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CHAPTER 1
GENERAL INTRODUCTION

Stress defines a state in which the physiological or psychological equilibrium of an
individual is threatened (Chrousos and Gold, 1992; Selye, 1976). In presence of a
threat, individuals of all species possess defense systems that allow them to survive.
Clinical and ethological studies have established that the defense pattern of a given
species is complex and its expression determined by the physical distance of the threat
and the controllability of the situation (Blanchard et al., 1993; Fanselow, 1986).
Among the defensive emotional reactions that many species possess, including
humans, fear and anxiety are the most studied.
Fear is the emotional response elicited by a proximal threat; it engages active
behavioral reactions, such as fight or flight, depending on the nature of the threat. In
contrast, anxiety is a state induced by distant and therefore potential threat; it engages
protective reactions (Davis et al., 2010).
Although fear and anxiety can have similar manifestation and are caused by threat,
they differ in onset, duration and decay (de Jongh et al., 2003). They also have different
neurochemical and neuroanatomical substrates (Davis et al., 2010).
This thesis is divided into two independent parts.
The first part will focus on the dorsolateral periaqueductal gray (dlPAG), which control
innate response to imminent threat, and the origin of its dopaminergic innervation.
The second part will examine the anatomical, neurochemical and behavioral aspects
of defensive emotions, focusing on the basolateral amygdala (BLA) which is involved
in anxiety behavior.
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Part I
Dopamine in the dorsolateral periaqueductal gray,
a possible role in panic-like defensive behavior

1

Panic is a reaction in the presence of a life threatening danger and is characterized
by intense fear, strong autonomic arousal and escape behavior. In animal, this would
typically be the defensive reaction elicited by the encounter with a predator (Hamm
et al, 2014). In human, a panic attack is a brief and intense manifestation of this
behavior in absence of real threat and constitutes de core symptoms of panic disorder
(Hamm et al., 2014). Extensive evidence indicates that the dorsolateral column of
the periaqueductal gray (dlPAG) is critically involved in the expression of panic-like
defensive behavior as shown in human and animal studies (Bandler & Shipley, 1994;
Behbehani, 1995). In patients suffering from chronic pain, electrical stimulation of
the midbrain tectum, that includes the dlPAG, has been reported to cause intense
fear accompanied by physiological manifestations such as palpitation, sweating and
dizziness similarly to what is observed during a panic attack (Nashold et al., 1969;
Young, 1989). Besides, the relative volume of the dorsal midbrain is larger in patients
suffering from panic disorder compared to healthy controls (Fujiwara et al., 2011).
Neuroimaging studies in healthy human subjects have shown an activation of the PAG
during lactate-induced panic attacks or the presentation of proximal threats (Mobs et
al., 2007; Reiman et al., 1989). In rat and cat, stimulation of the dlPAG elicits intense
motor and autonomic responses resembling the manifestations displayed during a
panic attack in humans (Adams, 2006; Bandler, et al. 1985). Therefore the stimulation
of the dlPAG has become a valid and well-accepted model for provoking panic attacks
or defensive behaviors (Deakin and Graeff, 1991; Jenck et al., 1995). Several types of
neurotransmitters are involved in complex and subtle interactions in order to mediate
the dlPAG-induced defensive response. Glutamate and GABA, respectively the main
excitatory and inhibitory transmitters, play a major. Activation of glutamate receptors
induces defensive and fear-related reactions while GABAergic transmission inhibits
them (Bandler and Carrive, 1988; Bertoglio and Zangrossi, 2006; Carobrez et al,
2001; Fogaça et al., 2012). Glutamatergic and GABAergic transmissions in the dlPAG
are tuned by many neuromodulators, among which serotonin and cholecystokinin
(CCK) are the most studied. Antidepressant drugs acting trough 5-HT receptors are
used to treat patients suffering from panic disorder, and in rat models serotonin has an
impairing effect on panic-like behavior (de Oliveira Sergio et al, 20011; Graeff, 2004;
Graeff and Zangrossi, 2010). On the other hand, CCK seems to exert a facilitation effect
(Netto and Guimaraes, 2004). Recent evidence has shown the implication of other
neurotransmitters such as endocannabinoids, nitric oxide or endovanilloids in dlPAGrelated defensive behavior (Fogaça et al., 2012). However dopamine is still missing in
the picture, despite its presence in the dlPAG and its role in the hypothalamus defense
system (Kitahama et al., 2000 and 2007; Maeda et al., 1976 and 1985; Mansour et
al., 1990). Anatomical and behavioral studies need to determine its role in dlPAGmediated defensive responses.
9

Part II
Glucocorticoids and noradrenaline interaction
in the basolateral amygdala:
mechanisms and implications for anxiety and memory
Stress is defined as a state in which the homeostasis of an organism is threatened by
a physiological and/or psychological stimulus (stressor) (Selye, 1976; Chrousos and
Gold, 1992). In response to stress, the organism engages physiological, behavioral and
cognitive mechanisms to reestablish homeostasis and cope with the stressful situation
(McEwen, 2007). The brain is the organ that orchestrates and coordinates those
mechanisms, via the recruitment of different brain structures and neurotransmitters to
allow the organism to cope with the stress (Joëls and Baram, 2009).

The stress response in the central nervous system
The stress response is engaged by two complementary systems, the autonomic
nervous system (ANS) and the hypothalamic-pituitary-adrenocortical (HPA) axis
(Fig. 1). Activated shortly after stress, the ANS enables the release of catecholamines
(epinephrine from the adrenal medulla and norepinephrine from the nerve terminals),
which will act throughout the body and brain to produce rapid and efficient
physiological and behavioral responses to the presence of stressors (Chrousos and
Gold, 1992). The HPA axis has a slower onset. Upon stress, the parvocellular neurons
of the paraventricular nucleus of the hypothalamus (PVN) produce and release
corticotropin-releasing hormone (CRH) and vasopressin (AVP). These peptides
stimulate the anterior pituitary, leading to the release of adrenocorticotropic hormone
(ACTH) into the blood circulation. Finally, ACTH stimulation of the adrenal glands
cortex provokes the synthesis and release of glucocorticoids (cortisol in human, and
corticosterone in rodents) which reach a peak in the plasma at 15-30 min after the
initiation of stress and reach the brain about 30 min after beginning of the stressful
event (Herman et al., 2003; Ulrich-Lai and Herman, 2009). Glucocorticoids promote
the mobilization of stored energy and potentiate the mechanisms induced by the
ANS (Ulrich-Lai and Herman, 2009). Importantly, glucocorticoids also regulate the
termination of the stress response by containing the stress-induced mechanisms and
exerting a negative feedback on the HPA axis (Herman and Spencer, 1998; Wang et
al., 2013).
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1

Figure 1. Schematic representation of the HPA axis and the ANS (from Irwin and Cole, 2011)

Noradrenergic system in the brain
The central noradrenergic system is composed of norepinephrine-containing cells
principally located in the locus coeruleus (LC) (also called A6 noradrenergic cell
group) in the brain stem, but also in other minor cell groups (A1, A2, A4, A5 and
A7) located in the pons and medulla (Moore and Bloom, 1979; Morilak et al., 2005;
Samuels and Szabadi, 2008a; Tully and Bolshakov, 2010). These discrete cell groups
provide widespread noradrenergic projections throughout the entire brain and spinal
cord, at the exception of the basal ganglia (Fuxe et al., 1970; Jones et al., 1977a and
b; Ungerstedt, 1971). The activation of the central noradrenergic system by diverse
stressors leads to the release of norepinephrine in the targeted regions, such as the
hypothalamus and the limbic system (Abercrombie and Jacobs, 1987; Amaral and
Sinnamon, 1977; Audet et al., 1988; Cecchi et al., 2002a; Morilak et al., 2005; Moore
and Bloom, 1979). Similarly to other neuromodulators, norepinephrine is principally
characterized by a volume transmission mode (Beaudet and Descarries, 1978; Fuxe
et al., 2010; Sara, 2009). Once released in the extracellular space, it diffuses to its
various targets where it binds on the appropriate receptors. The adrenergic receptors
(adrenoceptors) are G-protein-coupled receptors that can be divided in two classes of
receptors, the α- and β-adrenoceptors, each of them includes different subtypes: α1 and
α2 within the class of α-adrenoceptors; β1, β2 and β3 for the class of β-adrenoceptors
(Ahlquist, 1967; Marzo et al., 2009). The α1-adrenoceptors are located postsynaptically
while α2- and β-adrenoceptors are found both in pre- and postsynaptic compartments
(Marzo et al., 2009). The α1 subtype, coupled to a Gq protein, causes an increase
of intracellular calcium concentration, through activation of the phospholipase C/
inositol triphosphate pathway. The α2 subtype, coupled to a Gi protein, inhibits the
11

production of cyclic adenosine monophosphate (cAMP), while the β subtypes enhance
this production, resulting in the activation of protein kinase A (PKA), which in turn
phosphorylates diverse proteins such as CREB (Marzo et al., 2009). In summary, α1and the β-adrenoceptors exert excitatory effects on neurons, whereas α2-adrenoceptors
generally have inhibitory effects (Marzo et al. 2009). Each of the pathways activated
by norepinephrine modulates neuronal activity of the circuitry involved in generating
adaptive stress response at the physiological, behavioral and cognitive levels (Gorman
and Dunn, 1993; Stone and Platt, 1982; Morilak et al., 2005; Pacáck and Palkovits,
2001; Sved et al., 2002).
Glucocorticoids in the brain
Glucocorticoids are able to cross the blood-brain-barrier and enter the brain
where they bind to two types of receptors of the steroid nuclear receptor family of
transcription factors, the high affinity mineralocorticoid receptor (MR) and the low
affinity glucocorticoid receptor (GR) (Groeneweg et al., 2012; Reul and de Kloet,
1985). While the GR is expressed ubiquitously throughout the brain with the highest
expression in the PVN and hippocampus (Srinivasan et al., 2013), MR localization is
restricted to the structures of the limbic system, principally the hippocampus, but also
the prefrontal cortex and the amygdala (Reul and de Kloet, 1985). As a consequence
of the difference in affinity for the hormones (MR has a 10-fold higher affinity for
corticosteroids than GR), MR is occupied already at basal levels of corticosteroids,
whereas GR is activated when the concentration of the hormone rises, during stress
and ultradian peaks (de Kloet and Reul, 1987; Groeneweg et al., 2011). Thus, MR is
believed to principally set up the threshold for the stress response while GR is directly
implicated in the regulation of the HPA axis and recovery from stress (de Kloet et
al., 1998; Groeneweg et al., 2012; Joels et al., 2008). In absence of their ligands,
the receptors reside in the cytoplasm where they are associated with chaperone and
cellular scaffolding proteins (Prager and Johnson, 2009; Pratt and Dittmar, 1998).
Upon binding with the hormone, they are liberated from the molecular complex, and
translocate as homodimers, heterodimers or monomers to the nucleus where they
modulate gene expression by binding to hormone-response element (HRE) on the
DNA or transcription factors (Beato and Sanchez-Pacheco, 1996; Datson et al., 2008;
Derijk and de Kloet, 2008). The transcriptional activity of corticosteroids is regulated
by the phosphorylation of the glucocorticoid and mineralocorticoid receptors by serine/
threonine kinases (Chrousos and Kino, 2009; Ismaili and Garabedian, 2004; Krstic et
al., 1997). In addition to its genomic effects that can require hours or even days to take
place, corticosteroids also exert rapid effects (de Kloet et al., 2008). These effects,
independent from protein synthesis, are involved in a large range of phenomena (from
the suppression of the HPA-axis, regulation of synaptic neurotransmission to behavior)
(Evanson et al., 2010; Groeneweg et al., 2011; Hinz et al., 2000; Srinivasan, 2013;
Wong and Moss, 1994). Several studies suggested that those rapid actions are exerted
through membrane-associated receptors (Groeneweg et al., 2012; Karst et al., 2010;
Wang and Wang, 2009). There is now ultrastructural evidence showing that both GR
12
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and MR are localized in dendritic spines and at post-synaptic densities (Johnson et al.,
2005; Ooishi et al., 2012; Prager et al., 2010), indicating that membrane-associated
GR and MR may participate to the rapid glucocorticoids-induced effects in the brain.

1

Interconnections between the central noradrenergic system and glucocorticoids
Although the central noradrenergic system and the HPA axis have different temporal
dynamics and different locations, they are not independent from each other and
there is extensive evidence demonstrating their strong anatomical and functional
interconnections. Norepinephrine, the end point of the ANS in the brain, influences
the HPA axis directly through the dense projections from the different noradrenergic
cell groups to the PVN (Cunningham and Sawchenko, 1988; Petrov et al., 1993).
These noradrenergic terminals make direct synaptic contacts on CRH-containing
neurons (Liposits et al., 1986). Norepinephrine depletion provoked by brainstem
hemisection has been shown to reduce CRH mRNA expression in those cells (Pacáck,
2000). Additionally, infusion of norepinephrine or β-adrenoceptor agonist into the
PVN causes an increase in plasma corticosterone levels (Berkenbosch et al., 1981;
Leibowitz et al., 1989). The brain noradrenergic cell groups also control HPA axis
function via relay regions that they innervate, such as the areas of the limbic system or
the bed nuclei of the stria terminalis (Cecchi et al., 2002b; Herman et al., 2005; Radley
et al., 2008; Radley, 2012). On the other hand, the different noradrenergic cell groups,
in particular the locus coeruleus, contain numerous GR through which glucocorticoids
can restrain the noradrenergic response (Aronsson et al., 1988; Härfstrand et al., 1986;
Kvetnansky et al., 1995; Markey et al., 1982; Pavcovich and Valentino, 1997). In
addition to the inter-regulation of the ANS and the HPA axis, the end products of
these systems, noradrenaline and glucocorticoids, work in concert within neurons and
modulate their activity in order to generate an optimal stress response (Zhou et al.,
2011; Krugers et al., 2011 and 2012).

Stress response and anxiety
Anxiety
Anxiety is part of the integrated response to stress and includes physiological,
affective, behavioral and cognitive changes (Davis et al., 2010; Morilak et al., 2005).
This defensive emotion, which arises in response to unpredictable threat, is adaptive
and has been well conserved across species during evolution (Hovatta and Barlow,
2008). Anxiety increases the vigilance of individuals in unfamiliar and uncertain
environments, and allows them to detect and avoid danger (Kalin and Shelton, 1989;
Robinson et al., 2013). However in normal conditions excess of anxiety is maladaptive
for it distracts rational thinking of the individual who will be strongly focused on
his/her negative thoughts. In the most severe case, excessive levels of anxiety turn
into long lasting debilitating state that can affect cognitive performance and produce
inadequate emotional responses. There are different types of anxiety disorders (general
13

anxiety disorder, panic disorder, phobias, posttraumatic stress disorder), but there is
often a co-occurrence of these different anxiety types in one individual (Robinson et
al., 2013). These pathologies, which are the most common psychiatric disorders, are
caused by multiple factors, including genetics, environment and early life experiences
(Barlow, 2000; Hartley and Casey, 2013). Because of the high prevalence of anxiety
disorders in the general population and its considerable impact on individuals and on
the society, there is considerable interest from research to better understand normal
anxiety as well as its pathological version.
Stress hormones and anxiety
In normal conditions, acute stress can induce or exacerbate anxiety response; on the
other hand, severe or chronic stress exposure can lead to anxiety disorders (Grillon et al.,
2007). Consequently, stress hormones, especially glucocorticoids and norepinephrine,
are thought to be important players in mediating normal and pathological anxiety. In
healthy subjects, stress-induced norepinephrine release in the brain via stimulation
of the locus coeruleus, or pharmacological elevation of noradrenergic transmission
facilitates anxiety-like behavioral and physiological responses (Bremner et al., 1996a
and 1996b; Morilak, 2005; Tanaka et al., 2000). The link between glucocorticoids and
anxiety is more complex. While the effect of chronic corticosterone exposure is clearly
anxiogenic (Ardayfio and Kim, 2006; Corodimas et al., 1994; Korte et al., 1996),
there are conflicting findings concerning acute corticosterone administration, which
can be either anxiolytic or anxiogenic depending on the level of arousal or stress of
the subjects (File et al., 1979; Grillon et al., 2011; Mitra and Sapolsky, 2008; Putman
et al., 2007). Nevertheless, genetic studies have shown that dysregulation of GR often
results in an impaired anxiety response or even anxiety disorders while overexpression
of the gene increases anxiety (Gass et al., 2001; Rochford et al., 1997; Tronche et
al., 1999; Wei et al., 2004 and 2012). Pharmacological experiments confirmed the
facilitating role of GR and MR activation on anxiety-like behavior (Brinks et al., 2007;
Calvo and Volosi, 2001; Kabbaj et al., 2000; Smythe et al., 1997). At the level of the
noradrenergic system, α1-AR and β-AR mediate norepinephrine anxiogenic effects
(Cecchi et al., 2002; Flavin and Winder, 2013; Schank et al., 2008). The α2A-AR
autoreceptors exert tonic inhibitory control on noradrenergic transmission and their
pharmacological activation produce anxiolytic effects (Millan et al., 2000; Schramm et
al., 2001). In anxiety disorders, dysfunctions in the glucocorticoids and noradrenergic
systems, such as abnormal levels of circulating hormones or reactivity of the locus
coeruleus or the HPA axis, are often observed (Brunello et al., 2003; Goddard et al.,
2012; Vreeburg et al., 2010; Yehuda, 2009).
Role of the amygdala
The amygdala or amygdaloid complex is an ensemble of interconnected nuclei located
in the temporal lobe. It is involved in detection of threat and danger, attribution of
emotional values to afferent sensory information from all modalities (auditory,
visual, somatosensory, nociceptive…) and generation of adaptive physiological and
14
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behavioral responses (Sah et al., 2003; Wang et al., 2013). Logically, this region is
critically implicated for anxious states and behaviors (Davis et al., 2000; Ledoux,
2000; Maren and Quirk, 2004). Amygdala hyperactivity has been observed in patients
suffering from different types of anxiety disorders (Davidson, 2002; Etkin and Wager,
2007). There is growing evidence from animal studies that specific circuitries in
the BLA are involved in generating anxiety behavior (Hale et al., 2006; Sajdyk and
Shekhar, 1997; Truitt et al., 2009; Tye et al., 2011; Wang et al., 2011). Anxiety levels
strongly correlate with the complexity of BLA principal neurons dendrites (Adamec et
al., 2012). Extensive work form Chattarji and colleagues has shown that chronic and
acute stress induce changes in the morphology of BLA principal neurons by increasing
the complexity of their dendritic arbors, and that these changes are associated with
elevation of anxiety levels (Mitra et al., 2005; Vyas et al., 2002; Vyas et al. 2004).
Glucocorticoids, at least partly, mediate these effects of stress on the amygdala, indeed
chronic or acute corticosterone administration to male rats can also induce changes in
BLA morphology and anxiety-like behavior (Mitra and Sapolsky, 2008). It was further
shown that treatment preventing the alterations of BLA neurons morphology would
also prevent the increase of anxiety levels (Mitra et al., 2009; Mitra and Sapolsky,
2010). Pharmacological studies also demonstrated that glucocorticoids signaling or
noradrenergic activity in the amygdala was implicated in anxiety behavior (Shepard et
al., 2000; Tanaka et al., 2000). However, more studies are needed to determine exactly
how these stress mediators in the amygdala participate to the elaboration of anxious
state.

1

Figure 2. Stress and glucocorticoids effects on BLA neurons morphology (from Roozendaal et al., 2011)
Stress-induced elevation of corticosterone levels decreases GABAergic transmission in the BLA, while the
glutamatergic transmission is increased. These mechanisms lead to the formation of new spines that continues after
the termination of the stress episode, and eventually to the increased of anxiety levels. Chronic or repeated stress
results in enhanced remodeling of BLA neurons including synaptogenesis and dendritic growth.
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Stress response and memory
Events that cause stress or are associated with punishment are better remembered. For
instance, many people remember what they were doing on September 11 in 2001. This
consequence of stress is highly adaptive, for it endows individuals with the capacity to
remember important information (Roozendaal et al., 2009).
The amygdaloid complex mediates stress influence on memory
Because of its neurochemical feature and its unique connectivity, the amygdala can
modulate emotional memories formation by processing stress signaling and interacting
with other brain structures such as hippocampus and the prefrontal cortex (McGaugh,
2004; McIntyre et al., 2012). All the amygdaloid nuclei are richly innervated by
noradrenergic fibers, principally originating from the locus coeruleus, and contain
a high density of adrenergic receptors and glucocorticoid receptors (Asan, 1998;
Fallon et al., 1978; Johnson et al., 2005; Pickel et al., 1974; Prager et al., 2010). A
considerable amount of findings from pharmacological studies have established that
the activation of the adrenergic receptors, especially the β-adrenoceptors subtypes,
and glucocorticoids receptors are the means by which the amygdala, and particularly
the BLA, integrates stress influence on memory processes (Ferry et al., 1999; Galvez
et al., 1996; Liang et al., 1986; Roozendaal et al., 2009). Norepinephrine levels in the
amygdala after inhibitory avoidance training correlate with subsequent memory of the
task (McIntyre et al., 2002). Post-training infusion of norepinephrine or β-adrenoceptors
agonist into the BLA enhances memory consolidation of several types of learning
and memory tasks whereas blockade by β-adrenergic antagonist impairs it (Hatfield
and McGaugh, 1999; LaLumiere et al., 2003; McGaugh et al., 1988). The cAMPPKA pathway is involved in the β-AR actions on memory consolidation (Ferry et al.,
1999). Similarly to norepinephrine, glucocorticoids facilitate memory formation in a
dose dependent manner through the GR present in the amygdala, and specific lesion
of the BLA blocks the memory enhancing effect of glucocorticoids (Abercrombie
et al., 2006; Oitzl et al., 1998; Roozendaal et al., 2006a and 2009; Roozendaal and
McGaugh, 1997). These effects on memory are mediated by genomic mechanisms
and modification of gene transcription (Oitzl et al., 2001). However, a recent study, in
which corticosterone conjugated to a membrane-impermeable bovine serum albumin
molecule was used, suggests that GR non-genomic mechanisms also contribute to the
modulation of memory consolidation via a membrane-associated GR (Roozendaal et
al., 2010). Interestingly, this non-genomic pathway is also necessary for the several
steps of the classical genomic pathways, such as CREB phosphorylation and chromatin
modification (Roozendaal et al., 2010). Although, most of the findings concerning
the action of stress mediators on memory have been discovered in animal models,
there is now direct evidence from clinical studies of the importance of glucocorticoids,
norepinephrine and β-adrenoceptor in integrating stress influence on memory functions
(Segal and Cahill, 2009; Smeets et al., 2009; van Stegeren et al., 2005, 2006 and 2010).

