NAc shell enhances the consolidation of memory of both appetitive and aversive taste
learning adds to the view that adrenal stress hormones play a critical role in consolidating
lasting memories. Additionally, and importantly, the present findings provide evidence
that the interaction of glucocorticoids with the noradrenergic system is not restricted
to facilitating memory of aversive stimuli but that it might be equally involved in
consolidating memories of appetitive emotionally arousing learning experiences.
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ABSTRACT

The basolateral complex of the amygdala (BLA) plays a central role in regulating
the enhancing effects of glucocorticoid hormones on the consolidation of memory
of aversively motivated learning. It is currently unknown, however, whether the
BLA is also involved in mediating glucocorticoid effects on memory consolidation
of appetitively motivated learning. Here, we report that the specific glucocorticoid
receptor agonist RU 28362 administered bilaterally into the BLA immediately after
ingestion of an appetitive saccharin drinking solution enhanced 24-h retention of the
novel taste learning experience, as assessed by a facilitated attenuation of neophobia
response. The findings suggest that glucocorticoids in the BLA induce strengthening of
the consolidation of memory of emotionally arousing experiences regardless of stimulus

valence.



It is well established that emotionally arousing experiences are typically remembered
more vividly and with more detail than similar neutral experiences '. Animal
and human studies investigating the neural mechanisms underlying this memory
facilitation indicate that glucocorticoid hormones, released from the adrenal cortex
during arousing episodes, are crucially involved in enhancing the consolidation of
long-term memory of emotionally arousing experiences 2 *. There is extensive evidence
that glucocorticoid effects on memory consolidation are mediated, at least in part, via
an activation of glucocorticoid receptors (GRs) within the basolateral complex of the
amygdala (BLA) *¢. Prior studies indicate that corticosterone or a specific GR agonist
administered into the BLA, but not the adjacent central amygdala, immediately after
training on a wide variety of aversively motivated and/or fear-related tasks enhances
the consolidation of memory of this training 7'". Conversely, selective lesions of the
BLA or a blockade of glucocorticoid action within the BLA, via GR antagonists, prevent
memory enhancement induced by systemically administered glucocorticoids 724,
Further studies reporting that arousal-induced noradrenergic activity within the BLA
is required for enabling glucocorticoid effects on memory consolidation '*'* might
explain why glucocorticoids selectively affect memory formation of experiences that
are emotionally arousing 3'*'6.

Despiteextensiveevidencethat the release ofendogenousglucocorticoidsis not limited
lo negatively motivated experiences but is also initiated in response to appetitive and
rewarding experiences '7 ', only a few studies, either in animals or humans, investigated
the effects of glucocorticoids on the consolidation of memory of positively motivated
learning experiences. Generally, these studies indicate that systemically administered
glucocorticoids induce a highly comparable strengthening of the consolidation of
appetitive memory in rodents % and of positively valenced material in human
subjects 2*. However, a possible involvement of the BLA in mediating such glucocorticoid
effects on memory consolidation of positively motivated learning has not, as yet, been
investigated. To address this issue, the present experiment investigated whether the
specific GR agonist RU 28362 administered into the BLA immediately after an appetitive
taste learning experience enhances the consolidation of memory of this training. All
experimental procedures were in compliance with the European Communities Council
Directive of 24 November 1986 (86/609/EEC) and approved by the Institutional Animal
Care and Use Commiittee of the University of Groningen, The Netherlands.

Male adult Sprague-Dawley rats (300 - 350 g) from Charles River Breeding Laboratories
(Kisslegg, Germany) were housed individually for at least 7 d before surgery for cannula
implantation. For a detailed description of surgical procedures, see Fornari et al (2012).
Briefly, rats were anesthetized with a subcutaneous injection of ketamine (37.5 mg/kg;
Alfasan), dexmedetomidine (0.25 mg/kg; Orion) and atropine sulfate (0.4 mg/kg;
Pharmachemie BV) and their head was positioned in a stereotaxic apparatus (Kopf
Instruments). Two stainless-steel guide cannulae (15 mm long; 23 gauge; Small Parts
Inc) were implanted bilaterally 2.0 mm above the BLA [coordinates: anteroposterior,
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3.0 mm posterior to Bregma; mediolateral, +5.0 mm from midline; dorsoventral, 6.4 mm
below skull surface] according to the atlas of Paxinos and Watson (2007). Stylets (15-mm
long 00-insect pins) were inserted into each cannula to maintain patency. The rats were
allowed to recover for a minimum of 7 d before initiation of training.

For training on the appetitive taste learning task, rats were initially deprived of water
for 24 h and then habituated to drink water for 20 min/d for 5 d. On the acquisition
trial, rats were allowed to freely drink an appetitive 0.5% saccharin solution (saccharin
sodium salt hydrate, Sigma-Aldrich; novel taste) for 20 min in their home cages and
immediately afterwards were given bilateral microinfusions of either the specific GR
agonist RU 28362 [11B,17B-dihydroxy-6,21-dimethyl-17a-pregna-4,6-trien-20yn-3-
one; a generous gift of Aventis, Frankfurt, Germany] (1 or 3 ng in 0.2 pl) or vehicle into
the BLA. Receptor binding studies have shown that this compound has selective and
high affinity for GRs %. RU 28362 was first dissolved in 100% ethanol and subsequently
diluted in saline. The final ethanol concentration was 0.5%. Drug doses were chosen
on the basis of previous findings #%° and the drug volume and infusion sites selected
are known to selectively influence the BLA division of the amygdala 826?, Thirty-gauge
injection needles (17 mm) were connected to 10-pl Hamilton microsyringes with
polyethylene tubing and inserted into the BLA, protruding 2 mm beyond the cannula
tip. A 0.2-pl volume of vehicle or drug per hemisphere was infused over 25 s. The
injection needles were retained in place for an additional 30 s following drug infusion
and the rat was then returned to its home cage. On the 24-hretention test, rats had access
to the same saccharin concentration for 20 min and the volume drunk was recorded. If
the taste is remembered as being safe, the animal will increase its consumption during
the retention test, a process termed attenuation of neophobia (AN) . An AN index
was calculated as the saccharin consumption during the retention test relative to the
acquisition trial. A larger AN index was interpreted as indicating better retention.

Following completion of behavioral testing, rats were perfused transcardially
with isotonic saline followed by 4% formaldehyde and the brains were removed
and stored in a 4% formaldehyde solution. Coronal sections of 50 pm were cut on a
cryostat, mounted on gelatin-coated glass slides and stained with cresyl violet. Rats
with injection needle placements outside the BLA or with extensive tissue damage at
the injection needle tips were excluded from statistical analysis. Fig. 1A and B show
cannula placement within the BLA.

One-way ANOVA for mean baseline water intake revealed no significant differences
between later drug treatment groups [F(2,28) = 0.13; p = 0.88]. Novel saccharin
ingestion also did not differ between groups [F(2,28) = 2.25; p = 0.13] and all rats
showed a robust neophobic response, as assessed by a significantly lower intake of the
novel saccharin solution compared to water intake the previous day (p < 0.0001). As
is shown in Fig. 2, one-way ANOVA for AN index, i.e., saccharin consumption on
the retention test relative to the acquisition trial, indicated a significant drug effect
[F(2,28) = 4.68; p = 0.02]. One-sample t-test revealed that the AN index of rats treated
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Figure 1. Representative photomicrograph (A) and diagrams (B) illustrating placement of cannulae
and needle tips in the basolateral amygdala (BLA). (A) Arrow points to the infusion needle tip. (B)
Dots represent the areas considered as correct infusion needle tip placements.

with vehicle was significantly larger than 1 (2.76 + 0.24; p < 0.0001), indicating that
control rats retained memory of the appetitive taste stimulus. Post-hoc analysis with
Fisher’s LSD test revealed that posttraining infusions of the GR agonist into the BLA
dose-dependently enhanced retention of the appetitive taste learning experience. The
AN index of rats given the lower dose of RU 28362 (1 ng) was significantly larger than
that of vehicle control rats (p < 0.01). In contrast, the higher dose (3 ng) did not induce
significant retention enhancement (p = 0.94).

The present findings indicate that the BLA is involved in regulating the facilitating
effects of glucocorticoids on memory consolidation of appetitive training experiences.
We found that the specific GR agonist RU 28362 administered bilaterally into the BLA
immediately after ingestion of an appetitive saccharin drinking solution induced dose-
dependent enhancement of long-term retention of this safe taste experience. To our
knowledge, this is the first report relating glucocorticoid action within the BLA to
memory enhancement of appetitive learning experiences. These findings appear thus
highly comparable to an extensive literature investigating the effects of glucocorticoids
within the BLA in modulating memory consolidation of aversively motivated training.
Corticosterone or specific GR agonists administered into the BLA immediately, but
not several hours, after training, are known to enhance the consolidation of memory
of aversively motivated and/or fear-related training experiences #!%°, whereas selective
lesions of the BLA or an infusion of a GR antagonist into the BLA prevent memory
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Figure 2. Effect of the glucocorticoid receptor agonist RU 28362 administered posttraining into the
basolateral amygdala (BLA) on memory consolidation of appetitive taste learning. RU 28362 (1 or
3 ngin 0.2 pl) administered into the BLA immediately after novel saccharin drinking enhanced 24-h
retention performance, as indicated by an increased attenuation of ncophobia (AN). The AN index
(mean + SEM) is expressed as saccharin drinking on the retention test relative to the acquisition trial
(n =10-11 per group). **p < 0.01 compared with the vehicle group.

enhancement induced by systemically administered glucocorticoids **'***. Moreover,
glucocorticoids have been reported to increase the activity of BLA pyramidal
cells *'** and augment learning-associated neural plasticity within the BLA 3. The
present finding showing that local activation of GRs within the BLA immediately
after appetitive taste learning enhances safe taste memory consolidation suggests
that the BLA might have a similar role in regulating the memory-facilitatory effects
of glucocorticoids on appetitively motivated emotionally arousing experiences. This
contravenes recent findings suggesting that glucocorticoids, in conjunction with
noradrenergic activity, give rise to a valence-specific facilitation of emotionally negative
information, likely via heightened amygdala activation **¥. Our findings are consistent
with the view suggesting a broad involvement of the amygdala in learning and memory
of emotionally arousing experiences irrespective of the valence of the stimulus '?5%,
The amygdala’s involvement in memory consolidation for emotionally unpleasant and
fear-relevant stimuli is well established **. However, comparable effects have been
obtained in experiments using appetitively motivated training experiences ****. Further
evidence implicating the amygdala also in the processing of positive stimuli comes
from a growing number of human imaging and neuropsychological studies 5
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The BLA is a key structure in a memory-modulatory system that regulates stress
and glucocorticoid effects on neural plasticity underlying the long-term storage of
information within an integrated network of brain regions, involving among others
the hippocampus 7, nucleus accumbens 2%, insular cortex *°, entorhinal cortex * and
medial prefrontal cortex . Further support for the view that BLA activation induces
memory storage processes in other brain regions comes from human imaging studies
indicating enhanced functional connectivity between the amygdala and the above-
mentioned target regions during successful encoding of emotional material *>*'. Thus,
exposure to emotionally arousing training experiences, by evoking glucocorticoid
release from the adrenal cortex, might induce BLA activation in concert with effects
on different target regions to create a brain state that promotes the long-term storage
of these emotionally arousing events and thus preserves significant information *.
Although it is now well established that arousal, induced by either positive or negative
emotionally arousing stimuli, is essential for activation of the amygdala, there is still
debate of whether the role of arousal in the larger emotional memory network may
differ depending on valence *¢%’. It is hypothesized that arousal can have profoundly
different effects on amygdala connectivity with other components of the emotion
network, depending upon the valence of the information *'*. The effect of arousal on
memory of positive items appears to be more focused on direct amygdala efferents
whereas its influence on the encoding of negative items might be associated with more
global effects, involving recruitment of additional brain regions outside the amygdala
network 57. Thus, depending on the valence of the stimulus, the amygdala might
interact with a different set of efferent brain regions in strengthening the consolidation
of memories of appetitive and aversive experiences.

In summary, the present findings indicate that glucocorticoids within the BLA
are importantly involved in modulating the consolidation of memory of appetitive
learning experiences, comparable to their influence on aversively motivated learning.
These findings support the notion that the amygdala enhances memory consolidation
for events that are emotionally significant, regardless of whether the nature of the
emotion is pleasant or aversive.
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ABSTRACT

Studiesshowthatsex plays a role in stress-related depression, with women experiencing
a higher vulnerability to its effect. Two major targets of antidepressants are brain-
derived neurotrophic factor (BDNF) and cyclic adenosine monophosphate response
element-binding protein (CREB). The aim of this study was to investigate the levels of
CREB, phosphorylation of CREB (pCREB),and BDNF in stress-related brain regions of
male and female rats after stress and recovery. CREB and pCREB levels were examined
in CA1, CA2, CA3, paraventricular nucleus of the thalamus (PVT), amygdala, anterior
cingulate area, dorsal part (ACAd), and infralimbic area of prefrontal cortex (PFC),
whereas dentate gyrus (DG) and prelimbic area (PL) of PFC were examined for BDNF
levels. Our results demonstrate that levels of CREB and pCREB in male CA1, CA2
and CA3, PVT, amygdala, and ACAd were reduced by stress, whereas the same brain
regions of female rats exhibited no change. BDNF levels were decreased by chronic
stress in female PL but were increased by acute stress in female DG. BDNF levels in male
DG and PL were found not to undergo change in response to stress. Abnormalities in
morphology occurred after chronic stress in males but not in females. In all cases, the
levels of CREB, pCREB, and BDNF in recovery animals were comparable to the levels of
these proteins in control animals. These findings demonstrate a sexual dimorphism in
the molecular response to stress and suggest that these differences may have important
implications for potential therapeutic treatment of depression.



