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ABSTRACT

“EFFECT OF TRAUMATIC STRESS ON MULTIPLE AMINERGIC SYSTEMS
IN AMYGDALA AND HYPOTHALAMUS: SPECIFIC IMPAIRMENT OF 5-HT;4
RECEPTOR SIGNALING AND ITS PATHOPHYSIOLOGICAL ROLE IN AN
ANIMAL MODEL OF POST-TRAUMATIC STRESS DISORDER”

Xiaolong Jiang

Thesis Directed By: He Li MD., Ph.D. Associate Professor, Department of Psychiatry

The amygdala and hypothalamus are central brain regions participating in stress
response. This response also requires participation of multiple aminergic systems, which
extensively interconnect with the amygdala and hypothalamus. Thus, dysregulation of
aminergic systems, particularly the serotonergic and noradrenergic systems, is closely
linked with multiple anxiety and stress disorders. The present study, utilizing a learned
helplessness stress model, determined if alterations of aminergic systems in the amygdala
and hypothalamus were involved in stress-induced behavioral and physiological
abnormalities associated with anxiety and stress disorders.

The first part of the study investigated the electrophysiological function of
serotonergic, histaminergic and noradrenergic systems in the basolateral amygdala (BLA)
in control rats and associated these functions with identification of the primary aminergic

receptors. The principal electrophysiological function of serotonin in the BLA was to
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facilitate GABA release and the 5-HT,4 receptor was the primary serotonin receptor
involved in this effect. The principal electrophysiological function of histamine in the
BLA was to suppress excitatory synaptic transmission through presynaptic histamine Hj
receptors. In certain BLA neurons, histamine also potentiated excitatory synaptic
transmission via a currently unknown mechanism. The primary function of
norepinephrine in the BLA was also to suppress amygdala excitability, and the a,
adrenoceptor was confirmed to be one of the mechanisms mediating this inhibitory effect.

In rats exposed to three-day restraint/tail shock, 5-HT,a receptor-mediated
serotonergic facilitation of GABA release was severely impaired, while o, adrenoceptor-
mediated and Hj receptor mediated suppression of BLA excitatory synaptic transmission
were not significantly changed. Quantitative RT-PCR and western blot analysis further
demonstrated that stress specifically decreased BLA 5-HT,a receptors, while other
aminergic receptors were not significantly altered. In addition, treatment with the
selective 5-HT»4 antagonist, MDL 11,939 during stress, which is assumed to prevent
amygdala 5-HT4 receptor from being impaired, prevented the occurrence of enhanced
acoustic startle response (ASR), a stress-induced behavioral manifestation that depends
on the amygdala.

Since serotonin in the hypothalamus, by mechanisms of 5-HT,4,5-HTx¢, 5-Tia, 5-
HT,p receptors, provides an important mechanism mediating feeding and body weight,
the present study also examined whether sustained body weight loss in stressed animals is
associated with dysregulation of hypothalamic serotonergic system. Stress decreased the
mRNA levels of hypothalamic 5-HT»a receptor and increased 5-HT,g receptor mRNA

levels, while 5-HT,¢ and 5-HT; 4 receptor mRNA levels remained unchanged.
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Pretreatment with the selective 5-HT»4 antagonist, MDL 11,939, which is assumed to
prevent hypothalamic 5-HT, receptors from being decreased by stress, dose-dependently
reversed sustained body weight loss in stressed animals.

These findings indicate that BLA and hypothalamic 5-HT:4 receptors, but not H;
receptor, o, adrenoceptor and other serotonin receptors, play a critical role in
pathophysiological response to traumatic stress, and alteration of this receptor in the BLA
and hypothalamus may represent an essential mechanism underlying the emergence of
behavioral and physiological abnormalities resulting from stress, such as enhanced ASR
and sustained body weight loss. Hence, 5-HT»a receptor ligands may be potential
preventive or therapeutic agents for stress-associated psychiatric disorders, especially

post-traumatic stress disorder.
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CHAPTER 1

Introduction

Overview

The ability to react to threatening events in the environment is of vital importance
for an organism’s survival. Any external or internal stimulus that threatens homeostasis—
the normal equilibrium of body function—triggers a complex stress response.
Sequentially, the voluntary nervous system, autonomic nervous system, and the
neuroendocrine system are activated and mobilize response systems that supply the extra
strength and energy needed to protect the body and brain from injury, prepare the
organism to engage in fight or flight, and ultimately maintain or reestablish homeostasis.

The stress response, then, is an adaptive, healthy, and appropriate adjustment that
allows the organism to ward off internal and external threats. However, if a stressor is
chronic or is associated with trauma, it can lead to long-lasting pathophysiological
changes in the systems that participate in this response, and ultimately result in illness.
Prolonged, uninterrupted, unexpected and uncontrollable stress is an important
precipitant factor in depression and chronic anxiety disorders such as post-traumatic
stress disorder (PTSD).

PTSD is a debilitating anxiety disorder that develops after severe, emotionally
traumatic events such as exposure to combat or terrorism, personal assault, car accidents,
and natural disasters. This original traumatic event can result in a triad of symptoms-
behaviors that include reexperiencing the event, avoidance/numbing, and
hyperarousal/hypervigilance (Vieweg et al., 2006). Very often, this disorder is comorbid

with depression and other anxiety disorders.



The Amygdala and Stress Response

Fear conditioning experiments have revealed that the amygdala complex, a group
of nuclei located deep within the temporal cortex, play a central role in
stressful/emotional information processing (LeDoux, 2003;LeDoux, 1994;LeDoux,
2000;Leppanen, 2006). The amygdala is believed to be an interface between events in the
environment and the effector organs that control behavioral, autonomic and endocrine
responses associated with emotional arousal and stress reactions (LeDoux, 1996;Nishijo
et al., 1988;Knuepfer et al., 1995;Yaniv et al., 2004). This group of nuclei appears to be
well situated to evaluate the emotional significance of sensory input directly from the
thalamus or indirectly from the sensory cortex. Exposure to aversive stimuli (stressors)
of multiple sensory systems, including olfactory, gustatory, visual and auditory
modalities (Zald, 2003), can activate the amygdala. The aversive stimuli that activate the
amygdala also include physical discomfort, such as pain (Tanimoto et al., 2003;Bernard
et al., 1992), psychological stressors (LeDoux, 2003;LeDoux, 2000), and the disturbance
of plasma homeostasis and other unpleasant interceptive sensations (Curtis et al.,
2002;Brannan et al., 2001;Evans et al., 2002;Schulz et al., 1987;Reis and LeDoux, 1987).
Thus, the amygdala’s response to aversive stimuli appears to reflect a common,
multimodal feature of amygdala coding. Of the thirteen nuclei of the amygdala, the
basolateral amygdala (including the basolateral and lateral nuclei) and the central
nucleus have been well characterized as key structures in the stress response. The
basolateral amygdala are the entry nuclei that funnel and integrate aversive sensory input

signals arriving from the thalamus (via internal capsule), highly processed sensory



information from cortex (via the external capsule), and the information from the
hippocampus. In turn, the basolateral nuclei transduce emotional signals to the central
nucleus of the amygdala, which then projects to hypothalamic and brainstem target areas
that directly mediate behavioral, autonomic, and endocrine components of stress
responses (LeDoux, 2003;LeDoux, 2000). For example, projections from the amygdala to
the midbrain paraqueductal gray induce freezing behavior, and projections to the
paraventricular nucleus of the hypothalamus induce the release of adrenal stress
hormones. Therefore, the amygdala plays a crucial role in the orchestration and

modulation of the organism’s response to aversive, stressful events (LeDoux, 1996).

Amygdala Circuitry and Stress-Related Psychiatric Disorders

Evidence gathered from an array of scientific disciplines indicates that
pathophysiological alterations in neuronal excitability in the amygdala is a characteristic
feature of certain stress-associated psychiatric illnesses, including PTSD and depressive
disorders (Drevets, 2000;Kalia, 2005;Manji et al., 2001;Shin et al., 2006). A variety of
neuroimaging studies, for example, have consistently reported that PTSD patients show
evidence of exaggerated responses in the amygdala to both traumatic reminders and
general threatening stimuli.

In PTSD patients, amygdala hyperresponsivity has been reported during the
presentation of personalized traumatic narratives (Rauch et al., 1996;Shin et al., 2004)
and cues (Driessen et al., 2004), combat sounds (Liberzon et al., 1999;Pissiota et al.,
2002) and photographs (Hendler et al., 2003;Shin et al., 1997), and trauma-related words

(Protopopescu et al., 2005). Importantly, a recent PET study has shown amygdala



hyperresponsivity during the acquisition of fear conditioning in abuse survivors with
PTSD (Bremner et al., 2005). In PTSD patients, the amygdala also was found to be
hyperresponsive to traumatic-unrelated affective material, such as fearful facial
expressions (Rauch et al., 2000b;Shin et al., 2005;Williams et al., 2006), as well as
during neutral auditory oddball and continuous performance tasks (Bryant et al.,
2005;Semple et al., 2000). Finally, amygdala activation has been shown to be positively
correlated with PTSD symptom severity (Rauch et al., 1996;Shin et al.,
2004;Protopopescu et al., 2005;Armony et al., 2005) and self-reported anxiety (Pissiota et
al., 2002;Fredrikson and Furmark, 2003).

Depressive illness, a group of diseases that often exist comorbidly with PTSD, is
another common stress-related psychiatric disorder that exhibits changes in amygdala
excitability. PET scan studies have revealed multiple abnormalities of regional blood
flow (RBF) and glucose metabolism in resting, unmedicated patients, with RBF and
metabolism found consistently increased in the amygdala (Manji et al., 2001).
Furthermore, the amygdala’s RBF response to emotionally valenced stimuli are also
changed in patients in some depressive subgroups (Drevets, 2003), and the elevation of
amygdala RBF and metabolism is positively correlated with depression severity (Drevets,
2001). During antidepressant treatment, amygdala RBF and metabolism decreases to
normative levels, compatible with evidence that chronic antidepressant administration has
inhibitory effects on amygdala function in experimental animals (Drevets, 2000;Drevets,
2003;Duncan et al., 1986;Gerber, I1I et al., 1983;Drevets, 2000).

Taken together, a pathological increase in amygdala activity is consistently

observed in certain stress-related psychiatric illnesses. This hyperactivity reflects the



hyperexcitability of amygdala circuitry. Such hyperexcitability may result from the
increased glutaminergic synaptic transmission, and/or reduced inhibitory
neurotransmission within the amygdala (Drevets, 2003).

The hyperexcitability of the amygdala in PTSD has been hypothesized to be due
to two processes. First, the circuitry of the amygdala appears to be comprised of the low
intrinsic threshold connections that are hyper-responsive to sensory input signals. Second,
and perhaps additionally, amygdala hyperexcitability has been associated with
dysfunctions in other neural systems, including the prefrontal cortex, and the several
monoaminergic neurotransmitter systems that normally modulate stress and emotional
responses via reciprocal interactions with the amygdala (Villarreal and King,
2001;Drevets, 2003). Dysregulation of the monoamine systems of the brain, especially
serotonergic and noradrenergic systems, is consistently observed in these disorders. Such
dysregulation in the amygdala will result in abnormal emotion/stress processing in the
amygdala, and thus, may contribute to the amygdala’s hyperexcitability (Drevets,

2000;Drevets, 2003;Pearlstein, 2000;Southwick et al., 1999b).

Stress-Induced Changes in Amygdala Neurocircuitry

PTSD develops in the aftermath of one or more severe, emotionally traumatic
events. Stressful life events also act as a predisposing and precipitating factor in affective
disorders, including depression (Strohle and Holsboer, 2003). In these stress-associated
disorders, the pathological change in the amygdala and the systems that normally

modulate the amygdala circuitry, including monoaminergic systems, is very likely an



acquired effect as a result of stress, other than a preexisting trait (Wurtman, 2005;van
Praag, 2004b).

Indeed, the systems that participate in the stress and emotional response —so
readily reshaped by experience—are among the most plastic structures in the brain;
especially in response to chronic, traumatic stressful events (Sapolsky, 2003), which can
induce long-lasting pathophysiological changes. For instance, repeated corticotrophin-
releasing factor (CRF) infusion into the rat amygdala, which mimics chronic stress,
induces a pronounced reduction in both spontaneous and evoked inhibitory postsynaptic
potentials (IPSPs) in the amygdala, and result in anxiety-like symptoms in animals
(Shekhar et al., 2005;Rainnie et al., 2004). This change can last for several months
(Shekhar et al., 2005;Rainnie et al., 2004). In addition, chronic stress of experimental
animals not only consistently causes atrophy in the hippocampus (Kim et al.,
2006;McEwen, 2005;Vyas et al., 2002;Silva-Gomez et al., 2003;Magarinos et al.,
1996;Rao and Raju, 1995), but also leads to an increase in dendritic arborization,
dendritic elongation, and spine formation in the pyramidal neurons of the amygdala
(McEwen, 2005;Vyas et al., 2004;Sapolsky, 2003;Vyas et al., 2003;Vyas et al.,
2002;Vyas et al., 2006;Mitra et al., 2005). These changes appear to be irreversible after
recovery from stress (Vyas et al., 2004). Finally, GABA neurotransmission is a primary
regulator of neuronal excitability; chronic stress could also impair this system in the
amygdala (Rodriguez Manzanares et al., 2005;Farabollini et al., 1996;Braga et al., 2004),
and result in the hyperexcitability of amygdala circuits. Amygdala remodeling at a
variety of sites, then, could conceivably contribute to the hyperexcitability of the

amygdala as observed in the stress-associated psychiatric disorders.



As noted earlier, stressed-related psychiatric disorders have been associated with
dysregulation of several monoaminergic neurotransmitter systems that interact with the
amygdala. Such dysregulation can also be induced by sustained, traumatic stress in the
animals. For example, changes in the serotonergic system, produced by sustained stress,
substantially mimics the kinds of disturbances that are observed in stressed-related
psychiatric disorders (van Praag, 2004b). Indeed, the first effective antidepressants
(serotonin reuptake inhibitors) prompted the serotonin hypothesis as a model not only of
the pathophysiology of depressive disorders, but also the neuropharmacological basis of

phobias, PTSD, and generalized anxiety disorders (Hindmarch, 2002).

Serotonin, Stress, and Stress-Related Psychiatric Disorders

Substantial evidence, then, indicates that serotonin dysregulation is an important
link in the pathophysiology of trauma-related symptoms. In humans, dysregulation of the
serotonergic system has been closely associated with depression (Brown and Linnoila,
1990), anxiety, aggression, impulsivity (Brown and Linnoila, 1990), and suicidal
behaviors (Stanley and Stanley, 1990); all symptoms that are associated with PTSD.
Deficits in serotonin (5-hydroxytryptophan: 5-HT) metabolism (Maes et al.,
1999;Fichtner et al., 1995;Arora et al., 1993;van Praag, 2004b) and serotonin receptor
disturbances (van Praag, 2004b;van Praag, 2004a;Davis et al., 1997a) have been
consistently observed in patients with PTSD and in certain subgroups of depressive
patients. The alterations of serotonin 5-HT; and 5-HT; receptors in these disorders may
be closely associated with a cognitive syndrome observed in PTSD and certain subgroups

of depressive illnesses (van Praag, 2004b;van Praag, 2004a).



Figure 1
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Figure 1. Inescapable stress strongly activates the dorsal raphe nucleus (DRN)
and dramatically enhances 5-HT levels in its principal projecting regions, including the

amygdala, prefrontal cortex, hippocampus and hypothalamus.



Such changes in the serotonin system in trauma-related disorders can be induced
in experimental animals by sustained stress (van Praag, 2004b). For instance, sustained
stress will lead to a decrease in 5-HT turnover in rats (van Praag, 2004b). Chronic stress
also alters 5-HT and 5-HT, receptor expression and signaling in the brain regions that
participate in stress and emotion response in rodents, including the hippocampus (van
Riel et al., 2003;Matsumoto et al., 2005;Dwivedi et al., 2005), prefrontal cortex (Harvey
et al., 2003;Dwivedi et al., 2005), amygdala (Wu et al., 1999), and hypothalamus
(Dwivedi et al., 2005;Wu et al., 1999).

Over the past 20 years, many studies have used experimental animals, in an
inescapable stress test condition, to understand the role of the serotonergic system in the
pathogenesis of depression and anxiety-like symptoms (Maier and Watkins, 2005;Minor
and Hunter, 2002;Amat et al., 2005;Robbins, 2005). These studies demonstrated that
inescapable stress strongly activates the dorsal raphe nucleus (DRN), which dramatically
increases serotonin levels in its principal projection sites, including the amygdala,
prefrontal cortex, hippocampus and hypothalamus (see Fig.1). The activation and
subsequent sensitization of DRN 5-HTergic neurons appears to be responsible for the
behavioral changes associated with depression and anxiety disorders (Maier and Watkins,
2005;Minor and Hunter, 2002;Amat et al., 2005;Robbins, 2005). Since the amygdala is
the brain region with the highest serotonergic input from the DRN (Jacobs and Azmitia,
1992;Tork, 1990), the activation and sensitization of DRN 5-HTergic neurons following
inescapable stress, can induce heightened 5-HT levels in the amygdala for a long period

of time (Amat et al., 1998;Maier and Watkins, 2005;Minor and Hunter, 2002). Long-term
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exposure of the amygdala neuron to elevated levels of 5-HT, then, may play a critical role
in the development of aversive consequences of stress (Minor and Hunter, 2002).

Physiologically, serotonergic transmission in the amygdala appears to determine
the neuronal excitability of the amygdala in the generation and regulation of the
stress/emotional behaviors. Thus, genetic variations of the human serotonin transporter
and serotonin synthesizing enzyme (TPH2), which determine their enzymatic efficiency
and subsequently synaptic serotonin availability, can affect amygdala neuronal activity in
response to emotional stimuli and predispose the individual to multiple anxiety and stress
disorders (Brown et al., 2005;Canli et al., 2005;Hariri et al., 2002;Hariri et al., 2005).
Since serotonergic neurotransmission plays such a crucial role in determining neuronal
excitability of the amygdala, modification of this system in the amygdala, as a
consequence of stress, could lead to a threshold change of the amygdala’s response to
sensory input, and result in abnormal emotional/stressful information processing. Thus,
to determine the 5-HT functional change in the amygdala as a function of stress is of
great interest for understanding the development of aversive outcomes of stress. However,
such functional changes have never before been examined.

Although serotonergic modulation of the amygdala’s excitability is so important
for emotional/stressful information processing, the exact functional role of serotonin in
this modulation remains inconclusive. Several studies suggest that serotonin modulates
amygdala excitability by exciting interneurons and increasing GABAergic synaptic
transmission in the basolateral amygdala (BLA), especially at relatively low
concentrations (Rainnie, 1999;Stutzmann et al., 1998;Stutzmann and LeDoux, 1999;Stein

et al., 2000). The receptors involved in this effect may be the 5-HT, receptor (Rainnie,
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1999;Stein et al., 2000) and/or the 5-HT3 receptor (Rainnie, 1999;Stein et al.,
2000;Koyama et al., 2002;Morales and Bloom, 1997). At high concentrations, serotonin
appears to suppress excitatory synaptic transmission in the BLA (Cheng et al.,
1998;Rainnie, 1999). 5-HT 4 receptors may be involved in this effect (Cheng et al.,
1998), although this claim was questioned by another study (Rainnie, 1999). Taken
together, serotonin appears to exert a strong inhibitory effect on amygdala excitability,

but the receptor subtypes involved in this effect are not clear.

Other Monoamines, Stress, and Stress-Related Psychiatric Disorders

Research directed at understanding the consequence of traumatic stress and the
pathogenesis of stress-associated psychiatric disorders has not only focused on the
serotonergic system, but also other aminergic systems. In particular, dysregulation of the
noradrenergic system, like the serotonergic system, has also long been closely associated
with multiple anxiety and stress disorders, including PTSD and depressive illnesses
(Leonard, 2001;Manji et al., 2001;Southwick et al., 1999a).

The noradrenergic system originates in the locus coeruleus (LC), and provides
the majority of noradrenergic innervation to the amygdala, prefrontal cortex, and
hippocampus. Release of norepinephrine in these corticolimbic structures during stressful
situations is a critical limb of the stress/fear response. Stress dramatically increases
norepinephrine in the amygdala (Galvez et al., 1996;Quirarte et al., 1998;Tanaka et al.,
1991;Torda et al., 1985), and increased noradrenergic neurotransmission within the
amygdala during stress is critically involved in enhanced encoding of emotional

memories, sensitization, and fear conditioning (see Fig.2).
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Figure 2
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Figure 2. The noradrenergic (green) and histaminergic (pink) innervation of the
forebrain and their responses to stress. The majority of norepinephrine (NE) in the
forebrain comes from the locus coeruleus (LC). Stress can activate the LC neurons and
increase the NE levels in the amygdala, hippocampus, prefrontal cortex and
hypothalamus (Berridge and Waterhouse, 2003). Increased noradrenergic
neurotransmission within the amygdala during stress is critically involved in enhanced
encoding of emotional memories, sensitization, and fear conditioning. Histamine-
releasing neurons are located exclusively in the tuberomammillary nucleus (TM) of the
hypothalamus, and project to practically all brain regions, with ventral areas
(hypothalamus, basal forebrain, amygdala) receiving a particularly strong innervation.
Histamine (HA) release is enhanced under extreme conditions such as dehydration or

hypoglycemia or by a variety of stressors (Brown et al., 2001).
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In an attempt to understand the pathogenesis of depressive illness and anxiety
disorders, animal studies have shown that chronic stress could induce changes in the
noradrenergic system, very similar to what has been observed in certain subgroups of
depressive illness and PTSD (Leonard, 1997b;Leonard, 1997a;Leonard, 2001;Brunello et
al., 2002;Braga et al., 2004). Among these changes, alterations in a; and o, adrenoceptor
levels have been repeatedly reported in the amygdala and cortex (Leonard, 1997a;De
Paermentier et al., 1997;Braga et al., 2004). Chronic stress downregulates o,
adrenoceptors in the LC (Flugge, 1996;Simson and Weiss, 1988), amygdala (Coplan et
al., 1992;Nukina et al., 1987), hippocampus (Nukina et al., 1987), and prefrontal cortex
(Coplan et al., 1992;Flugge, 1996). Since the a, adrenoceptor primarily serves as an
autoreceptor for controlling locus coeruleus firing and norepinephrine release,
subsensitivity of this receptor could result in increased noradrenergic activity, which may
be responsible for hyperarousal in PTSD including hypervigilance, exaggerated startle,
anger, and insomnia (Lemieux and Coe, 1995;Yehuda et al., 1992;Southwick et al., 1993),
and intrusive traumatic memories (Southwick et al., 1997).

While histaminergic neurotransmission has received much less attention than the
other aminergic systems, it is likely to be of comparable importance. This system may
also be implicated in stress-related psychiatric disorders, especially in depressive
illnesses (Kano et al., 2004). Actually, many antidepressants, supposedly acting on
serotonergic and noradrenergic systems, also interact with the histaminergic system
(Brunello et al., 2002). This system, like the serotonergic and noradrenergic system,

prominently innervates stress/emotional response systems, including the hypothalamus,

basal forebrain and amygdala in rats (Panula et al., 1989;Brown et al., 2001). Through its
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innervation of these brain regions, then, histaminergic neurons play an important role in
modulating stress and emotional responses (Brown et al., 2001)( see Fig.2). Although a
change of this system has not been extensively reported in stress-related disorders, it is
worthy to investigate the effect of chronic, traumatic stress on histaminergic
neurotransmission, not only because this system may serve as a negative control, but also

it may provide a possible new research direction for the study of psychiatric disorders.

An Animal Model for Studying Stress-Related Psychiatric Disorders

The development of an animal model is critical for the study of therapeutic and
prophylactic treatments of stress-associated psychiatric disorders, such as PTSD. Since it
is generally recognized that the emotional and health-related consequences of aversive
experiences are much worse when the organism has no control over the aversive event,
chronic uncontrollable stress (learned helplessness) has been adopted as an animal model
of depressive illness (Drevets, 2003;Maier and Watkins, 2005;Minor and Hunter, 2002).
Indeed, chronic, uncontrollable stress causes behavioral, endocrine, immune and
neurotransmitter changes in the animals that are qualitatively similar to those observed in
depressive illness associated with anxiety symptoms (Leonard, 2001). Since PTSD, to
some extent, overlaps with depressive illness in terms of etiology and certain features, the
animal model of PTSD modified from the learned helplessness paradigm has been shown
to mimic to a substantial extent PTSD in terms of certain physiological parameters
(Servatius et al., 1995;Garrick et al., 2001;Braga et al., 2004). This lab and other labs
have successfully established and tested the inescapable tail-shock model of stress in rats

and verified that the behavioral and neurobiological alterations induced by this rat model
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are similar to those found in PTSD patients (Servatius et al., 1995;Garrick et al., 2001)

(Table 1)

Table 1. Comparison of Symptoms of PTSD in Humans to Stress-induced

Dysfunctions in Rats.