16
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Interaction between noradrenergic and glucocorticoids signaling in memory
process
Norepinephrine and glucocorticoids work in concert in the amygdala to modulate
memory functions. Evidence from animal and human studies have demonstrated
that glucocorticoids effects on memory consolidation require emotional arousalinduced norepinephrine activity (Bryant et al., 2013; Buchanan and Lovallo, 2001;
Okuda et al., 2004; Roozendaal et al., 2006b). A recent imaging study has shown
that elevation of norepinephrine and corticosterone in healthy subjects modified the
amygdala response to emotional stimuli (Kukolja et al., 2008). In rats, glucocorticoidsinduced enhancement of memory consolidation is blocked by application of β-AR
antagonist in the BLA (Quirarte et al., 1997; Roozendaal et al., 1999 and 2002).
Glucocorticoids-induced impairment of memory retrieval and working memory
also requires noradrenergic activity (Barsegyan et al., 2010; Kuhlmann et al., 2005;
Roozendaal and McGaugh, 2010). The exact molecular mechanisms underlying the
interaction between glucocorticoids and the noradrenergic system are not known, but
evidence suggests that glucocorticoids might potentiate noradrenergic transmission
and signaling (Fig. 2) (McGaugh and Roozendaal, 2002). In line with this idea, it
has been demonstrated that a higher dose of clenbuterol, a β-adrenergic agonist, is
necessary to enhance memory consolidation when a GR antagonist is infused into
the BLA; and that systemic glucocorticoids administration increases norepinephrine
levels in the BLA (McReynolds et al., 2010; Roozendaal et al., 2002). Recent
findings indicate that endocannabinoids are necessary for the glucocorticoids action
on noradrenergic activity (Atsak et al., 2012; Campolongo et al., 2009; Hill et al.,
2009 and 2010). However these studies also showed that endocannabinoids effects
also require arousal-induced noradrenergic activity. This indicates that the interaction
between the two main stress mediators is complex and requires the participation of
other neurotransmitter systems.

1

Figure 3. Model of interaction between norepinephrine and glucocorticoids in the BLA (from McGaugh and Roozendaal,
2002). Norepinephrine, released in the BLA as a result of stress-induced activation of the locus coeruleus (LC) and the nucleus
of the solitary tract (NTS), activates adrenoceptors on BLA neurons. This in turn activates cAMP signaling. By bindings to their
receptors in these neurons, glucocorticoids potentiate the adrenoceptors/cAMP cascade, leading to a change of BLA activity that
will influence memory processing in other brain regions.
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Post-traumatic stress disorder
Post-traumatic stress disorder (PTSD) is a psychiatric disorder that develops after
exposure to an extreme trauma that provokes fear, helplessness or horror (American
Psychiatric Association, 2000). It is characterized by three types of symptoms, which
consist of re-experiencing of the traumatic event, avoidance and hyper-arousal. Reexperiencing corresponds to the revival of the traumatic event through intrusive
thoughts, nightmares or flashbacks. Avoidance is characterized by the attempt of
individuals to avoid everything that could remind them the traumatic experience.
Finally, hyper-arousal is reflected by hyper-vigilance and exacerbated physiological
response. Strong fear and enhanced autonomic responses are observed in many
traumatized people, but in most of the cases, the stress response is terminated after
some times and people recover. However in a small portion of individuals, the stress
response becomes chronic and the symptoms persist over months and years (Parsons
and Ressler; 2013; Yehuda 2004). The fact that only a minority of traumatized people
develops PTSD highlights the importance of individual vulnerability and resilience
in the development of this condition. Besides, this incapacity to terminate the stress
response and to reinstate homeostasis suggests a critical role of the neuroendocrine
stress system in the pathophysiology of PTSD. Accordingly, many studies have
showed dysfunctions of the ANS and HPA axis and their endpoints, norepinephrine and
glucocorticoids. Clinical studies have reported elevated baseline central norepinephrine
concentration and higher noradrenergic activity in response to stimuli, mediated by
the α2-adrenergic receptors (Geracioti et al., 2001; McFall et al., 1992; Southwick
et al., 1999; Strawn and Geracioti, 2008). At the periphery, measure of circulating
norepinephrine levels have yielded to conflicting results, with some studies reporting
increased norepinephrine concentration while others showed no increase or even a
decrease (Southwick et al., 1993; Strawn and Geracioti, 2008; Yehuda et al., 1998).
PTSD patients also display higher responsiveness of GR and enhanced suppression of
the HPA axis to dexamethasone challenge (Yehuda, 2009). The measures of circulating
cortisol levels in PTSD patients show variable results (Yehuda, 2009). However, there
is strong evidence that individuals who have low levels of cortisol at the time of the
trauma have more risk to develop PTSD, suggesting that the alteration in the HPA
axis is preexisting and therefore may be an actual risk factor (Delahanty et al., 2003;
McFarlane et al., 1997;Yehuda, 2009; Zohar et al., 2011). Consequently, increasing
the concentration of cortisol has been shown to reduce the incidence of PTSD in
patients of intensive care units who are normally at high risk (Schelling et al., 2001
and 2004; Weis et al., 2006). These dysregulations of neuroendocrine systems are
strongly associated with the re-experiencing symptoms. At the moment of the trauma,
low levels of glucocorticoids associated with high noradrenergic activity are believed
to considerably enhance the consolidation of the memory of the traumatic event, which
produces re-experiencing symptoms. These abnormal hormones levels also contribute
to the retrieval and reconsolidation of the traumatic memory and therefore prevent
its extinction (Goswami et al., 2013; Milad et al., 2006). Consistent with this view, a
recent study showed that elevation of cortisol levels in PTSD patients could reduce the
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re-experiencing symptoms, providing further evidence that glucocorticoids are able to
weaken traumatic memories (Aerni et al., 2004; De Quervain et al., 2009). Cognitivebehavioral therapies, and in particular exposure therapy which consists in reactivating
the dramatic memories and aim at inducing fear extinction, are particularly efficient
for treating PTSD patients (Foa, 2000 and 2006; Taylor et al., 2003). There is some
interest in the association of cortisol and exposure therapy, this is supported by recent
findings suggesting that administration of hydrocortisone could enhance the effect of
exposure therapy (de Klein, 2013; Yehuda et al., 2010). Given that the amygdala is a
target of stress hormones, a critical site for the modulation of emotional memories and
anxiety-like responses, this structure has been examined in PTSD patients. Several
clinical studies reported exaggerated amygdala activity in response to cues related
to the trauma (Shin and Liberzon, 2010). Enhanced activity of the amygdala has also
been observed in neutral conditions or even at rest (Bryant et al, 2005; Semple et al,
2000; Simmons et al., 2011). Interestingly, the intensity of amygdala activity before
trauma seems to positively correlate with the severity of the symptoms (Admon et al.,
2009; Pissiota et al., 2002; Protopopescu et al., 2005). Consistent with these findings,
a recent study examining Vietnam veterans, showed lower occurrence of PTSD in
individuals with amygdala damage (Koenigs et al., 2008).
PTSD is a complex disorder, in which pathological anxiety and pathology of memory
are interconnected. Multiple neurochemical mechanisms and neuronal circuitries are
altered in this disease, and among them, norepinephrine and glucocorticoids activity
in the amygdala seem to play a central role. Extensive evidence, as cited above,
demonstrated their implication in the pathophysiology of PTSD. And because of their
critical role in regulating the HPA axis and modulating emotional memory and anxiety
behavior, studying their interaction would bring considerable insight regarding the
etiology of PTSD but also allow developing efficient therapeutical strategies.

1
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Outline of the thesis
The first part of the thesis consists of a single chapter (chapter 1) and will focus on
the dorsolateral periaqueductal gray, which is a core structure in the brain system for
generating defensive reactions to immediate and acute psychological or physiological
threat. In this chapter, we will examine the distribution of dopaminergic afferent
projections to this region and discuss a possible role of this neurotransmitter in the
panic-like defensive behavior circuitry.
The second part of this thesis will investigate the anatomical and molecular basis of
the interaction between norepinephrine and glucocorticoids in the BLA, and the long
term effect of this interaction for anxiety and memory.
Norepinephrine activity in the BLA in interaction with glucocorticoids signaling
modulates the consolidation of emotionally arousing memories. These effects on
memory are mediated by β-adrenoceptors (β-AR) and glucocorticoids receptors
(GR). Although the exact nature of this interaction remains unclear, there is evidence
indicating that glucocorticoids might amplify the effects of norepinephrine on synaptic
transmission within BLA neurons, suggesting that GRs and β-ARs are located
within the same synapses. However, there is no anatomical evidence supporting the
colocalization of these receptors within the BLA. In addition all the glucocorticoids
effects on memory have been shown to require arousal-induced noradrenergic activity,
suggesting that glucocorticoid signaling is first influenced by norepinephrine. In
chapter 3, we examine the anatomical and molecular basis of the interaction between
the noradrenergic system and glucocorticoids in the BLA. Using immunofluorescence
and immunolabeling for electron microscopy, we investigate the ultrastructural
distribution of β2-AR and GR in the BLA. We also investigate the consequences of
β2-AR activation on GR phosphorylation status.
There is strong evidence that cortisol has beneficial effects in preventing PTSD, but
also in reducing traumatic memories. These therapeutic effects are thought to be due
to the role of glucocorticoids in the modulation of memory consolidation and memory
retrieval. However little is known about the direct role of cortisol on anxiety levels in
PTSD patients, although it is well established that glucocorticoid hormones influence
anxious responses. Chapter 4 investigates the mechanisms of corticosterone influence
on anxiety behavior, in respect to the temporal dynamics and the implication of the
noradrenergic system and the HPA axis.
Learning and memory processes share common neurochemical and neuroanatomical
substrates with anxiety. There is strong evidence that glucocorticoids modulate these
two brain functions. However it is not clear whether the same corticosteroid-induced
mechanisms affect memory processing and anxiety behavior simultaneously. In
chapter 5, we investigate whether the corticosterone effects on anxiety observed in
chapter 4 co-occur with effects on learning and memory performance. Further we
examine whether those effects depend on the level of arousal of the memory task.
In chapter 6, the principal findings and conclusions of the studies are summarized and
discussed. This chapter provides also perspectives for future research.
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ABSTRACT
Several findings have indicated an involvement of dopamine in panic and defensive
behaviors. The dorsolateral column of the periaqueductal gray (dlPAG) is crucially
involved in the expression of panic attacks in humans and defensive behaviors, also
referred to as panic-like behaviors, in animals. Although the dlPAG is known to receive
a specific innervation of dopaminergic fibers and abundantly expresses dopamine
receptors, the origin of this dopaminergic input is largely unknown. This study aimed
at mapping the dopaminergic projections to the dlPAG in order to provide further
insight into the panic-like related behavior circuitry of the dlPAG. For this purpose,
the retrograde tracer cholera toxin subunit b (CTb) was injected into the dlPAG of
male Wistar rats and double immunofluorescence for CTb and tyrosine hydroxylase
(TH), the rate-limiting enzyme in the synthesis of dopamine, was performed. Neurons
labeled for both CTb and TH were counted in different dopaminergic cell groups.
The findings indicate that the dopaminergic nerve terminals present in the dlPAG
originate from multiple dopamine-containing cell groups in the hypothalamus and
mesencephalon. Interestingly, the A13 cell group is the main source of dopaminergic
afferents to the dlPAG and contains at least 45% of the total number of CTb/TH-positive
neurons. Anterograde tracing with biotinylated dextran amine (BDA) combined with
double immunofluorescence for BDA and TH confirmed the projections from the A13
cell group to the dlPAG. The remainder of the dopamine-positive terminals present
in the dlPAG was found to originate from the extended A10 cell group and the A11
group. The A13 cell group is known to send dopaminergic efferents to several other
brain regions implicated in defensive behavior, including the central amygdala and
ventromedial hypothalamus. Therefore, although direct behavioral evidence is lacking,
our finding that the A13 cell group is also the main source of dopaminergic input to the
dlPAG suggests that dopamine might contribute to the regulation of dlPAG-mediated
defensive behaviors.
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superior colliculus.
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INTRODUCTION
There is considerable evidence supporting a role for dopamine in defensive behavior
and panic. Early animal studies have shown the contribution of dopamine in the
general process of defensive behavior, suggesting a facilitating role for dopamine via
its D2-receptors. Systemic administration of D2-receptor agonists has been shown to
induce defensive and aggressive reactions whereas D2-receptor antagonists reduce
these types of behavior (Maeda, 1976; Maeda et al., 1985; Puglisi-Allegra and Cabib,
1988a,b; Gendreau et al., 1998, 2000). Additionally, systemic administration of the
dopamine receptor antagonists haloperidol and chlorpromazine increases the threshold
of hypothalamic-induced directed attack and threat responses, while agonists such
as methamphetamine and apomorphine, which enhance dopaminergic transmission,
lower this threshold (Maeda, 1976; Maeda et al., 1985). Dopamine densely
innervates several regions of the defensive behavior system such as the amygdala and
hypothalamus (Lindvall et al., 1984; Asan, 1998). It is likely that dopamine release
into these brain structures directly participates in the facilitation of defensive behavior
and panic-like reactions. For instance, an activation of D2-receptors within the medial
preoptic-anterior hypothalamus has been shown to induce defense-like reactions in cat
(Sweidan et al., 1991).
The dorsolateral column of the periaqueductal gray (dlPAG) is another key structure of
the defensive behavior system (Bandler and Shipley, 1994; Del-Ben and Graeff, 2009;
Fogaça et al., 2012). It responds to the presence of proximal threat (Reiman et al., 1989;
Mobbs et al., 2007) and its stimulation elicits panic attack and defensive behaviors in
both human and animal subjects (Nashold et al., 1969; Bandler et al., 1985; Deakin
and Graeff, 1991; Jenck et al., 1995; Adams, 2006). An interesting study from Jenck
et al. (1990) demonstrated that nomifensine, a dopamine- and noradrenaline-reuptake
inhibitor, enhances the aversion induced by electrical stimulation of the dorsal PAG,
suggesting a role for dopamine within this region. The presence of dopamine fibers
and dopamine D2-receptor in the dlPAG has been shown in rat and in cat (Mansour
et al., 1990; Kitahama et al., 2000, 2007). Taken together, these findings suggest that
dopamine might participate in regulating the expression of dlPAG-mediated panic-like
behaviors.
A first step to answer this question is to establish a map of dopaminergic afferents
to this region. Therefore, this study aimed first at investigating the existence of a
dopaminergic innervation into the dlPAG by applying immunohistochemistry for
tyrosine hydroxylase (TH) and dopamine-β-hydroxylase (DBH), the rate-limiting
enzymes in the synthesis of dopamine and noradrenaline respectively, to distinguish
between dopaminergic fibers (TH positive) and (nor)adrenergic fibers (TH and DBH
positive). Subsequently, to determine the source of dopaminergic neurons projecting
to the dlPAG, the retrograde tracer cholera toxin subunit b (CTb) was injected into
the dlPAG, and immunofluorescence for CTb and TH was examined in several
dopaminergic cell groups. The anterograde tracer biotinylated dextran amine (BDA)
was used to confirm the findings obtained with the retrograde tracing experiments. We
investigated the distribution and localization of dopaminergic cells projecting to the
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dlPAG, and showed that they originate from distinct dopaminergic cell groups.

EXPERIMENTAL PROCEDURES

2

Animals

Twenty male Wistar rats (250–300 g at the time of surgery) from Harlan, The
Netherlands, were group-housed (2 or 3 rats per cage) and maintained on a 12-h/12-h
light/dark cycle (lights on 07:00-19:00 h) with ad libitum access to food and water. 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.

General Surgical Procedures

Nineteen rats were anesthetized by isoflurane inhalation (5% in 800 ml/min oxygen)
and positioned in a stereotaxic apparatus (Kopf Instruments, Tujunga, CA, USA), fitted
with a nose cone allowing for the continuous administration of anesthetic. After the
rat was placed in the stereotaxic apparatus, the percentage of isoflurane was lowered
to 2.5%. After cleaning of the surface, an incision was made in the skin covering the
skull, and burr holes were drilled in the skull overlying the region of interest. Tracer
injections were made stereotaxically, using coordinates taken from the rat brain atlas
of Paxinos and Watson (1998). Subsequently, the wound was sutured and cleaned.
After surgery, the rats received a subcutaneous injection of the non-steroidal analgesic
carprofen (4 mg/kg; Pfizer, NY, USA) and were allowed to recover from anesthesia in
individual cages placed on a heating pad for 1 h. The following day, they received a
second injection of carprofen (4 mg/kg).

Injection of retrograde tracer

CTb (2%, List Biological Laboratories, Campbell, CA, USA), dissolved in distilled
water, was targeted into the right dlPAG (coordinates: 6.3–6.6 mm posterior to Bregma,
1.6 mm lateral to the midline, 4.4–4.9 mm from the surface of the dura mater, angle
15°) of 13 animals. The tracer was delivered into the targeted area through a glass
micropipette, either by pressure injection (pipette tip diameter 20–30 μm; volume
ranged between 20 and 75 nl) using an automated air-pressure system (World Precision
Instruments PV830, Sarasota, FL, USA), or by iontophoresis (pipette tip diameter 10–
20 μm) using a 5–μA positive-pulsed current (7 s on/off circles for 20 min). To avoid
leakage of tracer along the pipette track, the pipette was left in place after the pressure
injection for 5–10 min, and after the iontophoresis injection for 10 min with negative
current. Out of 13 cases, six cases (R22, R23, R25, R26, R29, R30) were selected for
the quantitative analysis.

Injection of anterograde tracer

In order to certify the projections found with the above-described retrograde tracing
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technique, anterograde projections originating from the region that contained most of
the double-labeled cell bodies for CTb and TH were analyzed. The anterograde tracer
BDA (10,000 mW, 10%; Molecular Probes, Carlsbad, CA, USA) was stereotaxically
injected into the A13 dopaminergic cell group located in the medial zona incerta
(coordinates: 2.4 mm posterior to Bregma; 2.1 mm lateral to the midline; 7.9 mm
from the surface of the dura mater; angle 10°) by pressure injection following the same
procedure as described in the section above (pipette tip diameter 20–30 μm; volume
ranged between 20 and 75 nl). Out of six cases, two cases (F424 and F425) with
injections that covered the entire A13 cell group were selected for further qualitative
analysis.

Perfusion and tissue collection

Following a postsurgical survival period of 1 week, rats were anesthetized with an
overdose of sodium pentobarbital (60 mg/kg, i.p.) and perfused transcardially with
50 ml of heparinized (5000 IE/ml) 0.9% (w/v) saline (Leo Pharma, Breda, The
Netherlands), followed by 300 ml of 4% (w/v) paraformaldehyde in 0.1 M phosphate
buffer (PB, pH 7.4). The brains were removed, postfixed at 4°C for 24 h, and then
transferred to 25% sucrose in 0.1 M PB, pH 7.4 at 4°C for 48 h. An incision mark
was made on the right side of the brain, into which tracers were delivered, to allow
for ipsi- and contralateral distinction of projection patterns. Thirty-μm-thick frozen
coronal sections of the entire brain were cut on a cryostat and collected in five series
in Tris-buffered saline (TBS) with sodium azide (0,01%) and stored at 4°C until use.
To determine the distribution of TH and DBH in the rat PAG, one rat was anesthetized
and sacrificed according to the same procedure. The brain tissue was also collected,
sectioned and stored following the same procedure.

Immunohistochemistry
TH and DBH immunohistochemistry

Brain sections containing the dlPAG, obtained from the rat that did not receive tracer
injections, were pretreated with 1% sodium borohydrate for 15 min, rinsed in TBS,
treated with 1% hydrogen peroxide in TBS for 1 h, rinsed again in TBS, preincubated in
5% normal donkey serum (Vector Laboratories, Burlingame, CA, USA) in 0.3% Triton
X-100/TBS for 30 min, and then incubated with a polyclonal rabbit antiserum for TH
(1:1,000; Millipore, Bedford, MA, USA; catalog nr: AB152) or a monoclonal mouse
antiserum for DBH (1:400; Millipore, Bedford, MA, USA; catalog nr: MAB308) in
1% normal donkey serum in 0.3% Triton-X/TBS overnight at 4°C. The next day, the
sections were rinsed in TBS for 90 min, incubated with biotinylated donkey anti-rabbit
or donkey anti-mouse (1:1,000; Jackson ImmunoResearch, West Grove, PA, USA) and
rinsed in TBS for 90 min. Subsequently, the sections were incubated with avidin-biotin
peroxidase complex from the Vectastain Elite Kit (Vector Laboratories, Burlingame,
CA, USA). Tissue was rinsed in TBS for another 90 min and the peroxidase product
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was visualized by transferring sections into 0.022% diaminobenzidine (SigmaAldrich, USA) and 0.003% hydrogen peroxide in TBS for 5 min. The reaction step
was terminated by thorough rinsing in TBS. The sections were then mounted on glass
slides, air-dried, dehydrated in a gradient of alcohol, cleared in xylene, and cover
slipped with DePeX mounting medium (Gurr BDG, Poole, UK).

2

Visualization of injection sites

In order to visualize the injection sites, dlPAG sections obtained from tracer-injected
rats were processed following the procedure mentioned above. For this staining, we
used a polyclonal goat antiserum for CTb (1:10,000; List Biological Laboratories,
Campbell, CA, USA; catalog nr: 703) as primary antibody, biotinylated rabbit anti-goat
(1:1,000; Jackson ImmunoResearch, West Grove, PA, USA) as secondary antibody,
and normal rabbit serum instead of normal donkey serum.

Immunofluorescence
CTb and TH immunofluorescence

In order to identify the location of retrogradely labeled neurons in the various
dopaminergic regions, double labeling for CTb and TH was performed. The
dopaminergic cell groups have been well described and classified, and have locations
very distinct from the (nor)adrenergic cells groups (Dahlstrom and Fuxe, 1964; Hökfelt
et al., 1984). Therefore, we chose TH as marker to visualize putative dopaminergic
neurons. Three out of five series of sections of each brain having received CTb
injections were preincubated with 5% normal donkey serum in 0.3% Triton X-100/
TBS for 30 min, and then incubated with a cocktail of polyclonal rabbit antiserum for
TH (1:1,000; Millipore, Bedford, MA, USA) and polyclonal goat antiserum for CTb
(1:10,000) diluted in 1% normal donkey serum in 0.3% Triton X-100/TBS overnight
at 4°C. The next day, the sections were rinsed in TBS for 90 min, and incubated with
Alexa 568 conjugated donkey anti-goat and Alexa 488 conjugated donkey anti-rabbit
(1:500; Jackson ImmunoResearch Laboratories, West Groves, PA, USA) diluted in 1%
normal donkey serum in 0.3% Triton X-100/TBS for 1 h. After the last incubation step,
sections were rinsed again in TBS for 90 min, mounted on gelatin-coated glass slides,
air-dried, cover slipped with Vectashield mounting medium (Vector Laboratories,
Germany) and stored in the dark.
To control for non-specific staining of the secondary antibodies, the primary antibodies
were omitted or replaced with non-immune serum in some control sections. Virtually
no staining was observed in those sections.

BDA and TH immunofluorescence

In order to certify the findings of the retrograde tracing study and visualize the
dopaminergic fibers in the dlPAG that originate from the A13 cell group, double
labeling for BDA and TH was performed. Sections containing the area of the A13 and
the dlPAG were examined to localize double-labeled soma at the injection sites (A13
dopaminergic cell group) and double-labeled fibers in the target area (dlPAG). A one39

in-five series of sections was processed following the same procedure as described in
the previous paragraph. The same TH (1:1,000) antibody was used, together with the
same secondary antibody or Alexa 633 conjugated donkey anti-rabbit. BDA labeling
was detected with TRITC or Alexa 488 conjugated streptavidin (1:500; Jackson
ImmunoResearch Laboratories, West Grove, PA, USA).