INTRODUCTION

Depression is one of the leading causes of disability in the world when measured by
the number of years lived with a disabling condition '. Although depression is highly
heritable, the onset of depression appears to be triggered by environmental factors
such as stress 2?. Epidemiological studies demonstrate that women are more vulnerable
than men to stress-related psychopathologies and that depression occurs twice as
frequently in women as in men '7. However, few studies have been conducted in
females, and the mechanisms underlying these sex differences have not been clarified.
Results from studies in males indicate that brain-derived neurotrophic factor (BDNF)
and cyclic adenosine monophosphate response element-binding protein (CREB) are
key mediators of the therapeutic response to antidepressants 8. CREB and CREB-
dependent gene expression are activated in response to many signal transduction
cascades implicated in neuronal plasticity °. In male rats, CREB overexpression
causes a behavioral phenotype similar to that seen with antidepressant therapy .
Furthermore, enhancing cortical and hippocampal phosphorylation of CREB (pCREB)
has been proposed as a common antidepressant mechanism, based largely on studies
of antidepressant action in the naive male rodent ''. pCREB at serine 133 leads to
transcription of genes including BDNF " thatis required for activity-dependent survival
of neurons '*'* and plays a pivotal role in the action of antidepressants '*. In contrast to
the effects of antidepressant treatment, stress decreases BDNF levels '*'” and suppresses
local CREB phosphorylation '8. Therefore, CREB, pCREB, and CREB-regulated genes
such as BDNF are major targets of antidepressant drug action. Our previous study
showed that stress decreases pCREB in dentate gyrus (DG) and prelimbic area (PL) of
prefrontal cortex (PFC) in male rats whereas not in female rats. However, open-field
tests showed no behavioral difference between male and female rats following stress '°.
Clearly, these 2 findings are contradictory and fail to explain the sex differences seen in
human depression. As such, other proteins like BDNF should be further investigated.
More brain regions related to stress besides DG and PL should also be examined.
Multiple brain regions are likely involved in the organization of responses to stressful
stimuli, including regions of prefrontal and cingulate cortex, hippocampus, amygdala,
and thalamus %, Until now, studies have primarily focused on PFC and hippocampus
because these are the key regions responsible for glucocorticoid feedback in the
hypothalamic-pituitary-adrenocortical axis **?!. For example, shortly after a stressful
event, corticosteroids increase cellular excitability in subfields of the hippocampus °.
However, stress responses are not limited to PFC and hippocampus. For example,
the paraventricular nucleus of the thalamus (PVT) may be an important target for
antidepressant therapy because this midline thalamic nucleus responds strongly to
various stressors . Also, many of the projection targets of PVT neurons, including
PFC and amygdala, show strong stress responses *. Certain nuclei of the amygdala
are critical in responses to rewarding and aversive stimuli, and these nuclei show
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abnormalities in depressed human subjects 2. The amygdala is also considered central
in mediatingstress-related changes in hippocampal functions #, and this observation is
consistent with studies reporting abnormalities in hippocampus and PFC in depressed
human subjects %%, Finally, recent compelling evidence suggests that estrogen is
involved in depression, a factor that may help to explain sex differences observed in
human depression. Estrogen receptors are found in multiple brain regions, including
amygdala where estrogen receptor alpha (ERa) dominates and thalamus where ERf3
dominates , so these brain regions may be important in the study of sex differences in
stress-related psychopathologies.

To further explore the mechanisms underlying the sex differences in stress-related
depression, we exposed male and female rats to inescapable footshock to mimic
depression. Chronic footshock exposure has been proposed as a valid animal model
for affective disorders *. Using this model, we investigated the effects of footshock
(acute and chronic) and recovery (chronic footshock for 3 weeks followed by 3 weeks
of recovery) on CREB, pCREB, and BDNF levels. CREB and pCREB levels were
examined in CAl, CA2, CA3, PVT, amygdala, anterior cingulate area, dorsal part
(ACAd), and infralimbic area (ILA), whereas DG and PL were examined for BDNF
levels. Prior to stress induction, males and females showed no differences in protein
levels or brain morphology. During the stress response, male rats showed significant
changes in pCREB levels and in brain morphology, whereas females showed no such
response. However, females showed changes in BDNF levels during the stress response,
whereas males did not. Both sexes returned to baseline protein levels and morphology
following recovery. These results suggest that sex may play a role in the response to
stress and that future targets for clinical antidepressants may be sex dependent.

MATERIALS AND METHODS

Animals

Each experimental group consisted of (8) 6- to 7-week-old male or female Wistar rats,
individually housed with ad libitum access to food and water. A plastic tube (diameter
8317 cm) was placed in each cage as a shelter. The light--dark cycle was reversed (lights
on 19:00--7:00). All experiments were designed to minimize the number of animals
required, and all procedures were approved by the Animals Ethics Committee of the
University of Groningen. The effect of the estrous cycle on the stress response was
not specifically investigated in the current study. Male and female rats were randomly
assigned to 4 experimental groups: 1) control group: subjected to no footshock
throughout the experiment; 2) acute stress group: received 6 footshocks on day 42
and exposed to footshock box with light stimulus only on day 43; 3) recovery group:
received footshocks daily for 3 weeks followed by a 3-week period with no footshock
and on day 43 exposure to footshock box with onlylight but no shock; 4) chronic stress
group: received footshocks daily for 3 weeks followed by 3 weeks of alternating days
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of exposure to footshock box with footshocks and without receiving footshock and on
day 43 exposure to footshock box only with light.

Stress Procedure

The “footshock chamber” consists of a box containing an animal space positioned
on a metallic grid floor connected to a shock generator and scrambler. Rats in the
stress group were placed in a box and received variable (2-6) inescapable footshocks
with randomized starting time (between 9:00 AM and 5:00 PM) and intervals during
a 30-120 min session (0.8 mA as maximum intensity and 8 s in duration) in order
to make the procedure as unpredictable as possible. A light signal (10 s) preceded
each footshock adding a “psychological” component to the stressor. On the last day,
the stress-exposed rats were subjected to light stimulus only, which was crucial as it
provided a way to create a stress condition without unwanted side effects of direct
physical or painful stimuli.

On day 43, rats were sacrificed using isoflurane anesthesia. Three rats from each
group were transcardially perfused with 50 mL of heparinized saline and 300 mL of a
4% paraformaldehyde solution in 0.1 M sodium phosphate buffer (pH 7.4), 2 h after
the start of the last exposure to stress box. These 3 rat brains were postfixed in the
same fixative overnight at 4 °C and were used for immunohistochemistry analysis.
The other 5 rats from each group were decapitated 30 min after the start of the last
exposure to stress box, and these brains were removed immediately and put on dry
ice and stored at -80 °C to be used for enzyme-linked immunosorbent assay (ELISA)
and western blot analysis. In our experiment, 3-5 rats per group (3 rats per group for
immunohistochemistry analysis, 5 rats per group for ELISA and western blot analysis)
were sufficient to attain statistical significance, as 4-8 slices from each brain region of
each rat were used for immunohistochemistry analysis.

Immunohistochemistry

Following an overnight cryoprotection in a 30% sucrose solution, serial 30-pm coronal
sections of the brains were made with a cryostat microtome and collected in 0.02
M potassium phosphate saline buffer. CREB- and pCREB-immunoreactivity (IR) in
different brain regions was performed on free-floating sections. Sections were rinsed
with 0.3% H202 for 10 min to reduce endogenous peroxidase activity, thoroughly
washed with 0.1 M PBS and incubated with rabbit anti-CREB antibody (1:300, Cell
Signaling) or anti-pCREB antibody (1:1000, Upstate) diluted in 0.1 M PBS with 0.1%
Triton X-100 and 3% normal goat serum for 72 h at 4 °C. After thorough washing,
the sections were subsequently incubated for 2 h with biotinylated goat-anti-rabbit
IgG (1:1000 in 0.1 M PBS with 0.1% Triton X-100 and 3% normal goat serum) and
avidin-biotin-peroxidase complex (Vectastain ABC Elite Kit, Vector Laboratories,
Burlingame, CA). After thorough washing, the peroxidase reaction was developed with
a diaminobenzidine-nickel solution and 1% H202. Sections were washed for 15 min
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in buffer and mounted with a gelatine solution and air dried, dehydrated in graded
alcohol solutions and finally in Histoclear, and then coverslipped with DePeX mounting
medium (BDH).To reduce staining artifacts or intensity differences, the sections from
all groups were processed simultaneously. CREB- or pCREB-positivecellsin CA1, CA2,
CA3, PVT, amygdala (basolateral nucleus amygdala, anterior part [BLAa]; basolateral
nucleus amygdala, posterior part [BLAp]; basomedial nucleus amygdala, poste- rior
part [BMAp]; and lateral nucleus amygdala [LA]) (4 slices for each rat, bregma -2.45
to —2.85), ACAd, and ILA (8 slices for each rat, bregma +3.20 to +2.15) (Fig. 1) were
blindly quantified using a computerized imaging analysis system *. The selected
areas were digitized by using a Sony CCD camera mounted on a LEICA Leitz DMRB
microscope (Leica, Wetzlar, Germany) at x100 magnification. Regions of interest were
outlined with a light pen, measured, and CREB or pCREB positive nuclei were counted
using a computer-based image analysis system LEICA (LEICA Imaging System
Ltd., Cambridge, England). Each digitized image was individually set at a threshold
to subtract the background optical density. Only cell nuclei that exceeded a defined
threshold were detected by the image analysis system. The resulting data were reported
as number of positive cells/0.1 mm?2 All brain regions were quantified bilaterally '°. In
amygdala, CREB and pCREB positive nuclei were counted in BLAa, BLAp, BMAp, and
LA separately, then different subnucleus measures were combined to make an average
that is comparable to the results from western blot in a time course.

BDNF ELISA Analysis

Serial 300-1m coronal sections of the cerebrum were made with a cryostat microtome
(-15 °C) and kept frozen on dry ice. Tissue samples were dissected from DG (bregma
-2.45 to -2.85) and PL (bregma +3.20 to +2.15) (Fig. 1) by using the “Palkovits Punch”
technique (needle diameter 0.94 mm, Stoelting Co., Wood Dale, IL). Two punches per
animal (left and right per area, were taken and diluted in 100 pl buffer (50 mM Tris
pH 7.0, 500 mM NaCl, 0.2% Triton X-100, 0.1% NaN,, 2mM ethylenediaminetetraacetic
acid, and 1x complete protease inhibitors [Roche, Basel, Switzerland]). The material
was sonicated twice for 5 s followed by 30 min centrifugation at 16 000 x g at 4 °C. The
supernatant was removed and saved at -20 °C until use. BDNF levels were measured
with the BDNF Emax ImmunoAssay System of Promega (G7611).

Statistical Analysis

Data were expressed as means * standard error of the mean and analyzed with SPSS
(SPSSInc., Chicago, IL) (version 12.0). P < 0.05 was defined as the level of significance.
CREB, pCREB, and BDNF levels were analyzed separately in each brain region with
an analysis of variance (ANOVA) with treatment group (control or stress) and sex
(male or female) as between-subject variables. Bonferroni tests were used to do mean
contrasts following ANOVA.
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Figure 1. Atlas (Swanson 1992) image represents the approximate brain level where proteins levels
were analyzed. CREB and pCREB positive nuclei measured by immunohistochemistry were counted
in (A) CAl, CA2, CA3, PVT, and amygdala (BLAa, BLAp, BMAp, and LA); (B) ACAd and ILA. BDNF
levels in DG (A) and PL (B) (red circle) were measured by ELISA analysis.
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RESULTS

CREB and pCREB Levels in Male and Female CA1, CA2,and CA3 of Hippocampus
In male rats, acute and chronic stress caused a significant change in the number of
pCREB-positive cells in hippocampal areas CA1, CA2, and CA3. The number of pPCREB-
positive cells was significantly decreased in males from the acute group (F1,8 =98.473,P
<0.001, Fig. 2A; F1,8 =112.152, P < 0.001, Fig. 2C; F1,8 = 97.523, P < 0.001, Fig. 2E) and
from the chronic group (F1,8 = 106.613, P < 0.001, Fig. 2A; F1,8 = 72.698, P < 0.001, Fig.
2G; F1,8 = 112.745, P < 0.001, Fig. 2E). Patches of morphological abnormalities (Fig.
2LL; black arrow) were seen in CA1, CA2, and CA3 of male rats from the chronic stress
group but not in male rats from the acute stress group (Fig. 2H,K). The size of the patches
varied, but in comparison to the surrounding tissue, these patches all appeared very
lightly stained and showed no CREB- or pCREB-positive cells. In addition to the effects
observed in pCREB levels, CREB levels were reduced by acute stress (F1,8 = 15.562,
P < 0.01, Fig. 2C,K) and chronic stress (F1,8 = 4.851, P < 0.05, Fig. 2C,L) in male CA2
but not in male CAl or CA3. Male rats from the recovery group showed no significant
change from the control group in the number of pCREB- or CREB-positive cells on day
43 (Fig. 2A,C,E) and also showed none of the morphologically distinct patches seen
in the chronic stress group (data not shown). In female rats, neither acute nor chronic
stress had a significant effect on CREB or pCREB levels in CA1, CA2, or CA3 (Fig.
2B,D,F), and neither stress group showed any of the morphologically distinct patches
observed in chronically stressed males (data not shown). Male and female control rats
did not differ on any measures reported above (Fig. 2A-F).