PTSD in Humans

Inescapable tail-shock model of stress in rats

Weight loss (Sutker et al., 1990;Myers
etal., 2005)

Suppressed feeding and body weight loss (Hu et al., 2000;Harris
et al., 2002)

Difficulty falling or staying asleep,
nightmares (Maher et al., 2006;Maher
et al., 2006)

Altered sleep patterns (Adrien et al., 1991)

Psychomotor numbness (Epstein et al.,
1998;Lopez-Ibor, 2002)

Persistent behavioral abnormalities i.e. suppressed open-field
activity, longer hanging wire latencies (Minor et al., 1984;Pare,
1994)

Poor concentration; memory deficits
(Bremner et al., 2004;Jelinek et al.,
2006;lIsaac et al., 2006;Green, 2003)

Deficits in escape/avoidance learning and learning of an
appetitive task (Maier, 2001)

Hypervigilance and/or exaggerated
startle response (Orr et al., 2002;0rr
and Roth, 2000;Pitman et al., 1999)

Exaggerated startle (Garrick et al., 2001;Servatius et al., 1995)

Hyperresponsiveness of the
noradrenergic system (Orr and Roth,
2000;Maes et al., 1999)

Hyperresponsiveness of the noradrenergic system (Simson and
Weiss, 1988)

Using this animal model, we examined whether the serotonergic system in the

amygdala is modified after exposure to traumatic stress. Alterations in the serotonergic

system in the amygdala as a function of stress will be evaluated by electrophysiological,

molecular, and behavioral approaches. If stress does induce an alteration in this system,

the relationship between this functional change and physiological, behavioral outcomes

of such stress will be examined utilizing weight gain and acoustic startle as measurable

parameters. Also, the functional change of the noradrenergic and histaminergic system in

the amygdala will also be examined in this animal model not only to determine the

specificity of stress-induced change of the serotonergic system, but to try and explore the

possible role of the noradrenergic and histaminergic systems in the pathophysiology of
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stress. Since the electrophysiological function of histamine and serotonin in the amygdala
is primarily unknown, first efforts investigate the physiology of these two systems in the

amygdala.
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ABSTRACT

The occurrence of anxiety and stress disorders has been closely associated with
alterations of amygdala GABAergic synaptic transmission. In these disorders,
dysregulation of the serotonergic system, a very important modulator of amygdala
GABAergic system, is also well recognized. The present study, utilizing a learned
helplessness stress rat model, was designed to determine if behavioral and physiological
abnormalities resulting from stress are associated with alterations of serotonergic
modulation of amygdala GABAergic system. In control rats, administration of 5-HT or a-
Methyl-5-HT, a 5-HT; receptor agonist, to basolateral amygdala (BLA) slices
dramatically enhanced frequency and amplitude of spontaneous inhibitory postsynaptic
currents (sIPSCs). This effect was blocked by the selective 5-HT, receptor antagonists,
MDL11,939 and MDL 100,907, while the selective 5-HT,g receptor agonist, BW 723C86,
and the selective 5-HT,c receptor agonist, WAY 629, were without effect on sIPSCs.
Double immunofluorescence labeling demonstrated that the 5-HT,4 receptor is primarily
localized to parvalbumin-containing BLA interneurons. These observations indicated that
5-HT,4 receptors mediated serotonergic facilitation of BLA GABA release. In stressed
rats, 5-HT,a receptor-mediated facilitory effects on sIPSCs were severely impaired.
Quantitative RT-PCR and western blot analysis showed that stress downregulated BLA
5-HT,a receptors. Treatment with the selective 5-HT4 antagonist, MDL 11,939 before
stress or immediately after stress, which is assumed to prevent amygdala 5-HT, receptor
from being downregulated, prevent the occurrence of enhanced acoustic startle response
(ASR), a stress-induced behavioral manifestation that depends on the amygdala. These

findings suggest that impaired BLA 5-HT:4 receptor signaling is closely associated with
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stress-enhanced ASR, and 5-HT»4 receptor antagonists may be effective prophylactic or

therapeutic agents for stress-associated psychiatric disorders, such as PTSD.
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INTRODUCTION

The ability to react to threatening events in the environment is of vital importance
for an organism’s survival. However, it is well recognized that the extreme and/or
continued stimulation of the circuits and systems that respond to threat or danger may
induce long-lasting pathophysiological alterations in these systems and result in or
accelerate the pathogenesis of psychiatric disorders (McEwen, 2003;Shekhar et al.,
2005;Vermetten and Bremner, 2002;McEwen, 2005). In the brain, a central structure that
participates in the stress/danger response is the amygdala, a group of nuclei located deep
within the temporal cortex (LeDoux, 1996;LeDoux, 2003;LeDoux, 1994). The
basolateral nuclei of the amygdala (BLA), via reciprocal connections with the cerebral
cortex, the thalamus, and other subcortical structures, receives input from different
sensory modalities and determines the emotional significance of external events (LeDoux,
1996;Nishijo et al., 1988;Knuepfer et al., 1995;Yaniv et al., 2004). Via the
interconnection between the BLA and central nucleus, and its efferent pathways to the
hypothalamus and brainstem, the amygdala transduces emotional signals to the
hypothalamic-pituitary-adrenal (HPA) axis, autonomic and motor centers that initiate
different components of the stress response (LeDoux, 2003;LeDoux, 2000). Since the
amygdala occupies such a central role in the stress response, understanding the impact of
intensive and/or chronic stress on the amygdala’s physiology is critical in understanding
the pathophysiology of stress, and may aid in unraveling the pathogenesis of stress-
associated psychiatric disorders such as PTSD and depressive disorders.

Neuronal circuitries in the BLA are inter-connected extensively with GABAergic

terminals (Nitecka and Ben-Ari, 1987;Washburn and Moises, 1992). Activity of
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amygdaloid projection neurons is under strong inhibitory control by GABAergic
neurotransmission (Royer et al., 1999;Szinyei et al., 2000). Manipulating this system
within the BLA has a critical influence on behavioral, emotional sequelae resulting from
stress (Jasnow and Huhman, 2001;Kim et al., 2005;Sanders and Shekhar, 1995;Van
Nobelen and Kokkinidis, 2006). Thus, the changes in the activation of BLA GABAergic
system have been closely associated with the occurrence of stress-associated psychiatric
syndromes. For instance, repeated corticotrophin-releasing factor (CRF) infusion into the
rat amygdala, which mimics chronic stress, induces a pronounced reduction in both
spontaneous and evoked inhibitory postsynaptic potentials (IPSPs) in the amygdala that
result in anxiety-like symptoms in animals (Rainnie et al., 2004). Intensive stress
attenuates inhibitory GABAergic control in the BLA (Braga et al., 2004;Rodriguez
Manzanares et al., 2005), which appears to be responsible for behavioral impairments
resulting from stress (Minor and Hunter, 2002). In addition, many drugs for mood and
anxiety disorders achieves their therapeutic effects at least partially by modifying the
GABAergic system in the amygdala (Gerber, III et al., 1983;Millan, 2003;Schallek and
Schlosser, 1979;Taylor, 2003). Hence, stress-induced alteration of GABAergic
neurotransmission in the amygdala, may be an important pathophysiological mechanism
of anxiety and stress disorders, including PTSD and depressive illnesses.

The dorsal raphe (DRN) serotonergic system provides the majority of serotonin
for the forebrain (Molliver, 1987;Jacobs and Azmitia, 1992;Hensler, 2006). This system
is a very important modulator of the GABAergic system in the amygdala. The BLA is the
brain region with the heaviest innervation of serotonergic terminals from the DRN

(Jacobs and Azmitia, 1992;Tork, 1990). Serotonin levels could be strongly enhanced in
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the basolateral amygdala by stressful/emotional experience, and this enhancement
remains for a long period of time (Amat et al., 1998;Maier and Watkins, 2005;Minor and
Hunter, 2002). The primary action of this enhanced serotonergic neurotransmission is to
reduce amygdala excitability by increasing GABAergic synaptic transmission in the BLA
(Rainnie, 1999;Stutzmann et al., 1998;Stutzmann and LeDoux, 1999). Such serotonergic
modulation in the amygdala appears to be of great importance in normal
emotional/stressful signal processing (Canli et al., 2005;Hariri et al., 2002), and
dysregulation in the 5-HTergic system have been associated with multiple anxiety and
stress disorders (Southwick et al., 1997;Manji et al., 2001;Eison and Eison, 1994). Hence,
malfunctioning of serotonergic modulation in the amygdala may play a critical role in the
occurrence of symptoms associated with anxiety and stress disorders. However, the
association between the alteration of serotonergic modulation in the amygdala and
occurrence of physiological and behavioral abnormalities associated with anxiety and
stress disorders has not been previously examined.

Thus, the present study investigated whether serotonergic modulation of
GABAergic transmission in the BLA is altered by exposure to restraint-tail shock, a
stress protocol which could stably induce abnormalities associated with stress-related
disorders. Furthermore, if alterations do occur, this study also determined if serotonergic
alterations in the amygdala is associated with the occurrence of stress-induced behavioral
abnormalities that depend on the amygdala, such as enhanced ASR (Servatius et al.,
1995;Garrick et al., 2001). Since the receptor subtypes involved in serotonergic
modulation of GABA release in the amygdala are not entirely clear, we first determined

which serotonin receptors are associated with serotonergic modulation of GABA release.
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METHODS
Stress Protocol

All animal experiments were performed in accordance with our institutional
guidelines after obtaining the approval of the Institutional Animal Care and Use
Committee (IACUC). Male, Sprague—Dawley rat pups were received with their mother at
postnatal day (PND) 17 and housed in a climate controlled environment on a 12 h
light/dark cycle (lights on at 0700). On PND 21, the rats were weaned, assigned numbers,
and randomly divided into control and stressed groups. They were housed individually,
with food and water supplied ad libitum. The ‘stressed group’ was exposed to stress on
PND 22, 23, and 24. The rats were sacrificed and brain slices were prepared on PND 24
and 25. The experiments were performed in a blind manner. The investigators did not
know whether they used a control or a stressed rat until the data were analyzed.

Stress exposure consisted of a 2-h per day session of immobilization and tail-
shocks, for 3 consecutives days. The animals were stressed in the morning (between 0800
and 1200). They were restrained in a plexiglas tube, and 40 electric shocks (1 mA, 3 s
duration) were applied at varying intervals (140—180 s). This stress protocol was adapted
from the ‘learned helplessness’ paradigm in which animals undergo an aversive
experience under conditions in which they can not perform any adaptive response
(Seligman and Maier, 1967;Seligman and Beagley, 1975). The rats were stressed for 3
consecutive days because it has been previously demonstrated that repeated stress
sessions for 3 days is more effective than a single stress session in producing
physiological and behavioral abnormalities, such as elevations in the basal plasma

corticosterone levels, exaggerated acoustic startle responses (ASR), and reduced body
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weight (Ottenweller et al., 1989;Servatius et al., 1995). More stress sessions, beyond the
3 days, do not appear to produce greater physiological and behavioral changes

(Ottenweller et al., 1989;Servatius et al., 1995).

Slice Preparation

The amygdala slice preparation has been described previously (Li et al., 2001).
Briefly, the rats were anesthetized with halothane and then decapitated. The brain was
rapidly removed and placed in an ice-cold artificial cerebrospinal fluid (ACSF) composed
of (in mM) 125 NaCl, 2.5 KCl, 2.0 CaCl,, 1.0 MgCl,, 25 NaHCO;, 1.25 NaH,PO,, and
11 glucose, bubbled with 95% O,/5% CO,. A block containing the amygdala region was
isolated by rostral and caudal coronal cuts, and coronal slices, 400 um thick, were cut
using a Vibratome (series 1000, Technical Products International, St Louis, Missouri).
Slices were kept in a holding chamber containing oxygenated ACSF at room temperature,

and experiments started >1 h after slice preparation.

Electrophysiology

For whole-cell recordings, slices were transferred to a submersion-type recording
chamber where they were continuously perfused with oxygenated ACSF at a rate of 2
ml/min. All experiments were carried out at room temperature. Tight-seal (>1GQ) whole-
cell recordings were obtained from the cell body of neurons in the BLA region. Patch
electrodes were fabricated from borosilicate glass and had a resistance of 1.5-5.0MQ

when filled with a solution containing (in mM) Cs-gluconate, 135; MgCl,, 10; CaCly, 0.1;
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EGTA, 1; HEPES, 10; QX-314, 20; NaATP, 2; Na;GTP, 0.2 and Lucifer yellow, 0.4%
(pH 7.3, 285-290 mOsm). Neurons were visualized with an upright microscope
(Olympus BX51WI) using Nomarski-type differential interference optics through a 40x
water immersion objective. Neurons with a pyramidal appearance were selected for
recordings. During whole-cell recordings, neurons were filled passively with 0.4%
Lucifer yellow (Molecular Probes, Eugene, Oregon) for post hoc morphological
identification, as described previously (Braga et al., 2003). The fluorescence image of the
dye-filled neurons was captured by a Leica DM RXA fluorescence microscope equipped
with an SPOT2 digital camera and a laser scanning confocal microscope (Bio RAD,
MRC-600). Neurons were voltage clamped using a Multiclamp 700A amplifier (Axon
Instruments, Foster City, CA). Inhibitory postsynaptic currents (IPSCs) were
pharmacologically isolated and recorded at a holding potential of -70 mV. Access
resistance (8—26MQ) was regularly monitored during recordings, and cells were rejected
if it changed by more than 15% during the experiment. The signals were filtered at 2 kHz,
digitized (Digidata 1322A, Axon Instruments, Inc.), and stored on a computer using
pCLAMPS software (Axon Instruments, Inc.). The peak amplitude, 10-90% rise time,
and the decay time constant of IPSCs were analyzed off-line using pPCLAMPS software

(Axon Instruments) and the Mini Analysis Program (Synaptosoft, Inc., Leonia, NJ).

Quantitative real-time PCR
The amygdala complex was dissected and kept frozen. Frozen tissues of 30 mg
were homogenized, and total RNA was extracted using the RNeasy kit (Qiagen,

Germany) following the manufacturer’s protocol. One microgram (1 pg) of total RNA
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was reverse transcribed into first-strand cDNA using the RETROscript reverse
transcriptase kit and oligo dT primers (Ambion Inc., Austin, TX) according to the
manufacturer’s protocols. One microliter (1 pl) of cDNA from the RT-reaction was used
as the template for quantitative real-time PCR reaction with a final PCR reaction volume
of 25 ul, with the 5° and 3’ gene specific PCR primer concentrations at 10 pM each.
PCR primers were designed using Primer3 software (Whitehead Institute, MIT, MA)
according to the coding sequences of each gene (GenBank#: 5-HT»4 receptor, #X13971;
5-HT,creceptor, # NM_012765) (Table 1). Quantification of mRNA expression was
performed (in triplicate) using the SYBR Green SuperMix (BioRad, CA) and a 2-step
PCR reaction procedure, performed on a MyiQ Single Color Real-Time PCR Detection
System (BioRad, CA). In brief, after the initial denaturation at 95°C for 3 min, 45 cycles
of primer annealing and elongation were conducted at 60°C for 45 seconds, followed by
denaturation at 95°C for 10 s. Fluorescent emission data were captured, and mRNA
levels were quantified using the threshold cycle value (Ct). To compensate for variations
in input RNA amounts and efficiency of reverse transcription, data for 5-HT»a receptor
and 5-HT,c receptor mRNA for each sample were normalized by reference to the data
obtained for the house keeping B-actin gene (GenBank accession #. BC063166)
determined from the same sample. Fold change in mRNA expression was calculated
using the equation: fold change=2"2** where ACt=target gene Ct-house keeping gene (p-
actin) Ct, and AACt is ACt control - ACt stress (or fold change) =2/ACT control -ACT stress)
The mean and S.E.M. were calculated from three replicate amplifications. Each RT-PCR
assay was repeated twice.

Differences between the stress and control groups and between the brain regions
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were examined for statistical significance using one-way ANOVA (with stress or brain
region as the main factors) analysis followed by post-hoc Fisher’s test. A difference with

P-value less than 0.05 was considered statistically significant.

Table 1. SHT, receptor PCR primer sequences

Gene Sense Primer (5°-3”) Antisense Primer (5°-3”)

SHT2A ATACCAGCATTGGCCTACAAGT TAACCATGGAGCAGTCATCAAC
SHT2C AGCCCAGACCATTTCTAATGAA TGAGAGTAGTCTGGTTGCAGGA

Western blot analysis

Immunolabeling of 5-HT»4 receptors was determined by the procedure described
earlier (Zhang et al., 2003). Tissues were homogenized in homogenizing buffer
containing 5 mM Tris—HCI (pH 7.4), 0.1% EDTA, 2 mM leupeptin, 0.5 mM
phenylmethylsulfonyl fluoride, 1.45 mM pepstatin, 0.2 unit/ml aprotinin, and 2 mM DTT.
The homogenate was centrifuged at 980xg for 10 min at 4 °C. The supernatant was
recentrifuged at 65,000xg for 15 min at 4 °C. The resulting pellet was resuspended in
homogenizing buffer. Equal volumes of protein samples (20 pl containing 25 pg protein)
were loaded onto 7.5% (w/v) polyacrylamide gel and subsequently transferred to an ECL
nitrocellulose membrane (Amersham). The blots were incubated overnight with primary
5-HT>4 receptor antibody (Pharmingen, CA, USA) at a dilution of 1:500, followed by
horseradish-peroxidase-linked secondary antibody (anti-mouse IgG; 1:500) for 4 h at
room temperature. The membranes were exposed to enhanced chemiluminescence (ECL)
film. The specificity of the antibody was checked by competition with a 5-HT»a receptor
fusion protein. To normalize the data, f-actin was measured in the same immunoblot

using anti-f-actin as the monoclonal primary antibody (1:5000 for 2 h) and anti-mouse
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IgG (1:5000 for 2 h) as the secondary antibody. The optical density of each 5-HTza

receptor band was corrected by the optical density of the corresponding B-actin band.

Immunofluorescence labeling

Five rats (50-75 g) were deeply anesthetized with halothane and transcardially
perfused with 100 ml of 37 °C 0.9% sodium chloride solution followed by 200 ml of
freshly prepared 4% paraformaldehyde in 0.1 M sodium phosphate buffer, pH 7.4. Brains
were removed and post-fixed in 4% paraformaldehyde overnight. Serial 40 pm coronal
sections were cut from each brain with a Vibratome (series 1000, Technical Products
International, St Louis, Missouri). The sections with the amygdala, corresponding to a rat
brain atlas, were carefully selected and kept in 0.01M PBS for double
immunofluorescence labeling.

The sections were incubated with the primary antibody rabbit anti-5-HT;a
receptor (1:100, ImmunoStar, Inc.) alone or in a cocktail of this antibody and mouse anti-
parvalbumin (1:2000, Sigma Chemical Co.) overnight at 4°C, rinsed in three changes of
PBS (10 min each), and then incubated with Alexa-488-labeled goat anti-mouse I1gG
(1:500; Molecular Probes, Eugene, OR, USA; 2.5 h) and Alexa-568-labeled goat anti-
rabbit I[gG (1:1000, Molecular Probes, Eugene, OR, USA; 2.5 h) at room temperature.
Sections were then rinsed in three changes of PBS (10 min each) and mounted on glass
slides using Vectashield mounting medium (Vector Laboratories). Sections were
examined with a Bio-Rad MRC-600 confocal laser scanning microscope equipped with
an argon—krypton laser attached to a Nikon Optiphot fluorescence microscope.

Fluorescence of Alexa 488 (green) and Alexa 568 (red) dyes was analyzed using filter
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configurations for sequential excitation/imaging via 488 nm and 568 nm channels. Digital

images were adjusted for brightness and contrast using Photoshop software.

Acoustic startle measurement.

A total of 40 male Sprague—Dawley rats weighing approximately 100-150 g
(Taconic Farms, Germantown, NY, USA) were used in an acoustic startle measurement
study. Animals were housed in groups of two per cage with free access to food and water,
and were maintained on a reverse light/dark cycle (light on 18:00) at 22 ‘C. To minimize
the effects of handling and stress on drug testing, animals were allowed to acclimate to
the startle chamber (see below) for 3 days before experiments.

The animals were equally assigned to five groups based on their body weight and
baseline startle response. The five groups include a control group; a stress + vehicle
group, in which animals received 0.01N HCl as vehicle before or after they underwent
the stress protocol as mentioned before, each day for three consecutive days; a pre-stress
low-dose group, in which animals received 0.5 mg/kg 5-HT,a receptor antagonist MDL
11, 939 30 minutes before stress each day for three consecutive days; a pre-stress high-
dose group, in which animals received 1.5 mg/kg MDL 11,939 30 minutes before stress
each day for three consecutive days; and a post-stress group, in which animals received
1.5 mg/kg MDL 11,939 immediately after stress each day for three consecutive days. The
drugs or vehicle were delivered by intraperitoneal injection (1ml latex free syringe w/
27G% needle, B-D, Franklin Lakes, NJ).

The acoustic startle reflex test was conducted with a Startle Response Acoustic

Test System (Coulbourn Instruments, Columbus, Ohio, USA). The system consists of
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four weight sensitive platforms in a sound-attenuated chamber, though only one platform
was used at a time. A subject’s movements in response to stimuli were transduced into
analog signals by a piezoelectric unit attached to the platforms. These signals were then
digitized and stored by a computer. All acoustic stimuli were given from a loudspeaker
mounted 24 cm above the test cage. During testing, rats were individually placed in the
animal holder (E05-15, Coulbourn Instruments, Columbus, Ohio, USA), which were then
placed on weight-sensitive platforms. A ventilating fan built into the chamber provides
the background noise. Following a 3-min acclimation period, animals were exposed to six
types of stimulus trials: both 100 and 110 dB alone, both with pre-pulse (84dB), pre-
pulse alone and no stimulus. Each trial type is presented eight times. Trial types are
presented in a random order to avoid order effects and habituation. Inter-trial intervals
range randomly from 15 to 25s. All animals were tested on Day 10 and Day 21 following
the final stress protocol. Animals were weighed throughout the experiments, both as a
physiological measure and as a metric for balancing the groups.

Each animal's responses are averaged within trial type. Trials during which no
stimuli are presented are used to control for normal subject movements on the platform.
Amplitudes to each trial type are derived by subtracting grams (g) of platform
displacement on the no-stimulus trials (i.e., the body weight of each subject) from g of
platform displacement in response to specific stimuli. The remainder from this
calculation represented the amount of platform displacement related to the stimulus (e.g.,
100 dB, 100 dB with pre-pulse, 110 dB, 110 dB with pre-pulse). For each test day,
ANOV As for repeated measures were performed on startle amplitudes with factors of

stress status and drug dosage. The data were represented as mean + S.E.M.
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Drugs

The compounds from Tocris (Tocris Cookson, Ballwin, Missouri) include: D-(-)-
2-amino-5-phosphonopentanoic acid (D-APS); 6-cyano-7- nitroquinoxaline-2,3-dione
(CNQX); 4-[3-[tert-Butylamino]-2-hydroxypropoxy |- 1 H-indole-2-carbonitrile
hemifumarate (Cyanopindolol hemifumarate); Tropanyl 3,5-dichlorobenzoate (MDL
72222); 2-Methyl-5-hydroxytryptamine hydrochloride; 3-[2-[4-(4-Fluorobenzoyl)-1-
piperidinyl]ethyl]-2,4[1H,3 H]-quinazolinedione tartrate (Ketanserin tartrate); 3,5-
Dihydro-5-methyl-N-3-pyridinylbenzo[ 1,2-b:4,5-b"|dipyrrole-1(2H)-carboxamide
hydrochloride (SB 206553 hydrochloride); a-Phenyl-1-(2-phenylethyl)-4-
piperidinemethanol (MDL 11, 939); a-methyl-5-(2-thienylmethoxy)-1H-indole-3-
ethanamine hydrochloride (BW 723C86 hydrochloride); a-Methyl-5-hydroxytryptamine
maleate; 1,2,3,4,8,9,10,11-octahydro[ 1,4]diazepino[6,5,4-jk]-carbazole hydrochloride
(WAY 629); N-(2,6-Dimethylphenylcarbamoylmethyl) triethylammonium chloride (QX
314 chloride); 1-[6-[[(17P)-3-Methoxyestra-1,3,5(10)-trien-17-ylJamino]hexyl]-1H-
pyrrole-2,5-dione (U73122). MDL 100907 is kindly donated by Kenner C. Rice (NIDDK,
National Institutes of Health). The following compounds are from Sigma: bicuculline

methiodide, a GABA, receptor antagonist; tetrodotoxin (TTX), a sodium channel blocker.
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RESULTS

1. Serotonin facilitated GABA release in the BLA in vitro.

As previous studies have indicated, serotonin can facilitate GABA release in the
basolateral amygdala, and this effect may involve the 5-HT; receptor. To investigate
whether serotonin modulates GABAergic transmission in the BLA by a 5-HT, receptor
mechanism, we first examined the effects of serotonin on action-potential dependent
sIPSCs recorded from BLA pyramidal neurons in control rats. The sSIPSCs were recorded
at a holding potential of -70 mV, and in the presence of D-AP5 (50 uM), CNQX (10 uM),
MDL 72222 (20 uM), and Cyanopindolol (20 uM) to block NMDA, AMPA/kainate, and
5-HT, and 5-HTj receptors, respectively. In control rats, the mean frequency of sIPSCs
recorded from the soma of BLA pyramidal neurons was 2.8 + 1.5 Hz (n=21). Bath
application of bicuculline (10 pM) eliminated sIPSCs, confirming that they were
mediated by GABA4 receptors. Serotonin produced a dose-dependent enhancement in the
frequency and amplitude of sSIPSCs. After application of 50 uM serotonin, the mean
frequency of sIPSCs was increased to 1190.0 + 95.1% of the baseline values (n=8,
p<0.01; Figure 1A, B, D). The amplitude of sIPSCs was increased to 182.6 + 16.1% of
the baseline values (n=8, p<0.05; Figure 1A, D). These effects persisted throughout the
application of serotonin and were completely reversed after removal of the agonist. The
effects of serotonin were not accompanied by any significant change in the rise time or
decay time constant of sIPSCs. The effect could be mimicked by the broad 5-HT,

receptor agonist a-Methyl-5-HT. a-Methyl-5-HT, at concentrations of 2, 15, and 100 uM,
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increased the frequency and amplitude of sIPSCs in a dose-dependent manner (Figure
2C). The concentration of 15 uM appears to be close to the ECs, and therefore it was
used in subsequent experiments. Application of 15 uM a-Methyl-5-HT increased
frequency of sIPSCs to 612.8+70.9 % of the baseline values (n=16, p<.01; Figure 2A, B,
C). The amplitude of sIPSCs was increased to 172.3+£16.6 % of the baseline values (n=16,

p<0.05).