Analysis

The CTb injection sites of the selected cases (R22.R23.R25.R26. R29.R30) were
drawn using bright field and dark field illumination with a Zeiss Stemi SV11
microscope. Injection sites and (double)-labeled cells were visualized with a Leica
DM 4000B fluorescence microscope and double-labeled fibers were examined with a
Leica TCS SP2 confocal microscope. For the CTb/TH double-staining experiments,
CTb-retrogradely labeled and TH-positive neurons were viewed with excitation lights
of 560 nm wavelength (Leica TX2 filter block) and 480 nm wavelength (Leica L5
filter block), respectively. For BDA/TH double-stained sections, BDA labeling was
visualized with a TX2 filter and TH with an L5 filter. Neurons and fibers showing
the same morphology, position and orientation under the two different filters for the
detection of CTb and TH, or BDA and TH, in the same focal plane, were considered
to be double labeled. Photographs were taken with a Leica digital camera DFC 420C.
The two-channel readings for green and red fluorescence were merged by using Adobe
Photoshop, allowing for adjustments in contrast and brightness.

Double-labeled cell counting

Double-labeled neurons were counted in three-in-five series of sections for each brain
in the different dopaminergic cell groups. In order to estimate the total number of
double-labeled neurons in each brain, the number for each group and for each subject
was first multiplied by 5/3 (for the dlPAG cases) or 5/1 (for the control case) to correct
for the uncounted sections. The results were then multiplied by the Abercrombie
correction factor in order to correct for split nuclei and potential double counting
(Abercrombie, 1946). The formula is:

A=[t/(t+x)]

Where t equals the thickness of the section (30 μm), and x equals the average
diameter of the soma of the dopaminergic neuron. To measure the diameter of THimmunoreactive neurons, double-labeled neurons were captured at high magnification,
and the images were imported into Image J (Bethesda, MD, USA). Using this software,
we determined the size of TH-containing soma and calculated an average diameter for
each dopaminergic group of each animal. The value of the correction factors ranged
from 0.63 to 0.72.
The CTb/TH-positive cells were plotted on sections taken from the atlas of Paxinos
and Watson (1998). The quantification was expressed in percentage of the total number
of labeled cells.
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RESULTS
TH and DBH immunoreactivity in the PAG

In order to examine the presence of putative dopaminergic fibers in the dlPAG,
sections were stained with an antibody against TH and DBH (the rate-limiting enzyme
in the synthesis of noradrenaline). Figure 1A shows a schematic representation of
the PAG observed in the stained sections. Figure 1B shows the distribution of THimmunoreactive fibers in the whole PAG. We observed a uniform and relatively dense
presence of TH immunoreactivity in the different columns of the PAG. As shown in
Figure 1C, DBH-immunoreactive fibers are predominant in the ventral part of the PAG,
whereas they are scarce in the dorsal part of the PAG. A comparison between TH and
DBH immunoreactivity in the dlPAG (outlined in red in Figures 1B,C) indicates that
TH-containing fibers are much more abundant than DBH-containing fibers, indicating
that dopamine is more abundant than noradrenaline in the dlPAG.
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Figure 1. Distribution of TH and DBH immunoreactivity in the PAG. (A) Schematic representation of the
PAG and adjacent nuclei. (B) Micrograph of a coronal section showing TH-labeled fibers and terminals in the PAG
and deep layers of the SC. The dlPAG is outlined in red; the subdivisions of the PAG are depicted in yellow. (C)
Micrograph of a coronal section showing DBH-labeled fibers and terminals in the PAG and deep layers of the SC.
The dlPAG is outlined in red. Comparison between Figures 1B,C suggests that dopamine is more abundant than
noradrenaline in the dlPAG. Scale bar is 200 μm. For abbreviations, see list.

Origin of TH immunoreactive Fibers in the dlPAG

To determine the origin of the dopaminergic innervation of the dlPAG, the retrograde
tracer CTb was injected into the dlPAG, and double immunofluorescence for TH and
CTb was applied. Out of the 13 rats that underwent stereotaxic surgery, six rats were
selected for analysis.

CTb injection sites in the dlPAG

Figure 2A shows schematic drawings of pressure CTb injection sites in the dlPAG,
Figure 2B shows an iontophoretic CTb injection. In five cases the injection was targeted
to the dlPAG. In three cases (R22, R23 and R30), the tracer deposits involved a large
proportion of the rostro-caudal extent of the dlPAG. In case R22, the CTb deposit
was mainly located in the rostral and intermediate dlPAG. The tracer was spread
into the superior colliculus (SC) at the level of the rostral dlPAG, and also into the
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dorsomedial PAG (dmPAG). In case R23, the injection site covered the intermediate
and caudal parts of the dlPAG as well as the SC at the level of the intermediate/caudal
part of the dlPAG. In case R30, the CTb deposit was located within the dlPAG with
only minor spread into the dmPAG. In two other cases (R25 and R26), the injection
sites were more restricted. For case R25, the tracer deposit was contained within the
rostral-intermediate dlPAG and SC. In case R26, the injection site was located in the
intermediate-caudal dlPAG and the deep layers of the SC.
In case R29, the deposit was essentially located within the SC. This case was used as
a control.

Figure 2. Injection sites of retrograde tracer experiments. (A) Schematic drawings representing CTb deposits
by pressure injections along the rostro-caudal extent of the dlPAG and the SC. The four cases are represented by
different colors (R22 in red, R23 in brown, R25 in green and R26 in blue). (B) Schematic representation of CTb
iontophoresis deposits in the dlPAG. R30 is in purple and R29 in dark brown. The injection made in case R29 was
placed in the deep layers of the SC and did not include the dlPAG. This case was used as a control injection. For
abbreviations, see list.
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Table 1. Calculated numbers of putative dopaminergic neurons that project to the dlPAG and relative
contribution of the different cell groups.

Distribution and quantification of CTb/TH double-labeled neurons in the
dopaminergic cell groups

CTb/TH double-labeled neurons were found in several dopaminergic cell groups. In
Table 1, the calculated numbers of double-labeled neurons in the different dopaminergic
cell groups are reported for all the cases. In addition, the relative contribution of each
dopaminergic cell group is indicated as a percentage of the total number of CTb/TH
neurons.
The distribution pattern and proportion of double-labeled neurons were relatively
constant among the different cases, although there were noticeable differences that
might be explained by a variation in injection size and/or spread of tracer along the
rostro-caudal extent of the dlPAG.
In order to demonstrate the distribution of the putative dopaminergic neurons projecting
to the dlPAG, two cases (R22 and R30) were chosen for illustration (Figures 3–5).
Due to their restricted injection sites, they provide a relatively complete covering
concerning the origin of dopaminergic afferents of the dlPAG.
A13 cell group. The incertohypothalamic dopaminergic neuron group (A13) is located
in the medial part of the zona incerta (mZI), in the vicinity of the A14 cell group. In all
cases, the A13 cell group was the dopaminergic cell group that contained the highest
number of CTb/TH-positive cells, representing 60% of the total number of doublelabeled cells in R22, 50% in R23, 59% in R25, 45% in R26, and 78% in R30. CTb/THpositive neurons were abundant in the intermediate A13 cell group, whereas only few
double-labeled neurons were found in the rostral and caudal parts. Most of these cells
were located at the ipsilateral side of the tracer injection. Some contralateral doublelabeled neurons were found (Figure 3A). This was observed also in cases R23 and R26
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which contain higher amounts of tracer (not shown). Fluorescent images of the A13
cell group show dense clusters of labeled somata, especially for TH immunostaining
with single CTb and double-labeled cells for CTb and TH (Figure 3B).
A11 cell group. In case R22, there were equal numbers of double-labeled cells found
ipsilaterally and contralaterally to the injection site (Figure 4A). In case R30, very few
neurons (we estimated a total of 8 neurons) were double labeled and all of them were
found ipsilateral to the injection site (Figure 4A). In contrast, in case R25 (in which the
injection site was more rostral) and case R30 (in which the CTb deposit was light), the
A11 cell group contained the second highest number of CTb/TH-positive cells (28%
of the total number of double-labeled neurons for R25, and 22% for R30) with no
double-labeled neurons found in the extended A10 cell group. The A11 dopaminergic
cell group appears at Bregma level −3 mm where it intermingles with the caudal A13
group. However, dopaminergic cells within the A11 cell group (Figure 4B) can easily
be distinguished by their large somata. A few CTb/TH-positive neurons were located
in this group.

2

A10 cell group. Double-labeled neurons were found in three distinct parts of the
extended A10 cell group: The posterior hypothalamic area (PHA) illustrated in Figure
5A; and the rostral linear nucleus of the raphe (RLi) and the ventral periaqueductal
gray (vPAG) represented in Figure 5B. Labeled neurons were equally distributed
among those three sites. Rostrally, they were located ventral to the third ventricle
between the mammillotegmental tract and the fasciculus retroflexus and extended into
the RLi and the vPAG. The ventral tegmental area was devoid of any retrogradely
labeled neurons. Figure 5C shows double-labeled neurons in the RLi of case R22. In
three cases (R22, R23, and R26), the A10 cell group was the second source of CTb/
TH-positive cells with respectively 22, 30, and 26% of the total number of doublelabeled neurons. These were the cases in which the injection site was quite large and/
or involved the intermediate part of the dlPAG.
Other cell groups. In all cases, except R30, double-labeled neurons were also
observed in the A14 group. Very few double-labeled cells were found in the A15 and
A9 (substantia nigra) groups in R23 and R26. Their injection sites shared similarities
with tracer spread into the intermediate/caudal dlPAG and the SC.
Control case. In case R29, the tracer deposit was located in the deep layers of the SC
at the level of the intermediate dlPAG. By using the same calculations as for dlPAG
cases, we found an estimated number of 6 double-labeled neurons. Double-labeled
cells were found in equal numbers in the A13 and the A10 cell groups (data not shown).
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Figure 3. Double-labeled neurons in the A13 dopaminergic cell group projecting to the dlPAG. (A)
Diagrammatic representation of the distribution of CTb/TH-positive cells in the A13 cell group, cases R22 (black
dots) and R30 (red dots). Figures modified from Paxinos and Watson (1998). (B) Fluorescence micrographs
showing TH-labeled (green) and CTb-labeled neurons (red) in the A13 group in case R22. Double-labeled neurons
appear yellow in the merged image (white arrows). Scale bar is 60 μm.

46

DOPAMINERGIC PROJECTIONS TO THE DLPAG

2

Figure 4. Double-labeled neurons in the A11 dopaminergic cell group projecting to the dlPAG. (A) Distribution
of CTb/TH-positive cells in the A11 cell group, cases R22 (black dots) and R30 (red dots). Figures modified from
Paxinos and Watson (1998). (B) Fluorescence micrographs showing TH-labeled (green) and CTb-labeled neurons
(red) in the A11 group in case R22. Double-labeled neurons appear yellow in the merged image (white arrows).
Scale bar is 50 μm.
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Figure 5. Double-labeled neurons in the A10 dopaminergic cell group projecting to the dlPAG.
(A) Distribution of CTb/TH-positive cells in the posterior hypothalamic area (PHA), case R22 (black dots) and

R30 (red dots). Figures modified from Paxinos and Watson (1998). (B) Distribution of double-labeled neurons in
the rostral linear nucleus of the raphe and the ventral PAG. Figures modified from Paxinos and Watson (1998). (C)
Fluorescence micrographs showing TH-labeled (green) and CTb-labeled neurons (red) in the rostral linear nucleus
in case R22. Double-labeled neurons appear yellow in the merged image (white arrows). Scale bar is 100 μm.
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Dopaminergic Projection from A13 to the dlPAG

The findings described in the previous section indicate that the A13 cell group is the
main source of dopaminergic input to the dlPAG. In order to confirm the retrograde
tracing data, the anterograde tracer BDA was injected into the mZI, and sections
containing the mZI and the dlPAG were double stained for TH and BDA. Figure 6
shows a representative example of a BDA injection site, within the mZI, overlapping
with the A13 cell group area as illustrated by the presence of BDA/TH-positive neurons.
Examination of double-labeled axons and boutons within the dlPAG confirmed the
presence of BDA/TH-immunoreactive profiles (Figure 7).

2

Figure 6. BDA injection site in the area of the mZI, including the A13 cell group. Images from fluorescent
microscopy show neurons containing the anterograde tracer (in red) and TH in (green). Double-labeled cells are
indicated by arrows and appear in yellow. Scale bar is 30 μm.
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Figure 7. BDA-labeled terminals and terminal boutons in the dlPAG originating from the A13 dopaminergic
cell group. Upper panel: images from confocal microscopy showing BDA- (in green) and TH-labeled fibers (in
red) in the dlPAG. Arrowheads indicate double-labeled processes. Middle and lower panels: high magnification
images of double-labeled processes. Arrowheads indicate double labeling. Scale bar is 10 μm.

DISCUSSION
This study aimed at establishing a dopaminergic map of the dlPAG, an important brain
region involved in the expression of defensive behavior and panic. The present findings
provide evidence for the existence of a relatively abundant dopaminergic innervation
in the dlPAG and demonstrate that this innervation originates from different areas
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of the diencephalon and mesencephalon. The incertohypothalamic dopamine neurons
(A13) located in the rostromedial part of the zona incerta (mZI) represents the main
source of dopaminergic input to the dlPAG. The extended A10 group was the secondlargest source of dopaminergic input to the dlPAG; the projecting neurons were located
in the PHA, the RLi and the vPAG. Projections from other hypothalamic groups (A11
and A14) were also identified.

2

Methodological Considerations

We determined the origin of dopaminergic afferents to the dlPAG and evaluated the
relative contribution of the different dopaminergic groups. The use of retrograde
tracing combined with double immunofluorescence is a reliable and sensitive method
which, however, has some limitations.
The first one is related to the uptake of tracer by fibers of passage. We opted for injecting
relatively large amounts of retrograde tracer by pressure injection. This allowed us to
obtain large injection sites that cover an important part of the rostro-caudal extent of
the dlPAG. In case of large pressure injection, however, it is possible that the tracer
is taken up also by damaged passing fibers. This could lead to retrogradely labeled
neurons in regions that actually do not project to the injection site (Chen and AstonJones, 1995). However, several arguments consolidate the results obtained from our
pressure injection cases.
Firstly, we used one case (R30) in which the tracer had been delivered iontophoretically
into the dlPAG. We used a relatively high current (5 μA) to obtain a tracer deposit
that would give strong labeling while still being restricted to the injection site. The
iontophoresis method has been shown to be more sensitive than pressure injection
(Kovács and Palkovits, 2010), and this current intensity (5 μA) with CTb has been
successfully utilized recently (Bienkowski and Rinaman, 2013). The comparison
between this case (R30) and a case with pressure delivery of the tracer (R22) confirms
the importance of the A13 and A11 dopaminergic groups in the innervation of the
dlPAG.
Secondly and most importantly, we selected cases in which the patterns of CTb deposits
were diverse and complementary. For instance, in cases R23 and R26, injection sites
located in the more caudal part of the dlPAG are complementary to case R22. The
topographies of the different cases were quite similar. Additionally, all the regions in
which a high number of double-labeled neurons were found (the A13, A11, and A10
groups) have been shown to project to the dlPAG in previous studies (see below).
Therefore, if there was any uptake of CTb by passing fiber, it is likely to be rather
limited. In two cases (R23 and R26), we found a low number of neurons within the
A15 and A9 cell groups. Two neurons in the A15 cell group for each case, and three
and four labeled neurons in the A9 cell group for R23 and R26 respectively. This
labeling could be the result of CTB uptake by fibers of passage, since there are no
established projections from the substantia nigra to the dlPAG (Kirouac et al., 2004).
Another drawback of tracer delivery by pressure injection is that the tracer can spread
out of the limits of the region of interest. In our study, CTb deposits were also present in
the SC, essentially the deep layers. The SC also contains dopaminergic fibers although
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less than the dlPAG (Kitahama et al., 2000) as confirmed by comparison of our TH
and DBH stainings. Importantly, the analysis of case R29, in which the tracer deposit
is located only in the deep layers of the SC, shows that only very few CTb/TH-positive
neurons are present in dopaminergic cell groups (the A13 and A11 cell groups). CTb
deposit spread also into a small portion of the dorsomedial PAG (dmPAG); therefore
it is possible that some of the double-labeled neurons found are actually projecting to
the dmPAG which also plays an important role in defensive behavior (Canteras, 2002).
To provide further evidence that the A13 cell group is a source of dopaminergic input to
the dlPAG, the anterograde tracer BDA was injected into this area. We choose the high
molecular weight BDA (10,000 mW) which is preferentially transported anterogradely
(Reiner et al., 2000). Given the advantage of BDA of being able to be delivered also
by pressure injection, we preferred this tracer over Phaseolus vulgaris leucoagglutinin.
Thus, we could apply large injections that covered most part of the A13 group extent.

A13 Cell Group

In this study, the A13 dopaminergic cell group provides most of the dopaminergic
input to the dlPAG. Approximately half of the total number of CTb/TH-positive
neurons was found in this dopaminergic cell group. It seems that this cell group
projects along a large part of the rostro-caudal extent of the dlPAG. Indeed, among the
cases selected, there were different patterns of tracer deposit along the dlPAG extent,
and in all cases the A13 dopaminergic cell groups contained most of the doublelabeled neurons. The A13 cell group consists of a cluster of dopaminergic neurons
located in the rostromedial part of the mZI (Björklund et al., 1975) and belongs to the
medial hypothalamic system (Sita et al., 2007). The connection pattern of the mZI
is different from the rest of the zona incerta (ZI) which is considered to be part of
the subthalamic area. Earlier studies have demonstrated the existence of important
reciprocal connections between the ZI and the PAG (Shammah-Lagnado et al., 1985;
Kolmac et al., 1998), and provided more detail concerning the topography of these
projections and the density of the anatomical connections between the mZI/A13 and
the dlPAG (Wagner et al., 1995; Geerling et al., 2010). Recently, it has been confirmed
that the dmPAG and dlPAG were among the main efferents of the incerto-hypotalamic
area, and particularly of the mZI containing the A13 dopaminergic cell group (Sita
et al., 2007; Geerling et al., 2010). The neurochemical nature of these connections
has been addressed for melanin-concentrating-hormone (MCH) and neuropeptide EI
(NEI) (Elias and Bittencourt, 1997). No prior studies have specifically investigated the
projection profile of dopaminergic neurons within the mZI to the PAG. Considering
that dopamine is present in a distinct neuronal population than the MCH/ NEI-positive
neurons (Sita et al., 2003), it is likely that it targets different neurons and participates,
at least in part, in different physiological processes than the MCH/NEI-containing
neurons. The A13 cell group has previously been shown to also project to the central
nucleus of the amygdala (Eaton et al., 1994), which is involved in the expression of
fear and other emotional behaviors (Davis, 2000; LeDoux, 2000).
To our knowledge, no study has yet attempted to relate the A13 cell group to defensive
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or panic-like behaviors. It is known that this dopaminergic cell group projects to other
regions that belong to the defense system such as the medial preoptic area and the
ventromedial hypothalamus (VMH) (Wagner et al., 1995; Dominguez and Hull, 2005;
Miller and Lonstein, 2009). The VMH is a crucial center for the induction of defensive
behaviors (Fuchs et al., 1985; Canteras, 2002) and dopamine agonists are known to
facilitate VMH stimulation-induced defensive attack in the cat (Maeda et al., 1985;
Sweidan et al., 1990). Similarly, in the medial preoptic area-anterior hypothalamus,
dopamine, via the D2-receptor, facilitates affective defense behaviors in cats (Sweidan
et al., 1991). It has been proposed that dopamine could facilitate defensive responses
in the hypothalamus, which would in turn facilitate dlPAG action (Siegel et al.,
1999). We found in the present study that the A13 dopaminergic cell group directly
innervates the dlPAG. This is intriguing and suggests that dopamine could act directly
on the dlPAG, thus exerting a simultaneous action on the different components of the
defensive system.

2

A11 Cell Group

In all cases studied, we found CTb/TH-positive cells in the A11 dopaminergic cell group
located in the dorso-posterior hypothalamus. This cell group is in direct continuation
with the A13 cell group. Our finding that the rostral and caudal CTb deposits always
resulted in the presence of doubled-labeled neurons in this cell group indicates that
these dopaminergic neurons project along the entire rostro-caudal extent of the dlPAG,
similarly to the A13 neurons. In Beitz’ study of the afferents of the different columns
of the PAG (Beitz, 1982), injection of horseradish peroxidase into the dorsolateral
subdivision resulted in labeled cells in the dorsal hypothalamic area and the PHA.
The latter region contained retrogradely labeled neurons at both the ipsilateral and
contralateral sides when the tracer had been injected into the rostral part of the dlPAG.
Thus, our finding of equivalent number of CTb-labeled neuron in both hemispheres is
in accordance with these observations.

Extended A10 Cell Group

The extended A10 cell group is an assembly of neurons located near the ventral
tegmental area, and includes the PHA, the RLi, and the vPAG (Miller and Lonstein,
2009). In the present study, we found TH/CTb-positive neurons in all three subregions.
Previous studies have shown reciprocal connections between the PHA and the PAG
(Beitz, 1982; Abrahamson and Moore, 2001). The PHA mostly sends glutamatergic
input to the PAG (Beart et al., 1990). However, there is a subset of PHA-neurons that
contain TH (Abrahamson and Moore, 2001). These neurons most likely belong to the
extended A10 dopaminergic cell group and project to the dlPAG. The PHA mediates
several different functions such as nociception (Manning and Franklin, 1998) and the
regulation of heart rate and blood pressure (Spencer et al., 1990) which are thought
to be related to defensive reactions. Most importantly, there is evidence of its direct
implication in defense and panic mechanisms. Like the posterior hypothalamus, the
PHA is connected to the medial hypothalamic defense system (Canteras, 2002) and
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stimulation of this area provokes panic attacks in humans (Shekhar et al., 1990) and
panic-like behavior in rats (Rasche et al., 2006).
The RLi is known to send very few projections to the dlPAG (Del-Fava et al., 2007).
In their study, injection of the anterograde tracer Phaseolus vulgaris leucoagglutinin
gave a very light labeling in the dlPAG, suggesting that a limited number of neurons
in the RLi project to this column of the PAG. In the present study, we also found
limited numbers of CTb/TH-positive cells in the RLi. It is therefore tempting to
hypothesize that these few fibers originating from the RLi found in the Del-Fava et al.
study are dopaminergic. The scarce innervation of the dlPAG suggests a very discrete
and specific action by the dopaminergic neurons of the RLi. So far there is no strong
evidence of an implication of the RLi in defensive behavior or panic.
Finally, we found double-labeled neurons in the vPAG. This is in agreement with
another study stating that the dopaminergic neurons present in the vPAG also project
within the PAG (Hache et al., 2011), and innervate the dlPAG.