CREB and pCREB Levels in Male and Female ILA and ACAd

In male rats, stress had a significant effect on the number of cells expressing pCREB in
ACAd. Chronic stress significantly decreased the number of cells expressing pCREB in
male ACAd compared with control male rats (F1,8 = 2.942, P < 0.05, Fig. 3A). After
recovery, there was no significant change in the number of cells expressing pCREB in
male ACAd (Fig. 3A). There was no significant change in the number of CREB- positive
cells in male ACAd. Numbers of pCREB- and CREB- positive cells were not changed
significantly in male ILA (Fig. 3A,C) after chronic stress. Chronic stress also induced
morphological abnormalities and irregularities in male ACAd which were reflected by
appearance of patches (black arrow) (Fig. 3F). There was no positive staining in these
patches, and the background of these patches was bright, which is different from the
tissue around. Acute stress exerted no significant effects on CREB and pCREB levels in
male ILA and ACAd (Fig. 3A,C). In female ILA and ACAd, no significant change in the
number of cells expressing CREB and pCREB was found (Fig. 3B,D) after chronic and
acute stress, also no patches were present (data not shown). Male and female control
rats did not differ on any measures reported above (Fig. 3A-D).
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Figure 2. Levels of pCREB and CREB in CA 1, CA2, and CA3 of hippocampus, (A) Number of pCREB-
and CREB-positive cells in male CA1; (B) Number of pCREB- and CREB- positive cells in female
CA1l; (C) Number of pCREB- and CREB positive cells in male CA2; (D) Number of pCREB- and
CREB-positive cells in female CA2; (E) Number of pCREB- and CREB-positive cells in male CA3; (F)
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e o '

CAl, CA2 and CAJ of male control group (= 100)

PCREB expression in C Al, CA2 and CA3 of male ocute stress group (=100)

I 7 ) L

Number of pCREB- and CREB-positive cells in female CA3; (G--I) Representative photomicrographs
of pCREB-IR in CAl, CA2, and CA3 of male rat after acute and chronic stress; (J-L) Representative
photomicrographs of CREB-IR in CAl, CA2, and CA3 of male rats after acute and chronic stress.
Patches were clearly observed (black arrow) in CAl, CA2, and CA3 of male rats exposed to chronic
stress. Data were expressed as mean + standard error of the mean, n 5 3. *P < 0.05, **P < 0.01,
***P <0.001 versus control group.
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CREB and pCREB Levels in Male and Female Amygdala

In male rats, acute and chronic stress caused a significant change in the number of
pCREB-positive cells in amygdala. The amygdala of male rats showed a significant
reduction in the number of pCREB-positive cells following acute (F1,8 = 11.251,
P < 0.01, Fig. 4A) and chronic stress (F1,8 = 7.821, P < 0.05, Fig. 4A), but these
levels returned to normal in the recovery group (Fig. 4A). However, amygdala from
acutely and chronically stressed males showed no significant change in CREB-IR nor
did they show any of the morphological abnormalities seen in the hippocampus and
ACAd from the same exposure groups (data not shown). Amygdala from acutely and
chronically stressed female rats showed neither morphological abnormalities nor any
change in pCREB- or CREB-IR. Male and female control rats did not differ on any of
the measures reported above (Fig. 4A,B).

CREB and pCREB Levels in Male and Female PVT

PVT from acutely stressed male rats showed a significant decrease in the number of
pCREB-positive cells relative to controls (F1,8 = 6.594, P < 0.05), but the number of
CREB- positive cells was not significantly changed (Fig. 5A). Chronic stress, on the
other hand, had no significant effect on the number of pCREB- or CREB-positive cells
in male PVT (Fig. 5A). PVT from female rats showed no changes in CREB or pCREB
levels in either stress group, and neither sex showed any stress- induced morphological
changes in the PVT. Male and female control rats did not differ on any of the measures
reported above (Fig. 5A,B).
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Figure 4. Number of cells expressing pCREB and CREB in amygdala. (A) Number of pCREB- and
CREB-positive cells in male amygdala; (B) Number of pCREB- and CREB-positive cells in female
amygdala. Data were expressed as mean + standard error of the mean, n = 3. *P < 0.05, **P < 0.01
versus control group.
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BDNF Levels in Male and Female PL and DG
In male rats, neither the D G nor the PL region of PFC showed any significant change in
BDNEF levels in either acute or chronic stress groups when measured by ELISA (Fig. 6).
However, in female rats, the DG showed increased BDNF in the acute stress group only
(F1,16 =24.451, P < 0.01, Fig. 6A), and the PL region of PFC showed decreased BDNF
in the chronic stress group only (F1,16 = 5.564, P < 0.05, Fig. 6B). Male control rats
showed a higher baseline BDNF level in the DG than did females, but no other sex-
related differences in BDNF levels were noted in the control groups.
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DISCUSSION

Sex-specific analysis has much potential to further our understanding of mental health
disorders and to improve the treatment of affected patients *. For this reason, we
investigated sex differences in response to stress, a risk factor for developing depression.
Here we show that the brains of male and female rats respond to stressin different ways.

The main results of this study can be summarized with 4 points: First, in male
rats, stress reduces pCREB levels in ACAd, CAl, CA2, CA3, PVT, and amygdala and
CREB levels in CA2 buthas no similar effect in females; Second, stress exerts no effect
on BDNF levels in male PFC and DG, but chronic stress decreases BDNF levels in
female FC and acute stress increases BDNF levels in female DG; Third, stress induces
morphological alterations in male CA1, CA2, CA3, and ACAd, whereas these changes
are not found in females; Fourth, recovery following stress restores these parameters to
baseline in both male and female rats.

Hippocampus and PFC are implicated as the key sites of neuropathology in
depression %, Our results reveal morphological alterations (patches) in CA1, CA2, CA3,
and ACAd following stress in male rats but not in females, and similar changes are also
found in male DG and PL *. The patches observed in male rats may be due to necrosis
and/or apoptosis * and those seen in ACAd may also represent a loss of glial cells *°. Stress
not only induces morphological alterations but also decreases levels of pCREB and CREB
in hippocampus and ACAd. Similarly, chronic stress suppresses hippocampal neurogenesis
in rats, as indicated by decreased numbers of BrdU-labeled and pCREB-positive cells *'.
In view of the implications of CREB and pCREB in neuronal plasticity, these findings may
provide a biological explanation for clinically observed atrophy of neuronal and/or glial cells
in depressive patients, particularly in the hippocampus and ACAd *.

Our results indicate that the male rat hippocampus is more susceptible to stress-
induced changes in morphology and in pCREB and CREB levels than is the female rat
hippocampus. Despite these findings, men are still less likely than women to experience
depression. In fact, increasing evidence from animal studies suggests that females are
relatively resistant to neurobiological effects of acute and chronic stress **. For example,
chronic stress over 21 days produces reversible atrophy of apical dendrites of hippocampal
pyramidal neurons in males but not in females **. Similarly, repeated swim stress over
30 days decreases CA3 and CA4 pyramidal cell numbers in gonadectomized male rats
but not in females *°. The modulation of neurogenesis by controllability is evident in
males but not in females *. Furthermore, neurogenesis in adult females is reportedly not
affected by predator odors, whereas it is significantly decreased in males *7.

Hippocampus and ACAd are implicated in several higher brain functions, including
learning, memory, attention, conflict monitoring, pain, pleasure, and decision making **°.,
The reduction in pCREB and CREB levels and the morphological alterations seen in
hippocampus and ACAd suggest dysfunction of neurons in these areas, which may
contribute to cognitive deficits in mental disorders **%. Increasing evidence indicates
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that there is a strong correlation between depression and cognitive impairments *', so
dysfunction caused by damage to these areas may significantly contribute to depression.

Although chronic stress decreases pCREB levels and induces morphological
abnormalities in male hippocampus and ACAd, no such alterations are found in male
ILA of PFC. These findings suggest that the effects of stress on the brain are likely to
be region specific. However, there is evidence that the ILA has extensive projections
to central autonomic nuclei that modulate visceral responses to stress, and ILA has
been reported to be activated following stress "2%. As such, the evidence presented here
should not be considered an argument against the involvement of ILA in depression
but rather an elimination of one possible mechanism of its involvement. We also found
an interesting pattern of stress- related changes in the amygdala. Although chronic
stress decreases pCREB levels in male amygdala, no concurrent abnormalities in
morphology are seen. The mechanisms underlying the discrepancy between amygdala
and hippocampus or PFC remain unclear. The amygdala is considered to be a primary
site of synaptic plasticity and could be involved in anhedonia, a key symptom of
depression *!, and chronic antidepressant administration has been shown to increase
CREB and pCREB levels in amygdala 5. The reduction in pCREB in the present study
suggests a role for amygdala dysfunction following chronic stress.

Contrary to the effects of stress on pCREB and CREB levels, stress has no effect on
BDNEF, a CREB-regulated target gene ** in male rats but impacts BDNF levels in female
rats. Consistent with these findings, artificial rearing decreases BDNF levels in mPFC in
comparison to mother- reared groups in female rats *. These results suggest that BDNF
may be regulated by factors other than CREB and pCREB. Changes in BDNF protein
levels and CREB activation are not necessarily correlated %, and other studies have
suggested that nuclear factor of activated T cells may be a morecritical regulator of BDNF
in the brain *. The transcriptional activity of the CREB/pCREB system is known to be
enhanced when the ratio of pCREB to CREB increases %, but our data failed to show any
correlation between such a ratio and the measured outcomes reported here. However, it
should be noted that the activation of CREB phosphorylation exhibits a biphasic pattern
following stress 5%, and our previous study showed that pCREB levels are normal 30
min after stress but significantly decreased after 2 h '. Furthermore, BDNF mRNA
shows a biphasic time course following stress 6!, whereas BDNF protein levels show a
monophasic response . This could arise from the fact that 4 different RNA transcripts,
differentially transcribed in the central nervous system, encode for the same BDNF
protein % suggesting a possible uncoupling of BDNF transcriptional and translational
mechanisms; Further complicating the role of CREB and pCREB in regulation of BDNF
responses to stress are findings that CREB-mediated gene expression might occur in
the absence of Ser'** phosphorylation %¢’. Clearly, more studies are needed to clarify
the signal transduction pathways between CREB/pCREB and BDNE. Nevertheless, our
results suggest that the changes in BDNF, CREB, and pCREB cannot fully explain the
sex differences and morphologic alterations observed in the stress response.
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This study did not attempt to address the role of gonadal steroids in the stress
response, but such steroids have been implicated as a modulating factor in some of
the sex differences ® ™. For example, clinical evidence indicates that estrogen may
con- tribute to the sex differences 7' 7. Further investigation is needed to determine
if sex hormones contribute to the differential regulation of CREB, pCREB, and BDNF
in response to stress. It should be noted that in this study 3 weeks of recovery after
stress restored all the affected parameters to control levels in both male and female
rats, suggesting that the changes in morphology and chemistry seen in hippocampus,
PEC, PVT, and amygdala in response to acute and chronic stress are largely reversible.
However, other studies have demonstrated that permanent damage may occur in the
brain under extreme stress conditions ’*. In our experiment, rats reexposed to the
adverse environment after 3 weeks of recovery and were expected to show attenuated
versions of the responses seen in acutely stressed animals. However, recovery male
rats show pCREB and CREB levels and morphology similar to controls. Corticosteroid
levels are increased after reexposure in male and female rats, implying that the
reexposure to the adverse environment is still stressful '%, but the stressful reexposure
does not induce changes in pCREB and CREB levels and morphology. One possible
explanation is that male rats cannot retrieve the previous adverse event because the
neuronal circuitry somehow has adapted, which may help male rats to circumvent
negative effects of stress >75. Female rats do not show changes in pCREB and CREB
levels and morphology after acute and chronic stress, and thus, it is not surprising
that we do not find such changes after reexposure. It remains to be seen whether other
signal transduction systems are more critical in stress coping in female rats.