2. The facilitatory effect of serotonin was mediated by 5-HT>4 receptors in the BLA.

To identify the subtypes of the 5-HT, receptor involved in the effects of serotonin
and a-Methyl-5-HT on sIPSCs in control rats, we first pretreated the slices with the 5-
HT,axc receptor antagonist Ketanserin (10 pM) for 30 minutes. In the presence of
Ketanserin, applied a-Methyl-5-HT (15 pM) no longer induced any change in the
frequency and amplitude of sIPSCs, indicating that the 5-HTa/,c receptor may be
responsible for the facilitory effect. Thus, the frequency of sIPSCs before and after
application of a-Methyl-5-HT in the presence of Ketanserin is 2.84 +1.1 and 2.69+0.9 Hz,
respectively (n=11, p>0.05, Figure 3E).

The selective 5-HT, receptor antagonists, MDL 11,939 and MDL 100,907, were
used to examine whether the effect is mediated by the 5-HT,4 receptor rather than the 5-
HT,c receptor. Pretreatment of the slices with MDL 11,939 (1.5 uM) prevented the
effects of a-Methyl-5-HT. Thus, the frequency of sSIPSCs before and after the application
i 2.23 £ 0.31 and 2.61 £ 0.55, respectively (n=8, p>0.05, Figure 3A, B, E). Similarly, the
pretreatment of the slices with MDL 100, 907 (150 nM) also prevented the effects of a-

Methyl-5-HT. The frequency of sIPSCs before and after the application is 2.56 + 0.30
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and 2.67 + 0.23, respectively (n=16, p>0.05, Figure 3C, D, E). In order to exclude the
involvement of 5-HT,p and 5-HT,¢ receptors in the effects of a-Methyl-5-HT, the 5-
HT;p/2c receptor antagonist, SB 206553 (5 uM), was incubated with slices for 30 minutes.
The presence of this antagonist did not significantly diminish the effects of a-Methyl-5-
HT. Thus, in the presence of SB 206553, the application of a-Methyl-5-HT increased the
frequency of sIPSCs to 598. 2 + 73% of the baseline values (n=6, p>0.05 compared to a-
Methyl-5-HT alone, Figure 3E).

Also, the selective 5-HT,p receptor agonist and 5-HT,c receptor agonist had no
facilitatory effect on sSIPSCs. The frequency of sIPSCs after application of the selective
5-HT,p receptor agonist, BW 723C86 (15 uM), and the selective 5-HT,¢ receptor agonist,
WAY 629 (30 uM), was 94 £+ 3.5 % (n=10) and 100 = 2.5% (n=13) of the baseline values,
respectively (Figure 4). This evidence further supports the contention that the 5-HTa
receptor is responsible for the serotonergic facilitation of GABAergic synaptic

transmission in the BLA.

3. 5-HT;4 receptors were mainly localized to the soma and dendrites of interneurons
in the BLA.

Activation of 5-HT>4 receptors could enhance GABAergic synaptic transmission
through a presynaptic or a postsynaptic mechanism. To distinguish between these two
possibilities, we examined the effects of a-Methyl-5-HT in the presence of TTX (1 uM),
which blocks action potential-dependent release of GABA. Under this condition, release
events should be composed exclusively of single vesicle release events (miniature IPSCs,

mIPSCs). As illustrated in Figure 5, in the presence of TTX, the administration of a-
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Methyl-5-HT had no effect on the frequency of mIPSCs (n=8, p>0.05). Similarly, a-
Methyl-5-HT also failed to change the amplitude of mIPSCs (Figure 5C). These results
indicate that a-Methyl-5-HT act on GABAergic interneurons (presynaptic) rather than
recorded pyramidal neurons (postsynaptic) to facilitate GABA release.

The enhancement of sIPSCs by serotonin could be due to a depolarizing effect via
the activation of somatodendritic 5-HT»4 receptors on GABAergic neurons and/or due to
a direct effect at GABAergic terminals. The fact that a-Methyl-5-HT had no effect on
mISPCs tends to support the mechanism that 5-HT acts on the somatodendritic 5-HT;a
receptors on GABAergic neurons to depolarize and excite them. Indeed, as illustrated in
Figure 6, immunofluorescence signals for 5-HT,4 receptors are primarily localized to the
cell body and dendrites. 5-HT, signal-positive cell bodies appear to be interneuron-like
and the majority of signals for the 5-HT»a receptor (89%) overlap with the signals for the
interneuron marker parvalbumin (see Figure 6).

5-HT>4 receptors are normally coupled to Gg/11 protein, which then is further
coupled to phospholipase C (PLC). In order to determine whether or not 5-HT,4 receptor-
mediated effects in the BLA interneurons depends on PLC activation, we incubated the
slices with a PLC inhibitor, U73122 (20 uM), for at least 30 minutes. In the presence of
this inhibitor, application of a-Methyl-5-HT (15 uM) enhanced the frequency and
amplitude of sIPSCs to 608.4 +41.0% and 169.7 + 19.4% of the baseline value,
respectively (n=9, Figure 7), which is not significantly different from the effect of a-

Methyl-5-HT alone. The data suggest that the effect is independent of PLC activation.
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4. Stress impaired serotonergic facilitation of GABAergic synaptic transmission in
BLA.

To determine whether 5-HT,4 receptor-mediated serotonergic facilitatory effects
in the BLA is vulnerable to stress, we randomly assigned rats into control and stress
groups. After three days, the rats were sacrificed for electrophysiological studies. As
illustrated in Figure 8A, the parameters of sIPSCs including the frequency, amplitude,
rise time and decay time constant were not significantly changed by exposure to three-
day stress compared to control animals. The frequency of sIPSCs in control and stress is
3.03 £0.65 HZ and 3.15 + 0.89 HZ, respectively. The amplitude is 33.16 + 2.10 pA and
31.70 £ 1.44 pA, respectively. However, the facilitatory effects of a-Methyl-5-HT on
sIPSCs were impaired by stress. As illustrated by Figure 8 C, D, E, application of a-
Methyl-5-HT (15 uM) enhanced the frequency of sIPSCs only to 260.7 + 25.70% of the
baseline values in stressed animals, which is significantly different from the effect of a-
Methyl-5-HT at the same concentration in the control animals (601.0 + 39.4% of the
baseline values). Such a difference became more evident at the higher concentration. At
100 uM, a-Methyl-5-HT increased the frequency by only 440.5 + 48.0% in stressed
amygdala slices, which appears to reach its maximum effect. In control slices, the same
concentration of a-Methyl-5-HT enhanced the frequency by 1160.5 + 99.1%, which still
did not reach its maximum effect. Dose-response curve for control and stressed animals
shows that the maximum effect of a-Methyl-5-HT has been decreased by exposure to
stress, indicating that BLA 5-HT,a receptor signaling has been impaired by exposure of

rats to stress (Figure 8E).
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In order to further confirm such stress-induced impairment of 5-HT»4 receptor
signaling in the BLA, the mRNA and protein levels of the 5-HT»a receptor after stress
were examined. As illustrated in Figure 9A, exposure to three-day stress caused a
significant decrease in mRNA level of 5-HT;4 receptors in the BLA and hippocampus
compared with control rats, while the mRNA level of 5-HT,¢ receptors was not
significantly changed by exposure to stress in the both BLA and hippocampus.
Representative western blots of 5-HT,4 receptors in rat BLA are shown in Figure 9B.
The molecular mass of 5-HT»a receptors was 55 kDa. As illustrated by Figure 9B, the
protein level of 5-HT»a receptors was significantly decreased in the BLA but not in the
hippocampus of stressed rats as compared with control rats. These data indicated that
stress downregulated 5-HT»4 receptors in the BLA, compatible with the

electrophysiological data.

5. 5-HT,a receptor blockade before or immediately after stress prevents stress-
enhanced ASR.

A characteristic behavioral change resulting from the stress protocol used in this
study is enhanced ASR, and this behavioral change is associated with decreased
GABAergic transmission in the amygdala (Hitchcock et al., 1989;Sananes and Davis,
1992;Adamec et al., 1999;Gewirtz et al., 1998;Davis et al., 1997b;Davis et al., 1997¢;Van
Nobelen and Kokkinidis, 2006). In order to examine whether deficit in BLA GABAergic
transmission resulting from 5-HT»4 receptor downregulation is involved in this enhanced
ASR, we blocked the 5-HT;4 receptor with MDL 11,939 before or immediately stress,

which is assumed to prevent BLA 5-HT, receptors from being downregulated. Since
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previous studies indicated that enhanced ASR became evident on Day 10 after stress
(Servatius et al., 1995;Ottenweller et al., 1989;Khan and Liberzon, 2004), we measured

ASR on Day 10 and Day 21 after stress.

Consistent with previous reports, stress increased the ASR amplitude at Day 10
after stress (data not shown), and vehicle injection did not affect the stress-enhanced
effect on ASR [f (1, 14) = 4.84, p< 0.05] (Figure 10A, B). The effect of stress on ASR
still remained at Day 21 after stress [f (1, 14) =10.84, p< 0.01]. Although the 5-HT,4
antagonist is without effect on ASR amplitude in control animals (Vollenweider et al.,
2007;Barr et al., 2004;Varty et al., 1999), MDL 11,939 injected prior to stress dose-
dependently decreased stress-enhanced startle response to both stimuli (100 dB and 110
dB) on both Day 10 [ F( 2, 43) =5.763, p< 0.01] and Day 21 [F (2, 44) = 4.103, p< 0.05]
after stress, as illustrated in figure 10A, 10B. At the dose of 1.5mg/kg of MDL 11,939,
ASR was reduced to normal compared to the control animals on both Day 10 and Day 21
after stress. MDL 11,939 at 1.5mg/kg injected immediately after stress also decreased the
stress-induced enhanced ASR to both stimuli (n= 8, p< 0.01 on Day 10 and p< 0.05 on

Day 21 for both stimuli).
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DISCUSSION

This study, for the first time, demonstrated that the 5-HT,4 receptor is responsible
for the serotonergic facilitation of GABAergic synaptic transmission in the BLA. Our
data also, for the first time, showed that this 5-HT, receptor-mediated serotonergic
facilitatory effect on GABA release can be impaired by stress. In addition, receptor
blockade during stress could prevent stress-enhanced ASR, suggesting that alteration in
the BLA 5-HT»4 receptor signaling may be responsible for the occurrence of enhanced

ASR in stressed subjects.

5-HT;4 receptors mediate the serotonergic facilitation of GABA release in BLA
Although previous studies have shown that the primary action of serotonin in the
BLA is to facilitate GABA release to increase the inhibitory tone over the projection
neurons (Rainnie, 1999;Stutzmann et al., 1998;Stutzmann and LeDoux, 1999), the
subtypes of the serotonin receptor involved in this serotonergic facilitatory effect remain
inconclusive. It has been implicated that the 5-HT, receptor is involved in the
serotonergic facilitatory effect (Rainnie, 1999;Stein et al., 2000). Previous studies also
showed that the activation of the presynaptic 5-HTs receptor in dissociated neurons of the
BLA facilitates GABA release (Koyama et al., 2002;Koyama et al., 2000). However,
using amygdala slice preparation, our results showed that the 5-HTj3 receptor agonist 2-

Methyl-5-hydroxytryptamine (15uM) had virtually no facilitatory effect on GABA
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release, suggesting that the 5-HTj; receptor is unlikely to be a key contributor of
serotonergic facilitatory effect on GABA release in the BLA (data not shown). Indeed,
the 5-HT; receptor was shown to be localized only to subsets of GABAergic terminals of
BLA interneurons (Koyama et al., 2002), and this receptor could be quickly desensitized
by the bath perfusion of agonists (Belelli et al., 1995), which may explain the lack of
effect of 2-Methyl-5-hydroxytryptamine on GABA release in our study.

Our results indicate that the primary serotonin receptor involved in the
serotonergic facilitation of GABA release is the 5-HT»4 receptor. First of all, the broad 5-
HT; receptor agonist a-Methyl-5-HT strongly facilitated the GABAergic synaptic
transmission in almost every pyramidal cell recorded (105/123, 85%). Since a-Methyl-5-
HT is also a good agonist for the 5-HT4 receptor (Xiang et al., 2005;Bockaert et al.,
1992;Gerald et al., 1995) and may have some affinity for the 5-HT; receptor (Amireault
and Dube, 2005), involvement of these two receptors is possible. However, the 5-
HT,anc receptor antagonist Ketanserin completely blocked the effect of a-Methyl-5-HT,
excluding the involvement of other serotonin receptors. There are three subtypes of the
5-HT; receptor, 5-HT4, 5-HT>p and 5-HT,¢ (Saudou and Hen, 1994). Our results
support the involvement of the 5-HT»a receptor but not the 5-HT,g and 5-HT»c receptor.
First, MDL 11,939, completely blocked the effects of a-Methyl-5-HT (15uM) at a
concentration as low as 1.5uM. MDL 11,939 has about a 160-fold higher affinity for the
5-HT>4 receptor than the 5-HT,c receptor (K; = 0.54 nM for the 5-HT4 receptor versus
Ki = 81.6 nM for the 5-HT,¢ receptor)(Dudley MW, 1988) and has been used to
distinguish the 5-HT, receptor from the 5-HT,c receptor (Harvey et al., 2004;Aloyo et

al., 2001). Secondly, MDL 100,907, a more selective 5-HT,4 receptor antagonist with
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300 times higher affinity for the 5-HT»a receptor than the 5-HT,c receptor (Kehne et al.,
1996), also completely blocked the effects of a-Methyl-5-HT (15uM) at the
concentration as low as 150 nM. Thirdly, the 5-HTp/»c receptor antagonist, SB206553,
could not significantly diminish the facilitation of GABA release by a-Methyl-5-HT.
Furthermore, the selective 5-HT»p receptor agonist, BW 723C86, and the selective 5-
HT,c receptor agonist, WAY 629, had no effect on GABA release in the BLA, further
excluding the involvement of 5-HT»p and the 5-HT»c receptors. Taken together, the 5-
HT;4 receptor is the primary receptor subtypes involved in serotonergic facilitation of
GABA release in the BLA.

Since a previous study has shown that serotonin could depolarize the interneurons
in the BLA (Rainnie, 1999), the 5-HT,4 receptor is very likely somatodendritically
localized, and activation of the 5-HT»4 receptor at this location by serotonin would
depolarize and excite GABAergic interneurons. Indeed, our data support this contention
because the majority of 5-HT,a receptor immunofluorescence was localized to soma and
dendrites. Alternatively, since receptor activation could also facilitate sSIPSCs by
enhancing the probability of GABA release from axon terminals, it is possible that 5-
HT,4 receptors could act cooperatively at the somatodendritic level and at axonal
terminals to enhance GABAergic synaptic transmission. However, because a-Methyl-5-
HT is essentially without effect on mIPSCs frequency, a-Methyl-5-HT should not act on
axons terminals to facilitate GABA release.

The 5-HT,4 receptor is one of the Gg/11 protein-coupled receptors (Saudou and
Hen, 1994). In general, Gq coupled receptors enhance neuronal excitability by inhibition

of membrane leak potassium channels (TASK channels) through its downstream
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signaling (Goldstein et al., 2001;Talley et al., 2003). In addition, increasing evidence has
shown that inhibition of the TASK channels appears to be independent of activation of
PLC, the downstream of Gg/11 protein (Chen et al., 2006;Boyd et al., 2000). The 5-HT»4
receptor mediated effect on GABAergic interneurons in the BLA in the present study was
independent of PLC activation since blockade of PLC with U73132 did not affect
facilitation of GABA release by a-Methyl-5-HT. There is evidence showing that
dissociated Gg/11 alpha subunit resulting from activation of such Gq/11 protein-coupled
receptors as the 5-HT»a receptor, could directly inhibit TASK channels (Chen et al.,

2006).

5-HT;a receptor-mediated serotonergic facilitation of GABA release could be
severely impaired by stress.

Excessive or repeated stress can produce long-lasting functional alterations in the
amygdala circuitry. The long lasting changes in the efficacy of synaptic transmission in
the amygdala have been observed after different types of stress (Adamec et al.,
2001;Davis et al., 1994;McKernan and Shinnick-Gallagher, 1997;Kavushansky et al.,
2006;Vouimba et al., 2006). In human patients with stress-related affective disorders, the
amygdala exhibits increased levels of basal activity (Drevets, 1999), or exaggerated
responses to fearful stimuli (Rauch et al., 2000a). The GABAergic system in the BLA is
also subject to change after stress, and stress always tends to attenuate the GABAergic
systems in the BLA (Braga et al., 2004;Rainnie et al., 2004;Rodriguez Manzanares et al.,
2005;Shekhar et al., 2005). The present study reveals another important mechanism by

which stress attenuates the inhibitory control over neuronal excitability in the BLA.
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Repeated restraint/tail-shock stress produced a severe impairment in 5-HT»a receptor-
mediated facilitation of GABA release in the BLA. Given that the baseline of
GABAergic activity in the stressed amygdala had no significant difference from that in
control animals, stress-induced attenuation of 5-HT,4 receptor-mediated GABA release
should result from impaired 5-HT,4 receptor signaling other than the GABAergic system
per se. Our qRT-PCR data and western blot data showed that stress not only decreased
the mRNA level of the 5-HT»4 receptor but also the level of expressed receptors,
indicating that the 5-HT, receptor is downregulated by stress.

Such impaired 5-HT»4 receptor signaling after inescapable stress should result
from receptor adaptation after prolonged agonist stimulation. Inescapable shock stress
could dramatically enhance serotonin level in the amygdala and this enhancement could
last at least 2 days after the end of stress (Amat et al., 1998;Maier and Watkins,
2005;Minor and Hunter, 2002). Prolonged stimulation of the 5-HT,4 receptor by excess
serotonin may result in adaptation of this receptor (i.e., receptor desensitization,
internalization and downregulation). Indeed, receptor desensitization and downregulation
after chronic agonist stimulation is a common phenomena for 5-HT,4 receptor, and has
been observed in both culture (Roth et al., 1995) and in vivo systems (Damjanoska et al.,
2004;Anji et al., 2000;Smith et al., 1999). Interestingly, the 5-HT»¢ receptor, although
coupled to the similar signal pathway as the 5-HTa receptor, appears to be resistant to
chronic agonist stimulation (Smith et al., 1999). This may explain the observation that
stress only decreased the mRNA level of the 5-HT,4 receptor without affecting the 5-

HT,c receptor in the BLA.
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5-HT;a receptor blockade prevents stress-induced enhanced ASR.

Our studies, from both functional and molecular perspectives, indicated that the 5-
HT, receptor mediated serotonergic inhibition over the amygdala’s excitability could be
impaired by stress. Indeed, downregulation of the 5-HT4 receptor in the amygdala after
inescapable shock has also been implicated in previous studies, and it is specific to this
stress protocol (restraint or shock alone have no effect) (Petty et al., 1997;Wu et al.,
1999). These studies also implicated that downregulation of this receptor appears to be
long-lasting (Dwivedi et al., 2005;Petty et al., 1997). Our preliminary qPCR data also
showed that 10 days after stress, the mRNA level of the 5-HT,4 receptor in the amygdala
was still lower than control (data not shown). Considering that the protein turnover is
much slower than the mRNA turnover, these observations indicate that impaired BLA 5-
HT;4 receptor signaling still exist 10 day after stress and may last longer. Thus, such
impairment of 5-HT»4 receptor-mediated serotonergic inhibition may contribute to
behavioral, emotional sequelae resulting from stress, including enhanced ASR (Servatius
et al., 1995). To examine this association, the 5-HT»4 receptor antagonist MDL 11,939
was administrated before or immediately after stress. Since the BLA 5-HT»a receptor
downregulation should result from prolonged stimulation by stress-elevated 5-HT, and
antagonists can prevent agonist-induced receptor downregulation (Brown et al.,
1998;Bieck et al., 1992;Baumhaker et al., 1993;Horackova et al., 1990;Lassegue et al.,
1995;Scarceriaux et al., 1996;Chau et al., 1994;Fukamauchi et al., 1993), MDL 11,939
treatment would prevent BLA 5-HT4 receptors from being downregulated by stress. If
certain stress-induced changes such as enhanced ASR do result from impaired BLA 5-

HT;4 receptor signaling, the administration of MDL 11,939 should be able to prevent
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such stress-enhanced ASR. The results do support such a hypothesis. Our data showed
that the low dose of MDL 11, 939, but not vehicle, reduced startle amplitude toward
control levels. At a higher dose, MDL 11, 939 completely reversed stress-enhanced
startle, whether it was administrated before or immediately after stress.

If impaired 5-HT»a receptor signaling in the BLA does contribute to the
occurrence of enhanced ASR, why does stress-induced enhanced ASR appear only after
10 days (Servatius et al., 1995)? Although the reasons of delayed enhanced ASR after
inescapable shock have not been well documented in the literature, certain studies
implicate that this delay is due to muscle fatigue and locomotor impairment after
restrained stress (Ottenweller et al., 1989;0Ottenweller et al., 1994;Ottenweller et al.,
1992;Servatius et al., 1995). Thus, the length of the delay was positively related to both
the number and intensity of footshocks (Servatius et al., 1995). Therefore, although the
pathophysiological mechanisms may have been available to evoke enhanced ASR
immediately after stress, the modification of the startle circuitry may not be fully

completed until 10 days after stress.

Impaired BLA 5-HT:4 receptor signaling may participate in the occurrence of
stress-enhanced ASR.

The data presented strongly suggest that malfunctioning of 5-HT,a receptor-
mediated facilitation of GABA release in the amygdala may contribute to the occurrence
of stress-induced enhanced ASR. It is well accepted that the amygdala circuitry is
responsible for the sensitization of ASR and fear-enhanced startle (Koch and Schnitzler,

1997). Enhanced ASR by repeated foot shock and predator exposure is believed to be
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mediated by the amygdala (Hitchcock et al., 1989;Sananes and Davis, 1992;Adamec et
al., 1999;Gewirtz et al., 1998;Davis et al., 1997b;Davis et al., 1997¢;Van Nobelen and
Kokkinidis, 2006). Furthermore, this enhanced ASR may be associated with decreased
GABAergic transmission in the BLA (Van Nobelen and Kokkinidis, 2006;Stork et al.,
2002). Our data support the notion that there is a causal relationship between enhanced
ASR and malfunctioning of serotonergic modulation of GABA release in the amygdala.
In the normal amygdala, basal levels of serotonin, acting via 5-HT» receptors, may
contribute to tonic inhibition of BLA pyramidal neurons (Stutzmann et al.,
1998;Stutzmann and LeDoux, 1999), which allows glutamatergic sensory input more
effectively filtered to permit relevant stimuli to be fully processed by the amygdala.
Decreased serotonergic functioning might result in deficient GABAergic modulation of
excitatory sensory afferents. Defective GABAergic influence may allow innocuous
sensory signals to be processed in the amygdala and activate downstream responses. One
of the consequences of such an activation is the enhanced startle response (Koch and
Schnitzler, 1997). Administration of MDL 11,939 during stress may protect the 5-HT2a
receptor from being impaired, and thus maintain an intact serotonergic functioning in the
amygdala. As a result, the abnormal startle response could be prevented.