Conclusions and Functional Implications

Our combined anatomical tracing and transmitter identification study constitutes a first
step toward a better understanding of the role of dopamine in the dlPAG and might
provide a chemical and structural basis for the processing of panic-like defensive
behavior. The findings demonstrate two main dopaminergic systems projecting to the
dlPAG. The first is located in the hypothalamus and includes the A13, A11, and A14
cell groups. The second system is the extended A10 dopaminergic cell group of the
ventral midbrain. Besides, two areas of the extended A10 dopaminergic cell group, the
PHA and the vPAG, are directly involved in different aspects of defensive and panic
behaviors. Interestingly, the main source of dopaminergic input to the dlPAG, the A13,
is known to possibly influence the defense system of the hypothalamus.
This study demonstrates the complex organization of dopaminergic projections to the
dlPAG. Further anatomical and functional studies are needed to determine whether
the hypothalamic and the mesencephalic projections contact the same neurons within
the dlPAG or whether they target different populations of neurons. This would help to
classify the different inputs and together with behavioral and pharmacological studies
provide insight concerning a potential role of dopamine in the mechanisms underlying
the expression of defense and panic behavior. Several neurotransmitters have been
shown to mediate the process of defensive behavior and panic in the dlPAG. Among
them, the most studied are serotonin, cholecystokinin, glutamate and GABA. Recently,
others neurotransmitters have been shown to participate in dlPAG functioning as well
(Fogaça et al., 2012). It is likely that dopamine plays a role in regulating the expression
of dlPAG-mediated panic and defensive reactions, considering the origin of its input
as well as the established role of dopamine in mediating these behaviors in other parts
of the defense system.
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ABSTRACT
Norepinephrine activity in the basolateral amygdala (BLA) interacts with
glucocorticoid signaling to modulate the consolidation of memory of emotionally
arousing experiences. There is growing evidence indicating that norepinephrine and
glucocorticoids might synergistically and rapidly alter glutamate transmission within
BLA synapses, suggesting that receptors for both hormones are located within the
same synapses. In the present study, we investigated the ultrastructural distribution of
the β2-adrenoceptor (β2-AR) and glucocorticoid receptor (GR) in the BLA by using
immunofluorescence in combination with immuno-electron microscopy. Our findings
indicate that both the GR and β2-AR colocalized preferentially with the vesicular
glutamate transporter 2 (VGluT2), suggesting that the two receptors are located at
glutamatergic synapses. Ultrastructural analysis of the distribution of each receptor
confirmed that they were predominantly located in asymmetric excitatory synapses.
Most importantly, we show the colocalization of the GR and β2-AR in spine heads, near
postsynaptic densities in terminals and in dendritic shafts, suggesting that interactions
between the two receptors might be involved in modulating different cellular and
physiological processes. We further investigated a possible functional consequence of
this colocalization and found that β2-AR activation by clenbuterol rapidly increases
the phosphorylation of GR at serine 154, a ligand-independent phosphorylation site,
possibly in a p38 mitogen-activated protein kinase (p38 MAPK)-dependent manner.
We also showed that this clenbuterol activation provokes the formation of a molecular
complex including β2-AR, p38 MAPK and GR within BLA synapses. These findings
suggest that norepinephrine release and the activation of β2-ARs could rapidly set up
the GR to prepare it for the coming surge of glucocorticoids in the cell. This preparation
of the GR within BLA synapses may be required for an efficient alteration of neuronal
physiology and its contribution to memory enhancement.
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INTRODUCTION
The evidence that emotionally significant life events are remembered more vividly
and with greater detail than mundane experiences (Bohannon, 1988; Neisser et al.,
1996) has guided much research on the influence of stress-activated neuromodulatory
systems, including central catecholamines and peripheral stress hormones, on memory
consolidation (McGaugh and Roozendaal, 2002; McGaugh, 2004; Sandi and PineloNava, 2007; Schwabe et al., 2012). Norepinephrine release in the basolateral complex
of the amygdala (BLA) induces a surge of vigilance and state of alertness and is
essentially involved in enhancing the consolidation of memory of emotionally arousing
experiences (McIntyre et al., 2002; McGaugh, 2004; Roozendaal and McGaugh, 2011).
Adrenal glucocorticoid hormones (corticosterone in rodents, cortisol in humans) are
also potent modulators of memory consolidation (Roozendaal et al., 2009; Schwabe
et al., 2012). Although most studies have emphasized the importance of classical
steroid actions of glucocorticoids via transcriptional regulation in modulating longterm plasticity and information storage processes (de Kloet, 2000), there is now ample
evidence that glucocorticoids also rapidly interact with arousal-induced noradrenergic
activity within the BLA to orchestrate the physiological response to stress and affect
memory consolidation (Roozendaal, 2000; Joëls and Baram, 2009; Roozendaal
et al., 2009; Joëls et al., 2011). Pharmacological suppression of noradrenergic
transmission in the BLA with a β-adrenoceptor (β-AR) antagonist effectively blocks
memory enhancement of inhibitory avoidance, object recognition or auditory-cue
fear conditioning training induced by a simultaneously administered glucocorticoid
(Quirarte et al., 1997; Roozendaal, 2002; 2006a & b). On the other hand, in the presence
of a glucocorticoid receptor (GR) antagonist, a much higher dose of the β2-AR agonist
clenbuterol is needed to induce memory consolidation enhancement (Roozendaal
et al., 2002). These findings indicating that glucocorticoid signaling synergistically
facilitates the effects of arousal-induced noradrenergic stimulation on BLA function
could account for the observation from animal and human studies indicating that
glucocorticoids appear to selectively modulate memory consolidation of emotionally
arousing training experience or those acquired during arousing conditions (Roozendaal
et al., 2006 Kuhlmann et al., 2006; de Quervain et al., 2009). However, the precise
neural mechanism of how these two stress-response systems interact in promoting
memory consolidation remains largely elusive.
Glucocorticoid hormones readily enter the brain and exert their modulatory action via
binding to two types of steroid receptors: the high-affinity mineralocorticoid receptor
(MR) and the low-affinity GR (de Kloet et al., 2005). The GR appears to be selectively
involved in mediating the memory-enhancing effects of glucocorticoids (Oitzl and
de Kloet, 1992; Roozendaal and McGaugh, 1997). Although anatomical studies have
shown that most GRs are found in cytoplasmic and nuclear compartments (Cintra et
al., 1994), there is now also structural evidence for the presence of GRs at presynaptic
terminals and postsynaptic membrane densities in amygdala neurons (Johnson et al.,
2005; Prager et al., 2010). A possible involvement of GRs residing at or near the cell
surface in memory consolidation is supported by recent behavioral findings indicating
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that the administration of a specific corticosterone ligand that is unable to penetrate the
cell membrane because of covalent binding to a large albumin molecule (cort:BSA) is
sufficient to enhance the consolidation of long-term memory, and that this cort:BSA
effect depends on GR, and not MR, activation (Barsegyan et al., 2010; Roozendaal et
al., 2010). On the other hand, β-ARs are G-protein-coupled receptors and expressed
abundantly throughout the BLA, where they predominantly localize to postsynaptic
densities and axon terminals (Abraham et al., 2008; Asan, 1998; Farb et al., 2010;
Milner et al., 2000). At the cellular level, stimulation of β-ARs is known to rapidly
change the activity of BLA neurons through an activation of the adenylyl cyclase/
cAMP-dependent protein kinase (PKA) cascade as well as the calcium/calmodulindependent protein kinase II (CaMKII) pathway (Hu et al., 2007; Tenorio et al., 2010).
Although norepinephrine most likely facilitates memory consolidation by having an
impact on many different plasticity-related cellular processes (Marzo et al., 2009;
Tully and Bolshakov, 2010), mechanistic studies have delineated that norepinephrine
signaling can induce fast effects on neuronal activity via rapid changes in glutamatergic
transmission. It was found that norepinephrine induces phosphorylation of the GluA1
subunit of AMPA receptors at sites critical for its synaptic delivery (Hu et al., 2007).
Phosphorylation of these sites is necessary to lower the threshold for GluA1 synaptic
incorporation during long-term potentiation. Accordingly, mice carrying mutations at
these GluA1 phosphorylation sites failed to show norepinephrine-induced synaptic
plasticity or memory enhancement (Hu et al., 2007). Importantly, recent findings
indicate that a stress-level dose of corticosterone applied simultaneously with a β-AR
agonist rapidly augments the surface expression of GluA1-containing AMPA receptors
(Zhou et al., 2012) and facilitates AMPA receptor-mediated electrical responses in
BLA neurons (Liebmann et al., 2009). These findings suggest that β-ARs and synaptic
GRs might be colocalized within excitatory synapses to synergistically influence
glutamatergic transmission and behavioral adaptation. Therefore, in the present study
we used immunofluorescence in combination with immuno-electron microscopy to
investigate the ultrastructural distribution of synaptic GRs and β-ARs within the BLA
and whether they might be colocalized at the same synaptic compartments.
Anatomical evidence of colocalization of the β-AR and GR within BLA synapses
would open up new possibilities for studying functional interactions between these
two stress-response systems already at the level of the receptor. There is evidence
that GR can potentiate the β-AR/cAMP/PKA pathway (Roozendaal et al., 2002). But
as already mentioned, behavioral data clearly indicate that glucocorticoid effects on
memory consolidation require noradrenergic activity, suggesting that norepinephrine
or arousal level might also have a direct influence on GR signaling. Recently a novel
phosphorylation site at the GR has been discovered on serine 134 in the human GR
(serine 154 in rat). The phosphorylation status of this serine is independent of the
presence of the hormone but importantly it is thought to integrate cellular stress via
the action of p38 mitogen-activated protein kinase (p38 MAPK). In addition, the
authors showed that phosphorylation on this specific site changes the gene expression
profile by the altering GR capacity of interaction with signaling proteins on gene
promoters (Galliher-Beckley et al., 2011). Interestingly, p38 MAPK has been shown
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to be activated by norepinephrine binding to the β2-AR (LaJevic et al., 2011; Zheng et
al., 2000). Therefore, we hypothesize that stress-induced hyperphosphorylation of GR
serine 154 (Ser154-GR) could be mediated by β2-AR activation and that this could
constitute one of the mechanisms by which glucocorticoids and the noradrenergic
system interact in the BLA. To test the hypothesis that β2-AR activation induces rapid
phosphorylation of Ser154-GR at BLA synapses, we utilized biochemical methods to
assess the phosphorylation status of membrane-associated GR after a brief incubation
with the β2-AR agonist clenbuterol, and examined whether the two receptors were
associated in a molecular complex.
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MATERIALS AND METHODS
Animals

Male Wistar rats (Charles River, Kisslegg, Germany), weighing about 275-300 g at
the time of arrival, were group-housed (2-3 to a cage) and maintained on a standard
12-h light: 12-h dark circle (7:00-19:00 h lights on) in a temperature- and humiditycontrolled environment. Pellet food and water were available ad libitum. After their
arrival, they were left undisturbed in their cages to acclimatize for at least one week
prior to sacrifice. All efforts were made to minimize stress during housing of the
animals or on the day of termination in order to avoid disturbances in basal arousal or
corticosterone levels, which could influence the location and activity of the receptor
types of interest. Sacrificing of rats was always performed in the morning, between
9:00 and 12:00 h, when endogenously circulating corticosterone levels are low. All
experimental procedures were in compliance with the European Communities Council
Directive of 24 November 1986 (86/609/EEC) and were approved by the Institutional
Animal Care and Use Committee of the University of Groningen, The Netherlands.

Primary antibodies and immunoblotting

The primary antibodies used in the study are listed in Table 1. These antibodies have
all been successfully characterized and used in recent publications (Cox et al., 2008;
Galliher-Beckley et al., 2011; Johnson et al., 2005; Lee et al., 2013; Marcellino et
al., 2012; Montero-Pedrazuela et al., 2011; Nakadate et al., 2008; Prager et al., 2010;
Zelano et al., 2009). Prior to use of these antibodies in microscopy, we performed
immunoblotting to confirm the findings from previous Western-blotting studies and to
demonstrate the presence of GRs and β-ARs in whole-cell and synaptic BLA fractions.
For this, two rats were deeply anaesthetized with an overdose of sodium pentobarbital
and decapitated 90 s later. Brains were rapidly removed and flash frozen by submersion
for 2 min in a beaker filled with isopentane placed on dry ice. Frozen coronal sections
containing the BLA (based on the atlas plates of Paxinos and Watson, 1998) were cut at
a thickness of 350 μm on a cryostat, and BLA tissue punches (1.25 mm diameter) from
both hemispheres were homogenized in 100 μl ice-cold buffer containing 124 mM
NaCl, 5 mM KCl, 0.1 mM CaCl2-2H2O, 3.2 mM MgCl2-6H2O, 26 mM NaHCO3 and 10
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mM glucose (pH 7.4) with 20% protease inhibitor cocktail and 10% protease inhibitor
cocktail II (Sigma-Aldrich). Fifty microliters was taken from each homogenate and
stored as whole-cell BLA homogenate. Synaptoneurosome fractions were prepared
with the rest of the homogenate as described in McReynolds et al. (2010). Briefly, cold
homogenization buffer was added to each homogenate to a total volume of 500 μl.
The preparations were then filtered through three layers of 100-μm nylon mesh (Small
Parts), and then through a 5-μm Durapore® membrane (Millipore). The final filtered
solutions were centrifuged at 10,000g for 10 min at 4°C. Subsequently, supernatants
were removed and the pellets were suspended in 50 μl cold homogenization buffer.
Total protein concentrations for both whole-cell homogenates and synaptoneurosome
preparations were determined using Protein Assay Kit (BioRad).
Twenty microgram of total protein per sample was loaded on SDS-PAGE (7.5%),
separated electrophoretically, and blotted onto a PVDF membrane (Millipore). After
1 h in blocking buffer (Odissey blocker, LI-COR), diluted 1:2 in phosphate-buffered
saline (PBS), the membranes were incubated with primary antibodies (cf Table 1)
(dilution 1:200) at 4°C for 48 h. Subsequently the membranes were rinsed 3 times for
5 min in PBS and incubated with their secondary antibodies (goat anti-rabbit IRDye®
800CW, donkey anti-mouse IRDye® 680LT or donkey anti-guinea pig IRDye 680LT
donkey anti-guinea pig; LI-COR) (dilution 1:5,000) for 2 h. Immunoreactivity was
detected by fluorescence with the Odissey® infrared imaging system.
Table 1. Primary antibodies
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Immunohistochemistry

To determine the cellular and sub-cellular distribution of the GR and β2-AR individually
as well as in relation to each other, we used immunofluorescence followed by immunoelectron microscopy.

Tissue fixation and preparation

3

Ten rats were anaesthetized with sodium pentobarbital and perfused transcardially with
50 ml of heparinized 0.9% saline in phosphate buffer (PB, pH 7.4), followed by either
400 ml 4% paraformaldehyde in 0.1 M PB (n = 3; for confocal microscopy) or 400 ml
0.05% glutaraldehyde and 0.2% picric acid mixed into 4% paraformaldehyde in 0.1
M PB (n = 7; for electron microscopy). Brains were removed and post-fixed overnight
in their respective perfusion solutions. Brains intended for immunofluorescence were
cryoprotected in 25% sucrose and then frozen at -40ºC. Coronal sections containing
the BLA (between 2.0 and 3.2 mm posterior to Bregma) were cut at a thickness of 30
μm and collected in Tris-buffered saline (TBS) containing 0.1% sodium azide (storage
buffer). For electron microscopy, coronal sections of the BLA were cut at 60 μm on a
Vibratome and collected in the same storage buffer.

Immunofluorescence

Free-floating sections were preincubated with 5% normal donkey serum (nds) for 1 h
and incubated overnight with either one primary antibody or a cocktail of appropriate
primary antibodies (see Table 2). The next day, sections were rinsed in TBS for 90
min and subsequently incubated with the appropriate secondary antibodies for 2 h and
rinsed again in TBS for 90 min. All primary and secondary antibody preparations were
diluted in 0.3% Triton X-100 in TBS with 1% nds. Sections were mounted on gelatincoated slides, air-dried, coverslipped with Mowiol and stored in the dark.
To control for possible non-specific staining, in some preparations the primary
antibodies were omitted and replaced by normal serum. An extra control was performed
for the GR and β2-AR antibodies: these were incubated with their respective blocking
peptides (human glucocorticoid receptor G1542, Sigma-Aldrich; β2-AR blocking
peptide sc-569 P, Santa Cruz Biotechnology) (five-fold the concentration of the
primaries antibodies) overnight at 4ºC. The antibody/peptide cocktails were then
diluted into the appropriate medium and added to the tissue sections for incubation.
The final preparations were examined on a Leica TCS SP confocal microscope
(Leica, Germany). Fluorescence of Alexa 488, TRITC and Alexa 633 dyes was excited
with a 488-nm argon laser, a 543-nm HeNe laser and a 633-nm HeNe laser respectively.
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Table 2. Combination and sequential processing of primary and secondary antibodies used for
immunofluorescence labeling

Abbreviations: β2-AR, β2-adrenergic receptor ; DβH, Dopamine β hydroxylase ; GAD, Glutamic
acid decarboxylase; GP, guinea pig; GR, glucocorticoid receptor; Ms, mouse; Rb, rabbit; TRITC,
Tetramethyl Rhodamine Iso-Thiocyanate; VGluT2, vesicular glutamate transporter 2.

Immunocytochemistry for electron microscopy
Pre-embedding immunohistochemistry
We used pre-embedding immunohistochemistry to analyze the ultrastructural location
of the GR and β2-AR. BLA sections were rinsed in PBS and cryoprotected overnight
in 25% sucrose and 3.5% glycerol in PBS and freeze-thawed over liquid nitrogen in
order to increase antibody penetration. Endogenous peroxidase activity was blocked
with 1% H2O2 in 50% methanol/TBS for 30 min. Sections were preincubated with
5% nds in incubation medium (1% BSA, 0.1% glycine, 0.1% lysine and 0.1% cold
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water fish skin (CWFS) gelatin (Aurion, Wageningen, The Netherlands) in 0.05%
Triton X-100 in TBS) for 2 h, and incubated with the GR antibody H300 or the β2-AR
antibody H20 diluted 1:50 in incubation medium plus 5% nds at 4°C for 2 nights. After
rinsing in TBS, sections were incubated with biotinylated donkey anti-rabbit (diluted
1:200 in incubation medium) for 2 h. After further rinsing in TBS, sections were
incubated in ABC (Vectastain ABC Elite kit, Vector Laboratories, Burlingame, USA).
Immunoreactivity was enhanced according to the gold-substituted silver peroxidase
method (van den Pol and Gorcs, 1986). Sections were then osmicated in 1% OsO4
and 1.5% potassium hexacyanoferrate for 15 min, dehydrated in a graded series of
ethanol and propylene oxide and flat embedded in epoxy resin. After polymerization,
ultrathin sections were cut on a LKB Ultramicrotome, counterstained with 2% uranyl
acetate and 2% lead citrate and examined with a Philips CM 100 transmission electron
microscope (Eindhoven, The Netherlands).

3

Post-embedding immunohistochemistry
Post-embedding was used to confirm the findings obtained from the pre-embedding
preparations and, most importantly, to determine the ultrastructural co-distribution
of the two receptors. The post-embedding technique is most suited for this purpose
due to the possibility of simultaneously using two secondary antibodies conjugated
to gold particles of different size that can be easily distinguished (Oliver, 2010). BLA
sections were processed for an osmium-free post-embedding labeling (Phend et al.,
1995). Briefly, Vibratome sections were successively treated with 1% tannic acid, 1%
uranyl acetate and 0.5% platinum chloride. They were then dehydrated in a graded
series of ethanol and embedded in epoxy resin. For single labeling, ultrathin sections
mounted on nickel grids were incubated with a primary antibody (for GR: H300 or
BuGR2; for β2-AR: H20; diluted 1:40, 1:15 and 1:40, respectively) overnight at 4°C.
After rinsing in PBS, sections were incubated with a secondary antibody, goat antirabbit or goat anti-mouse IgG conjugated to 10-nm gold particles (diluted 1:100,
BioCell, Cardiff, UK). The two antibodies for GR gave a similar labeling pattern.
For double labeling, sections were incubated with a cocktail of primary antibodies
(the mouse-raised BuGR2 and the rabbit-raised H20, at the same dilution as indicated
above) and after rinsing sequentially incubated with goat anti-rabbit conjugated to
5-nm gold particles and with goat anti-mouse IgG conjugated to 15-nm gold particles
(Aurion, Wageningen, Netherlands). Secondary antibodies were diluted at 1:100 and
the incubations lasted 2 h at room temperature.

Pharmacological treatment and assessment of p38 MAPK and Ser154GR phosphorylation

Naïve rats were anaesthetized with pentobarbital and rapidly decapitated. Brains were
immediately dissected and transferred to ice-cold dissection buffer containing 120
mM NaCl, 3.5 mM KCl, 1.25 mM NaH2PO4, 5 mM MgSO4, 0.2 mM CaCl2, 25 mM
NaHCO3, and 10 mM glucose (pH 7.4), saturated with carbogen (mixture of 95% O2
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and 5% CO2). Brains were placed in a matrix and sections containing the BLA were
cut and incubated at room temperature for 1 h in artificial cerebro-spinal fluid (ACSF)
containing 120 mM NaCl, 3.5 mM KCl, 1.25 mM NaH2PO4, 1.3 mM MgSO4, 2.5
mM CaCl2, 25 mM NaHCO3, and 10 mM glucose (pH 7.4) and continuously gassed
with carbogen. BLA tissue was incubated with different doses of the β2-AR agonist
clenbuterol hydrochloride (Sigma-Aldrich; 0, 50, 100 and 500 µM) for 10 min. After
the treatment, the tissue was snap frozen and stored at -80 ºC until sample preparations,
protein assays and immunoblotting were performed as described above to determine
the phosphorylation of p38 MAPK and Ser154-GR.
The antibodies used for these experiments were the rabbit anti-p38 MAPK (1:1,000;
Cell Signaling), rabbit anti-phospho-p38 MAPK (1:500; Cell Signaling), rabbit antiphospho-Ser134-GR (1:1,000; gift from Dr. Cidlowski), mouse anti-GR (BuGR2)
(1:200; Thermo Scientific), and mouse anti-β-actin (1:10,000; Abcam).
Membranes were imaged and quantified using a LI-COR Odyssey scanner and the
Odyssey 3.0 analytical software. Quantification was made on single channels. Boxes
were manually placed around each band of interest, which returned near-infrared
fluorescent values of raw intensity with intra-lane background subtracted. Ratio of
phosphorylated proteins was calculated as the intensity values of those proteins divided
by the intensity values of their respective total proteins. The results were calculated as
percentage of the vehicle group values.

Co-immunoprecipitation

To determine a possible association of GR, β2-AR and p38 MAPK in a molecular
complex, co-immunoprecipitation was performed on synaptoneurosomes prepared
from BLA tissue treated with clenbuterol (50 µM) or vehicle as described in the previous
section. Samples preparation and proteins assays were performed as mentioned
above. Fifty µg of total protein was solubilized by addition of Nonidet P40 (Thermo
Scientific) at 1% of total volume and by end-over-end agitation at 4°C for 1 h. Samples
were centrifuged (10,000 g) at 4°C for 10 min and the supernatants were collected.
Primary antibodies [anti β2-AR or anti GR (BuGR2), each at 1:200] and protein A/G
Plus Agarose (Santa Cruz) (0.2-0.3 µl/nl of sample) were added to solubilizates and
incubated overnight at 4°C. The next day, the samples were centrifuged (3000 g) at
4°C for 30 sec, the supernatants were removed, and the pellets were washed with
homogenization buffer. The washing step was repeated 3 times. During this step,
buffer was added to the samples followed by a 5 min-incubation at 4°C on a rotator.
Subsequently, the samples were centrifuged (3000 g at 4°C for 30 sec) and supernatant
was removed. Beads were eluted by incubation with electrophoresis sample buffer (1x)
in water bath at 37°C for 30 min. The solubilizates were loaded on gel and Western
blots were performed on SDS-PAGE gels as described above. The membranes were
incubated overnight with rabbit anti-phospho-Ser134-GR (1:1000) and rabbit anti-p38
MAPK (1:1,000) for the immunoprecipitation of β2-AR, and with rabbit anti β2-AR
(1:200) and rabbit anti-p38 MAPK (1:1,000) for the immunoprecipitation of GR.
68

BETA-ADRENERGIC-INDUCED PHOSPHORYLATION OF GR IN THE AMYGDALA

Statistical analysis

Data are expressed as mean + SEM. Non-parametric Kruskal-Wallis and two-tailed
Mann-Whitney U tests were used to analyze the phosphorylation ratio of the proteins.
For all comparisons, a probability level of p ≤ 0.05 was accepted as statistical
significance.