Although sex differences are observed at the biochemical level (CREB, pCREB, and
BDNFE), no sex differences are seen in behavioral responses to stress as measured with
the open-field tests '°. This nonsynchronousness may be explained by the evidence that
loss of hippocampal BDNF per se is not sufficient to alter locomotor activity, anxiety-
like behavior, fear conditioning or depression-related behaviors 7, and conditional or
partial deletion of BDNF is not sufficient to produce a depressive phenotype 8. Even so,
BDNF in DG may be essential in mediating the therapeutic effect of antidepressants.
Franklin and Perrot-Sinal (2006) ” report lower levels of BDNF protein in DG of
intact females relative to intact males, which is confirmed in control rats in our study.
However, in our experiment, no sex differences in behavior are found in control rats.
Interestingly, levels of BDNF in DG of male and female rats are at the same level at
the end of our experiment, which may partially explain the lack of sex differences
seen in behavior. Although CREB is critical to target gene regulation after chronic
drug administration, behavioral responses to antidepressants may occur by CREB-
independent mechanisms ®. Thishypothesis is supported by the evidence that CREBad-
homozygous deficient mice exhibit normal activity in a familiar environment ® and
indicates that the changes in CREB and BDNF levels are not necessary to induce
behavior alteration. Furthermore, the different behavioral effects of CREB levels in
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different brain regions, such as hippocampus !°, nucleus accumbens , amygdala #, or
CREB-deficient mice ¥, make it possible to counteract the behavior induced by stress-
related changes in CREB levels in these brain regions. Accordingly, no sex differences
in behavior are found despite the sex differences in CREB levels. Therefore, it is of
interest to identify other potential effector genes that could influence behavior *, and
consideration of sex should be emphasized in future studies of the neurobiological
mechanisms of depression ®. Furthermore, our findings showing that chronic stress is
not different from acute stress in terms of changes in CREB and pCREB suggest that
CREB may be critical for a stress response but not for stress-induced depression which
is presumed to occur as a result of chronic but not acute stress as the molecular changes
do not correspond to the presumed behavioral changes.

Based on our results, it can be concluded that male and female rats respond to stress
in different ways. CREB and pCREB levels and morphology are more sensitive to stress
in male rats than in female rats, whereas BDNF is more sensitive to stress in female
rats than in male rats. The levels of CREB/ pCREB and BDNF are not necessarily
correlated. These sex differences may have important implications for development of
novel therapeutics for depression.
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ABSTRACT

Depression is one of the leading causes of disability worldwide with a twofold higher
lifetime prevalence in women than men. Chronic stress has been identified as a major
factor in the etiology of depression and is widely used as an animal model to mimic
aspects of depression. The cAMP response element-binding (CREB) protein in the
nucleus accumbens (NAc) might play an essential role in the molecular mechanism
of anhedonia, a hallmark feature of depression. Yet, little is known about sex-specific
alterations of CREB in response to stress. Therefore we investigated expression levels of
total CREB and its transcriptionally active phosphorylated form (pCREB) in the NAc
shell (NAcS) and core (NAcC) of both male and female rats after acute (1d) and chronic
(42d) stressexposureusing western blot analysis. We notonly observed clear differences
dependent on the neuroanatomical subregions of the NAc, but importantly, we found
significant differences when sex was compared. Male rats exposed to acute stress had
elevated levels of pCREB in the NAcS, whereas females show increased levels of total
CREB. However, pCREB in the NAcS in female rats was reduced after both, acute and
chronic stress. In the NAcC no stress-related changes of CREB or pCREB were found.
Together, our findings indicate that cellular responses to stress are highly sex- and
region- specific. These resultsmight be instrumental for future studies on treatments of
depression, which to date are predominantly investigated in male subjects.
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INTRODUCTION

Depression is one of the leading causes of disability worldwide and the prevalence for
this debilitating disorder is at least twice as high in women than in men '. Prolonged
stress has been identified as a major factor in the etiology of depression % There is
accumulating evidence that men and women activate different brain regions and
neuronal circuits in response to stressful experiences ** which might contribute to the sex
difterence in the prevalence of depression. However, animal studies designed to model
depression have relied almost exclusively on examination of males or ovariectomized
females in order to avoid the potential confound of hormone fluctuations.

Stressful events markedly impact the brain’s reward system, which is thought to be
related to the development of anhedonia, i.e., the loss of motivation and diminished
ability to experience pleasure and reward, a hallmark feature of depression °. The
nucleus accumbens (NAc) is a vital component of the brains’ reward system, thus
stress-induced modulation in this region could contribute to depressive symptoms like
anhedonia . Abnormalities in morphology ” as well as in neural activity * were found in
the NAc of depressed patients and stimulation of this region can ameliorate anhedonic
symptoms °.

Recently, research into the pathophysiology and treatment of depression focused
on disturbances of intracellular signaling pathways linked to neuroplasticity .
The transcription factor cAMP response element-binding protein (CREB) is a key
regulator of neuroplasticity within brain reward circuits and thereby regulates
individual sensitivity to emotional stimuli "'. Expression levels of the transcriptionally
active, phosphorylated form of CREB (pCREB) are changed in response to stress or
antidepressant treatment in several brain areas, including the NAc '*'** Thus, sex-
specific change in CREB activity and neuronal activation may play an importantrole in
the sex specificity of the stress response and therefore the susceptibility to depression.
However, despite the importance of CREB and pCREB expression in neuroplasticity
and depression few studies were conducted to elucidate sex differences in the expression
induced by stress 5.

Thus, in the present study, we investigated whether acute and chronic stress exposure
differentially affect CREB expression and activity levels in the NAc shell (NAcS) and
core (NAcC) of male and female rats.

EXPERIMENTAL PROCEDURES

Subjects

Age matched male and female Wistar rats (186 — 204 g at the start of the experiment)
were purchased from Harlan Laboratories (Horst, The Netherlands) and individually
housed (reversed 12-h light/dark cycle, food and water ad libitum). All experimental
procedures followed ethical guidelines (European Communities Council Directive
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86/609/EEC) and were approved by the Institutional Animal Care and Use Committee
of the University of Groningen, The Netherlands.

Stress Procedure

Rats were either handled daily (control group) or exposed to two different stress
protocols. Rats in the chronic stress group received a variable number (2-6) of
inescapable footshocks (0.8 mA, 8 s) with randomized starting times (between 9:00
and 17:00 h) during a 30-120-min session daily for 3 weeks. A 10-s light stimulus
preceded each footshock, adding a ‘psychological’ component to the noxious effects.
In the following 3 weeks, rats in the chronic stress group were subjected to alternating
days of exposure to the footshock chamber with or without receiving footshocks. Rats
in the acute stress group received six footshocks on the last day only. Twenty-four
hours later, rats of the two stress groups were re-exposed to the footshock chamber
and subjected to the light stimulus only. After a 30-min exposure to the footshock
chamber, rats were decapitated, brains rapidly removed, put on dry ice and stored at
-80°C. Trunk blood was collected, centrifuged (1800g; 5 min) and plasma was stored at
-20°C for corticosterone radioimmunoassay.

Open-Field Test

Animals were subjected to an 8-min open-field (OF) test on day 40 of the experiment.
OF testing took place under red-light conditions between 9:00 and 13:00 h, at least 16 h
after the last stress session and before the stress procedure of that day. Rats’ behavior was
recorded with a videotracking system (EthoVision 3.0, Noldus Information Technology,
Wageningen, the Netherlands). Due to this design the acute stress group was not yet
exposed to the stress procedure and animals were added to the control group.

Western Blot Analysis

Coronal sections (300 um) were cut on a cryostat microtome and kept frozen on
dry ice. Tissue samples were dissected from the NAcC and NAcS (+ 1.4 - 1.6 mm
from Bregma) by using the “Palkovits Punch” technique (needle diameter 1.22 mm,
Stoelting Co., IL). Bilateral punches were taken from each brain region and processed
for western blot analysis as previously described by Lin et al '*. Primary polyclonal
antibodies for CREB or pCREB (Upstate Biotechnology, Lake Placid, NY, 1:1000) and
secondary antibodies (peroxidase-coupled anti-rabbit for CREB and pCREB, anti-
mouse for 3-actin, Amersham Bioscience; 1:5000) were used. Immunostaining was
revealed by the enhanced chemiluminescence Western blot analysis system (Syngene,
Westburg, The Netherlands). The intensity of the bands was quantified by image
analysis. Membranes were washed and reprobed with the antibody to f3-actin (Abcam,
Cambridge, UK; 1:10.000) for loading control. The ratio of CREB/3-actin or pCREB/f3-
actin were determined for each sample and normalized to the corresponding control
group to yield a -fold induction.
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Corticosterone radioimmunoassay

Plasma samples for corticosterone measurements were processed as previously
described by Lin et al (2008)"* using standard radioimmunoassay techniques.

Statistical Analysis

Data are expressed as mean + SEM. Two-way ANOVAs for treatment and sex as factors,
were used to analyze CREB and pCREB protein levels, rearing behavior and plasma
corticosterone levels, followed by Fisher’s post-hoc tests when appropriate.

RESULTS

CREB expression
Baseline levels of total CREB did not significantly differ in the NAcS or NAcC between
male and female rats.

Total CREB expression in the NAcS showed a significant treatment [F(2,12) = 5.81,
p =0.02],butnoeffectofsex [F(1,12)=2.90, p =0.12] or their interaction [F(2,12) = 1.45,
p = 0.27]. As is shown in Figure 1A, post hoc analysis revealed that total CREB was not
significantly altered in males. On the other hand, females exhibited significantly higher
levels of total CREB (p= 0.03) only in the acute stress group.

Total CREB expression levels in the NAcC showed a significant effect of sex
[F(1,12)= 6.74, p= 0.02], but no effect of treatment [F(2,12) = 2.27, p= 0.15], or their
interaction [F(2,12)= 2.36; p— 0.14] (Figure 1B).

pCREB expression
Since transcriptional activity of CREB mainly depends on its phosphorylation at
SER', this was measured in the same samples. Baseline levels of pCREB did not differ
in the NAcC (p = 0.14), but significantly differed in the NAcS (p = 0.04) between male
and female rats.

For pCREB expression in the NAcS significant effects of sex [F(1,12) = 41.60,
p = 0.0001], treatment [F(2,12) = 4.91, p = 0.03] and their interaction [F(2,12) = 10.40,
p =0.002] were found. As illustrated in Figure 1C, posthoc analysis revealed an increase
in pCREB of males in the acute stress group (p = 0.011). On the other hand, female rats
showed reduced pCREB in the acute (p = 0.02) and chronic stress group (p = 0.001).

Analysis of pCREB expression levels in the core showed a treatment by sex
interaction effect [F(2,12) = 5.01, p = 0.03] but no effect of sex [F(1,12) = 0.01, p = 0.93]
or treatment [F(1,12) = 0.04, p = 0.96]. Post hoc analysis revealed no significant
difference of treatment within the two sexes compared to their respective control
groups (Figure 1D).
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Figure 1. Effects of acute and chronic stress on CREB and pCREB expression levels in the NAcS (left)
and NAcC (right) of male and female rats. 3-actin was used to normalize protein loading in each lane;
data are expressed as percent of control group mean + SEM. *p < 0.05 versus same gender control.

Plasma Corticosterone levels

Significant effects of sex [F(1,24) = 30.74, p = 0.0001] and treatment [F(2,24) = 11.85,
p = 0.0001] but no interaction effect [F(2,24) = 0.29, p = 0.75] were found on plasma
corticosterone levels (Table 1). Female rats had higher plasma corticosterone levels
than male rats in the control as well as in all experimental groups. Exposure to the
footshock chamber significantly increased corticosterone levels in both male and
female rats in all experimental groups compared to control groups but values did not
significantly differ between different stress treatments.
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Table 1. Corticosterone levels (nmol/1) 30 min after exposure to the footshock box after acute
(1d) or chronic(42d) stress in male and female rats.

Treatment Male Female
Control 527.2+180.9 1154.7 + 210.3"
Acule stress 1198.6 +53.3** 1755.0 £ 137,1***
Chronic stress 1027.9 + 66.7** 1799.0 + 144.7*"

Data are presented as mean + SEM. Significant stress effects: *, p < 0.05; **, p < 0.01. Significant sex
differences: ", p <0.01

OF test

Rearing frequency, a measure of exploratory behavior, showed a clear sex
[F(1,26) = 11.84, p = 0.002] and sex by treatment interaction effect [F(1,26) = 4.95,
p = 0.03], but no treatment effect [F(1,26) = 1.51, p = 0.23]. As shown in Figure 2,
post hoc analysis revealed that female rats had higher baseline levels of rearing than
male rats (p = 0.0001). Rearing behavior in female rats was significantly reduced after
chronic stress (p = 0.02, compared to female control). Male rats did not show a change
in rearing frequency in any of the treatment groups compared to control rats.

35 7 DOcontrol HH
30 - M chronic i
25 1
20
15 1
104 1

rearing freguency (times)

male female

Figure 2. Exploratorybehavior in open field test. Females have higher rearing frequency under control
conditions. Chronic stress exposure reduces rearing frequency in (emales but does not influence
rearing frequency in males. Data arc presented as mean + SEM. *, p < 0.05 compared with female
control group; *** p < 0.0001 compared to male control group.
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DISCUSSION

The aim of this study was to investigate sex differences of acute and chronic stress
exposure on the expression of CREB and pCREB in the NAc.

Our data indicate that acute stress significantly increases total CREB expression
only in the NAcS of females. This adaptation of total CREB expression does not persist,
since CREB levels are not significantly different from control after chronic stress. Acute
stress increased pCREB levels in males, but decreased them in females. After chronic
stress, pCREB levels are restored to baseline in males, but showed a persistent decrease
in females. In the NAcC no significant changes were found in the expression levels of
CREB or pCREB in either sex. All animals still showed a pronounced corticosterone
response to the stress-exposure, indicating an enduring effectiveness of the stressor.
These findings provide evidence that especially the NAcS pCREB is differently regulated
in acute and chronic stress of males and females. This might contribute to the sex
differences seen in the prevalence of depression.