Since MDL 11,939 in this study was administrated systematically, it is possible
that MDL 11, 939 may act on other brain sites to prevent the stress-enhanced startle.
Previous studies has shown that inescapable stress could also induce 5-HT,a receptor
change in the hippocampus (Dwivedi et al., 2005), hypothalamus (Dwivedi et al.,
2005;Wu et al., 1999), and prefrontal cortex (Dwivedi et al., 2005;Harvey et al., 2003),

suggesting the change of 5-HT, receptors in these brain sites after stress may also
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contribute to the development of severe outcomes of stress. However, the change of 5-
HT;4 receptors in these brain regions may be associated with other stress-induced
abnormalities, but not enhanced ASR. For instance, stress-induced 5-HT4 receptor
alterations in the hypothalamus, prefrontal cortex and hippocampus were specifically
associated with stress-induced behavioral depression (Dwivedi et al., 2005), while a
stress-induced decrease of amygdala 5-HT»4 receptor was not related to this behavioral
abnormality (Petty et al., 1997;Wu et al., 1999). Also, 5-HT,a receptor signaling in the
cortex has shown to be closely associated with cognitive function of working memory
(Williams et al., 2002). Thus, alterations of cortical 5-HT,4 receptor signaling after stress
may be related to stress-induced cognitive deficit (Oei et al., 2006;Morgan III et al.,
2006;Liston et al., 2006;McFarlane et al., 2002;Cherrie et al., 2001). A recent study also
demonstrated that the intact cortical 5-HT»4 receptor signaling is essential for conflict
anxiety behaviors in mice (Weisstaub et al., 2006). Nevertheless, this study did not
examine the association between cortical 5-HT, receptor signaling and ASR. Thus,
although it could not be excluded that other brain regions may be involved in the effect of
MDL11,939 on enhanced ASR, the amygdala should be a primary brain site MDL 11,939
acted on to prevent stress-induced enhanced ASR.

Alternatively, the selective 5-HT,4 receptor antagonist MDL 11, 939 may exert its
prophylactic effect on stress-enhanced startle by preventing this receptor from being
activated during the stress as opposed to protecting the receptor from being impaired.
MDL 11, 939 treatments may block long-term 5-HT»4 receptor signaling in the
corticolimbic structures during stress, while this long-term signaling in the corticolimbic

structures may be critical in development of enhanced ASR. Many studies suggested that
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the 5-HT,a receptor in the paraventricular nucleus ( PVN ) is involved in the release of
the CRF during stress (Zhang et al., 2002;Mikkelsen et al., 2004;Hanley and Van de Kar,
2003;Van de Kar et al., 2001;Saphier et al., 1995), while the CRF, by acting on the
amygdala and/or bed nucleus of the stria terminals (BNST), is a crucial mediator in
developing stress-enhanced ASR (Koob et al., 1993;Lee and Davis, 1997;Risbrough et al.,
2003;Risbrough and Stein, 2006;Walker and Davis, 1997). MDL 11,939 treatment during
stress may attenuate stress-induced enhancement of CRF, and thereby interfere with the
development of the pathophysiology associated with enhanced ASR. Nevertheless, our
study showed that MDL 11,939 pretreatment could exacerbate stress-induced body
weight loss (data not shown), a physiological change that depends on activation of HPA
axis (Harris et al., 2006;Smagin et al., 1999), suggesting that 5-HT,4 receptor antagonist
may not be able to attenuate stress-induced enhancement of CRF. To examine whether
MDL 11, 939 treatments can alter activation of HPA axis during stress may be able to
better appreciate the role of the hypothalamic 5-HT,4 receptor in the preventive effect of

MDL 11,939 on enhanced ASR.

Functional implications.

Stress-associated psychiatric disorders, such as PTSD, are associated with
hyperactivity and hyper-responsiveness of the amygdala (Shin et al., 2006). It has been
hypothesized that such alterations in the amygdala are due to the loss of proper cortical
modulation of the amygdala, and/or due to a lowered threshold of amygdala response to
emotionally significant stimuli (Villarreal and King, 2001). The present findings suggest

that a reduction in GABAergic transmission due to impaired 5-HT»a receptor signaling
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may be one of the key mechanisms responsible for the apparently reduced threshold of
amygdala’s activation in these psychiatric disorders. Indeed, it appears that there is a
significant association between polymorphism of the 5-HT, receptor and panic disorder
(Inada et al., 2003). The change of the 5-HT4 receptor has also been observed in stress-
associated psychiatric disorders, such as depression (Sheline et al., 2004;Mintun et al.,
2004) and suicide associated with depression (Oquendo et al., 2006;Rosel et al., 2004;van
Heeringen et al., 2003;Pandey et al., 2002;Rosel et al., 2004). These findings strongly
suggest an important role of the 5-HT,4 receptor in the pathogenesis of these stress-
related disorders. Also, the present study suggests that the 5-HT,4 receptor antagonist
MDL 11,939 may be a good prophylactic agent for stress-associated psychiatric disorders,

such as PTSD.
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Figure 1. Effect of 5-HT on sIPSCs in the basolateral amygdala. A. The representive
coronal brain slice containing the basolateral nucleus (red), where neurons were recorded.
B. Photomicrograph of a pyramidal cell showing the typical morphology of the recorded
neurons. The cell has been labeled with Lucifer Yellow. C. In the presence of the 5-HT3
receptor antagonist, MDL 72222 (20uM), and the 5-HT, receptor antagonist,
cyanopindolol (20uM), administration of 5-HT (50 uM) dramatically enhances the
frequency of sIPSCs and shifts their amplitude distribution toward larger sizes in a BLA
neuron. D. Cumulative probability plots of inter-event intervals and amplitude of sIPSCs
(same cell as in the top trace). E. Pooled data (mean + S.E.M.) from 9 neurons. The bar
graph on the left shows the 5-HT-induced changes in amplitude, frequency of sIPSCs.
The bar graph on the right panel shows the time course of changes in sIPSCs frequency
during the application of 5-HT. (*p<0.05, **p<0.01)
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Figure 2. The 5-HT; receptor agonist a-Methyl-5-HT dose-dependently facilitated the
SIPSCs in the BLA. A shows a sample neuron where administration of a-Methyl-5-HT
(15uM) dramatically enhances the frequency of sSIPSCs and shifts their amplitude
distribution toward larger sizes. B. Cumulative probability plots of inter-event intervals

and amplitude of sSIPSCs (same cell as in the top trace). C. The bar graph show the group
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data of the effect of a-Methyl-5-HT on sIPSC frequency (n=10 for each concentration of
a-Methyl-5-HT, **p<0.01).

Figure 3. The influence of different 5-HT; receptor antagonists on the facilitatory
effect of a-Methyl-5-HT on sIPSCs. A show an example of neuron where a-Methyl-5-
HT could not longer induce the facilitation of sIPSCs in the presence of 1.5 uM MDL
11,939 (holding potential is -70 mV). B.Cumulative probability plots of inter-event
intervals and amplitude of sIPSCs (same cell as in the top trace). C show an example of
neuron where a-Methyl-5-HT could not longer induce the facilitation of sIPSCs in the
presence of 150 nM MDL 100,907 (holding potential is -70 mV). D. Cumulative
probability plots of inter-event intervals and amplitude of sSIPSCs (same cell as in the top
trace). E. pooled data (mean = S.E.M.) indicating the effect of a-Methyl-5-HT alone
(n=9), the effect of a-Methyl-5-HT in the presence of 10 uM Ketanserin (n=11), the
effect in the presence of 1.5 uM MDL 11,939 (n=8), the effect in the presence of 5 uM
SB 206553 (n=6) or in the presence of 1.5 uM MDL 100,907 (n=16). (**P<0.01)
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Figure 4. The effects of the selective 5-HTc receptor agonist WAY 629 and the
selective 5-HT:p receptor agonist BW 723C86 on sIPSCs in the BLA. A shows an
example of BLA neurons in which application of the selective 5-HT,¢ receptor agonist
WAY 629 has no effect on sIPSCs. B. Cumulative probability plots of inter-event
intervals and amplitude of sSIPSCs (same cell as in A). C shows an example of BLA
neurons in which application of the selective 5-HTp receptor agonist BW 723C86 has no
effect on sIPSCs. D. Cumulative probability plots of inter-event intervals and amplitude
of sIPSCs (same cell as in C). E. The bar graph shows the group data of the effect of
these two agonists on sIPSCs frequency, compared to the effect of a-Methyl-5-HT (n=10

for each agonists, **p<0.01).
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Figure 5
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Figure 5. The effect of a-Methyl-5-HT on mIPSCs in the BLA. A shows the mIPSCs
traces in one cell and administration of a-Methyl-5-HT (15uM) did not induce
significantly change of the frequency and amplitude of mIPSCs. B. Cumulative
probability plots of inter-event intervals of mIPSCs (same cell as in the top trace). C.
pooled data (mean + S.E.M) from 8 neurons. The bar graph shows amplitude and
frequency of mIPSCs after application of a-Methyl-5-HT were not significantly different

from the baseline.
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Figure 6

Figure 6. Confocal microscopic images illustrating dual localization of 5-HT ;4

receptor with parvalbumin (PV) in the BLA. (A1-A2) The signals for the 5-HT,x
receptor in the BLA. The majority of signals are localized in the soma and dendrites and
the shape of signal-positive cells is interneuron-like. (B1-B2) The signals for interneuron
marker PV. (C1-C2) Colocalization of 5-HT,4 receptor (red) with PV (green) in the BLA.
Arrows in C1-C2 indicates the colocalization of two types of signals (yellow). Scale bar:

25 pum.



60

Figure 7

20uM U73122
15uM Alpha-methyl-5-HT

50pA

10s

1.0 o & oo o 1.04
os = 0.8
06 O Baseline *4l
04 A Application T 0.4
0.2 0.24
. 0

OF T ; T y 0. T - - -
1] 1000 2000 3000 4000 5000 a 50 100 150 200
Interval (msec) Amplitude (pA)

w
O

~
=3
o
'

.Y a4 4 A
6004 mmalpha-M-5-HT
Fzz alpha-M-5-HT+

U712z

=3
=1
i

O Baseline

o B bl
=4 =3
<o o
i A

A Application

(% of control)

sIPSCs Frequency

Cumulative Fraction
Cumulative Fraction

-
o
o

N
=

r
o
I=]

Figure 7.The facilitatory effects of a-Methyl-5-HT on sIPSCs in the presence of PLC
inhibitor U73122. A show an example of neuron where a-Methyl-5-HT still induced the
comparable facilitation of sIPSCs after pretreatment of 20uM U73122 for 30 minutes
(holding potential is -70 mV). B. Cumulative probability plots of inter-event intervals and
amplitude of sIPSCs (same cell as in the top trace). C. pooled data (mean + S.E.M)
indicating the effects of a-Methyl-5-HT alone (n=10), and the effects of a-Methyl-5-HT
in the presence of 20 uM U73122 (n=9).
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Figure 8. Stress attenuated 5-HT,4 receptor-mediated facilitatory effect of sIPSCs in
the BLA. (A). The data indicate that stress did not significantly affect the frequency,
amplitude, rise time and decay time constant of sIPSCs in the BLA (n=23). (B). Up trace:
effects of a-Methyl-5-HT (15 uM) on sIPSCs recorded from a BLA pyramidal cell of a
control rat. Holding potential: -70mV. Down graphs: cumulative probability plots of
interevent intervals and amplitude of sIPSCs, in baseline conditions and during a-Methyl-
5-HT application (same cell as in the top trace). (C) Up trace: effects of a-Methyl-5-HT
(15 uM) on sIPSCs recorded from a BLA pyramidal cell of a stressed rat (holding
potential is -70 mV); the effect of a-Methyl-5-HT (15 uM) is significantly smaller than
that in control animals. Down graphs: cumulative probability plots of interevent intervals
and amplitude of sIPSCs in baseline conditions and during a-Methyl-5-HT application
(same cell as in the top trace). (D). Pooled data (mean + S.E.M.) indicating the time
course of the effects of a-Methyl-5-HT (15 pM) in both control and animals. Note that
stress significantly attenuated the effects of a-Methyl-5-HT (15 uM) at the different time
points. (n=18 for stress and n=14 for control, *p=<.05, **p=<0.01). (E).The dose response
relationship of the effects of a-Methyl-5-HT in control and stress animals. (0.5 uM: n=5
for control and n=4 for stress; 2 uM: n=20 for stress and n=13 for control; 10 pM; n=8
for stress and n=11 for control; 15 uM: n=18 for stress and n=14 for control; 100 uM:
n=10 for stress and n=9 for control; 200 uM, n=4 for control and n=5 for stress. *p<.05,

*p<0.01)
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Figure 9. Stress decreased the expression of 5-HT ;4 receptor mRNA and its proteins in
the BLA. (A). Stress decreased 5-HT,a receptor mRNA levels in the both BLA and
hippocampus, while 5-HT,¢ receptor mRNA levels in the both BLA and hippocampus
were not significantly changed by stress (n=7, *p <0.05, **p<0.01). (B). Stress decreased
protein levels of BLA 5-HT;4 receptors, while 5-HT»4 receptors in the hippocampus
(Hipp) were not significantly changed by stress. f-actin was used as an internal control.
Blot results shown are representative of three separate experiments. ***p<0.001 (stress vs

control).
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Figure 10
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ABSTRACT

Repeated restraint stress can induce long-lasting body weight loss in rodents.
Since the serotonergic system in the hypothalamus plays an important role in mediating
feeding and body weight, the present study examined if stress-induced sustained body
weight loss is associated with alterations of hypothalamic serotonergic system. In rats
exposed to three-day restrain-tail shock, the mRNA levels of the hypothalamic 5-HT»4
receptors were significantly decreased, while the mRNA levels of 5-HT)p receptors were
upregulated by stress. In contrast, the mRNA levels of the hypothalamic 5-HT;»
receptors and 5-HT,c receptors remained unchanged. The rats exposed to this stress
experienced long-lasting weight loss after cessation of stressful episodes, compared to
nonstress control animals. However, injection of the selective 5-HT»a receptor antagonist,
MDL 11,939 before stress, although tending to exacerbate initial body weight loss during
stress, dose-dependently reversed sustained body weight loss of stressed animals. At Day
21 after stress, the body weight of stressed animals with high-dose pretreatment
completely returned to normal levels. Treatment with MDL 11,939 after stress, on the
other hand, was without effect on body weight and the animals with this treatment still
experienced the long-term body weight loss. These findings suggested that there is an
association between a decrease in the hypothalamic 5-HT,4 receptors and sustained body
weight loss in stressed animals. The possible role of the hypothalamic 5-HT»4 receptor in

mediation of feeding and body weight is discussed.
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INTRODUCTION

Body weight loss is a characteristic response to repeated stresses, such as restraint
and shock in rodents (Ottenweller et al., 1989;Harris et al., 2002;Smagin et al.,
1999;0ttenweller et al., 1992;Dess et al., 1988;Donohoe et al., 1987). The stressed
subjects, compared to nonstress controls, not only experience weight loss during or
immediately after stress, but also demonstrate reduced body weight long after the
cessation of the stressful episodes (Chotiwat and Harris, 2006;Harris et al.,
2006;0ttenweller et al., 1992;Smagin et al., 1999). The initial weight loss during or
immediately after stress has been shown to be due to reduced food intake and increased
energy expenditure resulting from the activation of hypothalamic-pituitary-adrenal (HPA)
axis. However, the sustained body weight loss in stressed subjects appears to involve
currently unknown mechanisms that are distinct from the factors that cause initial weight
loss (Harris et al., 2006;Smagin et al., 1999).

Since repeated stress can induce dysregulation of the serotonergic system (Maier
and Watkins, 2005;Minor and Hunter, 2002), a brain aminergic system critically involved
in regulating feeding and body weight (Heisler et al., 2003; Simansky, 1996b), it is likely
that stress-induced sustained body weight loss is associated with dysregulation of the
serotonergic system. The brain serotonergic system primarily interacts with the
hypothalamus to regulate energy homeostasis. The serotonergic system in the medial
hypothalamus, especially in the paraventricular nucleus (PVN), appears to act as a
negative feedback mechanism to control feeding and body weight (Leibowitz and
Alexander, 1998;Tachibana et al., 2001). Alterations of the hypothalamic serotonergic

system are closely associated with abnormal feeding behaviors and abnormal body
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weight (Huang et al., 2004b;Huang et al., 2004a;Simansky, 1996;Wolfe et al.,
1997;Bouwknecht et al., 2001). Given that the hypothalamic serotonergic system is
subject to change after stress (Dwivedi et al., 2005;Petty et al., 1997;Wu et al.,
1999;Edwards et al., 1991), there may be an association between alterations in the
hypothalamic serotonergic system and stress-induced sustained weight loss.

Among the hypothalamic serotonin receptors, the 5-HT) receptor and 5-HT,¢
receptor appear to be the primary serotonin receptors involved in the serotonergic
regulation of feeding and body weight (De Vry and Schreiber, 2000;Heisler et al.,
2003;Simansky, 1996). Stimulation of hypothalamic 5-HT ;5 or 5-HT,¢ receptors leads to
a hypophagic effect by accelerating satiety processes. Recent evidence suggested that
hypothalamic 5-HT; and 5-HT>4 receptors may also participate in the serotonergic
regulation of feeding and body weight (Collin et al., 2002;Fletcher and Coscina,
1993;Mancilla-Diaz et al., 2005;Simansky, 1996). In particular, the hypothalamic 5-HT»4
receptor may be involved in stress-related body weight change (Rosmond et al.,
2002b;Rosmond et al., 2002a) and long-term regulation of energetic homoeostasis. Thus,
a high level of the hypothalamic 5-HT»a receptors is always associated with obesity
(Nonogaki et al., 2006;Huang et al., 2004b;Park et al., 1999;Holmes et al., 2002;L1i et al.,
2003), while a low level of the hypothalamic 5-HT»a receptor is associated with severe
weight loss (Bailer et al., 2004;Kaye et al., 2005;Kaye et al., 2001). Taken together, there
are multiple hypothalamic serotonin receptors participating in the mediation of energy
homeostasis and body weight.

Thus, in order to examine whether there is an association between alterations in

the hypothalamic serotonergic system and stress-induced sustained weight loss, the



69

present study first examined the effect of repeated restraint-tail shock stress on gene
expression of the hypothalamic 5-HT;a, 5-HTp, 5-HT24 and 5-HT,¢ receptors. Our
results demonstrated that restraint-tail shock stress significantly downregulated mRNA
levels of the hypothalamic 5-HT4 receptor and upregulated 5-HT;p receptor mRNA
levels, while mRNA levels of 5-HT; 4 and 5-HT»¢ receptors remained unchanged.
Furthermore, pretreatment with a specific 5-HT»4 receptor antagonist reversed stress-
induced long-lasting low body weight in stressed subjects. These findings suggested that
the hypothalamic 5-HT,a receptor plays a critical role in mediating stress-induced
sustained body weight loss, and that the 5-HT, receptor antagonists might have potential
in regulating body weight loss in stress-associated psychiatric disorders, such as

depression and PTSD.
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METHODS

Stress protocol and body weight measurement

All animal experiments were performed in accordance with our institutional
guidelines after obtaining the approval of the Institutional Animal Care and Use
Committee (IACUC). A total of 40 male Sprague-Dawley rats initially weighing between
100 and 150 g (Taconic Farms, Germantown, NY, USA) were used in the study. Animals
were housed in a climate controlled environment in groups of two per cage with free
access to food and water, and were maintained on a reverse light/dark cycle (light on
18:00) at 22 “C. The animals were equally assigned to five groups based on their body
weight. The five groups include a control group; a stress + vehicle group, in which
animals received 0.01N HCI as vehicle before or after they underwent the stress protocol
each day for three consecutive days; a pre-stress low-dose group, in which animals
received 0.5 mg/kg 5-HT»4 receptor antagonist MDL 11,939 (Tocris Bioscience,
Ellisville, Missouri) 30 minutes before stress each day for three consecutive days; a pre-
stress high-dose group, in which animals received 1.5 mg/kg MDL 11,939 30 minutes
before stress each day for three consecutive days; and a post-stress group, in which
animals received 1.5 mg/kg MDL 11,939 immediately after stress each day for three
consecutive days. The drugs or vehicle were delivered by intraperitoneal injection (1ml
latex free syringe w/ 27G: needle, B-D, Franklin Lakes, NJ).

Stress exposure consisted of a 2-h per day session of immobilization and tail-
shocks, for 3 consecutive days. The animals were stressed in the morning (between 0800
and 1200). They were restrained in a plexiglas tube, and 40 electric shocks (1 mA, 3 s

duration) were applied at varying intervals (140—180 s). This stress protocol was adapted
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from the ‘learned helplessness’ paradigm in which animals undergo an aversive
experience under conditions in which they can not perform any adaptive response
(Seligman and Maier, 1967;Seligman and Beagley, 1975). The rats were stressed for
three consecutive days because it has been previously demonstrated that repeated stress
sessions for three days is more effective than a single stress session in producing
physiological and behavioral abnormalities associated with depression and anxiety
disorders (Ottenweller et al., 1989;Servatius et al., 1995). More stress sessions, beyond
three days, does not appear to produce greater physiological and behavioral changes
(Ottenweller et al., 1992;Ottenweller et al., 1989).

At the day of stress, all animals were weighed before stress both as a
physiological measure and as a metric for balancing the groups. After exposure to stress,
animals were weighed immediately after the stress, at day 7, day 10, day 12, day 21 and
day 30 poststress. For each test day, ANOVAs for measures were performed on net
weight gain with the factors of stress status and drug dosage. The data were represented

as mean+S.E.M.

Quantitative real-time PCR

The hypothalamus was dissected and frozen. Frozen tissues of 30 mg were
homogenized and total RNA was extracted using the RNeasy kit (Qiagen, Germany)
following the manufacturer’s protocol. One microgram (1 pg) of total RNA was reverse
transcribed into first-strand cDNA using the RETROscript reverse transcriptase kit and
oligo dT primers (Ambion Inc., Austin, TX) according to the manufacturer’s protocols.

One microliter of cDNA from the RT-reaction was used as the template for quantitative
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real-time PCR reaction with a final PCR reaction volume of 25 pl, with the 5* and 3’
gene specific PCR primer concentrations at 10 pM each. PCR primers were designed
using Primer3 software (Whitehead Institute, MIT, MA) and according to the coding
sequences of each gene (GenBank#: SHT1A: #J05276; SHT1B: #X62944; SHT2A,
#X13971; 5-HT2C, # NM_012765; Table 1). Quantification of mRNA expression was
performed (in triplicate) using the SYBR Green SuperMix (BioRad, CA) and a 2-step
PCR reaction procedure, performed on the MyiQ Single Color Real-Time PCR Detection
System (BioRad, CA). In brief, after the initial denaturation at 95°C for 3 min, 45 cycles
of primer annealing and elongation were conducted at 60°C for 45 seconds, followed by
denaturation at 95°C for 10s. Fluorescent emission data were captured, and mRNA levels
were quantified using the threshold cycle value (Ct). To compensate for variations in
input RNA amounts and efficiency of reverse transcription, data for 5-HT;a, 5-HT 5, 5-
HT,a and 5-HT,c receptor mRNA for each sample were normalized by reference to the
data obtained for the house keeping B-actin gene (GenBank accession #. BC063166)
determined from the same sample. Fold change in mRNA expression was calculated
using the equation: fold change=2"2** where ACt=target gene Ct-house keeping gene (p-
actin) Ct, and AACt is ACt control - ACt stress (or fold change) =2/ACT control -ACT stress)
The mean and S.E.M. were calculated from three replicate amplifications. Each RT-PCR
assay was repeated twice.

Differences between the stress and control groups were examined for statistical
significance using one-way ANOVA (with stress as the main factor) analysis followed by
post-hoc Fisher’s test. A difference with P-value less than 0.05 was considered

statistically significant.
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RESULTS

1. The effects of stress on gene expression of the hypothalamic 5-HT;4, 5-HT;s, 5-
HT;a and 5-HT,c receptor.

As illustrated in Figure 1A, C, exposure to three-day stress caused a significant
decrease in the mRNA levels of the hypothalamic 5-HT,4 receptors (n=8, p<0.01), and an
increase in the mRNA levels of the hypothalamic 5-HT,g receptors (n=8, p<0.01),
compared with control rats. The mRNA levels of the hypothalamic 5-HT 4 receptors and
5-HT,c receptor was not significantly changed by stress (n=8, P>0.05 for both serotonin

receptor types) (Figure 1B, 1D).

2. Pretreatment with the 5-HT»4 receptor antagonist MDL 11,939 reversed stress-
induced sustained weight loss.

As illustrated by Figure 2A, three days of inescapable tail-shock significantly
decreased body weight [F (1, 38) =65.329, p<0.001]. This effect was still observed even
30 days after stress (Fig. 2A). Pretreatment with MDL 11,939 appeared to exacerbate the
initial body weight loss in a dose-dependant manner, although not significantly [F(2,21)
=1.726], compared to stressed animals with vehicle treatment (Fig. 2A,2B). However,
pretreatment with MDL 11,939 dose-dependently increased the body weight of stressed
animals from Day 7 after stress to the end of the observation period, compared to vehicle
control (Day 30 after stress, Fig.2A, 2B). On Day 12 after stress, the animals that
received high-dose pretreatment gained significantly more weight than the animals that
received vehicle treatment (104.5 +3.8g and 93.8+ 3.5g respectively; p<0.05). On Day 21

after stress (Fig.2A, 2B), the body weight of stressed animals that received high-dose
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pretreatment was almost equal to the control animals (weight gain: 173.0+4.0g and
174.0+5.3g respectively), which is significantly different from the group of stressed
animals that received vehicle treatment (156.8+4.1g, p<0.05). The effect still remained on
Day 30 (209.1 £8.0 and 208.9+9.2 for the control and high-dose pretreatment groups,
respectively). Interestingly, MDL 11939 treatment after stress was not able to increase
the body weight of the stress animals during one-month observation period. The weight
gain of this group of animals was not significantly different from the vehicle-treated

group of stressed animals (Fig. 2A, 2B, p>0.05 at all time points).
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DISCUSSION

The effect of stress on gene expression of the hypothalamic 5-HT;4, 5-HT s, 5-HT2a
and 5-HT,c receptors.