3

RESULTS
Determination of the specificity of the antibodies

The specificity of the different antibodies used in this study (Table 1) had been
established previously (Cox et al., 2008; Johnson et al., 2005; Lee et al., 2002;
Marcellino et al., 2012; Montero-Pedrazuela et al., 2011; Nakadate et al., 2008;
Prager et al., 2010; Zelano et al., 2009). Western blots on whole-cell preparations
were performed for the antibodies that were reported suitable for this technique,
and the findings were in general agreement with the literature as well as data sheets
provided by the manufacturers (data not shown). Extra care was taken concerning the
antibodies meant to detect GR and β2-AR. Immunoblotting was performed to confirm
the expression of GR and β2-AR in the BLA. The H300 GR antibody did not appear
very suitable for Western blotting. Although the manufacturer’s data sheet indicated
a clear band around 90-100 kDA, this was not the case in our experimental set up
(data not shown). As shown in Fig. 1, the GR antibody BuGR2 displayed a band at
about 97 kDA representing the undigested GR. Three additional bands representing
digested fragments of GR were observed at 25, 55 and 80 kDa. These bands have
been described by the manufacturer as a product of GR cleavage. The β2-AR antibody
H20 displayed a single band at 68 kDA. Omission of the primary antibodies (H300,
BuGR2 and H20) during the immunofluorescence staining procedure resulted in no
labeling. Likewise, absence of staining was observed when the primary antibodies had
been neutralized by their respective blocking peptides (data not shown). These testexperiments confirmed that the antibodies specifically recognized the GR and β2-AR.

Figure 1. Immunoblots of GR and β2-AR from whole BLA preparation. The first column represents the
molecular weights. The mouse antibody against GR (BuGR2) recognizes the undigested form of GR at 97 kDa and
three additional bands corresponding to digested fragments of GR as described by the manufacturer. The rabbit
antibody against β2-AR (H20) detects a single band at around 68 kDa.
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Cellular distribution of GR and β2-AR

To determine the specific cellular distribution of GR and β2-AR within the BLA,
immunofluorescence labeling was applied on amygdala sections, and tissue was
examined by confocal microscopy. In agreement with previous findings (Cintra et
al., 1994; Farb et al., 2010; Johnson et al., 2005), we observed dense GR and β2AR immunoreactivity in all subdivisions of the amygdala complex, with strongest
labeling in the central nucleus (data not shown). Fig. 2A shows GR immunoreactivity
(GR-ir) in the BLA. The lateral, basolateral and basomedial nuclei contained dense
and homogenous immunoreactivity. High-magnification micrographs show that GRir was mainly present in nuclei (Fig. 2C), as expected based on its classical role as
transcription factor. Most of the GR-positive nuclei were large, round or ovoid in
shape, and are most likely nuclei of pyramidal neurons (Sah et al., 2003). Weaker
immunoreactivity for GR was present in neuropil as puncta-like reaction product (Fig.
2B). Additionally, GR-ir was sometimes found in small nuclei and structures that are
possibly inhibitory neurons and/or glial cells (McDonald et al., 2002). Fig. 2C shows
that strong immunoreactivity for β2-AR was observed in the BLA. These β2-AR-ir
cells, considering their triangular shape, are most likely pyramidal cells. The reaction
product was observed in the cytoplasm as well as in nuclei, clearly delineating the
nucleolus. Immunoreactivity was also observed in proximal dendrites, fibers and
punctate profiles (Fig. 2D). The immunofluorescence data indicate that GR and β2AR are abundant in pyramidal neurons in the BLA and in the neuropil.
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Figure 2. Cellular distribution of GR and β2-AR in the BLA. (A-B) Numerous BLA cells contain GR-ir. This
immunoreactivity is almost exclusively distributed in nuclei, with some punctate-like labeling in the cytoplasm and
neuropil. (C-D) β2-AR-ir is also dense in the BLA, and at the cellular level, is wide spread in distinct compartments
(somata, nuclei, proximal dendrites).

GR-ir and β2-AR-ir are associated with BLA synapses

Previous studies reported the association of GR with synapses of the lateral nucleus
of the amygdala (Johnson et al., 2005; Prager et al., 2010). Moreover, it is well
established that the β2-AR locates at synapses (Abraham et al., 2008; Asan, 1998;
Farb et al., 2010; Milner et al., 2000). In order to further investigate the association of
these two receptors with synapses in the BLA, we performed immunoblotting for GR
and β2-AR antibodies on BLA synaptic fractions. BLA synaptic preparations showed
immunoreactivity for both antibodies indicating that both GR and β2-AR are present
at synaptic sites within the BLA. For GR, besides the main band at 97kDA, similar
additional bands corresponding to digested fragments were found (Fig. 3).
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To characterize the type of synapse at which each receptor is localized, double
immunofluorescence for the receptor and a specific synaptic marker was performed.
Dopamine β-hydroxylase (DβH), glutamic acid decarboxylase (GAD) and vesicular
glutamate transporter 2 (VGluT2) were used as markers for noradrenergic, GABAergic
and glutamatergic synapses, respectively (Fremeau Jr et al., 2001; Hökfelt et al., 1977;
Ribak et al., 1979). Qualitative examination of GR/DβH preparations showed that they
were localized in separate profiles (Fig. 4A). Similarly, there was a distinct distribution
of GR-ir and GAD-ir in the neuropil (Fig. 4B). In contrast, examination of sections
stained for GR and VGluT2 showed that GR-ir puncta were closely juxtaposed to
some VGluT2-ir puncta (Fig. 4C & 4C’), suggesting that GR might be preferentially
localized at glutamatergic synapses. Similarly to GR, no evident juxtaposition of β2AR-ir with DβH or GAD was observed (Fig. 4D & 4E). However, β2-AR-ir puncta
were found in proximity to VGluT2 puncta (Fig. 4F & 4F’).
To investigate the ultrastructural localization of the GR and β2-AR, single preembedding and post-embedding electron microscopy immunolabeling were performed.
The analysis of those preparations was particularly focused on synaptic elements
and gave details regarding the precise synaptic localization of each receptor. Apart
from the classical localization of the GR in nuclei and cytoplasm, many GR-labeled
synapses were observed. Most of these synapses was asymmetric in shape and therefore
considered to be excitatory (Colonnier, 1981; Gray, 1959). GR immunogold labeling
was found both in pre- and postsynaptic compartments such as in terminals (Fig. 5A),
dendritic spines (Fig. 5A & B) and occasionally near postsynaptic densities or synaptic
membranes (Fig. 5B). GR-ir terminals and boutons formed asymmetric synapses with
dendritic spines (Fig. 5A), as well as on dendritic shafts. In those presynaptic elements,
labeling was mainly associated with clear and spherical synaptic vesicles. Reaction
product at the presynaptic membrane could be observed in the active zone and in the
peri-synaptic area. Postsynaptically, GR labeling was found in spine heads and close
to postsynaptic densities.
Similar to GR-ir, immunoreactivity for β2-AR was mostly present near asymmetric
synapses (Fig. 5C & D). Labeling was detected in presynaptic terminals (Fig.
5C), associated with vesicles or close to the synaptic membrane. In postsynaptic
compartments, spine heads and postsynaptic densities showed labeling (Fig. 5D).
The ultrastructural distribution of GR-ir and β2-AR-ir in the BLA is thus in general
concordance with our immunofluorescence data and suggests that both the GR and
β2-AR are localized at excitatory glutamatergic synapses.

Figure 3. Presence of GR and β2-AR in BLA synaptic fractions. Immunoblots of GR (A) and β2-AR (B)
show the association of GR and β2-AR with synaptic-enriched samples from the BLA. The two antibodies used,
recognize similar bands as in the whole amygdala homogenates (including the digested fragment in the case of
GR).
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Figure 4. Merged confocal images in BLA after double labeling for GR, and synaptic markers DBH, GAD and
VGluT2 (A-C’). There is no evident close apposition between GR and DBH (A) or GAD (B). Juxtaposition of GR
and VGluT2 is indicated by white arrowheads (C’). Merged confocal images in BLA after double labeling for β2AR and synaptic markers DBH, GAD and VGluT2 (D-F’). Neither DBH (D), nor GAD (E) were found in close
proximity of β2-AR-leabeled punctate. Apposition between β2-AR and VGluT2 are indicated by white arrowheads
(F’). Scale bars: 10 µm.
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Figure 5. Electron micrographs showing GR (A & B) and β2-AR (C & D) at BLA synapses. GR labeled terminals
forming asymmetric synapses onto spines. GR reaction product is present in terminals (A & B) associated within
vesicles or near the synaptic membrane (B). Labeling is also located in spine heads, within the cytoplasm or near
the post-synaptic density (B). (C) Pre-embedding labeling of β2-AR in terminals, reaction product is associated
with vesicles (arrow) and the synaptic membrane (arrow head). (D) Post-embedding labeling of β2-AR (10 nm
gold particles) in spine head. Scale bars: 200 nm.

Co-distribution of GR and β2-AR at BLA synaptic sites
The findings described above suggest that the GR and β2-AR might share a similar
localization in their synaptic distribution pattern in the BLA. Therefore, we next
investigated whether the two receptors could be colocalized within the same pre- and
post-synaptic compartments. Post-embedding double immunolabeling was performed,
examined and quantified.
Analysis of the preparations revealed the existence of GR/β2-AR-labeled synapses
in the BLA. Synapses were considered to be double labeled if GR and β2-AR
immunoreactivity was present within the same either pre- or postsynaptic compartment.
Co-distribution of the two receptors was observed in postsynaptic compartments,
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principally spine heads (Fig. 6A), sometimes close to the postsynaptic density
(Fig. 6B) and in dendrites (Fig. 6C). Presynaptically, colocalization was detected in
terminals associated with synaptic vesicles (Fig. 6D) and extrasynaptic membranes
(Fig. 6E). In all types of pre- and postsynaptic distributions, GR and β2-AR were
found in clusters (Fig. 6A, B & F) or segregated (Fig. 6B, C, D & E). Sometimes,
double immunolabeling was found in both pre- and postsynaptic compartments of the
same terminal.
To obtain an estimation of the quantitative distribution of colocalized GR/β2-AR in
synaptic sites, 50 double-labeled asymmetric synaptic profiles were randomly selected
and we analyzed the distribution among terminals, dendritic profiles and spines. Fig. 7
showed this distribution: in 26 cases, double immunolabeling was found in postsynaptic
compartments (16 spines and 10 dendrites) whereas at 23 synapses double labeling
was found in their terminals. In one synapse among the 50 analyzed, double labeling
was found in both the pre- and postsynaptic compartments.
These findings demonstrate that GR and β2-AR are colocalized within the BLA in
specific subcellular compartments close to the synapse (Fig. 8).

3
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Figure 6. Electron micrographs of post-embedding labeling showing GR (15 nm gold, arrow heads) and β2-AR (5
nm gold particles, arrows) located at the same synaptic sites in BLA. Co-distribution of GR and β2-AR is found
in spine heads (A & B), dendrites (C & D) and terminals and postsynaptic dendrites (E & F). Scale bars: 200 nm.
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Figure 7. Quantification of GR/ β2-AR co-distribution occurrence in a sample of 50 synaptic sites.

Figure 8. Schematic drawing representing GR/ β2-AR co-distribution in the synapse.
GR and β2-AR were co-localized in the postsynaptic compartment at the postsynaptic density (1), in dendritic
spine cytoplasm (2), and in dendritic shaft (3). In terminals, GR and β2-AR were co-localized near the synaptic
membrane in the active zone (4), near neurotransmitter vesicles (5) and in the cytoplasm (6).

Activation of β2-AR induces phosphorylation of synaptic GR on the
serine 154 via activity of p38 MAPK

The GR contains a ligand-independent phosphorylation site on serine 134 (serine
154 in rat) that is hyperphosphorylated in response to cellular stress (such as glucose
starvation, UV irradiation, osmotic shock or oxidative stress), via activation of p38
MAPK (Galliher-Beckley et al., 2011). Besides, stimulation of β2-AR is also known
to activate p38 MAPK via PKA (Zheng et al., 2000). To determine whether GR serine
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154 (Ser154-GR) is hyperphosphorylated following the activation of β2-AR, BLA
slices were treated for 10 min with increasing concentrations of clenbuterol (0 to 500
µM). Subsequently, the phosphorylation status of Ser154-GR, and p38 MAPK relative
to their respective total protein were assessed in synaptoneurosomes. Fig. 9A shows
that activation of β2-AR by clenbuterol increases the phosphorylation of Ser154-GR
and of p38 MAPK. Kruskal-Wallis test for Ser154-GR phosphorylation ratio revealed
a significant group effect [H(3) = 12.7, p = 0.05]. Mann-Whitney U tests revealed that
the phosphorylation ratio of the 50 µM clenbuterol group (Z = -2.9; p = 0.01; n = 4),
the 100 µM group (Z = -2.9; p = 0.04; n = 4) and the 500 µM group (Z = -2.9; p = 0.01;
n = 4) were significantly higher than that of the vehicle control group (n = 6). The three
different doses of clenbuterol did not result in significantly different phosphorylation
of Ser-154-GR [50 µM vs 100 µM (Z = 0; p = 1.00); 50 µM vs 500 M (Z = -1.2; p =
0.34); 100 µM vs 500 M (Z = -1.2; p = 0.34)].
Similarly, Kruskal-Wallis test revealed a significant group effect on p38 MAPK
phosphorylation ratio [H(3) = 12.2, p = 0.007]. Mann-Whitney U test comparison
of groups revealed that the phosphorylation ratio of the 50 µM clenbuterol group
(Z = -2.9; p = 0.01; n= 4), the 100 µM group (Z = -3.0; p = 0.04; n = 5), and the
500 µM group (Z = -2.8; p = 0.02; n = 3) were significantly higher than that of the
vehicle control group. The three different doses of clenbuterol used did not result in
significantly different phosphorylation ration [50 µM vs 100 µM (Z = -0.6; p = 0.56);
50 µM vs 500 M (Z = -0.7; p = 0.63); 100 µM vs 500 M (Z = -0.6; p = 0.57)].
These results indicate that β2-AR stimulation induces a rapid hyperphosphorylation of
the hormone-independent phosphorylation site Ser154-GR and of p38 MAPK in the
BLA synapses.

Figure 9. Clenbuterol increases p38 MAPK and GR phosphorylation in synaptoneurosomes preparation
from BLA tissue.

β2-AR, p38 MAPK and GR are associated in a molecular complex

Previous studies have shown that the β2-AR co-precipitates with p38 MAPK which
leads to the phosphorylation of the latter (LaJevic et al., 2011; Zheng et al., 2000).
Similarly the association of p38 MAPK and GR in a molecular complex may be
necessary for the phosphorylation of Ser154-GR (Galliher-Beckley et al., 2011). We
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have shown that β2-AR stimulation induces phosphorylation of the GR at serine 154
and of p38 MAPK. To determine whether β2-AR, p38MAPK and GR are involved
in a molecular assembly upon stimulation of β2-AR, co-immunoprecipitation was
performed with synaptoneurosomes prepared from the BLA tissue treated clenbuterol
(50 µM) for10 min as described earlier
Fig. 10A shows that after treatment with clenbuterol, the β2-AR co-precipitates with
the phosphorylated GR and the phosphorylated p38 MAPK. In the same condition, GR
(total GR) also co-precipitates with the β2-AR and p38 MAPK (Fig. 10B). In tissue
treated with vehicle, band are barely detectable, indicating that in baseline conditions,
β2-AR, p38 MAPK and GR do not form a molecular assembly.
These data indicate that after its activation, β2-AR is involved in a molecular
assembly including p38 MAPK and GR, in order to phosphorylate the serine 154 of
GR.

3

Figure 10. β2-AR, p38 MAPK and GR are involved in a molecular complex after activation of β2-AR by
clenbuterol.
(A) β2-AR co-precipitates with P-GR-Ser154, and P-p38 MAPK after treatment with clenbuterol. (B) GR coprecipitates with β2-AR and p38 MAPK after clenbuterol treatment. .

DISCUSSION
In the present study, we used immunofluorescence in combination with immunoelectron microscopy to investigate the ultrastructural distribution of synaptic GRs and
β2-ARs within BLA neurons. The rationale for this investigation stems from previous
work, in both animals and humans, indicating that glucocorticoid administration, via
GR activation, selectively enhances the consolidation of memory of emotionally salient
training experiences (Buchanan and Lovallo, 2001; Okuda et al., 2004; Abercrombie
et al., 2006; Kuhlmann and Wolf, 2006) because of a critical dependence on arousalinduced noradrenergic activity within the BLA (Roozendaal et al., 2006; Van Stegeren
et al., 2007). Although some interactions between glucocorticoids and noradrenergic
activity might have a slow onset and are likely exerted through their ability to
modulate gene transcription in the nucleus, physiological and cellular studies have
provided critical evidence indicating that this crosstalk is able to induce rapid changes
in glutamatergic transmission and synaptic plasticity (Zhou et al., 2012). However,
there is still no anatomical and molecular evidence supporting the interaction of the
GR and β2-AR at synaptic compartments.
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After confirming the presence of both GR and β2-AR immunoreactivity at BLA
synapses with Western blotting, we used double immunofluorescence to determine
the type of synapse at which each receptor is located. Our findings indicating that the
GR and β2-AR colocalized preferentially with VGluT2, a marker commonly used
to identify glutamatergic synapses (Fremeau Jr et al., 2001), suggest that these two
receptors are located at glutamatergic synapses. This observation was supported by
our immuno-electron microscopy experiments indicating that both receptor types
were predominantly found at asymmetric excitatory synapses on dendritic spines.
At the ultrastructural level, we found β2-AR immunoreactivity in postsynaptic
compartments as would be expected in view of previous neuroanatomical reports and
electrophysiological studies showing its action on postsynaptic electrical responses
(Farb et al., 2010; Marzo et al., 2009). We also found β2-AR immunoreactivity in
presynaptic compartments associated with vesicles or concentrated at the synaptic
membrane (Farb et al., 2010; Milner et al., 2000). Our single electron microscopy
immunolabeling for GR revealed that this receptor was also localized in both pre and
postsynaptic elements of asymmetric terminals. This expression profile of synaptic
GR in the BLA is generally consistent with that of prior ultrastructural studies in
the amygdala and hippocampus (Johnson et al., 2005; Ooishi et al., 2012; Prager et
al., 2010). The existence of GR associated with the synapse supports the findings
from cellular and behavioral studies indicating that glucocorticoids can have fast
and presumably non-genomic effects on synaptic transmission and memory. A major
finding of our electron microscopic experiments is that the GR and β2-AR were found
in close proximity to each other at both pre and postsynaptic compartments of BLA
neurons. We showed colocalization of GR and β2-AR in spine heads, near postsynaptic
densities in terminals and in dendritic shafts. The colocalization of GR and β2-AR
at multiple sites on BLA principal neurons suggests that interactions between the
two receptors might be involved in modulating different cellular and physiological
processes, including glutamatergic receptor current and neurotransmitter release.
In support of a functional interaction between both receptors, we demonstrated that
β2-AR activation with clenbuterol rapidly increased phosphorylation of the only
hormone-independent phosphorylation site of the GR, serine 154. Furthermore, upon
its activation a molecular complex consisting of the β2-AR, p38 MAPK and GR was
formed as illustrated by the co-precipitation of the three molecules.
The crosstalk between glucocorticoids and norepinephrine in regulating BLA activity
in the context of memory consolidation has been the focus of many studies in the past
decade (Joels et al., 2011; Krugers et al., 2012; Roozendaal et al., 2000 and 2009).
This interaction was first reported by Quirarte et al. in 1997. These authors showed
that specific blockade of β-AR activity within the BLA prevented the enhancing
effects of a systemically administered GR agonist on memory consolidation. Later
studies confirmed that glucocorticoid effects on memory depend on the integrity of
the amygdala noradrenergic system (Roozendaal et al., 2006; Okuda et al., 2004).
An important conclusion was that GR activation could induce rapid changes in the
efficacy of arousal-induced noradrenergic activity (Roozendaal et al., 2002). At the
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behavioral level, the effect of glucocorticoids on amplifying noradrenergic activity
is now well established. For instance, a 100-times higher dose of the β2-AR agonist
clenbuterol is needed to enhance memory consolidation when a GR antagonist is
infused into the BLA (Roozendaal et al., 2002). A non-genomic action of GR activity
on the β-AR/cAMP/PKA pathway appears to be involved in the potentiation of
norepinephrine effects on memory consolidation. This interference is thought to result
in an overall increase in BLA excitability (Duvarci and Pare, 2007). In addition, in
vivo microdialysis studies showed that systemic glucocorticoid administration after
training on an emotionally arousing task augments norepinephrine levels in the BLA
and that norepinephrine levels positively correlate with later retention performance
(McReynolds et al., 2010). Evidence from memory studies in healthy human subjects
also indicated that the combination of cortisol and a noradrenergic stimulant correlates
with improved memory for emotionally arousing information (Smeets et al., 2009; van
Stegeren et al., 2010).