The NAcplaysa crucial role in reward and motivation é. Specifically the shell subregion
seems to be responsive for emotional effects !'¢. Therefore, stress-induced dysfunction
especially in the NAcS could contribute to depressive symptoms, like anhedonia - the loss
of motivation and inability to experience pleasure and reward. Most studies investigating
changes in CREB expression in depression focused on different forebrain structures.
For one, viral vector-mediated increases in CREB activity in the hippocampus exert
antidepressant-like effects in diverse behavioral assays '”'® and chronic antidepressant
treatment increases CREB expression in this region '°. Exposure to chronic stress, on
the other hand, decreases pCREB levels in different cortical and limbic regions %,
However, in the NAc the action of CREB seems to be in utter contrast to that of the
aforementioned regions. Elevated CREB activity in the NAc produces depressive-like
effects, whereas reductions in CREB activity has antidepressant-like effects in males
1113212 While our finding that acute stress increased pCREB in the NAcS in male rats is
in line with several other studies '"'*?!, the decrease in pCREB expression in the NAcS
seen in females, after acute and chronic stress, was not demonstrated before. Different
results from our laboratory showed similar gender-specific behavioral and associated
neuronal activity changes after chronic stress in other limbic and cortical regions '*'*. In
these studies, CREB phosphorylation was sensitive to stress in the PFC and hippocampus
of male rats but was resistant in females, both to acute and chronic stress. This is opposite
to our results, showing decreased pCREB expression in the NAcS after chronic stress in
females but no change in males. Taken together, this points to a fundamentally different
reaction of females to exposure to acute as well as chronic stress in different regions of
the brain and indicates that the female brain uses different strategies and underlying
neuronal circuitry activity to cope with stress.

The sex differences observed at the biochemical level are accompanied by differential
behavioral responses in the open field test. Only females showed reduced exploratory
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behavior, measured as rearing frequency, after 6 weeks of stress. One could argue
that males habituated to the prolonged stress paradigm, whereas females were unable
to adapt and developed behavioral symptoms accompanied by changes in protein
expression levels, indicating an anxious/depressed state. Interestingly, although male
and female rats exhibited mainly opposite cellular adaptations after chronic stress, both
sexes showed increased corticosteroid levels comparable to that of acutely stressed
animals albeit that the basal plasma levels in females were higher (see Lin et al 2008"*
and Table 1). This implies that the exposure to the adverse environment is still stressful,
however does not lead to the same behavioral or cellular adaptations in malesand females.
Chronic stress-induced decrease in pCREB in NAcS and the accompanying changes in
exploratory behavior in females are strong evidence that stress coping behavior and
cellular adaptational responses are different in males and females. This could play a role
in the mechanisms behind the higher incidence of depression in women. Additionally,
the results could also show a behavioral correlate to the expression of different subtypes
of depression in males and females 5. Determining the nature of this mechanism
is beyond the scope of the present study, but it may be relevant to study whether the
presently found sex-and region-specific effects of chronic stress on neuronal activity,
reflect, disturbed activity of this region, as such disturbances of brain activity have been
presumed to mediate stressor-induced brain disorders like depression.

In conclusion, our data contribute to accumulating evidence that stress responses
may be fundamentally different in each sex 2 . The knowledge why the female brain is
more vulnerable to stress and how it copes with extended periods of stress is very limited.
Using the same chronic stress paradigm for males and females we could demonstrate
that the reaction to chronic stress, in terms of changes in CREB and pCREB, is different
in both sexes. The female brain apparently has different innate strategies to process
stress, which consequently make it more susceptible for stress-related pathology. This
emphasizes the importance of examining both sexes in animal models for stress-
related psychiatric disorders, since underlying neurobiological mechanisms, including
CREB signaling appear to be sex dependent. Therefore, one cannot justify using the
male brain or its physiology to explain neurobiological mechanisms underlying stress-
related diseases in women.
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Stress plays a growing role in our modern society. Everybody is confronted and has
to deal with it at one point in their life. However, stress does not necessarily have to be
a bad thing. In the short run, stress, or the physiological response to stress, can help
us to perform better in times of pressure and increases our cognitive abilities. Every
situation perceived as stressful leads to a series of highly coordinated reactions and
results in the enhanced release of the stress hormones adrenaline, noradrenaline and
glucocorticoids from the adrenal glands and the brain. This brings about physiological
alterations that make us feel stressed and at the same time enable us to react effectively
to the situation and help us to prepare for future events 2.

In Chapter 1 of this thesis, we introduced the concept of stress and elaborated on
emotional learning and memory, an aspect positively influenced by stress and stress
hormones. We further introduced the effects often seen after chronic stress that can
lead to several deleterious disorders, including depression.

The relation between stress, emotion and learning and memory is the foundation
of the first part of this thesis. We all know that not all experiences are equally well
transferred into long-term memory. Significant and emotional moments are especially
well remembered. Extensive evidence indicates that the stress hormones released
during and after such experiences modulate the neurobiological processes responsible
for the facilitated consolidation and storage of emotionally arousing experiences
into long-term memory. The first part (Part I) of this thesis was aimed at further
dissecting the neurobiological circuits and mechanisms associated with emotional
memory formation. The experimental approach is based on behavioral experiments
and pharmacological manipulations employed to investigate the glucocorticoid-
induced modulation of memory consolidation processes, implicated in the storage of
emotionally arousing experiences more closely.

In Chapter 2 we first introduced the main technique used throughout Part I,
stereotaxic surgery. Due to a few modifications we were able to refine this long-standing
procedure to significantly increase animal welfare and survival. By utilizing this
technique in Chapter 3, we implanted cannulas into the insular cortex (IC) and showed
its involvement in the effects of glucocorticoids on memory consolidation. Previous
studies investigating the role of the IC in learning and memory focused primarily on
the influence of this brain region in taste learning **. By using the classical inhibitory
avoidance paradigm, we showed that the administration of the specific glucocorticoid
receptor (GR) agonist RU 28362 into the IC immediately (but not 3 hours) after training
dose-dependently enhanced 48-hour retention performance, resulting in longer delays
before entering the dark compartment, on this aversively motivated learning task.

With the aid of a modified version of the inhibitory avoidance task, in which the
presentation of the context and footshock were separated, we further discovered
that the IC mediates glucocorticoid effects on the consolidation of memory of both
components of the task. Increased retention latencies were found with administration
of the GR agonist after either context or footshock exposure. Additionally, we show
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that training increased neuronal activity of the IC, assessed by an increased number of
phosphorylated extracellular signal-regulated kinase 1/2 (pERK1/2) expressing cells. A
memory-enhancing dose of systemically administered corticosterone, however, reduced
IC activity. On the basis of these findings, we hypothesize that the IC is much more
broadly involved in the consolidation of emotional memory and probably is part of the
greater network for the detection of salient information distributed throughout the brain.

Although it is known that the stress response is also activated in reaction to
appetitive and rewarding stimuli and that enhanced memory occurs for aversive as well
as appetitive/rewarding experiences, research investigating the underlying mechanisms
of emotional memory consolidation has almost exclusively focused on aversively
motivated learning tasks. Not much attention has been given to the differentiation
between emotional positively and negatively valenced experiences. Hence, in Chapter 4
we investigated whether the effects of glucocorticoids on memory consolidation for
differentially valenced emotionally arousing learning experiences are similar. We could
show that the GR agonist RU 28362 given immediately (but not several hours) after
the training experience into the nucleus accumbens (NAc) enhanced the consolidation
of memory of an aversive as well as an appetitive taste learning paradigm. This was
indicated by a respective decreased or increased liquid intake compared to the first
encounter of the taste. Glucocorticoids are known to interact with the noradrenergic
system to promote the consolidation of aversive memories. Therefore, in a separate set
of rats we investigated whether an interaction with the arousal-induced noradrenergic
system is necessary for the observed enhancement of memory consolidation in both
learning tasks. Co-administration of the f3-adrenoceptor antagonist propranolol, in
a dose ineffective by itself, blocked the memory-enhancing effect of the GR agonist.
This suggests that the glucocorticoid-noradrenergic interaction is independent of the
valence of the learning experience and enhances memory consolidation in both cases.

The brain region mostly studied in respect to emotional learning and memory is
the basolateral complex of the amygdala (BLA). Extensive evidence indicates its crucial
involvementin enabling the facilitatory effects of stress hormones on emotional learning
and memory. However, most studies investigating the role of the BLA so far utilized
aversive or fear-motivated learning tasks. Hence, whether the BLA is also involved in
facilitating the effects of glucocorticoids on appetitive memory consolidation is not
yet known. Therefore, in Chapter 5 we examined whether the BLA is also involved in
regulating glucocorticoid effects on appetitive memory consolidation. Administration
of the GR agonist RU 28362 into the BLA immediately after drinking an appetitive
novel saccharin solution enhanced retention performance 24 hours later, as indicated
by an increased intake of the same saccharin solution compared to vehicle-treated rats.
This indicates a broad role for the BLA in the mediation of glucocorticoid effects on
learning and memory independent of the valence of the stimulus.

Taken together, the investigations of glucocorticoid effects on memory consolidation
processes presented here reveal different new insights on a number of questions
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regarding the consolidation of emotional memories that did not receive much attention
until now. The topic of glucocorticoid-induced memory modulation is part of a greater,
captivating question of how emotions can influence learning and memory. Even though
an extensive literature already exists regarding this topic, many questions remain
unanswered. Additionally, the picture sometimes seems confusing due to different
outcomes provoked by glucocorticoids, depending on the duration (acute versus
chronic) and time point of manipulation (acquisition, consolidation or retrieval). The
experiments presented here deal exclusively with the acute effects of glucocorticoids
on memory consolidation. A plethora of studies already investigated this topic and it
is generally accepted that acute increases in glucocorticoid levels can enhance memory
consolidation. Nonetheless, several questions remained uninvestigated. Some of these
questions were addressed in the presented experiments. The present results extend
previous findings in different aspects which will be presented in the following sections.

THE BRAIN REGIONS INVOLVED IN EMOTIONAL MEMORY
CONSOLIDATION

In the first place, the presented findings expand the number of brain regions influenced
by glucocorticoids. Although human imaging studies point to a key role of the IC in
emotionally influenced learning and memory **, until now the investigation of the IC in
emotional learning and memory was largely underrepresented in animal studies. Only
two studies so far investigated the influence of stress hormone treatment on memory
function in this region >'"". With the data presented in Chapter 3 we could extend the
previous investigations and show that the IC is importantly involved in regulating the
effects of glucocorticoids on memory consolidation of emotionally arousing (aversive)
learning experiences. This shows that the IC is a brain region with extensive influence
in emotional memory consolidation and an important part of the network involved
in emotional regulation of learning and memory. In Chapter 3 we also report that a
memory-enhancing dose of corticosterone reduces neuronal activity within the IC. This
has important implications, because it suggests that inactivation, rather than activation,
of the IC is responsible for prompting glucocorticoid-induced memory facilitation.
Several human imaging studies have shown a similar decrease in activity of the IC along
with other regions, which highly correlated with higher cortisol levels during emotional
stimuli and enhanced recollection ''2. These findings could be interpreted in different
ways. First of all, deactivation of these areas could lead to disinhibition (activation) of
other subcortical regions. This loss of “top-down control” could enhance for example
the speed of decision making '*. It was shown that individuals that respond to challenges
with a strong cortisol increase are more sensitive to immediate rewards '*'* associated
with a loss of top-down control of prefrontal over subcortical areas '"'6'8, However, it
has also been connected with several psychiatric disorders, such as post-traumatic stress
disorder (PTSD) and memory deficits as well as intrusions '#'¥2°. A second interpretation
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could be ashift in attentional processing from a peripheral to central focused view. This
would fit well with the hypothesis that stress specifically improves memory of the gist of
information, the so called ‘weapon focus phenomenon’ '22',

The NAc, investigated in Chapter 4, has mostly been studied indirectly for its
involvement in stress hormone-induced facilitation of memory consolidation of
emotionally arousing experiences . Only one study so far investigated the direct
effects of glucocorticoids within the NAc #. In this study the role of GRs in the formation
of morphine-induced conditioned place preference was investigated. Intra-NAc
administration of the GR antagonist RU 38486, 30 min before morphine conditioning,
prevented the formation of place preference seen in vehicle-treated rats. Although this
study shows an involvement of GR activation within the NAc in mnemonic processes,
it has several disadvantages compared to our present study. First, due to the pre-
training administration of the drug, it cannot be excluded that it affected attentional,
motivational or sensory-perceptual processes in addition to mnemonic processes. In our
studies, treatments were given only after conditioning. This constitutes a more elegant
technique and ensures that animals are drug-free at the time of training (acquisition) as
well as during retention testing. This guarantees that any effect can be solely associated to
consolidation processes and is unaffected by possible effects on attentional, motivational
or perceptual mechanisms and additionally excludes the possibility of state-dependent
effects 2. A second disadvantage of the study by Dong and colleagues are the coordinates
used to implant guide cannulas and the selected volume of 0.5 ul per side. Due to this,
it is impossible to distinguish properly between the two subregions of the NAc. In
contrast, the small infusion volume (0.3 pl per side) and the coordinates used in our
study were specifically selected to successfully distinguish between the two subregions
of the NAc. Thereby we were able to show that only the shell is involved in regulating the
modulatory effects of GR activation during emotional memory consolidation. Thus, the
findings presented in Chapter 4 constitute the first demonstration of an involvement of
glucocorticoid-mediated memory consolidation within the NAc.