The data demonstrated that stress differentially altered gene expression of the
hypothalamic 5-HT;a, 5-HT g, 5-HT24 and 5-HT,c receptor. Stress decreased gene
expression of the 5-HT,x receptor, increased the 5-HT;p receptor gene expression, while
the 5-HT A receptor and 5-HT,¢ receptor were unchanged. Indeed, a similar mRNA
change pattern of the hypothalamic 5-HT»a, 5-HT>c, 5-HT )4 receptors after stress has
also been reported previously (Dwivedi et al., 2005;Petty et al., 1992). Furthermore, the
protein levels of these receptors were also subject to a similar change as their mRNAs
after stress (Dwivedi et al., 2005;Petty et al., 1997;Wu et al., 1999). These observations
indicate that the hypothalamic 5-HT, receptors could be readily downregulated by
different types of stress, while the hypothalamic 5-HT; 4 and 5-HT,¢ receptors are
resistant to modification by stress. Although the hypothalamic 5-HT;4 and 5-HT»c
receptors are involved in the serotonergic regulation of feeding and body weight, no
change of these two receptors after stress suggests that these two receptors may not
participate in the occurrence of stress-induced physiological change, such as sustained
weight loss.

Unexpectedly, our study observed that stress could upregulate the hypothalamic
5-HT,p receptor mRNA. If the level of mRNA corresponds to the capacity of a cell to
synthesize the mature protein, the hypothalamic 5-HT;g receptors would be upregulated.
However, a previous study, using a similar stress protocol, demonstrated that stress could

result in a decrease of 5-HT)p receptor binding in the hypothalamus (Edwards et al.,
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1991). Since the stress protocol used in their studies is not exactly same as the protocol
used in present study, this seeming difference in the change of the 5-HT,g receptor may
be due to the difference in the stress protocols. Alternatively, this difference in the change
of the mRNA and protein of the 5-HT) receptor may reflect the fact that the protein and
mRNA was not always changed in the same direction (Gray and Roth, 2001). Examining
the change in the 5-HT receptor protein levels after stress may be able to unravel the
reason for this difference.

Although the mechanisms underlying stress-induced 5-HT)p receptor change is
not well documented, downregulation of 5-HT,4 receptors after inescapable stress is
relatively clear in the literature. Inescapable shock stress can enhance serotonin levels in
the hypothalamus, and this enhancement could last long after the end of stress (Maier and
Watkins, 2005;Tsuchiya et al., 1996;Shimizu et al., 1992;Vermes and Telegdy,
1977;Torres et al., 2002;Shimizu et al., 1989). Since the 5-HT, receptor is primarily a
postsynaptic receptor, it is believed that prolonged stimulation of the 5-HT,4 receptor by
excess hypothalamic 5-HT level results in adaptation of this receptor (i.e., receptor
desensitization, internalization and downregulation). Indeed, receptor downregulation
after chronic agonist stimulation is a common phenomena for the 5-HT4 receptor, and it
has been observed in both culture (Roth et al., 1995) and in in vivo systems (Damjanoska
et al., 2004;Anji et al., 2000;Smith et al., 1999). Interestingly, the 5-HT,¢ receptor,
although coupled to the similar signal pathway as the 5-HT»a receptor, appears to be
resistant to chronic agonist stimulation (Smith et al., 1999). This may explain the
observation that stress only decreased the mRNA level of the hypothalamic 5-HT,a

receptor without affecting the 5-HT,c receptor.



77

5-HT;a receptor blockade before stress normalized body weight in stressed animals.

Since the hypothalamic 5-HT»4 receptor and 5-HT,g receptor are critically
involved in feeding and body weight regulation (see Introduction), and these two
receptors were changed after stress, it is likely that alterations of these two receptor
signaling are associated with stress-induced sustained body weight loss. To further
examine this association, we treated the rats with a selective 5-HT»4 receptor antagonist,
MDL 11,939, before stress or after stress. Since decreased gene expression of the
hypothalamic 5-HT,a receptor should result from prolonged stimulation by stress-
elevated 5-HT, and antagonists can prevent agonist-induced downregulation of receptor
gene expression (Brown et al., 1998;Bieck et al., 1992;Baumhaker et al., 1993;Horackova
et al., 1990;Lassegue et al., 1995;Scarceriaux et al., 1996;Chau et al., 1994;Fukamauchi
et al., 1993), MDL 11,939 pretreatment would prevent this receptor gene expression from
being downregulated by stress. Considering that the 5-HT)p receptor, in addition to being
a postsynaptic receptor in the hypothalamus, is also a presynaptic receptor localized at the
raphe nuclei and serotonergic terminals (Olivier and van Oorschot, 2005;Sari, 2004), and
any 5-HTp receptor ligands would affect the dorsal raphe 5-HTergic system per se, 5-
HT g receptor ligands thereby were not chosen in this experiment strategy.

We found that rats exposed to three-day restrain-tail shock stress experienced a
significant weight loss immediately after stress and did not return to the weight of their
non-stress controls for at least 30 days after stress. In fact, such a phenomena has been
repeatedly observed previously with a much milder stress protocols (Chotiwat and Harris,
2006;Harris et al., 2002;Harris et al., 2006;Smagin et al., 1999), and the difference in

weight between stress and control animals could be maintained for as long as 11 weeks



78

after the restraint stress (Harris et al., 2006). As shown in Figure 2A, the stressed rats
appeared to start to gain weight at the same rate as their non-stressed controls when stress
had ended, but it appears that they have no attempt to overeat to compensate for the
energy deficit experienced during stress and immediately after stress. This observation is
also compatible with the previous report showing that once stress ended, there is no
difference in food intake and energy expenditure between stress and control animals.
Although food intake and energy expenditure were not measured in our current study, the
same rate in weight gain between stress and control groups in our study indicates that the
animals experiencing the traumatic stress as used in the present study may also have the
same food intake as control after stress has ended.

MDL 11,939 administrated prior to stress appears to dose-dependently exacerbate
initial stress-induced weight loss, although not significantly. Since the effect of MDL
11,939 at this point (immediately after stress) results from 2-dosages other than 3 dosages,
measuring at day 1 after stress (3 dosages) may be able to detect a significant effect of
this compound (unfortunately we did not measure body weight at this point). The
reducing effect of this compound on body weight is compatible with previous reports. In
these studies, administration of the 5-HT»4 receptor antagonists at a very high
concentration was able to reduce the feeding behaviors in rodents, suggesting that MDL
11, 939 in this study may reduce the body weight by further decreasing food intake in the
stressed animals. However, the administration of this compound immediately after stress
did not tend to exacerbate initial stress-induced weight loss (Figure 2B). In addition,
certain studies also suggested that activation of the 5-HT,4 receptor leads to a disruption

of the feeding cascade (De Vry J. and Schreiber, 2000). These observations suggested
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that the 5-HT,a receptor may have a limited, if any, role in mediating short-term feeding
behaviors.

Although MDL 11, 939 pretreatment tended to exacerbate stress-induced initial
weight loss, this pretreatment could reverse sustained reduction of body weight of
stressed animals. By Day 7 after stress, the animals with pretreatment tended to gain
more weight than stressed animals with vehicle treatment and posttreatment of this
antagonist (weight gain: 61.12¢g and 60g versus 56.87g and 55.88g, respectively). On Day
12 after stress, this tendency became significant. On Day 21 after stress, the body weight
of stressed animals with high-dose pretreatment is almost equal to nonstress controls.
These observations suggested that in stressed animals with the pretreatment, their bodies
appear to be able to detect a lower body weight than normal and overeat to compensate
the energy deficit during and immediately after stress. Interestingly, the treatment
immediately after stress, not only was without effect on initial weight loss during the
stress, but also was not able to normalize the body weight. The stressed subjects with
post-stress treatment still experienced the sustained body weight loss as observed in
stressed animals with vehicle treatment. This suggests that the pathophysiology
associated with sustained weight loss could be developed after the first stressful episodes.
After the first stressful episodes, it is too late to interfere with the development of these

pathophysiological changes.

The role of the hypothalamic 5-HT,4 receptor in regulation of body weight.
The present findings that stress decreased gene expression of the hypothalamic 5-

HT;4 receptor, and pretreatment with the 5-HT,4 receptor antagonist MDL 11,939
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reversed the sustained weight loss of stressed animals, suggest that there may be
association between the decrease of the hypothalamic 5-HT,a receptor and sustained low
body weight in stressed animals. As mentioned before, downregulation of the
hypothalamic 5-HT, receptor after stress has also been observed previously (Dwivedi et
al., 2005;Petty et al., 1997;Wu et al., 1999). Furthermore, the decrease of this
hypothalamic receptor is long-term and is associated with behavioral depression
(Dwivedi et al., 2005). As stated in the introduction, the hypothalamic 5-HT,4 receptors
may be involved in regulation of long-term energetic homeostasis. The level of
hypothalamic 5-HT, receptor appears to be positively related to body mass and genetic
variation of 5-HT, receptor could result in the abdominal obesity in human (Rosmond et
al., 2002b;Rosmond et al., 2002a). These observations suggest that the hypothalamic 5-
HT;4 receptor may be an important component of “set-point” in regulation of body
weight (Harris, 1990). The high or low level of the hypothalamic 5-HT,4 receptor may
determine an individual‘s final body weight. Repeated stress decreases this hypothalamic
serotonin receptor, thus, lowers the set-point and results in a low body weight in stressed
animals. The pretreatment of MDL 11,939, which is assumed to prevent this receptor
from being long-term downregulated, may maintain this receptor intact (set-point not
changed). This may allow stressed animals detect a lower body weight than normal and
overeat to meet the balance determined by set-point. MDL 11, 939 treatment after stress
may be too late to prevent set-point resetting by stress, and these animals thereby have a
lower set-point and a low body weight.

A previous study has shown that blockade of corticotrophin-releasing factor

(CRF) signaling before stress could prevent the stress-induced initial weight loss and
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sustained weight loss (Smagin et al., 1999). However, it appears that the sustained weight
loss is not associated with the chronic change of hypothalamic CRF systems, but involves
other cascade mechanisms initiated by CRF (Harris et al., 2006;Smagin et al., 1999). The
hypothalamic 5-HT, receptor downregulation is very likely such a CRF-initiated
cascade mechanism responsible for sustained body weight loss. As mentioned before, the
hypothalamic 5-HT, receptor downregulation is very likely due to prolonged stimulation
of this receptor by stress-enhanced hypothalamic 5-HT levels, while the stress-induced
enhancement of hypothalamic 5-HT is believed to be mediated by CRF (Maier and
Watkins, 2005;Staub et al., 2006;Staub et al., 2005;Pernar et al., 2004;Lowry et al.,
2000;Li et al., 1998). Hence, elevated CRF during repeated restrain stress, by enhancing
the hypothalamic serotonin level, may impair the hypothalamic 5-HT,4 receptor signaling.
Impaired 5-HT,a receptor signaling in the hypothalamus may be responsible for a low

body weight in stressed animals.

Other possible mechanisms responsible for a low body weight of stressed animals
Previous studies have demonstrated that the same stress protocol as used in the
present study appears to induce persistent elevated basal corticosterone in stressed
subjects (Ottenweller et al., 1989;Ottenweller et al., 1994;Ottenweller et al., 1992). This
chronic activation of the hypothalamic-pituitary-adrenal (HPA) axis may be responsible
for sustained body weight loss in stressed subjects (Servatius et al., 1995). Previous
studies have shown that the hypothalamic 5-HT»4 receptor is involved in stress-induced
release of CRF from the paraventricular nucleus ( PVN ) (Zhang et al., 2002;Mikkelsen et

al., 2004;Hanley and Van de Kar, 2003;Van de Kar et al., 2001;Saphier et al., 1995).
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MDL 11,939 pretreatment may block 5-HT,a receptors in the PVN, and thereby interfere
with the development of stress-induced chronic status of the HPA axis. The animals
thereby maintains a normal HPA axis, which allows them have a normal body weight.
However, the subjects exposed to much milder stress (restraint only) did not show the
evidence of chronic activation of HPA axis after stress, although they experienced a
similar sustained body weight loss as observed in the present study (Harris et al.,
2006;Harris et al., 2002;Smagin et al., 1999). Hence, the change of the HPA axis may not
be a critical factor responsible for the occurrence of a low body weight in stressed
subjects.

Stress could upregulate the gene expression of the hypothalamic 5-HT;g receptors,
suggesting alterations in this receptor may be involved in the occurrence of a lower body
weight in stressed animals than control. The hypothalamic 5-HT;g receptor also is a
primary serotonin receptor involved in feeding and body weight regulation. Stimulation
of hypothalamic 5-HT,p receptors accelerate satiety processes during feeding behaviors
(De Vry and Schreiber, 2000;Heisler et al., 2003;Simansky, 1996). Knockout of this
receptor, thus, results in obesity in mice (Lee et al., 2004;Bouwknecht et al., 2001). Also,
increased levels of this receptor in the hypothalamus has been associated with anorexia
and sustained weight loss (Makarenko et al., 2005b;Makarenko et al., 2005a). Hence,
alteration of this hypothalamic serotonin receptor after stress, in addition to alterations of
5-HT»4 receptors, may also participate in the occurrence of a low body weight in stressed

subjects.

Functional implications.
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Since repeated restraint stress has long been adopted as an animal model of
depressive illness and anxiety disorders (Maier and Watkins, 2005;Minor and Hunter,
2002;Servatius et al., 1995), sustained body weight loss resulting from this stress may
mimic weigh loss observed in patients with depression and anxiety disorders, such as
PTSD (Evers and Marin, 2002;Hopkinson, 1981;Myers et al., 2005;Sutker et al., 1990).
The present finding that pretreatment of the 5-HT»a receptor antagonist could reverse the
sustained body weight loss in stressed animals, in the context that this hypothalamic
receptor could be downregulated by stress, suggests that alteration of the hypothalamic 5-
HT;4 receptor signaling plays an important role in occurrence of stress-induced sustained
body weight loss. This finding may have implications in medical intervention of weight

loss observed in stress-associated psychiatry disorders, such as depression and PTSD.
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Figure 1. Stress significantly decreased the expression of the hypothalamic 5-HT>4
receptor mRNA (n =8, p<0.01) (A), and increased expression of 5-HTp receptor
mRNA (n=8, p< 0.01) (C). The mRNA level of the hypothalamic 5-HT;4 receptor (D)
and 5-HT,c receptor (B) is not significantly changed by stress (n=8, p>0.05 for both
receptor types).
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Figure 2. The effect of MDL 11, 939 on weight gain after the stress. Mean of net body
weight gain of male Sprague—Dawley rats in different groups are plot against the days
after stress (A). The body weight was measured on the day immediately after stress, 7, 10,
12, 21, 30 days after stress. (B). Means + S.E.M of net weight gains of all groups at
immediately after stress, 12, 21, and, 30 days after stress. Asterisks indicate that there

was a significant (P<0.05) difference in body weight between this group and the group

with vehicle treatment.
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HISTAMINERGIC MODULATION OF EXCITATORY
SYNAPTIC TRANSMISSION IN THE RAT BASOLATERAL
AMYGDALA

X. JIANG™, A. CHEN" AND H. LI*",*

*Neuroscience Program, "Department of Psychiatry, Uniformed Services University
of the Health Sciences, 4301 Jones Bridge Road, Bethesda, MD 20814,
USA



88

ABSTRACT

The effects of histamine on excitatory synaptic transmission between the external
capsule and basolateral amygdala (BLA) were examined using intracellular and field
potential recordings in rat amygdala slices. Bath application of histamine (20 pM)
suppressed intracellular excitatory postsynaptic potentials (EPSPs; 70.34+5.1% of control
amplitude) in 43 of 64 BLA neurons, and potentiated EPSPs (341+81% of control
amplitude) in 21 neurons, without changing resting membrane potential or input
resistance. The histamine-induced suppression of EPSPs was accompanied by an increase
in paired-pulse facilitation of the slopes of EPSPs, suggesting a presynaptic locus of the
action. The suppressive effect could be blocked by the selective H; antagonist
thioperamide, and mimicked by the selective Hs agonist R-a-methylhistamine, indicating
that the suppressive effect is mediated by the presynaptic H; receptor. The potentiating
effect of histamine on EPSPs was not accompanied by the change of paired-pulse
facilitation and was not affected by the presence of H;, H, or Hj receptor antagonists. In
addition, the effective concentration of agonist to produce 50% of maximal response
(EC50) of the potentiating action of histamine is 49 nM, much lower than the EC50 (470
nM) of the Hj receptor-mediated suppressive effect characterized here. These
observations suggest a novel, high affinity and postsynaptically mediated effect of
histamine. In extracellular recordings, histamine, at low concentration (200 nM),
consistently potentiated field potentials. At high concentration (20 pM), histamine
suppressed field potentials, but potentiated field potentials when Hs receptors were
blocked. Taken together, these results revealed that histamine, via the presynaptic H;

receptor and a currently unknown mechanism, decreases or increases excitatory synaptic
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transmission in the BLA respectively. This specific histaminergic modulation of neuronal
activity in the amygdala may play an important role in amygdala-mediated physiological
and pathophysiological processes, such as fear, emotional learning and memory, temporal

lobe epilepsy, and affective disorders.
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INTRODUCTION

The amygdala is activated during stressful and emotional experiences via cortical
and subcortical afferents to the lateral and basolateral amygdaloid nuclei (BLA)(Braga et
al., 2004;Aggleton JP and Sauder RC, 2000). In addition to glutamatergic afferents, the
BLA also receives dense input from modulatory aminergic systems originating in the
hypothalamus and brain stem. The histaminergic fibers, exclusively arising from the
tuberomammillary nucleus (TMN) of the hypothalamus (Panula et al., 1984;Brown et al.,
2001;Haas and Panula, 2003), densely innervate the amygdala complex, and histamine
receptors are heavily expressed in the BLA (Pollard et al., 1993;Ryu et al., 1995b).
However, the role of histamine in modulating neuronal excitability and synaptic
transmission in the amygdala has not been investigated.

The modulatory actions of histamine in the brain, known so far, occur through at
least three G-protein coupled receptor subtypes. Histamine H; and H; receptors are
postsynaptic receptors, which are coupled to activation of phospholipase C and adenylyl
cyclase, respectively (Schwartz et al., 1991b). Histamine Hj; receptors are autoreceptors
or heteroreceptors, regulating the release of histamine and other neurotransmitters
(Arrang et al., 1983;Arrang et al., 1985;Brown et al., 2001). Autoradiographic studies
have demonstrated that histamine Hj receptors are intensively expressed in the central,
lateral and basolateral nuclei of the amygdala (Pollard et al., 1993;Ryu et al., 1995b),
while H; and H» receptor binding is relatively low in these major amygdala nuclei, in
either rat or human brain (Ryu et al., 1995b;Honrubia et al., 2000;Karlstedt et al., 2001).
Histamine, when injected directly into the amygdaloid complex, suppresses kindling

(Wada et al., 1996;Kamei et al., 1998;Kamei, 2001a) and impairs aversive conditioned
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learning in rats (Alvarez and Ruarte, 2002). The histamine receptor subtypes mediating
these inhibitory effects of histamine in the amygdala are still unclear. In addition,
activation of Hj receptors by injection of selective H3 receptor agonists in the basolateral
amygdala (BLA) improved expression of fear memory (Passani et al., 2001;Cangioli et
al., 2002). The mechanism underlying such a facilitating action of Hs receptor agonists in
the amygdala-mediated behavior also remains to be understood.

Using an amygdala slice preparation and available pharmacological tools, the
present study examined the modulatory actions of the histaminergic system on neuronal
excitability and synaptic transmission in the BLA. Our results demonstrated, for the first
time in the BLA, that histamine depresses excitatory synaptic transmission through a
presynaptically located Hj receptor. Moreover, a facilitating effect of histamine on
AMPA/kainate receptor mediated synaptic transmission was observed in a portion of
BLA neurons. This facilitating effect on synaptic transmission in the BLA appears to be

unrelated to currently known histamine receptors.
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MATERIALS AND METHOD

Amygdala slice preparation.

Male Sprague-Dawleyrats weighing 75—150 g (4-6 weeks) were decapitated after
light anesthesia with halothane, the brains were rapidly removed, and 450-um-thick
transverse slices of the amygdala were cut from tissue blocks with a Vibratome
(Technical Products International, St. Louis, Missouri). The slices were preincubated in
artificial cerebrospinal fluid (ACSF), continuously bubbled at room temperature (23°C)
with 95% O, /5% CO; to maintain a pH of 7.4, for at least 1 hour before use. The ACSF
contained 117 mM NaCl, 4.7 mM KCI, 2.5 mM CaCl,, 1.2 mM MgCl,, 1.2 mM

NaH,POy4, 25 mM NaHCOs; and 11 mM glucose.

Intracellular and field potential recording.

Slices were transferred to an interface chamber that was continually superfused
with ACSF at a rate of 1-2 ml/min. The temperature of perfusion solution in the chamber
was maintained at 32 °C through a TC-202A Bipolar temperature controller (Harvard
Apparatus, Inc., Holliston, Ma, USA). Microelectrodes were pulled from microfiber-
filled borosilicate capillaries (OD 1.0 mm, ID 0.58 mm for intracellular recording; OD
1.0 mm, ID 0.78 mm for extracellular recording) using a Flaming-Brown horizontal
micropipette puller (Sutter Instruments, Novato, CA, USA). The resistance of the
intracellular microelectrodes filled with 3 M KClI ranged from 80 to 130 M€, while the
resistance of extracellular recording electrodes filled with 3 M NaCl ranged from 2 to 5
MQ. The microelectrode tips were visually positioned in the basolateral region of the

amygdala (between the external capsule (EC) and the bed nucleus of the stria terminalis)
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using a dissecting microscope (see Fig.1). Intracellular impalements were made in a blind
fashion and recordings were made from pyramidal neurons. The neurons were identified
as the pyramidal cells on the basis of their accommodation response and by a prominent
afterhyperpolarization that followed a current evoked burst of action potentials
(Washburn and Moises, 1992). Intracellular recordings were terminated if the resting
membrane potential was less negative than -55 mV, or if the action potential height was
less than 70 mV. Intracellular potential was amplified with an Axoclamp-2B amplifier
(Axon Instruments, Foster City, CA, USA; low-pass filter, 3 kHz). Field potentials were
amplified with a differential amplifier (Warner Instrument Corporation, Hamden, CT,
USA). The output was digitized with a Digidata 1200 interface (Axon Instruments, Foster
City, CA, USA). On- and off-line data acquisition and analysis was carried out using the
Whole Cell Electrophysiology Program (WCP) version 1.7b (John Dempster, University

of Strathclyde, Glasgow, UK).

Stimulation

Synaptic responses were evoked with sharpened tungsten bipolar stimulating
electrodes (World Precision Instruments, Sarasota, Florida) placed in the EC (see Fig.1).
The stimulating electrode was ~2 mm from the recording site. Stimuli were delivered
using photoelectric stimulus isolation units having a constant current output (ISO-Flex;
Stimulus Isolation Unit, Jerusalem, Israel). The stimulus intensity was adjusted to
produce a synaptic response 30-50% of maximum amplitude without triggering an action
potential response. Peak response amplitudes were measured with respect to the resting

membrane potential. Single 0.1ms monophasic square pulses were applied continuously
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throughout the experiment at 0.1 Hz. Such stimulation was associated with no more than
a 10% drift in the peak synaptic response amplitude during experiments lasting up to 120

min.

Drug application

Chemicals and drugs included (-)-Bicucculline methochloride, D-2-amino-5-
phosphonovalerate (D-APV), SCH50911 [(+)-(2S)-5,5-dimethyl-2-morpholin-eacetic
acid], R-alpha-methylhistamine dihydrobromide, mepyramine maleate (2-((2-
dimethylamino) ethyl)(p-methoxybenzyl) amino)-pyridine maleate), cimetidine,
thioperamide, triprolidine, clobenpropit and tiotidine were from Tocris Cookson
(Ellisville, Missouri). Histamine was obtained from Sigma (St.Louis, Missouri).
Ly293558 was a generous gift of Eli Lilly Research Laboratories (Indianapolis, IN).
Drugs were dissolved in distilled water or Dimethyl Sulfoxide (DMSO, Fisher Biotech),
neutralized and stored as stock solutions, 1000 times the required concentration, until use.
The stock solution was kept for no more than 10 days. During the experiments the drugs
were applied to the perfusion solution at desired concentrations.

Data are expressed as mean+S.E.M. Statistical comparisons were made with

Student’s unpaired or paired z-test, as appropriate.
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RESULTS
1. Effects of histamine on excitatory postsynaptic potentials (EPSPs) in the BLA

The effects of 20 uM histamine on the membrane properties of BLA neurons were
examined first. The resting membrane potential remained unaffected by the application of
20 uM histamine in the vast majority of the BLA neurons recorded (104/110, 94.6%)
(Figurel A1,B1). The mean resting potential of these neurons before and 15 min after the
administration of 20 uM histamine was -68.7+ 1.3 mV and -67.8+1.4 mV respectively
(n=10, P>0.05). Only six out of 110 neurons (6/110, 5.4%) showed apparent
depolarization of the membrane potential in response to administration of 20 pM
histamine. These neurons were not included in subsequent studies and data analysis. The
mean input resistances determined from the voltage response to 100 pA hyperpolarizing
currents injected through the recording electrode were not significantly different before
and 15 min after administration of histamine (Figurel A1, B1 and Table 1). The voltage
responses and action-potential firing patterns evoked by depolarizing current steps were
also monitored before and after the application of histamine. As illustrated in Figure 1A2,
B2 and Table 1, the action potential firing patterns and the voltage responses obtained by
injecting 200-600 pA, 250 ms current before, during and after the application of 20 uM
histamine were not significantly altered in the BLA neurons. Thus, histamine does not
significantly change the resting membrane potential and input resistance of the BLA
neurons.