3

At the cellular level, glucocorticoids have been shown to enhance β-adrenergic
influences on the facilitation of long-term potentiation (Pu et al., 2007). A recent study
indicated that the combination of corticosterone and the β-AR agonist isoproterenol
rapidly increased AMPA receptor GluA1 subunit phosphorylation and surface
expression at the postsynaptic membrane as well as facilitated miniature excitatory
postsynaptic currents, whereas the application of each compound alone was less or not
effective (Zhou et al., 2012). Such a rapid synergetic action of two transmitters requires
their signaling machinery to be located within the same sub-cellular compartment,
preferentially close to the synapse. This is in agreement with our finding that the GR
and β2-AR are colocalized in spine heads, near the postsynaptic density. At this site,
the two receptors are likely to functionally interact and as a result positively modulate
glutamatergic transmission in a rapid and nongenomic manner. However the nature
of this functional interaction is not known. Activation of the β-AR rapidly increases
the phosphorylation of the GluA1 subunit of the AMPA receptor as well as induces
insertion of AMPA receptors into the synaptic membrane (Hu et al., 2007). Another
recent study demonstrated that upon activation, β2-AR forms a molecular complex
that includes PKA and the subunit GluA1, resulting in the phosphorylation of GluA1
and its increased expression at the cell surface (Joiner et al., 2010). It is not known
whether GR is also part of this molecular complex. If that were the case, its activation
could potentiate the β-AR/cAMP/PKA pathway, as suggested by the behavioral
studies, and thereby accelerate the β-AR-induced phosphorylation and increased
surface expression of GluA1. However, Zhou and colleagues did not investigate
whether the corticosterone effects were mediated by GR activation. Recent reports
have shown that glucocorticoids via MR rapidly enhance GluA2 containing AMPA
receptors surface trafficking (Groc et al., 2008; Martin et al., 2009). However, these
studies have not investigated whether this corticosterone effect requires concomitant
noradrenergic activity.
We also observed co-localization of GR and β2-AR in terminals indicating that the
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two receptors could be involved in neurotransmitter release. In several brain regions,
including the BLA, presynaptic β-AR/cAMP/PKA signaling enhances synaptic
transmission by increasing glutamate release from terminals through the increase of
calcium influx via P/Q-type (also known as CaV2.1) calcium channels (Gereau and
Conn, 1994; Herrero et al., 1996; Huang et al., 1996 and 1998). In that case also, GR
could be involved in the potentiation of β-AR/cAMP/PKA cascade or act directly
on neurotransmitter release. Stress and glucocorticoids rapidly increase extra-cellular
glutamate levels, as measured by microdialysis (Hascup et al., 2010; Reznikov et
al., 2007; Venero and Borrell, 1999). Electrophysiological studies suggested that
corticosterone could rapidly increase glutamate release probability and that this effect
was mediated by a membrane-associated MR and not GR (Karst et al., 2005; Olijslagers
et al., 2008). This is similar to what was found with AMPA mechanisms. Another
study showed that acute corticosterone treatment of hippocampal synaptoneurosomes
facilitated glutamate release and that this effect was mediated by GR and not MR
(Wang and Wang, 2009). The mEPSCs measured by Karst and colleagues are thought
to reflect spontaneous fusion of glutamatergic vesicles to the presynaptic membrane,
whereas Wang and colleague measured an evoked glutamate release. Both studies
claim that the doses of corticosterone they used reflected post-stress elevation of the
hormone. As for the findings on postsynaptic effects of corticosteroids, the lack the
noradrenergic activity makes it difficult to draw a conclusion about the exact role of
GR and MR.
In our study, not all the BLA asymmetric synapses were double-labeled. Some
synapses contained only one of the receptors at either compartment, whereas in others
each receptor was in a different compartment. Therefore besides the possible direct
interaction between GR and β2-AR, there might be indirect interactions between
glucocorticoid and noradrenergic systems. One example is the action of glucocorticoids
on central norepinephrine levels. Several animal studies have shown that systemic
corticosterone treatment causes a rapid and transient increase of norepinephrine levels
in the amygdala as in others brains regions via a membrane receptor (McReynolds et
al., 2010; Thomas et al., 1994). Glucocorticoids may alter norepinephrine re-uptake by
acting on catecholamine transporter (Grundemann et al., 1998; Iversen, 1965). There
is also growing evidence showing that glucocorticoids effects on norepinephrine
release involve the endocannabinoid system. Glucocorticoids induce a rapid release
of endocannabinoids in the brain (Hill et al., 2010; Malcher-Lopes et al., 2006). In the
BLA, the presence endocannabinoids is necessary for the effects of glucocorticoids on
memory consolidation (Campolongo et al., 2009). A new model of interaction between
stress mediators has been proposed in which the rapid glucocorticoids-induced
release of endocannabinoids increases noradrenergic activity by reducing GABAergic
transmission, the resulting enhanced noradrenergic activity will ultimately enhance
memory consolidation (Freund et al., 2003; Hatfield et al., 1999; Hill et al., 2009).
In this model, GR and β-AR do not need to be in the same synaptic compartment,
and can even be located on different synapses as we also observed in this study.
However the rapid action on the endocannabinoid system also requires the presence
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of noradrenaline (Atsak et al., 2012; Campolongo et al., 2009). Additionally, a recent
report proposed that the rapid and transient elevation of endocannabinoid following
systemic corticosterone administration could be due to the interaction between
corticosterone itself and the arousal induced by the injection (Hill et al., 2010). This
indicates that similarly to what is observed at the behavioral levels, glucocorticoids
signaling is regulated by norepinephrine.
Our findings that β2-AR activation induces a change in the GR phosphorylation status
confirm this hypothesis. This is the first evidence at the molecular level to support this
view, which is logical from a physiological perspective, since stress and arousal first
activate the autonomic nervous system which rapidly leads to an important release of
noradrenaline in the brain and particularly in the BLA, meaning that neurons are first
exposed to high level of norepinephrine. Before glucocorticoids reach these neurons,
norepinephrine, through activation of its receptors has time to exert different effects,
among which causing and increase phosphorylation of the ligand-independent serine
(serine 154 in rat, serine 134 in human) of the GR at the synapse. This phosphorylation
site has been discovered recently, and is thought to integrate cellular stress influence
on GR functions (Galliher-Beckley et al., 2011). The authors found that the presence
of the ligand did not modify the phosphorylation of serine 134 of human GR, whereas
different types of cellular stress induced a hyperphosphorylation at this specific site.
Our study indicates that β2-AR activation is one of the mediators of stress on cells.
Further, we showed that the two receptors co-precipitated with each other and with
the protein kinase p38 MAPK in synaptoneurosomes, indicating that this phenomenon
takes place near membrane and synapse and therefore implicates synaptic GR. In the
study of Galliher-Beckley and colleagues, serine 134 is phosphorylated by p38 MAPK.
Another study demonstrated that β2-AR activation induces the phosphorylation of p38
MAPK via activation of PKA. This evidence suggests that the p38MAPK pathway
mediates the effect of β2-AR on GR phosphorylation on serine 154. The role of this
serine on GR functions needs to be further examined. So far, it has been shown to
change gene expression pattern (Galliher-Beckley et al., 2011). The fact that we found
that synaptic-associated GR undergoes this specific phosphorylation could mean that
it plays a role in the rapid effects of glucocorticoids. Further study will determine this
possible role.

3

In summary, the present findings show that the GR and β2-AR are colocalized in
BLA excitatory synapses, and that β2-AR activation causes a modification of GR
phosphorylation status via the formation of a molecular complex. In addition, our
finding that this colocalization of GR and β2-AR was present at different subcellular
compartments suggests that the interaction between norepinephrine and glucocorticoids
affects several synaptic mechanisms. These findings are important because they
suggest that norepinephrine release and the activation of β2-ARs could set up the
GR to prepare it for the coming surge of glucocorticoids in the cell. This preparation
of the GR may be necessary for an efficient alteration of neuronal physiology and
its contribution to memory enhancement. These findings might help explaining why
arousal or norepinephrine is necessary for the genomic and nongenomic effects of GR.
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CHAPTER 4
A SINGLE CORTICOSTERONE ADMINISTRATION
INDUCES A DELAYED REDUCTION
IN ANXIETY-LIKE BEHAVIOR:
ROLE OF NORADRENERGIC ACTIVITY

Fany Messanvi et al.

Manuscript in preparation

ABSTRACT
There is strong evidence that administration of cortisol could have beneficial effects
in posttraumatic stress disorder. This hormone is thought to reduce the experience of
traumatic memories by impairing retrieval and ultimately promoting the extinction
of such memories. However an alternative explanation is that the beneficial effects
of glucocorticoids derive from interaction with neural substrates regulating anxiety
behavior. Recent evidence showed that corticosterone administration could reverse
the effects of stress on anxiety-like behavior and amygdala neuron morphology,
suggesting that this hormone also directly can affect anxiety levels in addition to
its known effects on memory. To better understand the effect of glucocorticoids on
anxiety, we investigated the mechanisms and the time course of an acute administration
of corticosterone on anxiety-like behavior and the activity of the HPA axis in naïve
male Wistar rats. Our findings indicate that corticosterone can cause a delayed and
transient anxiolytic effect that is dependent on the noradrenergic system. Indeed,
corticosterone-treated animals displayed a significantly increased exploration of the
open-arm in the elevated plus maze 10 days after the treatment, but not 1 or 21 days
after corticosterone administration. Importantly blockade of the β-adrenoceptors by
propranolol abolished the anxiolytic effect observed at 10 days. We also demonstrated
that corticosterone administration could induce a temporary suppression of the HPA
axis resulting in lower plasma corticosterone levels on the day following the treatment.
However, homeostasis was soon reinstalled, since baseline levels were back to normal
at 10 and 21 days. Taken together, the presents findings illustrate that corticosterone,
interacts with the noradrenergic system to induce a temporary modification of the HPA
axis activity and anxiety-like behavior. These results provide additional information
about the mechanism underlying the therapeutic properties of glucocorticoids in
anxiety disorder such as PTSD.
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INTRODUCTION
Anxiety has been defined as an anticipatory emotional state in which an individual
prepares himself to cope with an upcoming potentially negative event (Barlow, 2000;
Grillon, 2008; Kalin and Shelton, 1989). This defensive emotion is highly adaptive and
conserved throughout evolution (Robinson et al., 2013). However excessive expression
of anxiety is maladaptive in normal conditions and can evolve into a pathological state.
Anxiety disorders are among the most common psychiatric disorder nowadays, and
considerable effort has been made to try to understand the neurobiological mechanisms
of normal anxiety and its pathological forms.
Post-traumatic stress disorder (PTSD) is a common anxiety disorder that can develop
after a traumatic event. It is characterized by long-lasting symptoms, specifically the
re-experiencing of the original trauma, avoidance behavior and hyperarousal (DSMIII). At the neurobiological and physiological levels, there is an increased activity
in areas of the limbic system, such as the amygdala (Liberzon et al., 1999; Rabinak
et al., 2011; Rauch et al., 2000); and increased noradrenergic activity and often low
circulating cortisol levels are observed (Mason et al., 1986; Yehuda et al., 1995 and
1998). In addition, the sensitivity of the negative-feedback of the hypothalamicpituitary-adrenal axis (HPA axis) is increased in PTSD patients (Goenjian et al., 1996;
Yehuda et al., 1993). Only a minority of individuals experiencing severe trauma will
actually develop the disorder, indicating that individual differences in the capacity
to properly regulate and terminate the stress response during and after the traumatic
experience, play a major role in the development of the disorder (Fletcher et al., 2010;
Perkonigg et al., 2000; Yehuda, 2002; Yehuda and LeDoux, 2007).
The suspected failure of the regulation of the HPA axis during traumatic events makes
the glucocorticoids hormones, as the endpoint hormone of this endocrine cascade, an
important component of the pathophysiology of PTSD (Yehuda et al., 2004). PTSD
patients generally have a low baseline circulating cortisol concentration (Yehuda,
2002). Recent clinical reports have suggested that the level of circulating cortisol at the
moment of the traumatic experience may be an important parameter for the outcome
on the emotional state (Delahanty et al., 2000; McFarlane et al., 2011). Thereafter
it was shown that reversal of a low cortisol level by administration of exogenous
cortisol would likely protect against PTSD (Schelling et al., 2001). Patients treated in
intensive care units (ICU) have a high risk of developing PTSD (Jones et al., 2001;
Schelling et al., 1998). A study by Schelling and colleagues showed that administration
of hydrocortisol during septic shock in ICU patients indeed could reduce the risk of
developing PTSD, confirming that low cortisol levels at the time of the trauma are a
risk factor for the development of this psychiatric disorder (Schelling et al., 1999). The
protective effects of cortisol against PTSD were confirmed by subsequent studies in
intensive care units patients in whom cortisol levels were increased (Schelling et al.,
2001, 2004 and 2006; Weiss et al., 2006)
In addition, cortisol administration can also reduce the retrieval of traumatic
memories in PTSD patients (Aerni et al. 2004; de Quervain and Margraf, 2008). This
is consistent with animal and human studies demonstrating the impairing effects of
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glucocorticoids on memory retrieval (de Quervain et al., 1998 and 2000; Kuhlmann et
al., 2005a&b). Similarly to memory consolidation, these effects of glucocorticoids on
memory retrieval are dependent on emotional arousal-induced noradrenergic activity
and the integrity of the amygdala (de Quervain et al., 2007; Kuhlmann and Wolf,
2006; Roozendaal et al., 2003 and 2004a&b). In the case of PTSD, cortisol is believed
to weaken traces of aversive memories by impairing their retrieval and consequently
promoting eventually the extinction (Brewin, 2001; de Quervain et al., 2009).
However an alternative explanation is that beneficial actions of glucocorticoids in
PTSD are due to direct effects on the neural substrates regulating anxiety behavior. A
recent study investigating the protective effects of glucocorticoids in an animal model
of anxiety brought some new insights about the mechanisms involved in the processes
(Rao et al., 2012). Using a paradigm in which immobilization stress applied to male
rats during 2 hours leads to an increase of anxiety-like behavior and of spine density of
BLA principal neurons 10 days later, the authors could demonstrate that administration
of corticosterone prior to stress exposure suppressed the delayed enhancement of
amygdala connectivity and anxiety-like behavior (Rao et al., 2012). This suggests that
glucocorticoid-induced modification of amygdala morphology, as well as anxiety state
could also play a role in therapeutic effects of cortisol in treatment of PTSD.
To better understand the mechanisms by which glucocorticoids can decrease
pathological anxiety, it is necessary to determine the mechanisms of action of these
hormones in non-stressful and/or non-pathological conditions. For this purpose, we
investigated the effects of corticosterone administration on anxiety-like behavior and
HPA axis reactivity. We also studied the temporal dynamics of these effects. Male
Wistar rats received a single injection of corticosterone and thereafter we assessed
changes in the anxiety-like behavior of these animals, and measured the concentration
of plasma corticosterone at several time points. In addition, in view of the extensive
evidence demonstrating the implication of the noradrenergic system in corticosteroidinduced effect on memory (Roozendaal et al., 2009), we have blocked β-adrenergic
activity with propranolol to determine whether the potential anxiolytic effects of
corticosterone are also dependent on the activity of the noradrenergic system.

MATERIALS AND METHODS
Animals

Adult male Wistar rats (350-400 g at the time of drug treatment) from Charles River
Breeding Laboratories (Germany) were group-housed (2 or 3 rats per cage) in an airconditioned colony room (21 ± 1 °C) and maintained on a 12-h/12-h light/dark cycle
(lights on: 07:00-19:00 h). Food and tap water were available ad libitum. Each cage
only contained animals that underwent the same drug treatment. Rats were adapted
to the vivarium for at least 1 week after arrival and were handled for 1 min on four
consecutive days before drug injection. Drug injection and behavioral testing were
performed during the light phase of the light/dark cycle between 10:00 and 14:00 h, at
94

CORTICOSTERONE EFFECTS ON ANXIETY-LIKE BEHAVIOR

the rat nadir of the diurnal rhythm of corticosterone. All procedures involving animal
care and treatments 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.

Drug Treatment

Corticosterone (3 or 10 mg/kg; Sigma-Aldrich) either alone or together with the
β-adrenoceptor antagonist propranolol (3 mg/kg; Sigma-Aldrich) was administered
subcutaneously in a volume of 2 ml/kg. Corticosterone and propranolol were first
dissolved in 100% ethanol and then diluted in peanut oil (Sigma-Aldrich) to reach
its appropriate concentration. The final concentration of ethanol was 5%. The vehicle
solution contained 5% ethanol in peanut oil only. All drug solutions were freshly
prepared before each experiment. The rats were left undisturbed in their cages until
testing on the elevated plus maze at 1, 10 or 21 days after drug treatment. Those
different time points were chosen based on previous work investigating the effects
of stress and corticosterone on anxiety-like behavior (Mitra et al., 2005; Mitra and
Sapolsky, 2008; Rao et al., Vyas et al., 2002).
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Elevated plus maze

The wooden-made apparatus consisted of two opposite closed arms (50 x 10 cm,
surrounded by a 50-cm-high black wall) and two open arms (50 x 10 cm, surrounded
by a 2-cm-high rim) elevated 50 cm above the floor. The protocol was adapted from
Pellow and File (1986). The animal was placed in the center of the apparatus, facing
an open arm and was allowed to explore the maze for 5 min. The maze was cleaned
with 10% (vol/vol) ethanol after each trial.
All the trials were video-recorded and the analysis was done off-line using The Observer
software (Noldus, Wageningen, The Netherlands). The number of entries and the time
spent in open arms were measured and used as parameters to assess the lack of anxiety.
In addition, the number of entries in closed arms was used as a measure of locomotor
activity (Mitra and Sapolsky, 2008). Relative open-arm exploration was measured by
normalizing open-arm exploration (entries and time spent) to total exploration of the
closed and open arms (entries and time spent), exploration of the center of the maze
was excluded.
Different groups of animals were tested in the elevated plus maze at the three different
time points chosen (1, 10 and 21 days after corticosterone administration).

Plasma corticosterone levels measurement

For each time point (1, 10 and 21 days post-treatment), immediately after testing on
the elevated plus maze, the animals were anesthetized with pentobarbital (100 mg/
kg) and decapitated 90 s later. Trunk blood was collected in tubes containing 0.5 M
EDTA and samples were centrifuged at 1,900xg at 4°C for 10 min. Plasma was stored
at -20°C and analyzed for corticosterone using radioimmunoassay, according to a
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previously described protocol (Lin et al., 2008).

Statistics

Data are expressed as mean + SEM. Data were analyzed with one- or two-way
analysis of variance (ANOVA), and Fisher’s LSD post hoc test was used for multiple
comparisons with significance levels set at p < 0.05.

RESULTS
Effect of corticosterone administration on anxiety-like behavior 10
days later

The effects of corticosterone alone, or with the β-adrenoceptors antagonist propranolol,
were measured in the elevated plus maze 10 days after the treatment.
To examine any potential effect of the injection itself on the anxiety-like behavior and
locomotor activity after 10 days, we first compared the home cage non-injected rats
with the vehicle-treated rats. An independent-samples t-test revealed no significant
difference between home cage and vehicle-treated animals for the open arm entries
[30.4 ± 3.9 and 21.7 ± 4.2 respectively], the time spent in the open-arm [34.5 ± 4.5
and 23.4 ± 5.7 respectively] nor for the closed-arm entries [11.7 ± 0.7 and 11.9 ± 0.7
respectively] as shown in Fig. 1A. These data indicate that the injection itself did not
influence either anxiety-like behavior or locomotor activity 10 days later. Therefore
the results were expressed as percentage of home cage control.
As shown in Fig. 1B, two-way ANOVA for entries in the open-arm, indicated a
significant corticosterone effect [F(2, 94) = 4.4; p < 0.05] and a significant propranolol
effect [F(1, 94) = 11.4; p < 0.01], but no significant interaction effect between these
two parameters [F(2, 94) =2.1; p = 0.13] as shown in Fig. 1B. Fisher’s LSD posthoc analysis revealed that corticosterone-treated rats displayed a higher percentage of
entries in the open arms of the elevated plus maze compared to the vehicle-treated rats
and also compared to the rats that received a co-administration of propranolol with
vehicle or either of the two doses of corticosterone (both doses p < 0.05).
Similarly, two-way ANOVA analysis for the time spent in open-arm revealed a
significant corticosterone effect [F(2, 94) = 3.9; p < 0.05, but no significant propranolol
effect [F(1, 94) = 3.2; p = 0.08] and no interaction effect between these two parameters
[F(2, 94) = 1.2; p = 0.3] as shown in Fig. 1C. Fisher’s LSD post-hoc analysis revealed
that corticosterone-treated rats spent more time in the open arms of the elevated plus
maze compared to the vehicle-treated rats (both dose p < 0.05).
These data demonstrate that a single injection of corticosterone could increase the openarm exploration in the elevated plus maze, indicating a reduced anxiety-like behavior
in the treated animals. Co-administration of the β-blocker propranolol abolished the
corticosterone-induced effect on anxiety.
Two-way ANOVA for the number of entries in enclosed arms showed no significant
corticosterone effect [F(2, 94) = 1.4; p = 0.25], nor a propranolol [F(1, 94) = 0.3; p
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= 0.57] or interaction effect [F(2, 94) = 1.3; p = 0.28], indicating that the locomotor
activity was not modified by corticosterone or propranolol administration.
In conclusion, the present findings demonstrate that corticosterone, in concert with the
noradrenergic system, exerts an anxiolytic effect that is visible in open field behavior
10 days after a single administration.

4

Figure 1. Corticosterone causes an anxiolytic effect that is dependent on the noradrenergic system. Anxietylike behavior was measured in the elevated plus maze (EPM) 10 days after the acute treatment. Open-arm exploration
was measured by the percentages of entries and time spent in the open arms (mean ± SEM). The locomotor
activity was measured by the number of entries in the enclosed arms (mean ± SEM). (A) Anxiety-like behavior and
locomotor activity in the elevated plus maze of the home-cage animals (n = 23) and the vehicle animals (n = 14)
10 days after the injection. (B) Percentage of entries in the open arms of the elevated plus maze 10 days after the
injection. VEHICLE animals received either an injection of vehicle (n = 14), 3 mg/kg of corticosterone (n = 14)
or 10 mg/kg of corticosterone (n = 13). PROPRANOLOL animals received 3 mg/kg of the β-blocker propranolol
together with vehicle (n = 19), 3 mg/kg of corticosterone (n = 20) or 10 mg/kg of corticosterone (n = 20). ** p <
0.05 as compared with all the other groups. (C) Percentage of time spent in the open arms of the elevated plus maze
by the above-mentioned groups of animals 10 days after the injection. * p < 0.05 as compared with the VEHICLEvehicle group. (D) Locomotor activity in the elevated plus maze of the above-mentioned groups of animals 10 days
after the injection.

Effect of corticosterone administration on anxiety-like behavior

To determine the temporal dynamics of the corticosterone effects on the reduction
of anxiety-like behavior, animals were assigned to the 4 treatment groups described
above and their anxiety-like behavior was assessed in the elevated plus maze at two
different time points.
We first tested the rats on the day following the treatment. In agreement with the
prior experiment, the injection itself did not influence the anxiety-like behavior of
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the animals. An independent-samples t-test revealed no significant difference between
the home cage group and the vehicle group for the open-arm entries [30.5 ± 4.5 and
25.6 ± 4.2 respectively] and for the time spent in the open arms [34.± 6.3 and 23.4 ±
4.3 respectively] (Fig 2A left panel). However, there was a difference in locomotor
activity between the two groups (p = 0.03) (Fig. 2A, right panel). These data indicate
that the injection did not significantly modify the state of anxiety of the animals but
affected locomotion. The findings were, as previously, expressed as percentage of the
home cage control group. As shown in Fig 2B, corticosterone did neither alter the
number of open-arm entries [F(2,34) = 0.13; p = 0.99] nor the time spent in the openarms [F(2,34) = 0.16; p = 0.85] when tested one day after the injection. These data
indicate that the effects of corticosterone on anxiety-like behavior are not yet visible
the day following the treatment. Fig. 2B shows also that the locomotor activity was
almost similar for all groups [F(2,34) = 0.71; p = 0.50].
These results indicated that the anxiolytic effect provoked by a single corticosterone
injection is not visible one day after the treatment and, since it was demonstrated
on day 10 in the previous experiment, we conclude that it is a delayed effect of the
corticosterone administration.
We subsequently investigated whether the corticosterone-induced anxiolytic effect
was permanent or would disappear after some time. A previous study, also in male
Wistar rats, has demonstrated that chronic restraint stress results in an alteration of
the anxiety-like behavior that was still present 21 days after the cessation of the stress
procedure. Therefore, we tested the behavior of our animals 21 days after they had
received the treatment.
Also in this experiment, the injection did not result in a significantly altered state of
anxiety in the home cage group compared to the vehicle group [open-arm entries:
33.2 ± 4.5 versus 26.1 ± 4.3; time spent in open-arm: 38.8 ± 5.8 versus 29.0 ± 5.5;
locomotor activity: 10.2 ± 0.6 versus 10.5 ± 0.8; Fig. 2C]. A comparison between the
treatment groups (Fig. 2D) revealed no significant drug effect for both the open-arm
entries [F(2,45) = 0.05; p = 0.95] and the time spent in open-arm [F(2,45) = 0.01; p =
0.99], indicating that 21 days after corticosterone treatment there was no visible effect
on anxiety-like behavior. Besides the locomotor activity was the same [F(2,45) = 0.17;
p = 0.84] for all groups as is also shown on Fig. 2D.
Taken together, these experiments demonstrate that the noradrenaline-dependent
corticosterone reduction of anxiety-like behavior observed ten days after the treatment
is a delayed and reversible phenomenon.
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Figure 2. Time course of corticosterone effect on anxiety-like behavior.
(A) One day after the injection: comparison of the anxiety-like behavior and the locomotor activity in the elevated
plus maze between the home-cage animals (n = 15) and the vehicle animals (n = 11) the day following the injection.
* p < 0.05 compared to home-cage group (B) Open-arm exploration and locomotor activity of the vehicle animals
(n = 11) and the animals treated with either 3 mg/kg of corticosterone (n = 13) or 10 mg/kg of corticosterone (n =
13) one day after the injection. (C) Twenty-one days after the injection: comparison of the anxiety-like behavior
and the locomotor activity in the elevated plus maze between the home-cage animals (n = 18) and the vehicle
animals (n = 17) the day following the injection. (D) Twenty-one days after the injection: anxiety-like behavior and
locomotor activity of the vehicle-treated animals (n = 17) and the corticosterone-treated animals, 3 mg/kg (n = 18)
and 10 mg/kg (n = 13).
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Corticosterone injection induces an early and temporary downregulation of the HPA axis reactivity

To examine the effects of the corticosterone treatment on the HPA axis reactivity
and determine a potential link with the anxiety-like behavior, seven to ten animals
were sacrificed immediately after testing on the elevated plus maze. Their blood was
collected and the concentrations of corticosterone in the plasma were measured as
shown in table 1.
For the animals tested on day 1 post-treatment, one-way ANOVA revealed a significant
effect of drug treatment on the plasma corticosterone concentration [F(3,33) = 6.87; p
< 0.001]. Post-hoc analysis showed that injection of the higher dose of corticosterone
(10 mg/kg) induced a significant decrease of circulating corticosterone concentration
the day after. This suggests that the HPA axis is down-regulated one day after the
corticosterone treatment.
For the animals tested 10 days after the injection, one-way ANOVA did not reveal
any drug treatment effect on plasma corticosterone concentration [F(3,36) = 0.87; p =
0.46]. These findings indicate that at day 10 post-injection, the corticosterone-induced
alterations of the HPA axis reactivity have disappeared, but most importantly they
suggest that there is no direct link between the anxiety-like behavior and the plasma
level of corticosterone.
We then examined the plasma level of corticosterone at the latest time point, 21 days.
For this time point, no significant difference in the level of corticosterone among the
different treatment groups [F(3,29) = 1.98; p = 0.14] was found, confirming that the
activity of the HPA axis was not altered anymore.
Taken all together, the present findings suggest that an acute treatment of a high dose
of corticosterone causes an early and temporary down-regulation of the HPA axis
reactivity, and that this reactivity of the HPA axis is not directly responsible for the
behavior observed after 10 days.
Table 1. Acute corticosterone treatment causes a temporary down-regulation of the HPA axis.