As already stated above, the amygdala has been strongly implicated in regulating
emotion and stress effects on memory and appears to be crucial in mediating the
neuromodulatory influences of glucocorticoids *?. However, to my knowledge,
the findings shown in Chapter 5 are the first demonstration of an involvement of
glucocorticoids within the BLA in modulating memory of appetitive learning. This
has further implications for the role of how the amygdala is viewed. Next to its well-
established function in the processing and consolidation of unpleasant and fear-related
stimuli 2%, different studies found comparable effects in the processing of appetitive
and rewarding stimuli *33. Perhaps, the BLA might be more a detector for arousing/
salient information rather than necessarily only for fearful or anxious stimuli.
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APPETITIVE VERSUS AVERSIVE EXPERIENCES

Next to the conclusion that glucocorticoids influence a wide range of brain regions in
modulating memory representations, the data in Chapter 4 and 5 bring us to a second
important conclusion: Memory modulation by stress hormones is not restricted to
aversive conditioning. Selye, who 's definition of stress is described in the Introduction,
focused his work on responses to diverse noxious and adverse stimuli. This was an
important rational behind his definition of stress and ever since the stress response
has generally been connected to challenges of aversive nature *'. As a consequence,
the presence of stress mediators has often been regarded as an indicator of exposure to
aversive events *. However, as stated in the Introduction, rewarding/positive situations
like food, sex or drugs of abuse also elicit an activation of the stress response and
trigger the release of glucocorticoids to the same extent as do aversive experiences 3",
For example, Buwalda and colleagues found that the corticosterone response is not
different between animals actively involved in a negative (social defeat) or a positive
(copulatory behavior) social stimulus *'. However, as indicated earlier, only a handful
of studies actually examined the effect of glucocorticoid administration on appetitive
learning **. However, the involvement of different brain regions and the cellular
mechanism of glucocorticoid-induced memory enhancement were not taken into
account and the investigation remained mostly systemic and shallow.

The findings presented in Chapter 4 and 5 provide the first evidence of memory
modulation by intracranial post-training GR activation in an appetitive conditioning
paradigm. This has some interesting implications. First, if the effects of post-training
glucocorticoids were limited to aversive conditioning, it could be argued that the
administration of glucocorticoids could be aversive in itself. However, the fact that the
GR agonist RU 28362 had no effect if rats were pseudo-conditioned to saline instead of
the malaise-inducing substance lithium chloride (see Figure 2B, Chapter 5) as well as
the fact that the administration of RU 28362 enhanced memory consolidation in the
appetitive learning paradigm allows me to discard this possibility. This appears logical
when looked at from an evolutionary point of view. Improved recollection of stimuli
representing a threat (e.g. a predator) or pleasant events (e.g. food) enhances the ability
to predict significant events in the environment and allows a quick, appropriate response
(either approach or avoidance), and thus might be equally important for survival.
The findings reported here are in line with those of human studies investigating the
formation of emotionally influenced learning and memory. Buchanan and Lovallo
(2001) as well as Kuhlmann and Wolf (2006) showed that elevated cortisol levels
during the encoding of emotionally arousing pictures (positive and negative) enhance
long-term recall performance assessed in a surprise delayed-recall task'®*'.

Upon emotional arousal, not only glucocorticoids but also other stress-related
hormones such as adrenaline and noradrenaline are released® As already mentioned
before, it has been extensively shown that arousal-induced noradrenergic activity
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is indispensable for mediating the enhancing effect of glucocorticoids on memory
consolidation in aversively motivated learning tasks. However, this mechanism has
never been investigated for appetitive learning experiences. The data presented in
Chapter 4, are the first to indicate that glucocorticoids exert their effects by interacting
with the noradrenergic system in an appetitive learning paradigm. Thus, a sufficient
arousal-induced increase in noradrenaline levels is necessary for mediating the
enhancing effects of glucocorticoids on memory consolidation of both appetitive as
well as aversive learning experiences.

In summary, based on the presented results we can assume that stress hormones
facilitate memory consolidation and thus the storage of motivationally significant
information in the environment regardless of the valence of the experience by acommon
system in a network of different brain regions. An interaction with the noradrenergic
arousal systemseems crucial for memory of experiences of both valences to be enhanced.
This supports previous claims that the degree of general arousal rather than valence is
responsible for enhanced memory retention **. Different reports in human literature
suggest that glucocorticoids interact with the degree of emotional arousal, independent
of valence, at initial encoding to modulate memory processes *** [but see Tops et
al. (2003)*]. Other studies, without manipulation of cortisol, additionally highlight
the effect of arousal on recall. Here, pleasant as well as unpleasant pictures or sounds
were remembered better than neutral ones and memory was stronger if the stimulus
was highly arousing **7%. Together, these studies and our present findings indicate
that the release of glucocorticoids leads to a prioritized storage of emotional arousing
information into long-term memory independent of the valence of the stimulus .

EFFECT OF AROUSAL VERSUS VALENCE ON THE BRAIN
NETWORK INVOLVED

Although the intracellular mechanisms might be similar for the consolidation of memory
of appetitive and aversive learning experiences, different brain circuits might be involved
in these two processes . At present, it is highly debated whether the role of arousal
within the larger emotional memory network may differ depending on valence 3*%2,
Kensinger and Corkin (2004) argued that distinct neurocognitive processes contribute
to the encoding and successful storage of (negative) arousing information compared to
that of non-arousing valenced information ®. An amygdala-hippocampus network is
activated during the successful encoding of highly arousing (negative) words, whereas
the encoding of non-arousing, but negatively valenced, words engages a prefrontal-
hippocampal circuit. This is in agreement with the interpretation of Dolcos and Cabeza
(2002) ‘s event related potential (ERP) results of an amygdala network related to arousal
and a prefrontal-hippocampus network related to valence, and lendsfurther support for a
dissociation of valence- and arousal-related brain systems *°. The effect of glucocorticoids
and noradrenaline, however, seems to be valence independent and enhances any process
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taking place in the respective brain regions studied. Kensinger and Corkin (2004) further
claimed that memory for valenced, low-arousing information relies on controlled
processes and has to be more elaborated and rehearsed to be encoded and consolidated
into long-term memory compared to high-arousing stimuli. Enhancement of memory
of arousing words seems to occur automatically . Thus valence alone can lead to an
enhanced storage of information. However, this process seems to involve different brain
regions and additional attentional and higher cognitive processes than the storage of
arousing information. Nonetheless, even if memories are arousing and well remembered,
we are still able to attach a certain valence to the memories and distinguish between
appetitive and aversive experiences. This indicates that arousal enhances memory, but
that valence is still an important factor and is linked to the memory stored. Different brain
areas are proposed to attach the valence to a certain stimulus. A recent study by Mickley
Steinmetz and colleagues (2010) indicated that arousal strengthens amygdala connections
to frontal regions for negative information while these efferents were decreased for
positive information *2. Furthermore, arousal seems to involve a more widespread, global
network of brain regions when associated with negative items, enhancing connectivity
between different nodes of the emotional memory network. The effects of arousal on
memory for positive information were restricted to amygdala efferents. This emphasizes
that, although the global effects of arousal are independent of the valence of the stimulus,
the activation and connectivity within and between the individual areas of the emotional
memory networkdepend on the valence of the stimulus. The direction of the modulation
of the network seems actually to be opposite depending on the valence.

Based onour currentdata, we cannot make any conclusion concerning theinteraction
between the different brain regions investigated that would be more than theoretical
speculation. In order to investigate the role of different brain structures, it would
be necessary to employ studies locating different brain regions for pharmacological
manipulations simultaneously. This would constitute a possible interesting future
direction in the field of glucocorticoid-induced memory modulation. Additionally
we cannot make any statement about the difference between arousing and valenced
information. All training tasks utilized in the present studies are highly emotionally
arousing. However, we can say that arousing information, no matter if positive or
negative, are preferentially stored and that glucocorticoids acting in different brain
regions play a fundamental role in this process.

In conclusion, in Part I of this thesis, we could demonstrate that glucocorticoids, in
collaboration with the noradrenergic system, modulate a wide range of types of memory
representations of both appetitive and aversive nature. This suggests acommon general
arousal mechanism mediating this modulation. The findings reported here not only
make important additions regarding the role of glucocorticoids in emotional learning
and memory, they also are of direct interest to the study of different brain structures
implicated in emotional learning. This might also have some far-reaching implications
for the understanding of certain psychopathological conditions related to emotional
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learning and memory, such as PTSD, drug addiction or depression. To get an even
deeper insight into the mechanisms by which emotional arousal modulates memory
consolidation, further research needs to be pursued in several lines. First and very
generally, it seems of utmost importance to use test stimuli comprising valence and
arousal, thus ranging from low to high arousing and positive to negative. Additionally,
studies to further dissect the endogenous mechanism of glucocorticoid-noradrenergic
interaction, as well as interactions with other neurotransmitter and peptide systems,
should be broadened to entail appetitive learning tasks to verify whether the pathway
dissected for aversive memories and partly touched in this thesis is a general
phenomenon or comprises differences depending on the valence of a stimulus.

The data presented in Part I of this thesis clearly indicate that acute stressful events
and the release of stress hormones have positive effects on cognitive functions and
are protective and adaptive in nature. However, although the stress response is an
adaptive and necessary reaction in the short run, long-term stress, going on for weeks,
months or even years, can lead to chronic alterations in the stress response and can
have deleterious effects on body and mind. The continuously increased production of
stress hormones can lead to long-term alterations in neurochemical, neuroanatomical
and cellular functions and cause the development of psychopathologies like for
example depression **%’. Due to the direct correlation between (chronic) stress and
the development of depression, preclinical research has focused on behavioral and
neuropathological effects of stress in rodents to investigate the neurobiological
mechanisms underlying depression .

As stated in the Introduction, the prevalence of depression is twice as high in
women than in men * ®. There is accumulating evidence that men and women activate
different brain regions and neuronal circuits in response to stressful experiences and
apply different coping strategies 8. This could be attributed to anatomical differences,
hormonal influences as well as environmental factors. However, the underlying
mechanism of these sex differences remains virtually unknown ¢ and most studies
on depression are still performed in male animals.

Thus, while the previous chapters investigated the effects of acute glucocorticoid
administration on cognitive functions in different brain regions, the aim of the second
part (Part II) of this thesis was to further investigate sex differences in the response
to especially chronic stress. The experimental approach is again based on behavioral
experiments employed to investigate the sex-specific changes induced by a chronic
stress paradigm, implicated in the development of depression. Chapter 6 and 7
describe some of the alterations induced by acute and chronic stress on the expression
and phosphorylation pattern of the transcription factor cAMP response element
binding protein (CREB) in different stress-related brain regions and compares these
changes between males and females. CREB is involved in the stress response as well as
antidepressant treatment effiects and part of one of the major theories explaining the

underlying neurobiology of depression.
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Our findings of Chapter 6 indicate that the different subregions of the hippocampus
and prefrontal cortex (PFC) in male rats show a reduction in pCREB expression and
modifications in the morphology of these brain regions. This is in contrast to females
who failed to demonstrate any indication of such processes in these regions. In contrast to
this, levels of brain derived neurotrophic factor (BDNF) were only affected in female rats
exhibiting an increase after acute stress in the hippocampus and a decrease after chronic
stress in the PFC. When investigating the NAc (Chapter 7) the picture reversed. Within
this region, the most pronounced effects were visible in female rats which showed an
increase in CREB levels after acute stress but a decrease in pCREB levels after acute and
chronic stress exposure. In this region, CREB and pCREB expression remained largely
unaffected in male rats. Overall, our findings indicate that male and female rats respond
with different, even opposite cellular reactions to stress. Thus, sex-specific analysis has
much potential to further our understanding of the stress response and the development
of mental health disorders © and sex differences should be emphasized in future studies
of the neurobiological mechanisms of the response to stress and depression .

EFFECTS OF STRESS AND SEX ON CREB

CREB phosphorylation is crucial for its ability to bind DNA and modulate gene expression.
Reduced pCREB availability might result in reduced availability of proteins involved in
neuronal plasticityand cell survival (e.g. BDNF). Sustained stressful experiences have already
been associated with reduced neurotrophin expression, a condition that might disturb the
dynamic equilibrium between intracellular signaling cascades ***. As described in the
Introduction, CREB is usually phosphorylated at a specific serine residue, serine 133 (Ser'*).
This phosphorylation promotes the association of CREB with the CREB-binding protein and
forms an active transcription complex enabling target gene activation . This activation can
occur via different signal transduction pathways, including the cAMP-dependent protein
kinase A (PKA) pathway, the Ca2+/calmodulin-dependent protein kinase IV (CaMK IV) as
well as the ERK/Mitogen-activated protein kinase (MA PK) cascade (see figure 4, Chapter 1).
It was previously shown that ERK1/2 is hyper-phosphorylated in the PFC of male rats 67,
However, female rats did not show an alteration in pERK1/2 levels after chronic stress
treatment in this brain region ®. Preliminary findings from our study investigating different
signal transduction cascades, found a similarly enhanced phosphorylation of ERK1/2
in male rats. We additionally could show a comparable increase in phosphorylation in
response to chronic stress in female rats. This seems counterintuitive given the decrease of
CREB phosphorylation despite increased activation of the ERK/MAPK cascade. However,
Wang et al (2003) could show that prolonged ERK phosphorylation negatively regulates
CREB activity and phosphorylation and is associated with pathological mechanisms %7,
Thus the enhanced activation of signal transduction cascades leads to down-regulated
CREB phosphorylation which might play a fundamental role in the effects of stress on the
mechanisms of neuroplasticity. Sustained levels of stress or glucocorticoids have been shown



SUMMARY AND GENERAL DISCUSSION

to damage several brain regions atthelevel of morphological neuroplasticity ”'”. Excess stress
leads to atrophy and retraction of apical dendrites of hippocampal and prefrontal cortical
neurons 777 and can even result in the death of pyramidal cells . Likewise, stress has been
shown to reduce neurogenesis in the rodent hippocampus 7”8, In conclusion, chronic stress-
induced pERK and pCREB abnormalities may limit BDNF availability, disrupting neuronal
plasticity and facilitating the development of neuronal defects.