Next, we examined the actions of histamine on excitatory synaptic transmission,
in the BLA. Intracellularly recorded excitatory postsynaptic potentials (EPSPs) evoked

by electrical stimulation of the external capsule (EC) were isolated by inclusion of 10 uM
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bicucculline, a GABA, receptor antagonist, and SuM SCH 50911, a GABAg receptor
antagonist, in the perfusion solution. At resting membrane potentials, the recorded EPSPs
were predominantly mediated by AMPA/kainate receptors, as they were largely blocked
by 20uM LY293558, an AMPA /kainate receptor antagonist (Figure 1A2 inset). Bath
application of 20 uM histamine for 15 minutes produced a reduction in the amplitude of
the EPSPs to 70.3+5.2% of baseline (n=20, p<0.01, Figure 1A1, 1A2 and 1A3), in 43 out
of 64 neurons. The effect of histamine was evident between 3 to 5 minutes following
initial drug application and the maximal effect was observed between 10 to 13 minutes
following the histamine application. It was also observed that the amplitude of EPSPs
began to gradually recover from histamine-induced suppression even while histamine
remained in the perfusion solution. After 30 min of histamine washout, EPSPs recovered
fully in 3 neurons, and partially in 40 neurons.

A striking potentiation effect of histamine on the amplitude of EPSPs (341+81%
of baseline, n=16, p<0.01) was observed in 21 out of 64 neurons examined, without a
significant change in the input resistance and resting membrane potentials as shown in
figure 1B1, 1B2, 1B3 and table 1. In 18 of these 21 neurons, 20 uM histamine initially
induced a transient depression of the EPSPs (85.6+6.9% of baseline) followed by a
striking potentiation (Figure 1B3). In the remaining three neurons, 20 M histamine
directly induced potentiation of EPSPs without the preceding transient depressive effect.
The maximal potentiation effect of histamine was observed 15-20 min after application of
histamine. The potentiation effect of histamine, albeit smaller, remained 30 minutes after
washout.

2. The suppression of EPSP is mediated by H; histamine receptor.
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The dose-response relationship was investigated for the suppressive effect of
histamine on intracellular EPSPs in BLA neurons. 10 uM histamine was sufficient to
produce maximal suppression effect (70.4+3.9% of control levels, n=7, P<0.01.
Figure2A), while 200 nM histamine did not produce a significant suppression
(94.3+3.6% of control levels; n=6). The EC50 of histamine for this suppressive effect
was 0.47 uM (Figure 2D).

The selective H;, H, and Hs receptor antagonists were used to determine the
histamine receptor subtypes mediating the histamine-induced suppression of EPSPs. The
presence of neither the H; receptor antagonist mepyramine maleate (5uM, n=12) nor the
H, receptor antagonist cimetidine (50uM, n=13) in the perfusion solution could prevent
the depressive effect of 10 pM histamine on the EPSPs, indicating that this effect is not
mediated by H; and H, receptor subtypes. In contrast, as shown in figure 2B, the
suppressive effect of 10 uM histamine on EPSPs was never observed in the presence of
20uM thioperamide, a selective Hz receptor antagonist. Furthermore, 2 uM R-alpha-
methylhistamine, an Hs receptor agonist, could mimic the suppressive effects of
histamine on EPSPs (70.0+3.4% of the baseline) (P<0.01, n=13, figure 2C). These results
suggest that the histamine-induced suppression of glutamatergic synaptic transmission is
mediated by the Hj receptor subtype.

The suppression of EPSPs by histamine was accompanied by an increase in
paired-pulse facilitation (PPF). Application of 10 uM histamine for 15 min increased PPF
of the slope of EPSPs from 1.14+0.04 in the control to 1.34+0.14 (n=5, P<0.05, Fig3C),
suggesting a presynaptic locus of histamine action. To obtain further evidence on whether

the suppressive action of histamine is mediated presynaptically, we examined whether
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histamine depressed the AMPA/kainate receptor-mediated component of EPSPs
(AMPA/kainate-EPSPs) and the NMDA receptor-mediated component (NMDA-EPSPs)
to an equivalent extent. If both AMPA/kainate and NMDA receptor-mediated responses
are suppressed to a similar extent, then it is more likely that histamine acts
presynaptically suppressing the release of glutamate, rather than postsynaptically
affecting selectively the AMPA/kainate receptors. In the presence of D-APV in the
perfusion solution to block the NMDA-EPSPs, 10 uM histamine depressed the

AMPA /kainate-EPSPs to 70.2+4.9% of baseline (n=11), which was not significantly
different from the histamine-induced suppression of EPSPs in the absence of D-APV.
Then, we examined the effect of histamine on the NMDA-EPSPs. In the presence of 10
uM biccuculline, SuM SCH50911 and 20uM LY293558 in the perfusion solution and
with an increased stimulus intensity (Rainnie et al., 1991;Chen et al., 2003), the EC-
evoked NMDA-EPSPs can be recorded in BLA neurons. As reported in our previous
studies (Chen et al., 2003), this slow component is small at resting membrane potential,
and can be completely blocked by application of the NMDA receptor antagonist APV
(50uM) , indicating that this component is mediated by NMDA receptors. As shown in
figure 3 A, bath application of 10 uM histamine for 15 min depressed the peak amplitude
of NMDA-EPSPs (69.5 = 2.3% of baseline, n=12) to a similar extent as observed in the
AMPA /kainate-EPSPs (P>0.05). The suppressive effect of 10 pM histamine on NMDA-
EPSPs could also be prevented in the presence of 20 uM thioperamide, a selective H;
receptor antagonist (n=6, figure 3B). In addition, 10 uM histamine increased PPF of the

slope of NMDA-EPSPs from 1.29+0.07 in the control to 1.42+0.08 (P<0.05, n=5). These
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data suggest that the histamine-induced suppression of NMDA-EPSPs is associated with

a presynaptically located Hj receptor.

3. The pharmacological characteristics of the histamine-evoked potentiation of
EPSPs.

Previous studies have shown that NMDA receptors may contribute to the
histamine receptor-mediated long-term potentiation of synaptic transmission
(Kostopoulos et al., 1988;Vorobjev et al., 1993). Therefore, we examined whether
blockade of NMDA receptors might prevent the development of histamine-induced
potentiation of EPSPs in the amygdala circuitry. In the presence of 50 uM D-APV, a
selective NMDA receptor antagonist, 20 uM histamine enhanced the amplitude of EPSPs
to 336+79% of control levels (n=6; P<0.01) in six BLA neurons recorded, which was not
significantly different from that without D-APV pre-application, indicating that NMDA
receptors are not involved in the histamine-induced potentiation of EPSPs.

The histamine-induced potentiation of glutamatergic transmission appears to be
specific to the AMPA/kainate component of the EPSPs. In all neurons examined (n=18),
NMDA receptor-mediated EPSPs were consistently reduced by histamine. Even when the
H; receptors (which mediate the suppression) were blocked, no potentiation of the

NMDA-EPSPs was observed (figure 3A and 3B).

The differential modulation of AMPA/Kainate-EPSPs versus NMDA-EPSPs by
histamine suggests a postsynaptic locus of potentiating actions. Histamine H; and H;
receptors are postsynaptically located. Thus, the histamine-induced potentiation of EPSPs
could be mediated by the H; or H, receptor subtype. However, the H; receptor antagonist

mepyramine (up to 50 uM, n=11) or the H, receptor antagonist cimetidine (up to 100 uM,
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n=7), did not significantly inhibit the histamine-induced potentiation of EPSPs (figure 4A,
4C and 4D). Furthermore, in the presence of the very potent H; receptor antagonist
triprolidine (20 uM; n=2) and the H, receptor antagonist tiotidine (5 uM; n=2), the
histamine-induced potentiation of EPSPs was still unaffected. Similarly, the high
concentration of the H; receptor antagonist, thioperamide, did not affect the histamine-
induced potentiation (Fig. 4B, 4D). However, thioperamide eliminated the modest,

transient depression that often proceeded the potentiation (Fig. 4B).

As described above, histamine, at the low concentration of 200 nM, could not
produce a significant suppression of the EPSPs recorded in 12 out of 17 neurons (Fig. 2).
However, histamine at this concentration (200 nM) was still capable of inducing a robust
potentiation of EPSPs in five out of 17 BLA neurons (311+40% of baseline; P<0.01,
Figure 5). This particularly high potency of histamine in inducing potentiation raises the
possibility that the potentiating action may be mediated by a particularly high affinity
isoform of the Hj receptor distinct from the classical H; receptor isoform. To investigate
this possibility, clobenpropit, an H; receptor antagonist with 10 fold more potency in
antagonizing the Hj receptor than thioperamide (Schlicker et al., 1994) was tested. In the
presence of 10uM clobenpropit, the potentiation effect of histamine on EPSPs still

remained unaffected (n=3).
4. Bidirectional effects of histamine on BL A field potentials.

Since histamine produces opposite effects on EPSPs recorded from the different
BLA neurons, the net effect of histamine on excitability of the BLA nucleus needed to be
further determined. In the next series of experiments, field potential recordings were used

to examine the effects of histamine on population neuronal responses in the BLA.



101

Field potentials evoked in the BLA by stimulation of the external capsule, as
shown in our previous studies (Aroniadou-Anderjaska et al., 2001;Chen et al., 2003),
consist of one major, negative component that corresponds in time course to the EPSPs
recorded intracellularly from BLA pyramidal cells, and is mediated by AMPA/kainate
receptors (Aroniadou-Anderjaska et al., 2001). Bath application of 20 uM histamine for
15 min reduced field potentials (70.6+18.7% of the control peak amplitude, n=15,
p<0.05), However, at 200 nM, histamine induced potentiation of the peak amplitude of
field potentials (138.8 + 18.2% of control, n=12, P<0.05), in all slices examined (Figure
6A). Moreover, in the presence of the H; receptor antagonist thioperamide (20 uM), the
effect of 20 uM histamine consistently reversed to producing potentiation of field
potentials (141.2+13.6% of baseline; n=12; P<0.01) in all amygdala slices examined
(Figure 6D). The H; antagonists had no effect on the potentiation of the field potentials
produced by 200 nM histamine; thus, in the presence of clobenpropit (10 uM), 200 nM
histamine increased the field potential amplitude to 143.0 = 18.9 % of the control (n=6;
P>0.05, Figure 6B). Furthermore, as shown in the figure 6C, the potentiation induced by
200 nM histamine remained unaffected (139.9+ 12.5% of the control amplitude, n=6) in
the presence of all three histamine receptor antagonists, mepyramine (5uM, H; receptor
antagonist), thioperamide (10 uM, Hs receptor antagonist) and cimetidine (10uM, H;
receptor antagonist). These results further support the contention that the depressive
effect of histamine on excitatory synaptic transmission in the BLA is mediated by Hs
receptors, while the potentiating effect is mediated via a mechanism different from the

classical H;, H, and Hj receptors.
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The histamine-induced potentiation was not accompanied by the significant
change in PPF of the slope of field potentials (1.12+0.08 versus 1.13 +0.06), further
supporting a postsynaptic locus of potentiating action of histamine. In the presence of the
selective Hsz receptor antagonist thioperamide, the EC50 for the potentiating action of
histamine is 49 nM, much lower than the EC50 (470 nM) of H; receptor-mediated

suppression of EPSPs in the BLA (Figure 7).
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DISCUSSION

The main finding of this study is that histamine can suppress or potentiate
glutamatergic synaptic transmission in different BLA neurons through different
mechanisms. The histamine-induced suppression of glutamatergic synaptic transmission
is presynaptically mediated by the Hs receptor, while the potentiating effect of histamine
appears to be postsynaptically mediated, unrelated to currently known histamine

receptors.

H; receptor-mediated suppression of synaptic transmission in the BLA

At the concentration of 20 uM, histamine suppressed EPSPs in about two third of
the BLA neurons recorded intracellularly. Field potentials were consistently suppressed
by this concentration of histamine, as long as Hj receptors were unblocked. Several
observations in the current study support the notion that this inhibitory effect of histamine
is mediated by presynaptic H3 receptors located on the terminals of the EC fibers. First,
the histamine-induced suppression of synaptic transmission was completely blocked by
the selective Hj receptor antagonist thioperamide, and was mimicked by the selective H;
receptor agonist R-alpha-methylhistamine. Second, the histamine-induced suppression of
the EPSPs was associated with an increase in PPF of the slope of the EPSPs. PPF is
considered to be a presynaptic phenomenon, resulting from a transient increase of
presynaptic Ca®" and has become a standard means of gauging the presynaptic action of
neuromodulators (Zucker, 1989;Zucker and Regehr, 2002). In previous studies, the PPF
protocol has been used to demonstrate a presynaptic mechanism in both excitatory and

inhibitory terminals in the BLA (Zinebi et al., 2001;Braga et al., 2002). Third, 20 uM
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histamine attenuated the NMDA-EPSPs to the same extent as AMPA /kainate-EPSPs, and
the suppressive effects on both NMDA and AMPA/kainate-EPSPs were abolished by the
presence of the H; antagonist thioperamide.

The ECs value for the suppressive action of histamine in BLA was 470 nM,
consistent with histamine potency for the Hs heteroreceptor identified in glutamatergic
terminals of the dentate gyrus (Brown and Reymann, 1996). However, in corticostriatal
glutamatergic terminals, the EC50 value for the Hj receptor is 1.6 pM, much higher than
that reported here and in the dentate gyrus (Doreulee et al., 2001). The inhibition of
glutamatergic synaptic transmission described here also showed some significant
differences from the Hi-mediated inhibition of the release of other transmitters (Schwartz
et al., 1991b). A higher ECs, for H3 receptor-mediated glutamatergic synaptic
transmission in our study and other similar studies, compared to nanomolar potency for
histaminergic inhibition of histamine release may be due to the brain slice preparation
and the perfusion system we used. Bath application of agonist and antagonists to the
brain slices in interface chambers, is unlike the typical binding study in which drugs are
incubated with a membrane homogenate. The concentration of drugs at the synapses of
the slices is likely to be somewhat lower than that in the perfusion solution. Nevertheless,
the differences in the EC50 value for the H; receptor in different brain regions more
likely reflect the existence of diversified isoforms of the H3 receptor with different
pharmacological profiles. In fact, multiple isoforms of the H; receptor have recently been
cloned in the human, rat and guinea pig brain (Tardivel-Lacombe et al., 2000;Drutel et al.,
2001;Wellendorph et al., 2002). Thus far, at lease six isoforms of the Hs receptor have

been identified in the human brain and these isoforms reveal up to 10-15 fold differences
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in their affinities to the different H; histamine agonists. In rat brain, at least three
functional isoforms of the Hs receptor have been currently identified. Although the
pharmacological profiles of these three isoforms in rat brain are quite similar (Drutel et
al., 2001), the possibility of the existence of additional as yet undiscovered Hs receptor
isoforms in rat brain with distinct pharmacological profiles can not be ruled out. Indeed,
West et al. identified two distinct histamine H3 receptor binding sites in rat brain tissue
using a radioligand (No-[’H] methylhistamine) binding assay (West, Jr. et al., 1990).
Their experiments with inhibition of No-[*H] methylhistamine binding by thioperamide
and burimamide, two Hs receptor antagonists, discriminate two sites with 12 to 350 fold
differences in their affinities in responding to these antagonists respectively, suggesting
two Hj receptor isoforms with distinct pharmacological profiles (West, Jr. et al., 1990).

The cloning of these isoforms from rat brain is to be expected in the future.

Potentiating effect of histamine on EPSPs in the BLA

A robust potentiation (more than three times) of EPSPs by histamine was
observed in about one third of the recorded neurons when different concentrations of
histamine (from 0.2 uM to 20 uM) were applied to the amygdala slices. The potentiating
action of histamine has also been consistently observed in field potential recordings when
the concentration of histamine is low (200 nM). 20 uM histamine induced potentiation
only when Hj3 receptors were blocked. Since EPSPs recorded from only one small portion
of BLA neurons could be potentiated by histamine, and the recorded field potentials
reflect the population EPSPs of all BLA neurons, the potentiating effect of histamine on
the field potentials, as expected, is much smaller than the potentiating effect of histamine

on individual neurons.
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That BLA neurons differ in response to histamine reflects heterogeneity of BLA
neurons. BLA neurons have been previously categorized, according to their
electrophysiological and morphological features, into three major cell types: pyramidal
cells, late-firing neurons and fast-firing neurons (Braga et al., 2004;Rainnie et al.,
1993;Washburn and Moises, 1992). The electrophysiological properties of all BLA
neurons included in the current study were typical of those observed in pyramidal
neurons; no differences were evident between the neurons displaying potentiation of
EPSPs versus the neurons displaying suppression of EPSPs in response to histamine.
Whether these two groups of neurons have distinct morphological characteristics remains
to be determined.

The histamine-potentiated EPSPs could be completely blocked by a combination
of AMPA /kainate antagonists LY293558 and NMDA receptor antagonist D-APV,
indicating that histamine-induced potentiation is not due to an additional component
recruited by histamine. The potentiating effect of histamine appears to be due to a
postsynaptic modulation of AMPA/kainate receptors by histamine. Firstly, this
potentiating effect is not accompanied by the change in the PPF. Secondly, in our
experiments, NMDA-EPSPs were consistently suppressed by histamine, without
observing the potentiating action of histamine on NMDA-EPSPs. In addition, the
histamine-induced potentiation of EPSPs was unaffected by the presence of the NMDA
receptor antagonist D-APV. These results suggest that the histamine-induced potentiation
of glutamatergic synaptic transmission in the BLA is specifically expressed in the
AMPA/kainate component of the EPSPs, and does not require activation of NMDA

receptors.
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Facilitatory effects of histamine on neuronal excitability and synaptic function
were previously demonstrated in the hippocampus to be mediated by H; or H, receptor
activation (Brown et al., 1995;Barbara et al., 2002;Korotkova et al., 2002). However, our
results demonstrate that neither H; nor H, receptor subtypes mediate the histamine-
induced potentiation of EPSPs in the BLA, as the potentiating effect of histamine was not
blocked by the H; receptor antagonist mepyramine (up to 50 uM) or the H, receptor
antagonists cimetidine (up to 100 pM). Mepyramine, at 5 uM, and cimetidine, at 50 uM
have been demonstrated to fully antagonize the H; receptor and H, receptor-mediated
effects, respectively, induced by up to 30 uM histamine, in in vitro acute brain slice
preparation (Brown et al., 1995;Barbara et al., 2002;Korotkova et al., 2002). Thus, it is
unlikely that failure of cimetidine and mepyramine to block the histaminergic
potentiation is due to their insufficient concentrations. In addition, the more potent H;
receptor antagonist triprolidine (20 uM) and the H, receptor antagonist tiotidine (5 uM)
also failed to antagonize the histamine action. These results are not surprising considering
that there is no significant H; and H; receptor expression in the rat basolateral amygdala
(Ryu et al., 1995b;Honrubia et al., 2000;Karlstedt et al., 2001). Our results also indicate
that the potentiating action of histamine is unlikely to be mediated by the classical Hj
receptor, at least not by the same Hj; receptor isoform as that mediating the suppressive
action of histamine. This action has a much lower ECsy (49 nM) than the H; receptor-
mediated suppressive effect characterized here. As mentioned previously, the brain
expresses multiple functional Hs receptor isoforms, some of which could have much
lower affinity than other H; receptor isoforms. This raises the possibility that the

histamine-induced potentiation is associated with a novel high-affinity H; receptor
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isoform different from the classical Hs receptor. Nevertheless, in the presence of high
concentration of the H; receptor antagonists thioperamide and clobenpropit, histamine
was still able to potentiate EPSPs, although the suppressive effect on EPSPs was
prevented by these antagonists. Whether or not there are the high-affinity H; isoforms
that are not blocked by the classical Hs antagonists, and might mediate the synaptic
potentiation that we observed remains to be determined.

Recently, a novel histamine receptor, the H4 receptor, has been cloned and
characterized by many laboratories simultaneously (Oda et al., 2000;Liu et al.,
2001;Morse et al., 2001). The pharmacological profile of Hs receptor is quite similar to
the Hj receptor (Oda et al., 2000;Liu et al., 2001). The expression of this receptor is
primarily restricted to the bone marrow and eosinophils (Oda et al., 2000;Liu et al.,
2001;Morse et al., 2001). In addition, the selective H; receptor antagonist thioperamide,
is also a potent antagonist for this receptor (Raible et al., 1992;Morse et al., 2001).
Therefore, it is unlikely that the histamine—evoked potentiation of EPSPs in the BLA is
mediated by the Hy receptor.

Functional roles of histamine in the amygdala

In summary, histamine, depending on the concentrations, decreases or increases
excitatory synaptic transmission in the amygdale through the presynaptic H; receptor and
a currently unknown mechanism respectively. In the in vivo condition, low
concentrations of extracellular histamine released from histaminergic terminals during
low activity of tuberomammillary (TM) neurons can be expected to facilitate the
excitatory synaptic transmission in the BLA. Considering the central role of the BLA in

fear conditioning and the consolidation of emotional memories (Rogan and LeDoux,
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1996;Nader and LeDoux, 1999;Aggleton JP and Sauder RC, 2000), such facilitation of
excitatory synaptic transmission may serve to alert emotional consciousness or to
enhance the level of arousal. However, the extracellular concentrations of histamine
released during intensive activities of TM neurons can reach and activate presynaptic Hz
receptors, thus preventing or dampening excitation of the amygdala during external or
internal over-stimulation to maintain mood stability, or to prevent panic attack and social
phobias (Schneider et al., 1999;Layton and Krikorian, 2002;Layton and Krikorian,
2002;Liberzon et al., 2003). In this respect, the histaminergic system provides an
important mechanism for refining activation of the amygdala, and may play an important
role in the modulation of amygdala-related biological processes, such as fear, epilepsy

and affective disorders.
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Fig. 1. Effects of 20 uM histamine on EPSPs, resting membrane potential and input
resistance of neurons in the BLA. (A1, A2, B1, B2). A0 shows the recording and
stimulating site in the amygdala slices. Histamine, at a concentration of 20 uM, produced
opposite effects on intracellularly recorded EPSPs, evoked by stimulation of the EC. Al
and A2 show examples of neurons where histamine reduced the peak amplitude of EPSP,
and B1 and B2 show recording from neurons where histamine increased the peak
amplitude of EPSP. A1 and B1 show the continuous intracellular chart recordings of the
neurons, while A2 and B2 show that the two traces before and during histamine
application are superimposed. To examine the electrophysiological properties of the
neurons, evoked EPSPs are followed by a depolarizing current pulse passing through the
recording electrode to produce action potentials. Note that histamine had no effect on
resting membrane potential, firing pattern and input resistance of BLA neurons, while
producing marked effects on the peak amplitude of EPSPs. The inset shows the blockade
of an EPSP by the kainate/ AMPA receptor antagonist Ly293558. A3 and B3 represent
the cumulative data (mean+S.E.M) of the peak amplitude of EPSPs from two groups of
neurons in response to 20 uM histamine. A3 shows data from 20 neurons where 20 uM
histamine reduced the amplitude of the EPSPs. B3 shows data from 16 neurons where 20
UM histamine increased the amplitude of the EPSPs. For each neuron included in the
calculation of the mean, the average of six consecutive EPSPs, evoked at 0.1 Hz, was
expressed as a percentage of the mean of 60 responses before application of 20 pM
histamine. The sample EPSP traces were the average of six consecutive EPSP traces and
were taken at the times indicated on the plot by the letters a, b, ¢ and d. The duration of

drug application is indicated by a horizontal bar.
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Table 1.
Effect of 20uM histamine on the passive and active neuronal properties °.
BLA . . .
) Control 20M histamine
neurons
Resting potential 68.6+1.9(n=7) 67.2+23

Group I

Input Resistance

Number of action potential

50.7£10.5 MQ (n=6)

5.8+0.7(n=7)

Group 11

Resting potential
Input Resistance

Number of action potential

69.7£2.6 (n=7)
49.2+7 AMQ(n=0) 51.1£8.8M Q

5.7£1.2 (n=6) 5.8x1.5

“Application of 20 uM histamine for 15 min didn’t significantly change restin
membrane potential, input resistance measured during 250ms, -0.1nA hyperpolarizin
current pulse, or the number of action potential elicited by a 250ms.0.6 nA depolarin
current pulse in both groups of BLA neurons (Group I neurons: the neurons with onl
depression response of EPSPs to histamine; Group II neurons: the neurons with th
potentiation response of EPSPs to histamine). Note the passive and active neurona
properties in both groups of neurons are not significantly different.
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Figure 2
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Fig. 2. The histamine-induced suppression is mediated by histamine H; receptors. (A)
Cumulative data (mean + S.E.M) from seven neurons, showing a decrease in the EPSP
amplitude by bath application of 10 uM histamine. Sample traces, at the top, are the
average of six consecutive EPSP traces and were recorded at the points of time indicated
by the letters a, b, and c. (B) In the presence of the Hj receptor antagonist thioperamide,
histamine-induced suppression was abolished. These cumulative data are from six
neurons. (C) The Hj receptor agonist R-a-methylhistamine mimicked the effects of 10
UM histamine-induced suppression of EPSP. These cumulative data are from 13 neurons.
(D) The dose-response relationship for the suppression of EPSP amplitude by histamine.
The percentage decrease of EPSP amplitude is plotted against the concentrations

of histamine on a logarithmic scale (0.05 uM, n=2; 0.2 uM, n=6; 2 uM, n=5; 10 uM,
n=T7). The points were fit by a sigmoidal dose-response equation with an estimated ECs

of 0.47 uM.
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Fig. 3. The suppression of EPSPs by histamine involves a presynaptic mechanism. (A)
Similar to the effects of histamine on AMPA/kainate receptor-mediated EPSPs, isolated
NMDA receptor-mediated EPSPs were also reduced by histamine. The plot shows group
data (mean+S.E.M) of the peak amplitude of NMDA receptor-mediated EPSPs from
seven neurons. Example traces are shown in the top. These EPSPs were recorded at the
points of time indicated on the plot by the letters a, b and c. (B) In the presence of the Hj
receptor antagonist thioperamide (20 M), histamine had no effect on the NMDA
receptor-mediated EPSPs. The cumulative data are from six neurons. (C) An example of
EPSPs evoked by paired-pulse stimulation of the EC, at an inter-stimulus interval of 70

ms. In addition to reducing the amplitude of the first EPSP, histamine also increased PPF.
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Fig. 4. Histamine-induced potentiation of EPSPs could not be blocked by H,, H, or H;
antagonists. A, B, and C represent cumulative data (mean + S.E.M) of peak amplitudes
of EPSPs recorded intracellularly from BLA neurons that displayed a potentiating
response to application of 20 uM histamine. In the presence of 5 UM mepyramine (A,
n=6), 100 uM thioperamide (B, n=6), or 50 uM cimetidine (C, n=4) in the perfusion
solution, histamine-induced potentiation of EPSPs remained unaffected. The sample
EPSP traces were the average of six consecutive EPSP traces and taken at the times
indicated on the plots by the letters a, b and c. Bars denote the delivery periods of drugs.
(D) Bar graph summarizes the potentiating effects of histamine (maximal peak amplitude
of EPSPs) when applied alone, or in the presence of 5 uM mepyramine, 100 uM
thioperamide, or 50 uM cimetidine. There was no significant difference in the maximal
potentiation of EPSPs induced by histamine alone, or by histamine in the presence of any

of the three histamine receptor antagonists.
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Fig. 5. Histamine, at a low concentration, potentiated the peak amplitude of EPSPs. (A,
B). A shows an example of neurons where 200 nM histamine potentiated EPSPs, while B
represents cumulative data (mean +S.E.M) from five neurons where 200 nM histamine
potentiated EPSPs. The sample EPSP traces shown in the top were recorded at the times
indicated on the plot by the letters a, b and c. (C) Maximal potentiation of EPSPs induced
by 20 uM histamine (n=16), 2 uM histamine (n=2), or 0.2 uM histamine (n=5) is shown.
There was no significant difference in the maximal potentiation induced by these three

concentrations of histamine.