The plasma level of corticosterone (nM) was measured by radio-immunoassay in the different experimental groups
at the three time points studied. The day following the treatment, the highest corticosterone resulted in a significant
decrease in the plasma concentration of corticosterone. * p < 0.05. At day 10, the level of plasma corticosterone was
similar in all the groups. At day 21, the level of corticosterone was also equivalent between the different groups.

100

CORTICOSTERONE EFFECTS ON ANXIETY-LIKE BEHAVIOR

DISCUSSION
The present study examined the effects of the administration of exogenous corticosterone
on anxiety-like behavior and the HPA axis reactivity, and also the temporal dynamic of
those effects in naïve male Wistar rats. Our findings show that a single systemic injection
of corticosterone can induce a delayed and transient anxiolytic effect. Moreover,
corticosterone actions on anxiety behavior are dependent on the noradrenergic system,
since blockade of the β-adrenoceptors by propranolol abolished the anxiolytic effect.
We also found that corticosterone could induce a temporary down-regulation of
the HPA axis resulting in lower plasma corticosterone response the day following
the treatment. However this alteration of the HPA axis activity does not seem to be
directly the cause of the behavior, since at the time point when circulating levels of
corticosterone are lower on day 1, the animals showed a normal anxiety behavior
on the elevated plus maze. In contrast, when the anxiolytic effect of corticosterone
is observed on the behavioral level on day 10, its plasma concentration is found to
be within the physiological range. These results provide further insights about the
mechanisms underlying glucocorticoid modulation of anxiety behavior. They are of
interest to better understand the protective and therapeutic effects of glucocorticoids
against PTSD.
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There is growing evidence that administration of exogenous cortisol can have
beneficial effects in PTSD (Aerni et al., 2004; de Quervain and Margraf, 2008;
Schelling et al., 1999 and 2001; Weis et al., 2006). These clinical studies have
shown that exogenous cortisol could prevent the development of PTSD when it was
administered at the time of the traumatic experience, or decrease symptoms when
it was given to PTSD patients. In line with this evidence, it has been demonstrated
that acute administration of corticosteroids can reduce anxiety behavior in stresssensitive individuals or in stressful conditions (Het et al., 2012; Putman and Roelofs,
2011; Rao et al., 2012; Soravia et al., 2006). Our present findings demonstrate that
even in non-stressed animals, corticosterone can reduce anxiety-like behavior. Few
studies have investigated the effects of acute glucocorticoid administration in nonstressful or non-pathological conditions and they provide conflicting results. While
some have found no effect of cortisol on anxiety-like behavior (Buchanan et al., 2001),
others demonstrated an anxiogenic effect with very high doses of cortisol (60 mg)
(Grillon et al., 2011). Importantly, in agreement with the present results some studies
also showed an anxiolytic effect of corticosteroids on non-stressed individuals or in a
neutral situation (Andreatini and Leite, 1994; File et al., 1979; Reuter, 2002). Together
with these previous studies, our findings suggest that glucocorticoids can have a
suppressive effect on anxiety behavior by themselves and we confirm a complex and
non-linear relation between glucocorticoids levels and emotional state. However it
is important to mention that the times of observation in the mentioned studies are
different from ours. In the mentioned studies, the anxiety behavior was assessed on
the same day as the treatment, while in our present experiments we observed alteration
of anxiety-like behavior 10 days after the treatment. A previous study using a similar
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time point as ours (12 days post injection) and the same dose of corticosterone
found an increase of anxiety behavior after a single administration of corticosterone
together with morphological changes in the amygdala; an increase in BLA principal
neuron dendritic branches (Mitra and Sapolsky, 2008). This could suggest that in
our experimental conditions, the animals had a high basal level of stress, which was
reversed by the corticosterone treatment. We have used controls that allow us to rule
out this hypothesis. Firstly, using a control group of rats that received no injection and
a control group that received a vehicle injection, we showed that the injection itself
had no significant effect on the parameters measured in the EPM. This suggests that
the injection did not induce any serious stress that could have been reversed by the
exogenous corticosterone as already demonstrated (Rao et al., 2012). Additionally to
rule out any possible interference of the state of arousal at the moment of the test,
we habituated the animals to the testing room during the 3 days preceding the test. It
resulted in an increased open-arm exploration for all the groups; however the trend
of an anxiolytic effect in the corticosterone-treated groups was conserved (data not
shown). These results indicate that in our experimental conditions, the level of arousal
was not excessively high and that it did not interfere with the injection or the test.
However the question of how elevation of plasma corticosterone can have anxiolytic
effects in certain experimental conditions while it has anxiogenic effects in others,
remains. The behavioral response could be related to the state of activity of the BLA
at the moment of the injection. The BLA is an important region for the expression of
anxiety behavior (Tye et al., 2011; Wang et al., 2011). There is also evidence that the
level of anxiety is tightly correlated with the complexity of BLA principal neurons
dendritic arbors (Adamec et al., 2012; Rao et al., 2012; Vyas et al., 2003). It is possible
that corticosterone induces two opposite behavioral outcomes depending on the basal
intrinsic activity of the BLA (Alfarez et al., 2008; Karst et al., 2010). In the present
study we did not assess the morphology of these BLA neurons, but we expect that in our
corticosterone-treated animals, BLA principal neurons have less dendritic branching
than the controls. We can further speculate that in our experimental conditions, the
actions of corticosterone would have resulted in reduced dendritic branching or spine
density, leading to a reduced response of amygdalar neurons in the stressful situation.
However without morphological data of the BLA, it is difficult to define a hypothesis
about the mechanisms underlying this phenomenon. Future experiments will provide
information about changes in dendrite morphology in the BLA of these animals.
Another important finding of this study is the implication of the noradrenergic system in
the effects of corticosterone on anxiety. We found that blockade of the β-adrenoceptors
with propranolol suppressed the anxiolytic effects induced by corticosterone. The
implication of norepinephrine in anxiety-like behavior has already been demonstrated,
and it is thought that stress-induced release of norepinephrine can promote anxietylike behaviors (Cecchi et al., 2002; Charney et al., 1987; Morilak et al., 2005; Lapiz
et al., 2001). Our data indicate that similarly to what happens during the processing of
emotional memories, glucocorticoids and norepinephrine act in concert to modulate
the state of anxiety. This provides further evidence that anxiety-like behavior and
memory consolidation of emotional information may share common mechanisms
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engaged by the two main stress mediators (Adamec et al., 2007). It is possible that
those mechanisms take place in the amygdala, particularly in the BLA. Further
experiments will determine whether norepinephrine also mediates corticosteroneinduced alteration of the morphology of BLA principal neurons.
By observing the animals’ behavior in the elevated plus maze at three different time
points, we were able to obtain a dynamic picture of the effects of corticosterone on the
state of anxiety. We found that the effects of corticosterone on anxiety were built up
gradually. Consistent with our findings, other studies investigating the effects of acute
stress or corticosterone on anxiety, have demonstrated that these changes were not
visible one day after treatment or stress (Dickinson et al., 1985; Lim et al., 2012; Mitra
et al., 2005; Mitra and Sapolsky, 2008). On the other hand, changes in the behavior
were observed 10 days after the corticosterone injection. It is already known that a
single exposure to severe stress or high dose of stress hormones can induce long-lasting
changes on emotional states (Adamec et al., 1999 and 2004; Adamec and Shallow,
1993; Mitra et al., 2005; Mitra and Sapolsky, 2008). However, the reasons why these
modifications take several days to appear remain unclear. Finally we found that the
effects of corticosterone on anxiety were transient. We chose to look 21 days after the
treatment in reference to a study in which animals have been allowed to recover 21
days after termination of a chronic stress of 10 days. The authors demonstrated that
although the level of anxiety was still high after this period, it was not as high as at the
termination of the stress treatment. Similarly, the stress-induced alterations of BLA
principal neurons morphology were persistent after the recovery period, although
there were less strong than just after the stress period (Vyas et al., 2004). Here we
find that, 21 days after the injection, the effects of corticosterone have completely
dissipated. In our experiments, the total recovery can be explained by the relative
mildness of our treatment compared to the chronic stress of Vyas and colleagues. A
single corticosterone injection does not induce as much changes as 10 days of chronic
stress; therefore the alterations induced by the single corticosterone dose are likely to
disappear more rapidly.
Our findings further indicate that corticosterone caused a transient reduction of the
HPA axis reactivity. Five-min exposure to the elevated plus-maze is sufficient to
induce a significant increase in plasma corticosterone (Rodgers et al., 1999). Therefore
the measures from the samples collected immediately after the tests reflect HPA axis
response to this aversive test. We found that on the day following the injection, the
concentration of plasma corticosterone was significantly lower in the group of animals
that received the highest dose of corticosterone (10 mg/kg) compared to the home
cage and vehicle groups. The injection of 3 mg/kg of corticosterone also resulted in a
decrease of plasma corticosterone levels, although it did not reach significance. It has
been shown that administration of exogenous corticosterone results in an increase of
circulating levels of corticosterone (Sandi and Rose, 1997). This high concentration
of corticosterone exerts a negative feedback on the HPA axis resulting in a subsequent
decreased release of glucocorticoids by the adrenal glands (Ginsberg et al., 2003;
Hodges and Sadow, 1967). Our results indicate that the amount of hormone injected
was sufficient to induce a shutdown of the HPA axis that was still visible the following
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day but not 10 days later. Indeed the data show that HPA axis response was within
the physiological range 10 and 21 days after the corticosterone administration. These
results indicate that HPA axis reactivity is not directly linked to the anxiety-like
behavior observed in the elevated plus maze. Indeed the time course of changes in
anxiety-like behavior and corticosterone plasma concentration did not match. This
indicates that glucocorticoids induce distinct modifications of physiological and
behavioral responses, possibly by acting on different neural substrates.
In conclusion, the present study demonstrates that in basal condition, corticosterone in
interaction with the noradrenergic system can induce a delayed and transient anxiolytic
effect. Corticosterone also induces a transient reduction of the HPA reactivity that has
a different time frame than the effects on anxiety-like behavior. The present findings
provide further understanding of the mechanisms that underlie glucocorticoidsinduced modulation of anxiety behavior and could be relevant for from a therapeutical
perspective in the case of PTSD.
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CHAPTER 5
THE DELAYED EFFECTS OF A CORTICOSTERONE
ADMINISTRATION ON ANXIETY STATE
IMPAIR MEMORY ON A HIGH-AROUSING
BUT NOT ON A LOW-AROUSING LEARNING TASK

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

MATERIALS AND METHODS
Animals

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

Drug Treatment

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

5

Inhibitory Avoidance Task

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

Object Recognition Task

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

Statistics

Inhibitory avoidance training and retention latencies are expressed as median and
interquartile range (IQR). Non-parametric Kruskal-Wallis and two-tailed MannWhitney U tests were used to analyze the training latencies and retention latencies.
Non-parametric statistics were used because the retention latencies were restricted
by the maximum score of 600 s causing the results to be non-Gaussian. To determine
whether learning has occurred, paired t-tests were used to compare the training and
retention latencies. Data of the object recognition task are expressed as mean ± SEM.
Object exploration training and object discrimination index were analyzed with oneway ANOVAs, followed by Fisher’s LSD post-hoc comparison tests to determine the
source of detected significances, when appropriate. For all comparisons, a probability
level of p < 0.05 was accepted as statistical significance.
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RESULTS
Effect of a single corticosterone administration on performance in the
high arousing inhibitory avoidance task 10 days later

The aim of this experiment was to investigate whether an acute corticosterone injection,
shown to cause an anxiolytic effect 10 days later, can also affect learning and memory
on a high-arousing task.
We first examined whether the corticosterone treatment affected training performance.
Average step-through latencies for all groups during training, before footshock, were
30.9 ± 3.0 s (mean ± SEM). Kruskal-Wallis test for entrance latencies of the training
trial revealed no significant differences between groups [H(2) = 1.8, p = 0.4] as shown
in Fig. 2A. The reactivity to the electric shock was similar among the different groups
(data not shown). These findings indicate that the drug treatment did not influence
general motor behavior or footshock sensitivity during the training trial.
Forty-eight-hour retention test latencies of rats from the home cage group were
significantly longer than their step-through latencies during the training trial (p < 0.01),
indicating that the rats retained memory of the shock experience. Kruskal-Wallis test
revealed a significant group effect on retention test latencies [H(2) = 7.2, p = 0.03] a
shown in Fig. 2B. Mann-Whitney U test comparison of groups revealed that retention
latencies of the corticosterone group were significantly shorter than those of the home
cage control (Z = -2.3; p = 0.02) and vehicle groups (Z = -2.1; p = 0.04). Retention test
latencies of the vehicle and home cage controls did not differ significantly (Z = -0.6;
p = 0.57).
These findings indicate that a single dose of corticosterone has long-lasting effects and
can impair performance on a highly arousing inhibitory avoidance task 10 days later.
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Figure1. Early corticosterone administration impairs performance in the inhibitory avoidance task.
Ten days after the injection of corticosterone the animals were trained in the inhibitory avoidance apparatus.
Retention was tested, for 48h later. Step-through latencies and retention latencies are expressed as median ±
interquartile range. (A) Step-through latencies of the home-cage animals (n = 11), the vehicle-treated animals (n
= 14) and the corticosterone-treated animals (n = 13) during the training session. (B) Retention latencies of the
different groups during the testing session 48h later. * p < 0.05 as compared with the home-cage and vehicletreated animals.

117

Effect of a single corticosterone administration on performance in the
mildly arousing object recognition task 10 days later

To investigate whether the corticosterone injection can induce general memory
impairment or whether this effect is limited to more arousing tasks, in the next
experiment we examined whether similar corticosterone treatment could influence
object recognition performance.
On the training day, the average time spent exploring the two identical objects for all
the animals was 26.7 ± 1.5 s (mean ± SEM). One-way ANOVA for object exploration
during the training trial revealed no significant difference between the three groups
(home cage: 24.2 ± 3.9 s; vehicle: 26.1 ± 1.9 s; CORT: 29.1 ± 2.4 s) [F(2,43) = 0.86; p
= 0.43]. These findings indicate that the drug injection 10 days earlier did not influence
general object exploration of the animals during the training.
As shown in Fig. 2, one-way ANOVA for discrimination index revealed no difference
between groups (home cage: 25.9 ± 9.3%; vehicle: 24.0 ± 10.5%; CORT: 28.4 ±
9.9%) [F(2,43) = 0.51; p = 0.95]. Furthermore, one-sample t tests revealed that the
discrimination index of all groups was significantly different from zero [home cage:
t(12) = 2.80, p < 0.05; vehicle: t(15) = 2.29, p < 0.05; CORT: t(16) = 2.88, p < 0.05],
indicating that all groups readily discriminated the novel object from the familiar
object during the retention test. Total exploration of the two objects on the retention
test also did not differ between groups (ANOVA).
Taken together, the findings indicate that a single dose of corticosterone, given 10 days
before training, does not affect learning or memory on a low-arousing task.

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

5

Posttraumatic disorder (PTSD), a common anxiety disorder, develops after an
experience of severe trauma and is characterized by three groups of symptoms:
hyperarousal, avoidance and re-experiencing of the traumatic event (American
Psychiatric Association, 2000; Parsons and Ressler; 2013; Yehuda, 2004). There is
evidence that dysregulation of the HPA axis, reflected by a low level of cortisol at the
time of the trauma, is a risk factor to develop the disease (Yehuda, 2009). Consistent
with this view, studies have shown that administration of exogenous cortisol to
patients could either reduce the incidence of PTSD if done early, or reduce the reexperiencing symptoms in patients suffering from chronic PTSD (Aerni et al., 2004;
Schelling 2004; Weis et al., 2006). At the moment of the trauma, low cortisol levels
fail to shut down the stress response and therefore allow enhanced consolidation of
the event. In chronic PTSD, elevation of cortisol concentration is thought to weaken
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the traumatic memories by impairing their retrieval, and ultimately improves the
mood of the patients (De Quervain and Margraf, 2008). Our findings are interesting
in that respect, because the present anxiolytic glucocorticoids treatment can impair
performance of aversive memory task while having no effect on the neutral task. This
dual action of a single corticosterone administration, both on anxiety-like behavior
and aversive memories, if confirmed, would be interesting to test in animal models
of PTSD symptoms, and could constitute a path to explore in terms of defining the
therapeutic actions of glucocorticoids.
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CHAPTER 6
GENERAL DISCUSSION

Summary of the findings
In the first part of this thesis, we examined the presence of dopamine in the dlPAG
and determined the origin of this dopaminergic innervation. Our findings indicate that
several dopaminergic cell groups project to the dlPAG and that the A13 cell group,
located in the medial zona incerta, is the main source of dopaminergic terminals in the
dlPAG.
The aim of the second part of this thesis was to investigate the ultrastructural and
molecular relations between norepinephrine and glucocorticoids, and the long-term
effect of these interactions for anxiety and memory.
In Chapter 3, using immunofluorescence in combination with immuno-electron
microscopy and biochemical techniques, we showed that β2-AR and GR were colocalized in excitatory synapses in the BLA. We also showed that β2-AR activation
by clenbuterol increases the phosphorylation of GR on serine 154, which is a ligandindependent phosphorylation site.
In Chapter 4, we showed that an acute administration of corticosterone could induce a
delayed and transient anxiolytic effect that is dependent on noradrenergic activity, but
that is not directly linked with HPA axis responsivity.
In Chapter 5, we showed that the same anxiolytic corticosterone treatment could
simultaneously impair performance in a high arousing learning and memory task, but
not in low arousing task

Dopaminergic projection to the dlPAG, implication for
defensive behavior
The PAG controls several functions in which dopamine is known to be involved.
However this implication almost exclusively concerns the ventral PAG. Dopamine
located in the ventral PAG participates in several functions such as the modulation
of opiate-induced analgesia (Flores et al., 2004), the rewarding sensitizing properties
of heroin (Flores at al., 2006), or micturition reflex (Kitta et al., 2008). There is little
information concerning the dopamine terminals and receptors in the dlPAG which
orchestrates defensive reactions. To date, no link has been established between
dopamine and dlPAG-mediated panic-like response although there is evidence that
dopamine facilitates this type of behavior in areas of the hypothalamic defense system
(Maeda et al., 1985; Sweidan et al., 1990 and 1991). But it is legitimate to ask whether
dopamine has the same facilitating effects in the dlPAG. One study seems to support the
idea. Jenck et al (1990) demonstrated that nomifensine, a dopamine and noradrenaline
reuptake inhibitor enhances the aversion induced by electrical stimulation of the
dorsal PAG (Jenck et al., 1990). In chapter 1, we traced the origin of the dopaminergic
innervation of the dlPAG. We showed that this innervation originates from diverse
dopaminergic cell groups. Among these cell groups, the incertohypothalamic cell
group (A13) is the main provider of dopamine input to the dlPAG. Considering that this
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nucleus projects to the hypothalamic defense system mentioned above (Dominguez
and Hull, 2005; Miller and Lonstein, 2009; Wagner et al., 1995), our findings reinforce
the hypothesis that dopamine might participate in panic-like response controlled by
the dlPAG. Behavioral experiments are needed to confirm or infirm this hypothesis. It
is also important to bear in mind that response to imminent threat orchestrated by the
dlPAG comprises not only behavior response but also autonomic manifestations that
support this emotional and motor reactions. The dorsolateral column of the PAG targets
downstream nuclei such as the locus coeruleus, the A5 noradrenergic cell group or the
rostral nucleus paragigantocellularis which are involved in arousal, pain processing,
cardiovascular and respiratory regulation (Cameron et al., 1995; Van Bockstaele et al.,
1993). Dopamine in the dlPAG might be specifically involved in the control of one or
more of these functions.