A sex-specific impact of stress on neuronal plasticity may be explained by differential
mechanisms either potentiating or suppressing the influences of stressful events. The
striking fact that the higher prevalence of depression in women arises at puberty and
then declines again after menopause, contributes to the idea that ovarian hormones
(estrogen and progesterone) play an important factor in the sensitivity to the effects of
stress7'”°. Ovarian hormones have different effects on affective state as well as cognition .
Different evidence indicates that the influence of estrogens varies by brain region and
reaches from counteracting cognitive impairments ® and dendritic remodeling ® in
some to enhanced sensitivity to the stress response and greater stress-related cognitive
impairments in other regions ®. The ovarian hormones present in females can stimulate
specific intracellular cascades underlying neuronal plasticity and prevent/counteract
the reduced CREB phosphorylation observed in different brain regions of chronically
stressed male animals #3861t is thus possible that the influences of repeated footshock
exposure on ERK activation and CREB phosphorylation seen especially in male rats
might have been attenuated by the presence of ovarian hormones in females. Ovarian
steroids thus seem to exert diffierent influences on critical neuronal processes. This can
lead to the assumption that these hormones prevent the changes in response to stress
observed in male rats and thus have a protective function in regard to the effects of stress
on the brain. However, keeping in mind that females are more vulnerable to depression
especially during their productive years, this hypothesis is misleading. Therefore, the
stress-induced neurobiological changes seen in males could be considered as adaptive
and active coping mechanisms, potentially preventing subsequent development of
depression. The retraction of dendrites, mostly seen as a maladaptive response to stress
in especially the hippocampus, could also be interpreted as a protective response. By
retracting connections, neurons are shielding themselves from too much excitation
or input, thereby preventing overstimulation and potential cell death in times of great
demands. The consequences of these adaptations seen in different cognitive functions,
like memory, could also be interpreted as adaptive. Relatively impaired memory, seen
in male but not female rats after prolonged periods of stress 8%, is possibly beneficial
and may enable them to forget the stress and its associations more quickly *. Therefore,
maybe the reduced response of females to stress and chronic stress make them in the
end more vulnerable for psychopathological disorders like depression.

To conclude, each gender should be evaluated independently to determine the
stress and/or treatment response and explore new avenues of therapeutic approach.
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CONCLUDING REMARKS

Theconcept of stress, as introduced in the Introduction has long been subject of scientific
discussion. Stress has long carried a negative connotation, especially in laymen terms.
People automatically associate the word “stress” with bad feelings and a multitude of
other physical, emotional and mental discomforts. However, from the data presented
in this thesis and other research in the field of stress it is clear that the pure presence
of a neuroendocrine response is not sufficient anymore to label a stimulus as stress
3135, The powerful chemicals released are there, first and foremost, to help us survive.
However, it remains a matter of timing and dose. Under circumstances of prolonged
or severe stress we can suffer negative consequences and develop deleterious disorders
and pathologies. Nonetheless, not all changes in the brain seen in response to, even
chronic, stress should be immediately labeled as aversive and maladaptive.
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NEDERLANDSE SAMENVATTING

Stress speelt een steeds grotere rol in onze moderne samenleving. Iedereen is er ooit
mee geconfronteerd en moet ermee omgaan. Echter hoeft stress niet noodzakelijk
slecht te zijn. Op de korte termijn kan stress, of de lichamelijke reactie op stress, ons
helpen om in tijden van druk beter te presteren en ons cognitieve mogelijkheden te
vergroten. Elke situatie beschouwt als stress leidt tot een serie gecoordineerde reacties
en resulteert in een verhoogde afgifte van de stresshormonen adrenaline, noradrenaline
en glucocorticoiden uit de bijnieren en de hersenen. Al deze hormonen dragen samen
bij aan de fysiologische veranderingen die ons gespannen laten voelen en op hetzelfde
moment in staat brengen om en effectief te reageren op een bedreigende situatie en ons
helpen voorbereid te zijn op toekomstige gebeurtenissen.

In hoofdstuk 1 van dit proefschrift hebben we het concept van stress geintroduceerd
en emotionele leren en geheugen, een aspect positief beinvloed door stress en
stresshormonen. We hebben verder de effecten die vaak gezien worden na chronische
stress geintroduceerd, die kunnen leiden tot verschillende schadelijke aandoeningen,
waaronder depressie.

We wetenallemaal dat nietalle ervaringen even goed worden opgeslagen in ons geheugen.
Significante en emotionele gebeurtenissen zijn vooral goed te onthouden. Uit uitgebreide
gegevens blijkt dat de stress hormonen die vrijkomen tijdens en na zulke ervaringen, de
neurobiologisch processen die verantwoordelijk zijn voor de verbeterde consolidatie en
opslag van emotionele ervaringen in lange-termijn geheugen moduleren. Het eerste deel
van dit proefschrift was gericht op het verder ontleden van de neurobiologisch circuits en
mechanismen geassocieerd met emotionele geheugenvorming. De experimentele aanpak
is gebaseerd op gedragsexperimenten en farmacologische manipulaties gebruikt om de
glucocorticoid-geinduceerde modulatie van de consolidatie processen, die betrokken zijn
bij de opslag van emotionele ervaringen nader te onderzoeken.

In hoofdstuk 2 wordt eerst de belangrijkste techniek die wordt gebruikt in Deel
1, stereotactische operatiesgeintroduceerd. Door een aantal aanpassingen konden we
deze al lang bestaande procedure verfijnen en het welzijn en overleving van de dieren
aanzienlijk verhogen. Door gebruik te maken van deze techniek in hoofdstuk 3, hebben
we canules in de insulaire cortex (IC) geimplanteerd en konden we de betrokkenheid
van de insulaire cortex (IC) bij de effecten van glucocorticoiden op de consolidatie van
aversieve gebeurtenissen bestuderen. Door het gebruik van het “inhibitory avoidance”
paradigma konden wij aantonen dat administratie van de specifieke glucocorticoid
receptor (GR) agonist RU 28362 direct (maar niet 3 uur) nade training dosis-athankelijk
de 48-uurs retentie prestaties verbeterde. Met behulp van een gemodificeerde versie van
de “inhibitory avoidance” taak, hebben we verder ontdekt dat de IC de glucocorticoide
werking van de versterking van het geheugen van beiden componenten van de taak
bemiddelt/verbetert. Op basis van deze bevindingen veronderstellen we dat de IC veel
breder bij de versterking van emotioneel geheugen betrokken is en waarschijnlijk deel
van een groter netwerk voor de detectie van opvallende informatie uitmaakt.



SAMENVATTING

Hoewel het bekend is dat de stress reactie ook wordt geactiveerd in reactie op
positieve prikkels en dat het geheugen ook verbetert is voor appetitieve ervaringen,
is onderzoek naar de onderliggende mechanismen van emotioneel geheugen bijna
uitsluitend gericht op negatieve gemotiveerd leertaken. Niet veel aandacht is besteed
aan het onderscheid tussen emotionele positieve en negatieve ervaringen. Vandaar
dat wij in hoofdstuk 4 onderzocht hebben of de effecten van glucocorticoiden op het
geheugen voor negatieve en positieve leerervaringen vergelijkbaar zijn. We konden
laten zien dat de GR-agonist RU 28362 onmiddellijk ( ipv enkele uren) na de training
in de nucleus accumbens (Nac) de consolidatie van het geheugen van een aversieve en
een appetitieve smaak leerparadigma versterkt. Dit is aangegeven door een respectieve
verlaagd of verhoogd vloeistofinname ten opzichte van het eerste contact met de smaak.

Het is bekend dat glucocorticoide interageeren met het noradrenerge systeem
om de consolidatie van negatief herinneringen te bevorderen. Daarom zijn wij in
een apart experiment nagegaan of een interactie met het noradrenerge system ook
noodzakelijk is voor de waargenomen verhoging van het geheugen in positief leertaak.
Gelijktijdige toediening van propranolol, een f3-adrenerge receptor antagonist, in een
dosis ineffectief op zichzelf, blokkeerde de geheugen-stimulerende effect van de GR
agonist. Dit suggereert dat de glucocorticoid-noradrenerge interactie onafhankelijk
van de motivatie van de leerervaring is en het geheugen in beide gevallen verbetert.

Het gebied van de hersenen vooral bestudeerd met betrekking tot emotioneel leren
en geheugen is de basolateral complex van de amygdala (BLA). Uitgebreide gegevens
tonen de cruciale rol bij de faciliterende effecten van stress hormonen op emotioneel
leren en geheugen aan. Echter, de meeste onderzoeken naar de rol van de BLA hebben
tot nu toe angstgemotiveerde leertaken benut. Het is echter niet bekend of de BLA
ook betrokken is bij de regulering van glucocorticoid effecten op positiefgemotiveerde
leertaken. Daarom hebben we dit in hoofdstuk 5 nader onderzocht. Toediening van
de GR agonist RU 28362 in de BLA na het drinken van een nieuwe smaak oplossing
verbeterde het geheugen 24 uur later, zoals aangegeven door een verhoogde opname
van dezelfde oplossing in vergelijking met vehicle behandelde ratten. Dit geeft een
brede rol voor de BLA in de bemiddeling van glucocorticoide werking op het geheugen
onafhankelijk van de motivatie van de stimulus.

Al met al kan dit hier beschreven onderzoek van glucocorticoide effecten op
geheugen processen verschillende nieuwe inzichten onthullen op een aantal vragen die
tot nu toe geen aandacht hebben gekregen.

De gegevens van het eerste gedeelte van dit proefschrift tonen duidelijk aan dat acute
stressvolle gebeurtenissen en het vrijkomen van stresshormonen positieve effecten kan
hebben op cognitieve functies en beschermend en adaptief kan zijn. In tegenstelling tot
de adaptieve respons op acute stress, kan de reactie op langdurige, oncontroleerbare
stress ontsporen. De continu verhoogde productie van stress hormonen kan leiden tot
lange-termijn veranderingen in de neurochemische, neuroanatomische en cellulaire
functies, waardoor. Psychiatrische aandoening, zoals depressie, kunnen ontstaan.
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Door de directe correlatie tussen chronische stress en het ontstaan van depressie, kan
stress gebruikt worden als een waardevol hulpmiddel bij dierexperimenteel onderzoek
naar de onderliggende neurobiologische mechanismen van depressie.

Affectieve stoornissen zoals depressie zijn een grote oorzaak van morbiditeit,
herhalen zich vaak en kunnen levensbedreigend zijn. De kans voor depressie is twee
tot drie keer hoger voor vrouwen dan voor mannen. Ondanks dit feit wordt het
merendeel van het biomedische onderzoek nog steeds gedaan bij mannetjesratten. Dit
is opmerkelijk, gezien het bewijs dat zich begint op te stapelen dat veel processen bij
vrouwen anders verlopen dan bij mannen. Het tweede gedeelte van dit proefschrift
gaat daarom in op effecten van langdurige stress op verschillende gebieden van het
limbische systeem in vrouwtjes- en mannetjesratten. Hoofdstuk 6 en 7 beschrijven een
aantal van de veranderingen als gevolg vanacute en chronische stress op de expressie en
fosforylering van de transcriptiefactor cAMP response element binding protein (CREB)
in verschillende stressgerelateerde gebieden van de hersenen. CREB is betrokken bij de
reactie op stress en antidepressiva effecten en is onderdeel van een van de belangrijkste
theorieén van de onderliggende neurobiologie van depressie. Onze bevindingen in
hoofdstuk 6 geven aan dat verschillende subregios van de hippocampus en de prefrontale
cortex (PFC) bij mannelijke ratten een vermindering van de pCREB expressie en
wijzigingen in de morfologie van deze gebieden laten zien. Dit in tegenstelling to
vrouwen die geen enkele aanwijzing van deze processen in deze gebieden tonen. Bij het
onderzoek naar de Nac (hoofdstuk 7) is het beeld omgekeerd. Binnen deze regio zijn de
meest uitgesproken effecten zichtbaar bij vrouwelijke ratten. Zij tonden een toename van
CREB-spiegels na acute stress aan, maar een daling van pCREB na acute en chronische
stress. De eiwitniveaus bleven grotendeels onaangetast bij mannelijke ratten. Al met al
geven onze bevindingen aan dat mannelijke en vrouwelijke ratten met verschillende,
zelfs tegengestelde reacties op stress reageren. Dus, geslachtspecifieke analyse blijkt veel
potentieel te hebben om ons begrip van de ontwikkeling van psychische stoornissen te
verbeteren. Sekseverschillen zouden moeten worden benadrukt in toekomstige studies
van de neurobiologische mechanismen van de reactie op stress en depressie.