117

Figure 6
A ”“‘ -"\/f J’\/ w_zmv-m\*;,, b J\,\G/,_
ams
2 1804 @ 1604
= @
5% E -
ﬁg E 140 e E 140
o 8=
T g T ®
2 = 1204 { b HM e o § 120 b
<5 a H+ =4 }ﬁ
o o
g & 1004 i“ © 32 1004
2 200nM histamine _3 200nM histamine
= | 00nM histami £ . A
E. & E 10 |.rh.-'l clohenpmpit
0 10 30 40 50 < 0 50
Tlme (min) Tlme (rnm

O
o

S Ry

ol
@ 160+ 8 1604
g g
g S140 I £ 2 1a0d
5% & B 23
3 S0 ﬁ% b H < S 120
— = 1 c =
=] Oﬂ a H 5 =
=
%:; 00 g & 100
% 200nM histamine 2 Ristamine(20yuM)
80 =3 80
E SpM mepyraming+10 pM thioperamide+10pM cimetidine E thicperamida [(20uM)
T T < T T T T T T 1
0 10 20 a0 40 50 0 10 20 30 40 50 60 70 B0
Time(min) Time(min)

Fig. 6. The potentiating effect of histamine on field potentials (fEPSPs) was not
affected in the presence of H,, H,, or H; receptor antagonists. (A) Histamine (200 nM)
was shown to consistently potentiate the peak amplitude of fEPSPs. The group data
(mean £S.E.M), n=12) of the peak amplitude (% of baseline) of the EPSPs are shown.
The histamine-induced potentiation of the fEPSPs was not blocked by the H3 receptor
antagonist clobenpropit (B, #=6) or by the presence of all three histamine receptor
antagonists combined, mepyramine (5 uM), thioperamide (10 uM) and cimetidine (10
uM) in the perfusion solution (C, n=6). (D) In the presence of thioperamide in the
perfusion solution, the high concentration of histamine (20 uM) also consistently
potentiated fEPSPs (n=12). Traces of fEPSPs above each plot are the average of six
consecutive responses to stimulation at 0.1 Hz, and were recorded at the points of time

indicated on the plots by the letters a, b, and c.
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Fig. 7. Dose-response relationship for the potentiation of field potential amplitude by

histamine. The percentage increase of EPSP amplitude by histamine in presence of 1 uM
thioperamide is plotted against the concentrations of histamine on a logarithmic scale. (2
nM, n=9; 20 nM, n=10; 100 nM, n=9; 200 nM, n=7; 10 uM, n=7). The points were fit by

a sigmoidal dose-response equation with an estimated ECsy of 49.0 nM
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CHAPTER 5

Effect of Traumatic Stress on Histamine H; Receptor and o,
Adrenoceptor-Mediated Suppression of fEPSPs in BLA in vitro

Xiaolong Jiang, He Li
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ABSTRACT

The histaminergic system and noradrenergic system in the brain, with dense
innervations of the amygdala, prefrontal cortex, and hypothalamus, play crucial roles in
stress/danger responses. Their dysregulation may participate in the pathogenesis of
multiple anxiety and stress disorders. In order to examine the possible involvement of
these two systems in these disorders, the present study investigated whether these two
aminergic systems in the rat amygdala, a central brain region participating in stress
response, could be altered by inescapable stress, a protocol which could stably induce the
physiological and behavioral abnormality associated with anxiety and stress disorders. In
control animals, histamine suppressed excitability of the basolateral amygdala and this
effect was mediated by the Hs histamine receptor. The histamine H; receptor agonist, R-
a-methylhistamine (2 uM), decreased fEPSPs recorded in the basolateral amygdala
(BLA) to 66.2+9.3% of the baseline values. In stressed animals, R-a-methylhistamine
(2uM) decreased the fEPSPs to 62.4 £7.5% of the baseline values, which is not
significantly different from the level of suppression seen in non-stressed animals. In the
BLA, norepinephrine suppressed excitability and this effect was partially mediated by the
a, adrenoceptor. In control animals, the selective o, adrenoceptor agonist, clonidine (50
uM), suppressed fEPSPs recorded in the BLA to 61.2 +5.7% of the baseline value. In
stressed animals sacrificed immediately after stress, clonidine (50 uM) suppressed the
fEPSPs to 55.6+6.2% of the baseline values. In stressed animals sacrificed 7 days after
stress, clonidine (50 pM) suppressed fEPSPs to 60.7 &+ 13.9 % of the baseline values,
which was not significantly different from the levels seen in controls (57.2 + 7.3 % of the

baseline values). The results indicate that the o, adrenoceptor and histamine Hs receptor
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are not altered by traumatic stress. It can’t be excluded that these receptors in other brain
regions or other monoaminergic receptor subtypes may be involved in the

pathophysiology of stress.
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INTRODUCTION

As the previous study has shown, traumatic stress could impair 5-HT»a receptor
signaling in the BLA. Whether or not this stress-induced alteration is specific to the
serotonergic system is not known. Therefore, we examined alterations of the
noradrenergic system and histamine system in the amygdala as a function of stress
considering that dysregulation of these two systems has also been implicated in anxiety
and stress disorders.

The norepinephrine-releasing neurons are primarily located in the locus coeruleus
(LC). It provides the majority of norepinephrine for the forebrain, including the
amygdala, prefrontal cortex and hippocampus, to modulate the stress/danger response,
learning, and memory (Berridge and Waterhouse, 2003). Stressful experiences
dramatically increase norepinephrine in the amygdala (Quirarte et al., 1998;Galvez et al.,
1996), and increased noradrenergic neurotransmission in the amygdala during stress is
involved in enhanced encoding of emotional memories, sensitization, and fear
conditioning (McGaugh and Roozendaal, 2002;Southwick et al., 1999a;McGaugh et al.,
1990). Nevertheless, the effect of norepinephrine on amygdala’s excitability appears to
be inhibitory. This inhibitory effect is mediated by the a; adrenoceptor and a»
adrenoceptors (Braga et al., 2004;DeBock et al., 2003).

The noradrenergic system in the brain could be affected by stress, especially by
chronic and traumatic stress. Such stress could downregulate the o, adrenoceptor in the
locus coeruleus (Simson and Weiss, 1988;Flugge, 1996) and prefrontal cortex (Flugge,
1996). Chronic stress in rats has also been shown to block the reduction of locomotor

activity normally associated with the administration of the selective a, adrenoceptor
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agonist, clonidine, suggesting a decreased responsiveness of the o, adrenoceptor
following chronic stress (Cancela et al., 1988). Animals raised under the severe
conditions of early deprivation, a severe stressor for the infant, manifested blunted
behavioral response to the a, adrenoceptor antagonist, yohimbine, suggesting that early
stress altered o, adrenoceptor function in these animals (Coplan et al., 1992). In addition,
a decrease in the density of the a, adrenoceptor specific to the hippocampus and
amygdala has been associated with acute cold-restraint stress in rats (Nukina et al., 1987).
Our laboratory has demonstrated that traumatic stress severely impaired o, adrenoceptor-
mediated facilitation of GABA release in the BLA (Braga et al., 2004). However,
whether the o, adrenoceptor could also experience a similar change in the amygdala after
exposure to stress has not been examined.

The rat histaminergic system, like the serotonergic and noradrenergic system, also
highly innervates the brain regions that participate in stress/emotion responses, including
the hypothalamus, basal forebrain and amygdala (Panula et al., 1989). Through its
innervations of these brain regions, this system appears to play an important role in
modulating the stress/emotion response (Brown et al., 2001). As shown in Chapter 4,
histamine suppressed amygdala excitability through a presynaptic histamine H; receptor.
Although the change of this system and the H; receptor has not been extensively reported
in stress-related disorders, it is worthy to investigate the effect of chronic, traumatic stress
on this system, not only because this system may serve as a negative control of the whole
study, but also it may provide a possible new research direction for psychiatry disorders.

Thus, the present study investigated whether a, adrenoceptor and Hj receptor-

mediated electrophysiological function in the amygdala could be altered by traumatic
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stress. The results demonstrated that stress could not significantly change the signaling of

these two receptors in the amygdala.
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MATERIALS AND METHODS

Amygdala slice preparation.

Male Sprague-Dawley rats weighing 75—150 g (4-6 weeks) were decapitated after
light anesthesia with halothane, the brains were rapidly removed, and 450-um-thick
transverse slices of the amygdala were cut from tissue blocks with a Vibratome
(Technical Products International, St. Louis, Missouri). The slices were preincubated in
artificial cerebrospinal fluid (ACSF), continuously bubbled at room temperature (23°C)
with 95% O, /5% CO; to maintain a pH of 7.4, for at least 1 hour before use. The ACSF
contained 117 mM NaCl, 4.7 mM KCI, 2.5 mM CaCl,, 1.2 mM MgCl,, 1.2 mM

NaH,POy4, 25 mM NaHCOs; and 11 mM glucose.

Field potential recording.

Slices were transferred to an interface chamber that was continually superfused
with ACSF at a rate of 1-2 ml/min. The temperature of perfusion solution in the chamber
was maintained at 32°C through a TC-202A Bipolar temperature controller (Harvard
Apparatus, Inc., Holliston, Ma, USA). Microelectrodes were pulled from microfiber-
filled borosilicate capillaries (OD 1.0 mm, ID 0.78 mm) using a Flaming-Brown
horizontal micropipette puller (Sutter Instruments, Novato, CA, USA). The resistance of
electrodes filled with 3 M NaCl ranged from 2 to 5 MQ. The microelectrode tips were
visually positioned in the basolateral region of the amygdala (between the external
capsule (EC) and the bed nucleus of the stria terminalis) using a dissecting microscope
(see Chapter 4, Fig.1). Field potentials were amplified with a differential amplifier

(Warner Instrument Corporation, Hamden, CT, USA). The output was digitized with a
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Digidata 1200 interface (Axon Instruments, Foster City, CA, USA). On- and off-line data
acquisition and analysis was carried out using the Whole Cell Electrophysiology Program

(WCP) version 1.7b (John Dempster, University of Strathclyde, Glasgow, UK).

Stimulation

Synaptic responses were evoked with sharpened tungsten bipolar stimulating
electrodes (World Precision Instruments, Sarasota, Florida) placed in the EC (see Chapter
4, Fig.1). The stimulating electrode was ~2 mm from the recording site. Stimuli were
delivered using photoelectric stimulus isolation units having a constant current output
(ISO-Flex; Stimulus Isolation Unit, Jerusalem, Israel). The stimulus intensity was
adjusted to produce a synaptic response 30—50% of maximum amplitude. Single 0.1 ms
monophasic square pulses were applied continuously throughout the experiment at 0.1 Hz.
Such stimulation was associated with no more than a 10% drift in the peak synaptic

response amplitude during experiments lasting up to 120 min.

Drug application

Chemicals and drugs included R-o-methylhistamine dihydrobromide, clonidine
and yohimbine were from Tocris Cookson (Ellisville, Missouri). Histamine,
norepinephrine, and prozosin were obtained from Sigma (St.Louis, Missouri). Drugs
were dissolved in distilled water or Dimethyl sulfoxide (DMSO, Fisher Biotech),
neutralized and stored as stock solutions, 1000 times the required concentration, until use.
The stock solution was kept for no more than 10 days. During the experiments the drugs

were applied to the perfusion solution at desired concentrations.
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Data are expressed as mean = S.E.M. Statistical comparisons were made with

Student’s unpaired or paired z-test, as appropriate.
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RESULTS
1. The suppressive effect of the H; receptor agonist R-a-methylhistamine on fEPSPs
is not affected by stress.

The previous study has shown that histamine could suppress the field potentials
recorded in the BLA and this effect was mediated by the histamine Hj receptor. Thus, in
the control animals, R-a-methylhistamine (2 pM), a H3 receptor agonist, suppressed field
potentials to 66.2 + 9.3% of the baseline values (Figure 1A, B). In stressed animals, R-a-
methylhistamine (2 uM) decreased the fEPSPs to 62.4 + 7.5% of the baseline values,
which is not significantly from the control (»>0.05, n=13, Figure 1A, B). These results

indicate that the Hs receptor signaling in the BLA is not changed by stress.

2. The suppressive effect of the a; adrenoceptor on fEPSPs is not affected by stress.

The previous study has shown that norepinephrine could suppress excitability of
the BLA and this effect is partially mediated by the o, adrenoceptor. As illustrated in
Figure 2A, norepinephrine (10 pM) suppressed the field potentials in the BLA to 53.2 +
12.2% of the baseline values (n =12, p<0.01). The effect could be blocked by a,
adrenoceptor antagonist yohimbine, and mimicked by the selective a, adrenoceptor
agonist clonidine (Figure 2B, C), indicating that the o, adrenoceptor mediates
norepinephrine-induced suppression of field potentials in the BLA.

In animals sacrificed immediately after stress, clonidine (50 pM) suppressed the
fEPSPs to 55.6+6.2% of the baseline values, which was not significantly different from

the effect of clonidine in control animals (60.2 £+ 5.7% of the baseline values, n =12,
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p>0.05) (Figure 3A, B). In stressed animals sacrificed 7 days after stress, clonidine (50
uM) suppressed fEPSPs to 60.7 £+ 13.9 % of the baseline values, which is not
significantly different from the control (57.2 + 7.3 % of the baseline values) (Figure 3C,
3D). The results indicate that the a, adrenoceptor signaling in the BLA is not

significantly changed by traumatic stress.
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DISCUSSION

The present study indicated that the H; receptor and o, adrenoceptor-mediated
suppression of excitatory synaptic transmission in the BLA was not altered by traumatic
stress. The histamine H3 receptor, at least in the BLA, was not subject to change after
stress, indicating that this histamine receptor may not be involved in the pathophysiology
of stress. However, it can’t be excluded that this receptor in other brain regions may
experience changes after stress. Since the primary role of the Hs receptor is to serve as an
autoreceptor in the histaminergic terminals to control the release of histamine (Arrang et
al., 1983;Arrang et al., 1985;Brown et al., 2001), the amygdala (the Hs receptor here is a
heteroreceptor regulating glutamate release) may be not a good brain region to study this
receptor alteration as a function of stress. However, given that there is no much evidence
regarding the involvement of the histaminergic system in pathophysiology of stress-
associated psychiatric disorders, this system may not experience much change after stress.

Although alterations in the o, adrenoceptor after stress has been repeatedly
reported after stress, including in the amygdala, the present study did not demonstrate
that this receptor signaling (suppression of glutamate release) experienced a significant
change after stress. Three days of stress did tend to increase this receptor-mediated
suppression of excitatory synaptic transmission, although not significantly. This
implicates that a longer period of stress than the present protocol may be able to induce a
significant effect on a, adrenoceptors in the amygdala. This may be true given that a
previous report used a 21 day-long stress to induce a significant change of this receptor in

prefrontal cortex (Flugge, 1996). The negative result of the present study may also be due
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to the fact that the stress protocol used in the present study differs from the protocol used
in other studies (Nukina et al., 1987).

Another possible reason for our negative result is that the BLA may not be a good
brain region to study alteration of the a, adrenoceptor as a function of stress. In the
amygdala, the a, adrenoceptor is a heteroreceptor regulating glutamate release from the
glutamatergic terminals, while the primary role of this receptor in the brain is to serve as
an autoreceptor, providing a negative feedback to control norepinephrine release from
noradrenergic terminals originated in the LC. Therefore, the best brain site for studying
a, adrenoceptors is the LC, whether o, adrenoceptors serve as a “blake” to control the LC
firing. Indeed, a previous study, using a similar stress protocol, suggested that this
receptor in the LC could be impaired by stress (Simson and Weiss, 1988). Subsensitivity
of this receptor in the LC may result in hyperresponsiveness of the noradrenergic system.
Actually, it has long been suggested that sensitization of the noradrenergic systems
contributes to arousal systems in PTSD including hyperviliance, exaggerated startle,
anger and insomnia (Southwick et al., 1999a). Thus, to examine this receptor alteration in
the LC as a function of stress we may be able to obtain direct evidence regarding whether
the occurrence of the symptoms in the stress-associated diseases is associated with
sensitization of the noradrenergic systems.

In summary, BLA Hj receptors and o, adrenoceptor signaling was not altered by
stress, indicating that stress-induced alterations in the amygdala aminergic sytems may be
specific to 5-HT»a receptors. However, it can’t be excluded that Hs receptors and a»

adrenoceptors in other brain regions or other monoaminergic receptor subtypes may be
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altered by stress. LC may be a better site to examine the functional change of o,

adrenoceptors after stress.
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Figure 3. The a;adrenoceptor-mediated suppressive effect in the BLA is not
significantly affected by stress. (A). The suppressive effect of clonidine on field
potentials recorded in the BLA from control animals and the animals sacrificed
immediately after stress. (B). The suppressive effect of clonidine on field potentials
recorded in the BLA in control animals and the animals sacrificed 7 day after stress.
(C).The maximal suppressive effect of clonidine on field potentials in the BLA in control

animals and stressed animals (immediately after stress and 7 days after stress.)
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CHAPTER 6

Discussion

Summary of Findings

5-HT;4 receptor is the primary serotonin receptor involved in the serotonergic
facilitation of GABA release in the BLA.

Many studies have shown that the primary function of serotonin in the BLA is to
facilitate GABA release (Rainnie, 1999;Stein et al., 2000;Stutzmann et al.,
1998;Stutzmann and LeDoux, 1999). Although the 5-HT, and/or 5-HTj; receptor have
been implicated (Koyama et al., 2002;Morales and Bloom, 1997;Rainnie, 1999;Stein et
al., 2000), the exact receptor subtypes involved was still inconclusive. The present study,
with multiple approaches, clarified that the 5-HT, receptor is the primary receptor
involved in serotonergic facilitation of GABA release in the BLA.

Since the application of the 5-HT3 receptor agonist, 2-Methyl-5-HT, in the BLA
did not induce a significant change in sIPSCs (data not shown), the 5-HT; receptor
appears to play a limited role in the serotonergic facilitation of GABA release in the BLA.
This result seems to be surprising given that this receptor has been shown to be present in
interneurons of the BLA (Morales and Bloom, 1997). As a previous study has shown, the
5-HT; receptor may be present in only a subset of GABAergic terminals (Koyama et al.,
2002) and very easily desensitized by the bath perfusion of agonists (Belelli et al., 1995),
which may explain our negative result.

The present study provided strong evidence showing that the 5-HT,4 receptor is

the primary receptor responsible for serotonergic facilitation of GABA release in the
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BLA. First of all, we found that the 5-HT, receptor agonist, a-Methyl-5-HT, mimicked
serotonin to facilitate GABA release, while the 5-HT, receptor antagonist, Ketanserin,
blocked the facilitatory effect. This finding excludes other serotonin receptor subtypes,
such as the 5-HT,4 and 5-HT5 receptors as mediators of GABAergic activity. Since there
are three subtypes of 5-HT, receptors, that is, 5-HT»a, 5-HT»p and 5-HT»c receptors, we
also further identified which 5-HT, receptor subtype is involved in this serotonergic
facilitatory effect on GABA release. The evidence from the combination of the different
antagonists and agonists with different selectivity for these subtypes, indicates that the 5-
HT;4 receptor is involved (see Chapter 2, Fig.3, 4). This result is consistent with other
evidence in the literature. For example, the 5-HT»p receptor is primarily localized to the
stomach fundus and has a very restricted expression pattern in the central nervous
systems (Leysen, 2004). There is no evidence to show that this receptor is expressed in
the basolateral amygdala. 5-HT,4 and 5-HT,¢ receptors have been shown to be expressed
in the BLA (Pompeiano et al., 1994;Xu and Pandey, 2000). However, previous studies
demonstrated that the activation of 5-HT,¢ receptors in the BLA appeared to induce
anxiety-like effect in animals (Hackler et al., 2006;Campbell and Merchant,
2003;Antonio Pedro de Mello Cruz et al., 2005). These observations actually exclude the
5-HT,c receptor from the receptor candidates involved in the serotonergic facilitation of
GABA release, because any mediator facilitating GABAergic synaptic transmission in
the BLA should induce an anxiolytic effect as opposed to an anxiogenic effect. Thus, the
5-HT,a receptor subtype appears to be the foremost candidate for the mediation of
serotonergic facilitation of GABA release. Indeed, 5-HT4 receptor-mediated facilitation

of GABA release in the BLA is also compatible with the evidence from previous
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behavioral studies, which have shown that activation of this receptor induced an
anxiolytic effect (Ripoll et al., 2006;Bourin et al., 2005;Nic Dhonnchadha et al., 2003).
Finally, our immunofluorescence data showed that the 5-HT>4 receptor labeling was
primarily localized to the soma and dendrites of interneuron-like cells in the BLA, and
that the majority of the signal overlapped with the labeling for the interneuron marker,
parvalbumin (see Chapter 2, Fig. 6). Interestingly, 5-HT,4 receptor immunofluorescence
was found to be rarely observed in the pyramidal cells of the BLA, indicating that 5-HT>4
receptor expression is restricted to interneurons in the BLA, while the 5-HT,¢ receptor

may be primarily expressed in the pyramidal cells.

The electrophysiological function of histamine in the BLA

Brain histamine is exclusively synthesized by neurons of the tuberomammillary
nucleus (TM) of the hypothalamus (Brown et al., 2001;Panula et al., 1989). The nucleus
innervates practically the entire brain, with the hypothalamus, basal forebrain, and
amygdala receiving a particularly strong innervation in rats (Brown et al., 2001). This
innervation is compatible with its role in mediating the response to different types of
aversive stimuli (Brown et al., 2001). Although the amygdala receives heavy
histaminergic innervation and histamine receptors have been shown to be expressed in
the amygdala (Ryu et al., 1995a;Schwartz et al., 1991a), the electrophysiological function
of histamine in the amygdala has never been investigated.