Anatomical and molecular interaction between
glucocorticoids and norepinephrine

6

Strong evidence from human and animal studies has established that norepinephrine
and glucocorticoids, through the activation of β-AR and GR in the BLA, play a central
role in the modulation of memory consolidation of emotionally arousing information
(Joels et al., 2011; Krugers et al., 2011; Quirarte et al. in 1997; Roozendaal et al., 2000
and 2009). It was demonstrated that glucocorticoids potentiate noradrenergic signaling,
but on the other hand their effects on memory functions are dependent on this same
noradrenergic activity (McIntyre et al., 2002; Quirarte et al., 1997; Roozendaal et
al., 2002, 2006a and 2006b). A first model of interaction emerged some years ago to
explain the mechanisms of this cross talk between the two stress mediators. In this
model, GR and β-AR are localized in a same cell and GR interferes with the β-AR/
cAMP/PKA pathway to induce changes on BLA neuron activity, in agreement with
earlier studies (Duvarci and Pare, 2007; McGaugh and Roozendaal, 2002) (Fig. 1A).
It was then demonstrated that GR also may influence the signaling pathway in a nongenomic manner, suggesting that in addition to their influence on gene expression,
glucocorticoids may modulate memory through a membrane associated GR in
the synapse (Roozendaal et al., 2002). While the presence of β-AR in synapses is
common knowledge, it is only recently that ultrastructural studies have demonstrated
the presence of GR at synaptic sites and have provided support for the theoretical
mechanisms elaborated (Johnson et al., 2005; Ooishi et al., 2012; Prager et al., 2010).
Further support came from physiological and cellular studies to refine the knowledge
concerning the interaction of norepinephrine and glucocorticoids, particularly the
rapid interaction. Recent findings showed that corticosterone and β-AR agonist rapidly
increased AMPA receptor GluA1 subunit phosphorylation and surface expression at
the postsynaptic membrane as well as facilitated miniature excitatory postsynaptic
currents, whereas the application of each compound alone was less or not effective
(Zhou et al., 2012). These results suggest that norepinephrine and glucocorticoids
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could mediate the influence of stress on memory consolidation by rapidly altering
the glutamatergic neurotransmission. Interestingly, the findings also imply that
the receptors of the stress mediators are localized in the vicinity of each other in
glutamatergic synapses. The findings from the Chapter 3 demonstrating that β2-AR
and GR are co-localized at excitatory synapses in the BLA confirm this hypothesis
and provide the first anatomical evidence of the interaction between norepinephrine
and glucocorticoids in this region. The ultrastructural data showed that the two
receptors were co-distributed in postsynaptic compartments, supporting the view that
GR and β-AR work in concert to influence a post-synaptic response. In addition we
also observed co-distribution of the two receptors in the pre-synaptic compartment.
The modulation of glutamate release by each hormone separately have already been
shown, but there has been no investigation concerning a possible synergetic action at
this level, although behavioral data have suggested this idea (Gereau and Conn, 1994;
Herrero et al., 1996; Huang et al., 1996 and 1998; Hascup et al., 2010; Reznikov et
al., 2007; Venero and Borrell, 1999; Wang and Wang, 2009). It is possible that GRinduced potentiation of β-AR signaling cascade is a general phenomenon involved
in different synaptic events, including neurotransmitter release. The presence of the
two receptors at the different synaptic compartments supports this view. Therefore in
this model, norepinephrine activity is influenced by glucocorticoids resulting in an
optimized glutamatergic transmission.
However this model is necessarily incomplete, because it does not include other
partners, whereas it is well known that other neuromodulators participate to BLA
activity and influence memory functions (Roozendaal and McGaugh, 2011). Recent
studies have demonstrated the importance of endogenous endocannabinoids in
mediating glucocorticoid effects on memory. Glucocorticoid-induced enhancement
of memory consolidation requires the activation of the CB1 receptors by
endocannabinoids in the BLA (Campolongo et al., 2009). Endocannabinoids are also
required for the non-genomic effects of glucocorticoids on memory retrieval (Atsak
et al., 2012a). These findings brought additional complexity to the model. It is now
believed that glucocorticoids rapidly enhance endocannabinoid release, which in turn
shut down the GABAergic inhibition on BLA pyramidal neurons by activating the
CB1 receptors present on interneuron terminals, eventually resulting in increase of
pyramidal neurons excitability and also norepinephrine release (Atsak et al., 2012b;
Hill and McEwen, 2010) (Fig. 1B). So it seems that the potentiation of noradrenergic
activity by glucocorticoids is dependent on endocannabinoid signaling, placing the
interplay between the last two at the first place in the sequence of interactions between
neuromodulators. But importantly, here again, this interaction seems also dependent on
arousal-induced noradrenergic activity (Atsak et al., 2012b; Campolongo et al., 2009;
Hill and McEwen, 2009). This suggests that norepinephrine has a primal influence on
the cascade that will enhance its activity. In physiological conditions, after a stressful
event, neurons are first exposed to high levels of norepinephrine, which is released
several minutes before glucocorticoids can reach the brain. Therefore to elucidate the
complex stress-induced mechanisms that lead to enhancement of amygdala activity
and memory consolidation, it seem logical to first examine the influence of β-AR
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activation on glucocorticoid signaling. And if the presence of β2-AR and GR in the
same synapses support the view that GR influence β-AR activity, it also fits with the
hypothesis that β2-AR activity influences GR signaling. We indeed showed that β2AR activation modified synaptic GR phosphorylation on serine 154 probably via p38
MAPK mediated mechanisms and formation of a molecular complex that includes
the two receptors and p38 MAPK. The phosphorylation site serine 154 (serine 154 in
rodents, serine 134 in human) has been discovered recently, and importantly its status is
influenced by cellular stress while it is not modified by the presence of glucocorticoids
(Galliher-Beckley et al., 2011). The findings are important because they support the
view that norepinephrine may have a critical influence on GR at the very beginning
of the stress response, and confirm that the mechanisms of interaction between the
two main stress mediators is complex and consists of different steps happening
during different phases of the stress response, and probably at different intracellular
locations in neurons. These results also explain the behavioral findings showing that
noradrenergic activity was necessary for glucocorticoids and endocannabinoids to
exert their effects on memory.
The consequences of the phosphorylation on GR serine 154/serine 134 for amygdala
activity and eventually modulation of memory need to be investigated. Phosphorylation
is an important basic regulator of receptor activity, and all steroid hormone receptors
contain multiple phosphorylation sites, which are activated in basal conditions, in
response to hormone binding or through specific signaling cascades (Trevino and
Weigel, 2013). In their study Galliher-Beckley and colleagues demonstrated that
phosphorylation of serine 134 altered gene expression patterns by modulating promoters’
selectivity (Galliher-Beckley et al., 2011). This clearly shows that phosphorylation of
serine 134 is implicated in glucocorticoid genomic effects. But the fact that we showed
this particular phosphorylation in synaptoneurosomes, suggests that this phenomenon
could also be important for the rapid and non-genomic effects. It would be interesting
to follow the evolution of the “synaptic” phosphorylated receptors, before the binding
to the ligand occurs to examine whether this phosphorylation affects their localization
for instance. This would provide information concerning the reason why β2-AR
affects GR phosphorylation status. Does this β2-AR effect represent a preparation
of GR for hormone arrival? Subsequently, it would be insightful to follow those
“synaptic” phosphorylated GR after binding to their ligand and compare their spatial
and functional evolution with the receptors located in the soma. According to the
classical view, binding of ligands to cytoplasmic GR provokes their translocation to
the nucleus. But little is known about the GRs located in dendritic spines and synapse
for instance. What happens with these receptors once they are bound to their ligand? It
is believed that membrane-associated GR exert non-genomic actions, like enhancing
endocannabinoid release. An important question is whether the receptors located in
the soma and those located in spines constitute two different pools of receptors with
different fate and functions? There is a real lack of spatial and temporal information
concerning the trafficking of GR.
Many years of behavioral research have detailed the different neurochemical
components that mediate stress and arousal influence on memory functions. From the
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considerable amount of data accumulated, models have been designed to explain the
cellular and molecular mechanisms that underlie this influence of stress on amygdala
activity and function. To refine those models, it is critical to design experiments in
which the temporal dynamic of the stress response as well as the morphology of
neurons involved are integrated.

Figure 1. Evolution of the models of glucocorticoid-noradrenergic interaction in the BLA during modulation
of emotional memory.
(A) In the old model, the release of norepinephrine during stress or arousal activates the β/cAMP/PKA pathway.
Corticosterone facilitates norepinephrine actions by potentiating the activated signaling pathway (adapted from
Roozendaal and McGaugh, 2002).
(B) In the current model, binding of corticosterone to a membrane-associated GR induces the rapid release of
endocannabinoids. The endocannabinoids bind to CB1 receptors located on GABAergic terminals and inhibit the
release of GABA. As a consequence, the inhibition on noradrenaline release is suppressed and the β/cAMP/PKA/
pCREB pathway is enhanced (adapted from Atsak et al., 2012).

Mechanisms of glucocorticoids long-term effects on anxiety
and memory
It is well established that in addition to promoting a rapid and adequate response
to an acute stressful situation, stress hormones also promote long-term adaptation.
These adaptive changes prepare the individuals for subsequent stressful events.
As mentioned earlier, enhanced memory consolidation of stressful or emotionally
arousing information is one of the long-term adaptive responses to stress. For instance,
remembering the location where a danger was encountered in the past would help an
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individual, by avoiding this or similar locations, to increase their chance of survival.
Anxiety behavior, as a normal stress response, also undergoes long-term modifications.
Many studies have focused on the long-term maladaptive consequences of stress,
and particularly chronic or severe stress, but it seems that stress hormones can also
have long-term beneficial effects on anxiety levels (McEwen, 2007). In Chapter 4 we
demonstrated that acute treatment of high dose of corticosterone reduces anxiety-like
behavior in the elevated plus maze 10 days later. This delayed effect on anxiety is
consistent with previous studies demonstrating that acute stress or acute administration
of corticosterone can induce changes in anxiety levels several days after (Mitra et al.,
2005; Mitra and Sapolsky, 2008). More interestingly, the anxiolytic properties of our
corticosterone treatment are in line with evidence showing that glucocorticoids can
have beneficial effects in PTSD patients (Aerni et al. 2004; Schelling et al., 2001, 2004
and 2006; Weiss et al., 2006; Yehuda et al., 2010). Glucocorticoids are also well known
to decrease anxiety in stress-sensitive individuals or in stressful situations, consistent
with the view that these hormones suppress the stress response (Het et al., 2012;
Putman and Roelofs, 2011; Rao et al., 2012; Sapolsky et al., 2000; Soravia et al., 2006).
However, there were contrasting findings concerning the effects of glucocorticoids in
baseline conditions (Andreatini and Leite, 1994; Buchanan and Lovallo, 2001; File
et al., 1979; Grillon et al., 2011; Reuter, 2002). The findings of Chapter 4 confirm
that in basal conditions, glucocorticoids can be anxiolytic. The reasons for these
discrepancies are not clear. For instance, our results are in contradiction with another
study in which the same dose of corticosterone caused an anxiogenic effect at the same
time point (Mitra and Sapolsky, 2008). It is impossible to compare the baseline level
of arousal of animals coming from two different research groups, but an explanation
could be that in our experimental conditions, the animals were stressed during the
injection and that corticosterone administration suppressed this stress. However we
used controls that allow us to rule out this hypothesis. In addition to the vehicle control
group, there was a home-cage control group. The two groups displayed comparable
levels of anxiety, indicating that the injection did not cause significant stress that could
be reversed by corticosterone as it was demonstrated recently by Rao and colleagues
(Rao et al., 2012). Besides, habituation sessions before the elevated plus maze test
indicated that basal level of arousal of all the animals was not excessive, since those
sessions enable a further decrease of anxiety-like behavior in the maze for all the
groups while preserving the difference between them. Another explanation would be
that the animals were relatively stressed before the injection took place. In that case,
corticosterone could act to exert its stress suppressing effects on the long run, which
will be reflected 10 days later in the plus maze. This would be consistent with recent
evidence indicating that glucocorticoids effects on BLA neurons response depend on
stress history (Karst et al., 2010). As mentioned in Chapter 4, we did not assess the
morphology of BLA principal neurons in contrast to the study of Mitra and Sapolsky.
But examination of the morphological consequences of our drug treatment will be
critical to understand how corticosterone can result in opposite emotional states. It
appears that the intrinsic activity of important regions such as the BLA, although not
directly visible at the behavioral level, play an important role on the outcome of stress
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hormone effects.
The effects on anxiety-like behavior were associated with effects on learning and
memory performance. In Chapter 5, we demonstrated that the same corticosterone
treatment that was able to induce anxiolytic effects was also capable of impairing the
performance on a learning and memory task that was high arousing, whereas it had
no effect on more neutral task. It has long been known that anxiolytic compounds
also affect learning and memory functions that have strong emotional components
(Beuzen and Belzung, 1995; Leong et al., 2012; Ribeiro et al., 1999; Uzun et al.,
2010). This is not surprising considering that memory functions and anxiety share
common neurochemical and neuroanatomical substrates (Kalueff, 2007). Action of
glucocorticoids on BLA morphology and synaptic plasticity could be the cause of
dysfunctions in emotional memories processing. There is evidence that the integrity
of the amygdala is necessary for those types of memories (LaBar and Cabeza,
2006; Richardson et al., 2004; Vuilleumier et al., 2004). This could explain why
corticosterone-treated animals perform less than the control animals in the inhibitory
avoidance task, and why there is no difference in the object recognition task.
It is also possible that memory functions were intact and that the impaired performance
were due the low level of anxiety. The influence of anxiety on memory performance
is well documented, and it appears that the link between the two is quite complex
(Diamond et al., 2007; Herrero et al., 2006). According to the Yerkes-Dodson law,
the effect of anxiety on performance depends on the complexity of the learning task
(Broadhurst, 1957; Easterbrook, 1959). Additionally, the emotional component of the
task is important as well. Indeed, a minimum level of arousal is necessary to be able
to learn and later remember any information (Okuda et al., 2004). Those parameters,
together with the emotional state of the subject undergoing the task, are integrated in
a complex set of interactions that will influence the performance. An optimal level or
awareness, which will be specific for each context, is necessary so that learning and
memory formation occur (Silva and Frussa-Filho, 2000). In our experiments, the level
of anxiety caused by the corticosterone treatment did not disturb memory processing
during the object recognition task, so the treated animals were capable of learning
and recalling the information. In contrast, in the inhibitory avoidance task, the level
of anxiety may have been too low to enable an optimal processing and/or recalling of
the information.
PTSD is a good example of the interconnection between anxiety sate and memory
processes. A high level of anxiety and frequent re-experiencing of the traumatic event
characterize this disorder. The initial failure of the neuroendocrine system to terminate
the stress response cause an enhance consolidation of the traumatic memory. The high
levels of stress hormones contribute to the retrieval and reconsolidation of this memory.
As a result of the constant re-experiencing of the traumatic event, patients develop a
permanent and high state of anxiety. This high level of anxiety will also influence
future memory processes since it is well known that PTSD patients have memory
disturbances (Bremner et al., 1993; Isaac et al., 2006; Samuelson, 2011). Whether the
results observed in the inhibitory avoidance task are due to dysfunction of memory
processes or an insufficient level of anxiety, they are interesting in the perspective of
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PTSD treatment. Glucocorticoids beneficial effects on PTSD symptoms are believed
to weaken fear memory (Aerni et al., 2004; De Quervain et al., 2009). It appears
from our findings that glucocorticoids can alter both anxiety behavior and emotionally
arousing memory, giving to this hormone a double efficiency to treat patients.
While the importance of this interaction was well established for learning and memory
functions, less was known about their association for the modulation of anxiety,
although there has been strong evidence that both norepinephrine and glucocorticoids
play a role in the regulation of anxiety. In the case of memory, this crosstalk is involved
in the elaboration of an optimal response. It would be logical that it also affects anxiety
behavior, which is also part of the stress response. The finding that corticosterone
requires β-AR activity to induce its delayed and long lasting effects on anxiety
behavior indicate that the interaction between norepinephrine and glucocorticoids
is a general mechanism that modulate other functions than memory processing. The
simultaneous alteration of anxiety-like behavior and performance in arousing memory
task support this view. Finally, the fact that these alteration occur several days after
the administration of the drugs suggests that in addition to modulate immediate
reactions to stress, the interaction between the two stress mediators is also involved
in generating long-term changes that will be important for both anxiety response and
memory functions during future stressful situations.

6

BLA as a locus of integration and modulation
By activating specific signaling pathways, membrane ion channels, glutamatergic
and GABAergic receptors, norepinephrine and glucocorticoids modify the ongoing
synaptic transmissions, and norepinephrine is believed to enhance the signal-tonoise-ratio in order to strengthen processing of information that are important for
the stress response (Marzo et al., 2009; Roozendaal et al., 2009). In the amygdala,
norepinephrine exerts various effects, both excitatory and inhibitory (through β-AR
and α2-AR respectively) on synaptic transmission (Ferry et al., 1997; Gean et al.,
1992; Huang et al., 1996). It also promotes the initiation of long-term potentiation
and suppresses GABAergic inhibition on amygdala principal neurons (Ikegaya et al.,
1997; Tully et al., 2007). Stress levels of glucocorticoids enhance pyramidal neurons
intrinsic excitability and suppress GABAergic transmission (Duvarci and Pare, 2007).
The two hormones have many common end points, such as the AMPA receptors, the
small-conductance Ca2+-activated K+ channels (SK channels) which are implicated
in the formations of emotionally arousing memories and the regulation of anxiety
(Boyle et al., 2013; Faber et al., 2005 and 2008; Krugers et al., 2012; Mitra et al.,
2009). In physiological conditions, the interaction and synergetic actions of the two
stress mediators in the BLA are implicated in the attribution of emotional value to the
sensory information arriving from the cortex and the thalamus, and allow the BLA to
modulate diverse behaviors and functions through its direct and indirect connections
with the hippocampus, the cortex, the hypothalamus or the brain stem (Pape and Pare,
2010; Sah et al., 2003). We have hypothesized that BLA is involved in the phenomena
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observed in Chapters 4 and 5. There is strong evidence that corticosteroids influence
on anxiety is correlated with alteration of BLA neurons morphology (Mitra and
Sapolsky, 2008). The BLA is also the site that integrates stress hormone signaling to
modulate memory functions (Roozendaal et al., 2009). In addition, considering that
the defense response is initiated in the BLA via the detection of threat, we can also
consider that the dlPAG-induced defensive behavior mentioned in Chapter 1 is also
indirectly modulated by BLA activity.

Concluding remarks
This thesis aimed at examining the mechanisms of norepinephrine and glucocorticoids
interaction in the BLA and their long-term consequences for anxiety behavior and
learning and memory process. The findings provide new information that may be
relevant in the study of anxiety disorders such as PTSD, as cortisol is increasingly
viewed as a potential therapeutic agent in treating this pathology. However, it is
important to keep in mind that all those experiments have been done in male rats, like
in most behavioral studies, while it is well established that male and female respond
differently to stress (Bangasser and Valentino, 2012). Clinical studies have consistently
reported gender differences in the prevalence of anxiety disorder. For instance, it is
estimated that women are twice as likely to suffer from PTSD (Bangasser and Valentino,
2012). Evidence showed that these gender-related differences have a biological basis.
The HPA axis and the major hormones of the stress system are modulated by ovarian
hormones (Olff et al., 2007). In human, HPA response of women between puberty
and menopause is different than in men and also change according to the phase of
the menstrual cycle (Olff et al., 2007). The noradrenergic and glucocorticoid systems
are influenced by female hormones, even at the receptor level (Bangasser et al., 2011
and 2013a,b; Etgen et al., 2001). This suggests that the mechanisms proposed for β2AR and GR in the present thesis might be altered in female according to the phase of
the cycle. This may have also long-term implications for anxiety behavior as well as
processing of emotional information. It would be interesting to integrate the complexity
of female hormones system in future studies investigating the cellular and molecular
mechanisms of stress hormones interactions. This could provide critical information
to explain the gender differences observed in stress response both in pathological and
non-pathological situations.
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Een stressor is een fysieke of psychische stimulus die de homeostase van een organisme
bedreigt. In reactie op de aanwezigheid van een stressor, en om het evenwicht te
herstellen, maakt het organisme gebruik van fysiologische en gedragsmechanismen. Op
gedragsniveau wordt het type respons bepaald door de fysieke afstand tot de dreiging.
Dit proefschrift bestaat uit twee onafhankelijke delen, die zich bezighouden met twee
verschillende emotionele reacties: paniekerig defensief gedrag in reactie op dreigend
gevaar; en angst, hetgeen de reactie op afstand en onvoorspelbare bedreigingen vormt.
Het eerste deel van het proefschrift richtte zich op het dorsolaterale periaqueductale
grijs (dlPAG) dat een cruciale rol speelt bij de controle van defensief gedrag in reactie op
directe en acute fysiologische dreiging. In hoofdstuk 2 onderzochten we de projecties
van verschillende dopaminerge cel groepen naar het dorsolaterale periaqueductale
grijs (dlPAG). Deze studie toonde aan dat het dlPAG dopaminerge afferente vezels van
verschillende cel groepen, enerzijds gelokaliseerd in de hypothalamus en anderzijds in
de ventrale middenhersenen, ontvangt. Van de verschillende dopaminerge cel groepen,
werd gevonden dat de incertohypothalamische A13 cel groep de belangrijkste bron
van dopaminerge efferenten naar het dlPAG is. Aangezien bekend is dat de A13 cel
groep naar hypothalamische gebieden projecteert waar dopamine defensieve reacties
faciliteert, ondersteunen deze bevindingen de hypothese dat dopamine dlPAGgemedieerd defensief gedrag zou kunnen beïnvloeden.
De neuro-endocriene stressrespons bestaat uit de activatie van het autonome zenuwstelsel
en de hypothalamus-hypofyse-bijnierschors (HPA)-as, die respectievelijk leiden tot
het vrijkomen van noradrenaline en de aanwezigheid van een hoge concentratie van
glucocorticoïden in de hersenen.
Het tweede deel van dit proefschrift onderzocht de anatomische en moleculaire basis
van de interactie tussen noradrenaline en glucocorticoïden, in de basolaterale amygdala
(BLA), en de implicatie van deze interactie voor angst en geheugen.
Hoewel voldoende bewijs het belang van de samenspraak tussen deze twee
mediatoren voor geheugenconsolidatie van emotionele informatie heeft aangetoond,
zijn de precieze neurale mechanismen die ten grondslag liggen aan deze interactie
niet bekend. In hoofdstuk 3 onderzochten we de ultrastructurele verdeling van de β2adrenerge receptoren (β2-AR) en glucocorticoïd receptoren (GR) in de BLA, met een
focus op synaptische sites. We toonden aan dat β2-AR en GR gecolokaliseerd waren
in BLA-synapsen. Verder onderzochten we een mogelijk functioneel gevolg van deze
colokalisatie en vonden dat activatie van β2-AR de hyperfosforylering van GR op haar
unieke ligand-onafhankelijke fosforyleringsplaats induceert. De bevindingen geven
aan dat deze β2-AR-geïnduceerde hyperfosforylering van GR wordt gemedieerd door
de vorming van een moleculair complex met β2-AR, GR en het kinase p38 MAPK.
Deze bevindingen bieden niet alleen anatomisch bewijs van de interactie tussen
noradrenaline en glucocorticoïden binnen de synaps, maar ze veronderstellen ook een

mechanisme van interactie waarin noradrenaline-signalering GR kan beïnvloeden,
zelfs voor de aankomst van de hormonen in de amygdala.
In hoofdstuk 4 onderzochten we de effecten van glucocorticoïden op angstig gedrag
en HPA-as reactiviteit en de temporele dynamiek van deze effecten. De resultaten
toonden aan dat een enkele toediening van corticosteron vertraagde en omkeerbare
anxiolytische effecten onafhankelijk van de HPA-as induceerde. We toonden ook
aan dat noradrenaline activiteit noodzakelijk was voor de glucocorticoïden om de
angsttoestand veranderen. Deze resultaten tonen aan dat vergelijkbaar met wat gebeurt
bij geheugenmechanismen, noradrenaline en glucocorticoïden samenwerken om
angstig gedrag te moduleren.
De bevindingen uit hoofdstuk 5 toonden aan dat samen met de tijdelijke anxiolytische
effecten waargenomen in Hoofdstuk 4, glucocorticoïden de prestaties in een “higharousing” geheugentaak verminderden terwijl ze geen effect in een “milde-arousing”
taak hadden. Deze gegevens suggereren dat glucocorticoïden tegelijk angst en
geheugen beïnvloeden, waarschijnlijk via een modificatie van het amygdala-neuron
morfologie en activiteit.
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