In deze proefschrift hebben wij beide kanten van de stress proces even belicht en
zowel positieve als ook negatieve effecten laten zien.

Stress draagt al lang een negatieve connotatie, vooral in leken termen. Mensen associéren
het woord ‘stress’ automatisch met slechte gevoelens en een veelheid van andere fysieke,
emotionele en mentale ongemakken. Echter wordt uit de gegevens in dit proefschrift en
andereonderzoek op het gebied van stress duidelijk dat de pure aanwezigheid van een ‘stress-
response’ niet voldoende is om een stimulus te labelen als stress. De vrijkomende krachtige
hormonenzijn er in de eerste plaats, om ons te helpen overleven. Het blijft echter een kwestie
van timing en dosering. Onder omstandigheden van langdurige of ernstige stress kunnen
we last krijgen van negatieve gevolgen en de ontwikkeling van schadelijke aandoeningen
en pahtologieén. Toch moeten niet alle veranderingen in de hersenen onmiddellijk worden
bestempeld als aversieve en onaangepast.
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DEUTSCHE ZUSAMMENFASSUNG

Stress spielt eine zunehmend wichtige Rolle in unserer modernen Gesellschaft.
Alle werden damit konfrontiert und miissen lernen damit umzugehen. Allerdings
muss Stress nicht unbedingt schlecht sein. Kurze Stress-Episoden oder korperliche
Reaktionen auf Stress kénnen uns in Zeiten von groflem Leistungsdruck helfen und
unsere kognitiven Fahigkeiten erh6hen.

Jede Stresssituation fiihrt zu einer Abfolge genaukoordinierter Reaktionen und einer
erhohten Freisetzung der Stresshormone Adrenalin, Noradrenalin und Glucocorticoide
aus den Nebennieren und dem Gehirn. Die durch diese Hormone ausgelosten
physiologischen Verinderungen tragen gemeinsam dazu bei, dass wir uns gestresst
fithlen. Gleichzeitig ermoglichen sie uns aber auch, effektiv auf eine bedrohliche
Situation zu reagieren und auf zukiinftige Ereignisse besser vorbereitet zu sein.

In Kapitel 1 dieser Arbeit haben wir das Konzept von Stress und emotionalem
Lernen und Gedichtnis eingefiihrt. Dieser Aspekt wird positiv durch Stress und
Stresshormone beeinflusst. Des Weiteren haben wir auch die Effekte beleuchtet, die oft
als Folge von chronischem Stress eintreten und zu verschiedenen Krankheitsbildern,
wie zum Beispiel Depressionen, fithren konnen.

Wie jeder weif3, werden nicht alle Erlebnisse gleich gut im Gedichtnis gespeichert.
Unser Gehirnistbesondersgutim Speichern von bedeutsamen,emotionalenEreignissen.
Umfangreiche Daten zeigen, dass Stresshormone die wihrend und nach diesen
bedeutsamen Erfahrungen abgegeben werden, die fiir eine verbesserte Speicherung
von emotionalen Erfahrungen ins Langzeit-Gedichtnis verantwortlichen Prozesse
modulieren. Der erste Teil dieser Arbeit befasst sich mit der genaueren Erforschung
des mit emotionaler Gedichtnisformungassoziierten neurobiologischen Mechanismus.

Mit Hilfe von Verhaltensexperimenten und pharmakologischen Manipulationen des
Gehirns haben wir die glucocorticoid-induzierte Modulierung von Speicherprozessen
emotionaler Erfahrungen genauer unter die Lupe genommen.

In Kapitel 2 wird zuerst die wichtigste Methode fiir die Durchfiihrung dieser
Experimente vorgestellt. Durch einige Verinderungen konnten wir das lang bekannte
Verfahren stereotaktischer Operationen an die neue Gesetzgebung anpassen und das
Wobhlergehen und Uberleben der Tiere mafigeblich verbessern.

Mit Hilfe dieser Technik wurden, wie in Kapitel 3 beschrieben, Kaniilen in den
insuldren Cortex (IC) implantiert. Dadurch war es uns moglich die Beteiligung des
IC bei den Effekten der Glucocorticoide auf die Speicherung aversiver Ereignisse zu
untersuchen. Mit Hilfe des ,,inhibitory avoidance” Paradigma konnten wir zeigen, dass
die Verabreichung des Glucocorticoid Rezeptor (GR) Agonisten RU 28362 direkt nach
dem Training das Erinnerungsvermogen verbesserte.

Mittels einer modifizierten Variante des ,inhibitory avoidance® Tasks konnten
wir des Weiteren feststellen, dass der IC die erinnerungsverstirkende Wirkung von
Glucocorticoiden von beiden Komponenten des Tests verbessert. Auf der Grundlage
dieser Erkenntnisse gehen wir davon aus, dass der IC weitlaufiger bei der Speicherung
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emotionaler Erinnerungen beteiligt ist und wahrscheinlich Teil eines grof3eren
Netzwerkes zur Erkennung von auffilligen/pragnant Ereignissen ist.

Obwohl lange bekannt ist, dass die Stress-Reaktion auch nach positiven Stimuli
aktiviert wird und dass das Erinnerungsvermogen fiir positive Erfahrungen verbessert
ist,hatsich die Forschungnach den zugrundeliegenden Mechanismen des emotionalen
Gedachtnis’ fast ausschlie8lich auf aversive Lernaufgaben konzentriert. Nicht viel
Augenmerk wurde auf den Unterschied zwischen positiven und negativen Erfahrungen
gelegt. Daher haben wir in Kapitel 4 untersucht, ob die Wirkung von Glucocorticoiden
auf emotional unterschiedlich gewertete Ereignisse vergleichbar ist. Wir konnten zeigen,
dass Infusion des GR-Agonist RU 28362 sofort (allerdings nicht mehrere Stunden)
nach der Trainingserfahrung in den Nucleus accumbens zu einer Verbesserung des
Gedichtnisses an ein aversives sowie ein appetitives Geschmackserlebnis fiihrt. Dies
wurde durch eine jeweils verminderte oder erhéhte Fliissigkeitsaufnahme im Vergleich
zum ersten Kontakt mit dem Geschmack angedeutet.

Glucocorticoide sind dafiir bekannt, mit dem noradrenergen System zusammen zu
arbeiten um die Speicherung negativer Erfahrungen zu verbessern. Deshalb haben wir in
einem separaten Experiment untersucht, ob eine Wechselwirkung mit dem noradrenergen
System auch fiir eine Gedéchtnisverbesserung positiver Erfahrungen notwendig ist. Die
gleichzeitige Verabreichung des 3-adrenozeptor Antagonisten Propranol zusammen mit
dem GR Agonisten blockierte die erinnerungssteigernde Wirkung des GR Agonisten. Dies
legt nahe, dass das Zusammenspiel beider Stresshormone unabhingig von der Wertigkeit
des zu lernenden Ereignisses ist und die Gedachtnisleistung in beiden Fillen erhoht.

Die, im Hinblick auf emotionales Lernen und Gedichtnis, am meisten untersuchte
Hirnregion ist der basolaterale Komplex der Amygdala (BLA). Umfangreiches
Beweismaterial zeigt deutlich die kritische Beteiligung dieser Region an der
gedichtnissteigernden Wirkung von Stresshormonen. Allerdings verwenden die meisten
Studien hauptsichlich aversive und angst-motivierte Lernerfahrungen. Daher ist bisher
nicht bekannt, ob der BLA auch bei den Auswirkungen der Glucocorticoide auf positive
Lernerfahrungen beteiligt ist. Deshalb wurde dies in Kapitel 5 detaillierter untersucht.
Infusion des GR-Agonisten RU 28362 in den BLA sofort anschlieflend an ein neues
Geschmackserlebnis verbesserte das Gedéchtnis 24 Stunden spiter, gezeigt durch eine
erhohte Aufnahme der gleichen Geschmackslésung im Vergleich zur Kontrollgruppe.
Dies deutet auf eine umfangreiche Rolle des BLA bei der Vermittlung der Glucocorticoid-
Wirkung auf Gedichtnisprozesse unabhingig von der Wertigkeit des Stimulus hin.

Zusammenfassend zeigen die hier prisentierten Untersuchungen von Glucocorticoid-
Effekten auf Gedachtnisprozesse unterschiedliche neue Erkenntnisse iiber eine Reihe von
Fragen im Bezug auf Speicherprozesse, die bis jetzt wenig Aufmerksambkeit erhalten haben.

Die Ergebnisse aus Teil 1 dieser Arbeit zeigen deutlich, dass akute Stresssituationen
und die daraus resultierende Freisetzung von Stresshormonen positive Auswirkungen
auf kognitive Fahigkeiten haben kénnen. Doch obwohl die Stress-Reaktion eine
adaptive und notwendige Reaktion auf akute Ereignisse darstellt,kann langanhaltender
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Stress, iiber Wochen, Monate oder sogar Jahre, zu chronischen Verinderungen fiihren,
die schidliche Auswirkungen auf Korper und Geist haben. Die kontinuierlich erh6hte
Produktion von Stresshormonen kann zu schidlichen Langzeitverinderungen in
neurochemischen, neuroanatomischen und zelluliren Funktionen fithren, wodurch
psychiatrische Krankheiten wie z.B. Depressionen entstehen kénnen. Durch den
direkten Zusammenhang zwischen chronischem Stress und Depressionen kann
Stress als wertvolles Hilfsmittel fiir Tierexperimente genutzt werden, um die
zugrundeliegenden neurobiologischen Mechanismen griindlicher zu untersuchen.
Affektive Krankheiten, wie Depressionen, sind eine der weltweit grofiten Verursacher
von Erkrankungen. Sie kehren hiufig wieder und kénnen lebensbedrohlich werden.
Frauen haben eine zwei- bis dreimal hohere Wahrscheinlichkeit an Depressionen zu
erkranken als Mianner. Trotz dieses Wissens wird der Grofdteil der biomedizinischen
Forschung weiterhin hauptséchlich in mannlichen Versuchstieren durchgefiihrt. Dies
ist beachtenswert, angesichts der sich anhdufenden Beweise, dass viele biologischen
Prozesse bei Frauen anders ablaufen als bei Minnern. Der zweite Teil dieser
Doktorarbeit beschiiftigt sich daher mit Effekten von Langzeitstress auf verschiedene
Regionen im limbischen System in weiblichen und ménnlichen Ratten. Kapitel 6 und
7 beschreiben einige der geschlechtsspezifischen Veranderungen im Expressions- und
Phosphorylierungsmuster des Transkriptionsfaktors cAMP response element binding
protein (CREB) als Folge von akutem oder chronischem Stress. CREB ist sowohl in
die Stressreaktion als auch in Behandlungseffekte von Antidepressiva involviert und
Bestandteil einer der wichtigsten Theorien der neurobiologischen Grundlage von
Depressionen.

Unsere Erkenntnisse aus Kapitel 6 zeigen, dass verschiedene Teilbereiche des
Hippocampus und des prifrontalen Cortex (PFC) bei mannlichen Ratten eine
reduzierte Expression von phosphoryliertem CREB (pCREB) sowie Verinderungen
in der Morphologie dieser Hirnregionen aufweisen. Dies steht im Gegensatz zu
den weiblichen Ratten, die keinerlei Hinweise auf derartige Prozesse zeigten. Im
Kontrast dazu zeigte sich bei Untersuchungen im Nucleus Accumbens (Kapitel 7) ein
entgegengesetztes Bild. In dieser Hirnregion wurden die gréfiten Verinderungen bei
weiblichen Ratten gefunden. Diese zeigten eine Zunahme der CREB Expression nach
akutem Stress. Allerdings war pCREB sowohl nach akutem als auch chronischem Stress
signifikant verringert. Die Proteinniveaus blieben in minnlichen Ratten grofitenteils
unverandert. Insgesamt zeigen unsere Ergebnisse, dass ménnliche und weibliche Ratten
auf unterschiedliche, teilweise sogar entgegengesetzte, Weise auf Stress reagieren. Daher
hat eine geschlechtsspezifische Analyse enormes Potential um unser Verstindnis iiber
die Entwicklung psychischer Storungen zu verbessern. Geschlechtsunterschiede sollten
hervorgehoben und in zukinftigen Studien iiber die neurobiologischen Mechanismen
der Stressreaktionen und Depressionen einbezogen werden.

In dieser Arbeit werden beide Seiten der Stressreaktion beleuchtet und sowohl
positive als auch negative Effekte entdeckt. Stress tragt, vor allem unter Laien, seit
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langem einen negativen Beigeschmack. Die meisten Menschen assoziieren mit dem
Wort ‘Stress’ eine Vielzahl schlechter Gefithle und verschiedene andere physische,
emotionale und mentale Beschwerden. Die Daten dieser und anderer Arbeiten
zeigen allerdings deutlich, dass die pure Anwesenheit einer ‘Stress-Reaktion’ nicht
mehr ausreicht, um einen Reiz stressvoll zu nennen. Die ausgeschiitteten kraftvollen
Hormone helfen uns in erster Linie zu iiberleben. Dennoch bleibt es eine Frage des
Timings und der Dosierung. Durch lingeren oder besonders starken Stress konnen
negative Folgen entstehen und sich schiddliche Storungen und Erkrankungen
entwickeln. Trotzdem sollten nicht alle Verinderungen im Gehirn sofort als aversiv
und unangepasst angesehen werden.
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