The present study, for the first time, shows that the primary function of histamine
in the BLA is to suppress excitability of BLA neurons, especially when applied at a high
concentration. This effect is mediated by the H; receptor, which is localized on the

glutaminergic terminals of the BLA. Activation of this receptor could decrease glutamate
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release, thereby reducing the glutaminergic synaptic transmission in the BLA. Indeed,
many studies, especially amygdala-kindling studies, have suggested that histamine exerts
an inhibitory effect on amygdala excitability (Kamei, 2001a;Kamei, 2001b;Ishizawa et al.,
2000). However, the mechanisms underlying these effects are not clear. The present
study, utilizing the condition-controlled slice system, clarified an important mechanism
underlying histamine-induced antiepileptic effects observed in many amygdala-kindling
studies. The histamine Hj receptors may be the most important mediator involved in the
histamine-induced antiepileptic effects in the amygdala, the histamine-induced inhibition
of conditioned avoidance response and context conditioning (Tasaka et al., 1985;Alvarez
and Ruarte, 2002).

A more interesting and novel finding was that histamine, at relatively low
concentrations, potentiated excitatory synaptic transmission in certain BLA neurons, and
this effect was not associated with currently known histamine receptors. This suggests the
existence of a novel unidentified histamine receptor in the brain. To date, there are at
least three identified histamine receptors at the CNS, H,, H, and H; (Brown et al., 2001).
The present work does not support the involvement of any histamine receptor types in the
histamine-induced potentiation of excitatory synaptic transmission. Recently, a novel Hy
receptor has been identified, but there is no evidence that this receptor is expressed in the
CNS. In addition, our pharmacological data do not support the idea that an H, receptor is
involved in this effect (see Discussion in Chapter 4).

In fact, several observations by other investigators suggest that there are likely
additional histamine receptor subtypes. In cholinergic neurons of the medial septum,

Gorelova and Reiner (Gorelova and Reiner, 1996) have described a slow depolarisation
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elicited by histamine which is elicited by a decrease in an inwardly rectifying potassium
channel. This depolarization was not blocked by antagonists of histamine H; or H,
receptors and was not mimicked by an agonist of the histamine Hj; receptor. Yang and
Hatton (Yang and Hatton, 1994) observed short-latency fast IPSPs in rat supraoptic
oxytocin neurons following stimulation of the tuberomamillary nucleus (TMN) which
were not blocked by the selective GABA, receptor antagonist, bicuculline, but was
blocked by the chloride-channel blocker, picrotoxin, and the histamine H, receptor
antagonists, cimetidine and famotidine. Thus, histamine in the rodent brain appears to be
able to activate a chloride channel, as found in the invertebrate. Finally, histamine has
been observed to prime adenosine modulation of excitability, which is also not related to
any currently known histamine receptors (Brown et al., 2001). These observations,
together with our data, suggest that our knowledge of the histamine receptor family may

be far from complete.

5-HT;4 receptor and stress-enhanced ASR.

The serotonergic system in the brain has long been recognized for its role in the
stress response, and dysregulation of this system has been closely linked with multiple
anxiety and stress disorders (Eison and Eison, 1994). With seven distinct receptors, and
multiple subtypes, the serotonin receptor system is perhaps the most complex aminergic
system in the brain (Saxena, 1995). For response to stress, the 5-HT,4 receptor appears
to be key. On the one hand, this receptor participates in the stress response by stimulating
the release of CRF from the paraventricular nucleus (Zhang et al., 2002;Mikkelsen et al.,

2004;Hanley and Van de Kar, 2003;Van de Kar etal., 2001;Saphier et al., 1995). On the
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other hand, the 5-HT»4 receptor is readily altered by different types of stressful
experiences, while other serotonin receptors appear to be more resistant to modification
by stress. For example, 5-HT»4 receptor-mediated behaviors are altered by footshock and
swim stress (Izumi et al., 2002;Pericic, 2003), and inescapable stress induces a decrease
in 5-HT»4 receptor levels in the hippocampus (Dwivedi et al., 2005;Wu et al., 1999),
amygdala (Wu et al., 1999), hypothalamus (Dwivedi et al., 2005;Petty et al., 1997;Wu et
al., 1999), while simultaneously increasing levels in the prefrontal cortex (Dwivedi et al.,
2005). Alteration of this receptor, then, appears to significantly contribute to the
occurrence of the symptoms associated with anxiety and stress disorders. If this is true, a
question follows: How could alteration of this receptor contribute to the occurrence of
these symptoms?

The present finding suggests there may be a relationship between alterations in 5-
HT;4 receptor signaling and known behavioral consequences of stress. Specifically,
alteration in 5-HT,4 signaling in the basolateral amygdala may be associated with stress-
induced enhanced ASR (Sananes and Davis, 1992;Van Nobelen and Kokkinidis, 2006).

Enhanced ASR has enjoyed considerable face validity as a behavioral
manifestation of fear in animals. It is widely used as a reliable nonverbal index of fear
and anxiety in human experimental subjects after the presentation of aversive stimuli
(Bradley et al., 2001). Although it is still debated whether enhanced ASR after the
presentation of restraint/tail shock represents the unconditioned fear acquired after the
aversive stimuli or conditioned fear response to context, this enhanced ASR depends on
the amygdala (Hitchcock et al., 1989;Sananes and Davis, 1992;Adamec et al.,

1999;Gewirtz et al., 1998;Davis et al., 1997b;Davis et al., 1997¢;Van Nobelen and
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Kokkinidis, 2006). Certain studies also suggested that the decreased GABAergic
transmission in the BLA may be responsible for the enhanced ASR (Van Nobelen and
Kokkinidis, 2006;Stork et al., 2002). Consistent with this, our results demonstrated the 5-
HT, receptor-mediated tonic facilitation of GABA release was severely impaired after
exposure to stress, and that this impairment may be an important mechanism underlying
enhanced ASR.

Our behavioral data also support this contention. Administration of the 5-HT,a
receptor antagonist during stress is assumed to prevent this receptor from being impaired.
Thus, this treatment should maintain 5-HT,a-receptor-mediated facilitation of GABA
release intact, and enhanced ASR should be prevented. Our data indeed demonstrated that
after the treatment with the antagonist, enhanced ASR was prevented in these stressed
animals, which otherwise experience long-lasting enhanced ASR after stress. The data
suggest that there is a causal relationship between impaired 5-HT,4 receptor signaling in
the BLA and enhanced ASR.

As stated in the Introduction, the amygdala’s response to aversive stimuli reflects
a common, multimodal feature of amygdala coding, and this coding requires an intact
serotonergic transmission. In the normal amygdala, basal levels of serotonin, acting via
the 5-HT, receptor, may contribute to tonic inhibition of BLA pyramidal neurons
(Stutzmann et al., 1998;Stutzmann and LeDoux, 1999), which allows glutamatergic
sensory input to be more effectively filtered in order to permit relevant stimuli to be fully
processed by the amygdala. Decreased serotonergic functioning might result in deficient
GABAergic modulation of excitatory sensory afferents, which perhaps allows innocuous

sensory signals to be processed in the amygdala and activate downstream responses
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initiated by the amygdala (Figure 1). Enhanced ASR is an important downstream
response initiated by activation of the amygdala (Koch and Schnitzler, 1997)( Figure 1).
5-HT;a and stress-induced sustained weight loss

Sustained body weight loss has been long regarded as a prominent symptom in
certain patients with depression and anxiety disorders (Hirschfeld et al., 2005;Evers and
Marin, 2002;Hopkinson, 1981). This includes children with anxiety and stress disorder
experiences, who can sustain a retardation in body growth (Richards et al., 2006;Y orbik
et al., 2004). It is well established that the serotonergic system is an important mechanism
regulating energy feeding and body weight (Heisler et al., 2003;Simansky, 1996), and
dysregulation of serotonin function in the CNS contributes to core symptoms in patients
with eating disorders (Wolfe et al., 1997). Thus, the weight loss associated with anxiety
and stress disorders may partially be due to dysregulation of the serotonergic system
(Wolfe et al., 1997;Franke et al., 2003;Hassanyeh and Marshall, 1991).

The hypothalamic paraventricular nucleus (PVN) has been proposed as an
important terminal field that is involved in 5-HT's role in appetite control, although
recent studies implicate extra-PVN regions in this function. In the hypothalamus, 5-HT,g
and 5-HT,c receptors appear to be the primary serotonin receptors involved in
serotonergic regulation of energy balance (De Vry and Schreiber, 2000). Activation of
the hypothalamic 5-HT,c receptor during stress is believed to contribute to stress-induced
reductions of food intake (Grignaschi et al., 1993), while activation of hypothalamic 5-
HT,a receptors do not affect single feeding bouts. However, the level of the
hypothalamic5-HT»a receptors appears to be positively proportional to body mass (see

Chapter 4 Discussion),
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Figure 1. The proposed mechanism by which malfunctioning of the 5-HT4 receptor in
the basolateral amygdala (BLA) contributes to enhanced acoustic startle response
(ASR). The BLA receives heavy serotonergic innervation from the dorsal raphe nucleus
(DRN) illustrated by red arrows. The BLA projecting neuron is under inhibitory control
by tonic serotonergic activation of GABAergic interneurons mediated by 5-HT,a
receptors (A). (B). Malfunctioning of this receptor allows innocuous stimuli, which
otherwise would be filtered, to activate the projecting neurons. These activated neurons
project to the pontine reticular nucleus (PnC) to potentiate the ASR (Koch and Schnitzler,

1997).
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suggesting that this receptor in the hypothalamus may be involved in the regulation of
long-term energy balance. Interestingly, this hypothalamic receptor is subject to change
after stress. Different types of stress could decrease this receptor in the hypothalamus,
while 5-HT,c receptors remain unchanged (Dwivedi et al., 2005;Petty et al., 1997;Wu et
al., 1999). This raised the possibility that dysregulation of the serotonergic system in the
hypothalamus, resulting from the alteration of 5-HT,a receptors, may participate in the
occurrence of sustained weight loss observed in stressed animals.

Compatible with previous reports, our data did show that hypothalamic levels of
5-HT,a receptor mRNA was decreased by stress, while 5-HT,¢ receptor mRNA remained
unchanged. More interestingly, pretreatment with MDL 11,939 completely reversed the
sustained weight loss of stressed animals.

As stated in the Discussion of Chapter 3, hypothalamic 5-HT,4 receptor levels
appear to determine the individual’s final body weight. Increased levels of hypothalamic
5-HT,a receptors may induce obesity, while decreased levels may induce a low body
weight. Stress-induced decreases in the hypothalamic 5-HT4 receptor may, thus,
determine the sustained body weight loss in stressed animals. Since the hypothalamic 5-
HT,a receptor downregulation should result from prolonged stimulation by stress-
elevated 5-HT, and antagonists can prevent agonist-induced downregulation of receptor
gene expression (Brown et al., 1998;Bieck et al., 1992;Baumhaker et al., 1993;Horackova
et al., 1990;Lassegue et al., 1995;Scarceriaux et al., 1996;Chau et al., 1994;Fukamauchi
et al., 1993), MDL 11,939 would prevent decreased expression of this receptor. A

normal level of the hypothalamic 5-HT»4 receptor in animals pretreated with MDL
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11,939 may allow the animal to detect abnormal body weight and to overeat to achieve
normal body weight.

In adult individuals, body weight is maintained at a relatively stable level for long
periods. A set-point theory has been proposed to explain long-term maintenance of body
weight (Harris, 1990). This theory suggests that body weight is regulated at a
predetermined, or preferred, level by a feedback control mechanism. Information from
the periphery is carried by an affector to a central controller located in the hypothalamus.
The controller integrates and transduces the information into an effector signal that
modulates food intake or energy expenditure to correct any deviations in body weight
from set-point. The observation that the level of hypothalamus 5-HT,4 receptors seems to
be positively proportional to body mass, that genetic variations of the 5-HT,4 receptor
can induce abdominal obesity in humans (Rosmond et al., 2002b;Rosmond et al., 2002a),
and the present findings, suggest that the hypothalamic 5-HT»a receptor may be an
important component of “set-point” of body weight. The high or low level of the
hypothalamic 5-HT, receptor expression may determine set-point, and thus determine an

individual‘s final body weight.

Role of the 5-HT4 receptor in pathophysiology of stress and stress-induced anxiety
and depressive disorders.

In fact, sustained weight loss and enhanced ASR may represent behavioral and
physiological manifestations of sustained anxiety status or depression. The findings that
stress impaired 5-HT,a-mediated facilitation of GABA release in the amygdala, that

stress induces a decrease of this receptor in the hypothalamus, and that pretreatment with
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a 5-HT»a receptor antagonist could prevent the development of behavioral and
physiological manifestations of anxiety status, suggest that altered 5-HT,4 receptor
signaling is closely associated with the occurrence of anxiety and stress disorders.

The inescapable stress protocol we employed has been used in many studies to try
to understand the role of the serotonergic system in the pathogenesis of depression and
anxiety-like symptoms. It is recognized that such stress could induce sustained activation
of the DRN-corticolimbic pathway. This continuous activation of the DRN, and sustained
high level of serotonin in the amygdala, hippocampus, prefrontal cortex, hypothalamus
has been shown by many studies to be responsible for the occurrence of
pathophysiological change associated with multiple anxiety and stress disorders (Maier
and Watkins, 2005;Minor and Hunter, 2002). However, the mechanism by which such
continuous activation of this system transforms the animals to the pathophysiological
state is not clear.

The present study may unravel an important mechanism by which such sustained
activation of this system in corticolimbic structures could transform the normal brain to
the “anxious” brain or the “depressive” brain. As shown by the data presented, as a
consequence of such sustained high levels of serotonin, the 5-HT,4 receptor in the BLA
was downregulated and desensitized. Such sustained enhanced serotonin could also
induce a decrease of 5-HT»a receptor expression in the hippocampus (Dwivedi et al.,
2005), and hypothalamus (Dwivedi et al., 2005;Wu et al., 1999), and decreases or
increases this receptor in the prefrontal cortex (Dwivedi et al., 2005;Harvey et al., 2003).
In fact, 5-HT»4 receptors mediate tonic, serotonergic facilitation of GABAergic neurons

not only in the amygdala, but also in other corticolimbic structure including the
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hippocampus (Shen and Andrade, 1998), prefrontal cortex and other cortical areas
(Marek and Aghajanian, 1994;Minor and Hunter, 2002;Xu and Pandey, 2000;Cozzi and
Nichols, 1996;Abi-Saab et al., 1999;Zhou and Hablitz, 1999;Jakab and Goldman-Rakic,
2000). Downregulation of the 5-HT»4 receptor in these corticolimbic structures,
especially in the amygdala, will result in a severe impairment of tonic facilitation of
GABA release mediated by the 5-HT,4 receptor. As a consequence of reduced GABA
tone in the corticolimbic structures, a sustained anxious status ensues (Millan, 2003)( see
Figure 2).

As many studies have indicated, activation of the DRN-corticollimbic pathway in
response to potential or distal threat stress facilitates active escape or avoidance behaviors
(Graeff et al., 1996). Thus, this pathway is an important component of the central
network that protects the organism from being harmed. This process may require
activation of postsynaptic 5-HT»a receptors in the amygdala and prefrontal cortex (Carli
et al., 2006;Mirjana et al., 2004;Pehek et al., 2006;Williams et al., 2002;Wu et al., 1999).
Thus, dysregulation of this receptor in these structures by inescapable stress may be
responsible for impairment of avoidance behavior (behavioral depression) developed in
these animals. However, whether or not protection of this receptor with the 5-HT2a
receptor antagonists during stress could prevent the development of such behavioral

depression has never been examined before (see Figure 2).
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Figure 2. The proposed mechanisms by which dysregulation of serotonergic systems in
its diverse terminal domains contributes to anxiety status. (A).Stressors activate the
DRN-corticolimbic pathway, and increase serotonin levels in the amygdala, prefrontal
cortex (PFC) and other structures. This facilitates active escape or avoidance behaviors so
that the animals could protect themselves from being harmed. Such behaviors may
require the coordination of the amygdala and PFC and depend on activation of certain
postsynaptic serotonin receptor, such as the 5-HT,4 receptor in these structures. When the
stressor is avoided and removed, the DRN activity returns to the resting status or is
deactivated by inhibitory control from the PFC. Stressors, if inescapable, also activate the
DRN-corticolimbic pathway to allow animals to try to escape or avoid the stressors.
However, the escape or avoidance behavior could not be achieved in this situation and
stressors are continuously present. As a result, activation of the DRN-corticolimbic
pathway will be sustained. One potential consequence of such sustained activation is
dysregulation of the DRN-corticolimbic pathway, which may involve both dorsal raphe
per se (Maier and Watkins, 2005) and its postsynaptic receptors (B). One important
receptor is the 5-HT»4 receptor. Activation of this receptor in the amygdala and prefrontal
cortex during stress, by increasing GABAergic tone and/or other mechanisms, may be
critical for the animal to initiate protective behaviors in response to stressors. Impairment
of this receptor signaling may result in loss of facilitation of GABAergic tone in
corticolimbic structures, especially in the amygdala, and enhanced anxiety status may
ensue. Alteration of this receptor signaling in the PFC and amygdala may also be

responsible for impairment of avoidance behaviors as a consequence of such stress.
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Contribution of Present Findings

Converging evidence from a variety of disciplines indicates that
pathophysiological alterations in neuronal excitability in the amygdala are characteristic
features of certain stress-related psychiatric illnesses, such as PTSD and depressive
disorders (Drevets, 2000;Kalia, 2005;Manji et al., 2001;Shin et al., 2006). Neuroimaging
studies have consistently shown that amygdala activity to both traumatic reminders and
more generally threatening stimuli is exaggerated in PTSD patients. PET scan studies
have revealed multiple abnormalities of regional blood flow (RBF) and glucose
metabolism in resting, unmedicated patients, with RBF and metabolism found
consistently increased in the amygdala (Manji et al., 2001). The present finding may
reveal an important pathophysiological mechanism contributing to such hyperactivity in
the amygdala in these disorders. Dysregulation of the serotonergic system in these
disorders has been recognized for over 40 years. Such dysregulation of this system in the
amygdala, specifically, malfunctioning of 5-HT»4 receptor-mediated tonic facilitation of
GABA release, may result in reduced GABAergic tone and a low intrinsic threshold of
amygdala circuitry in response to the sensory input (Villarreal and King, 2001;Drevets,
2003). The consequence of such a change will be hyperresponse of amygdala to traumatic
reminder and even innocuous stimuli, which may underlie the symptoms of these
disorders.

The finding that MDL 11,939 treatment could prevent the development of
behavioral and physiological changes associated with PTSD and anxiety disorders
indicates that 5-HT,4 receptor antagonists are very promising preventive agents in

fighting against these stress-associated disorders, especially PTSD. Indeed, several
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relatively selective 5-HT,4 antagonists have been recently developed (Bartoszyk et al.,
2003;Dudley MW, 1988) and have been in clinical trials for treatments of schizophrenia
and insomnia (de Paulis, 2001;Fish et al., 2005). These drugs appear to be well tolerated
by all study participants (David et al., 2004). Therefore, clinical trials for PTSD with
these compounds should be conducted in the near future. In addition, the findings that
both o, adrenoceptors and histamine Hj receptors suppress excitability of the amygdala
and they are not altered by stress, suggest that agonists for these receptors may hold
promise as treatments for disorders such as PTSD and depression.

Pharmacological prevention and treatment of stress-related mood disorders such
as PTSD is a topic of current medical interest that has received limited attention by
clinical and neurobiological investigations (Pitman et al., 2002). Most of the research
performed thus far has focused on the effectiveness of a few classes of compounds in
alleviating the symptoms of stress-related disorders (Albucher and Liberzon, 2002).
These include tricyclic antidepressants, monoamine oxidase inhibitors, and serotonin
reuptake inhibitors. Although clinical research has shown that these agents are useful in
alleviating symptoms and facilitating recovery, their overall efficacy is limited and very
often hindered by their serious side effects. The development of more specific
pharmacological agents with potentially less significant side effects as a therapeutic
strategy aiming at preventing the establishment of stress-related disorders is an important
step in the treatment of these illnesses. The present findings reveal that 5-HT»4 receptor
ligands may be more efficacious pharmacological interventions aimed at regulating
neuronal excitability and neuroplasticity in the amygdala, and thus preventing or treating

stress-induced affective disorders such as PTSD. Active duty military, reservists and
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veterans, as well as civilians exposed to traumatic circumstances, may all benefit from

the knowledge thus obtained.

Future Experiments

The present study shows that 5-HT, receptor signaling in the amygdala is
impaired by inescapable stress. As mentioned above, to better appreciate the role of the 5-
HT;4 receptor in the development of anxiety and stress disorders, alterations of this
receptor signaling in other critical brain regions, such as the prefrontal cortex, may also
be needed to be examined. In fact, qPCR studies are presently underway in the lab.

The present data are derived from animals immediately after stress or 1 day after
stress. In order to determine whether impaired 5-HT»4 receptor signaling is a
pathophysiological mechanism of anxiety and stress disorders, long-term changes should
also be assessed. The preliminary study has shown that 10 days after stress, this receptor
still remained downregulated.

As stated in Chapter 2, the reduction of 5-HT»a receptor levels has been
repeatedly reported in depressive disorders. In order to better appreciate the role of this
receptor change in the pathophysiology of depressive disorders, the association between
the behavioral depression developed in this animal model and 5-HT24 receptors should
also be examined.

This study implies that impaired 5-HT»a receptor signaling may be an important
pathophysiological mechanism of PTSD. In order to further examine the role of 5-HTza
receptors in this disorder, investigating alterations in this receptor using imaging studies

and analyses of human postmortem brains should also be conducted.



156

Reference

Abi-Saab WM, Bubser M, Roth RH, Deutch AY (1999) 5-HT2 receptor regulation of
extracellular GABA levels in the prefrontal cortex. Neuropsychopharmacology 20:92-96.

Adamec RE, Blundell J, Collins A (2001) Neural plasticity and stress induced changes in
defense in the rat. Neurosci Biobehav Rev 25:721-744.

Adamec RE, Burton P, Shallow T, Budgell J (1999) Unilateral block of NMDA receptors
in the amygdala prevents predator stress-induced lasting increases in anxiety-like

behavior and unconditioned startle--effective hemisphere depends on the behavior.
Physiol Behav 65:739-751.

Adrien J, Dugovic C, Martin P (1991) Sleep-wakefulness patterns in the helpless rat.
Physiol Behav 49:257-262.

Aggleton JP, Sauder RC (2000) The amygdala. Oxford University Press.

Albucher RC, Liberzon I (2002) Psychopharmacological treatment in PTSD: a critical
review. J Psychiatr Res 36:355-367.

Aloyo VJ, Dave KD, Rahman T, Harvey JA (2001) Selective and divergent regulation of
cortical 5-HT(2A) receptors in rabbit. J Pharmacol Exp Ther 299:1066-1072.

Alvarez EO, Ruarte MB (2002) Histaminergic neurons of the ventral hippocampus and
the baso-lateral amygdala of the rat: functional interaction on memory and learning
mechanisms. Behav Brain Res 128:81-90.

Amat J, Baratta MV, Paul E, Bland ST, Watkins LR, Maier SF (2005) Medial prefrontal
cortex determines how stressor controllability affects behavior and dorsal raphe nucleus.
Nat Neurosci 8:365-371.

Amat J, Matus-Amat P, Watkins LR, Maier SF (1998) Escapable and inescapable stress
differentially alter extracellular levels of 5-HT in the basolateral amygdala of the rat.
Brain Research 812:113-120.

Amireault P, Dube F (2005) Intracellular cAMP and Calcium Signaling by Serotonin in
Mouse Cumulus-Oocyte Complexes. Mol Pharmacol 68:1678-1687.

Anji A, Kumari M, Sullivan Hanley NR, Bryan GL, Hensler JG (2000) Regulation of 5-
HT(2A) receptor mRNA levels and binding sites in rat frontal cortex by the agonist DOI
and the antagonist mianserin. Neuropharmacology 39:1996-2005.

Antonio Pedro de Mello Cruz, Gilson P, S+—rgio HA, Graziela F, Mar+jlia M, Let+jcia F,
Carlos EM, Landeira-Fernandez J (2005) Behavioral effects of systemically administered



157

MK-212 are prevented by ritanserin microinfusion into the basolateral amygdala of rats
exposed to the elevated plus-maze. Psychopharmacology V182:345-354.

Armony JL, Corbo V, Clement MH, Brunet A (2005) Amygdala response in patients with
acute PTSD to masked and unmasked emotional facial expressions. Am J Psychiatry
162:1961-1963.

Aroniadou-Anderjaska V, Post RM, Rogawski MA, Li H (2001) Input-specific LTP and
depotentiation in the basolateral amygdala. Neuroreport 12:635-640.

Arora RC, Fichtner CG, O'Connor F, Crayton JW (1993) Paroxetine binding in the blood
platelets of post-traumatic stress disorder patients. Life Sci 53:919-928.

Arrang JM, Garbarg M, Schwartz JC (1985) Autoregulation of histamine release in brain
by presynaptic H3-receptors. Neuroscience 15:553-562.

Arrang JM, Garbarg M, Schwartz JC (1983) Auto-inhibition of brain histamine release
mediated by a novel class (H3) of histamine receptor. Nature 302:832-837.

Bailer UF, Price JC, Meltzer CC, Mathis CA, Frank GK, Weissfeld L, McConaha CW,
Henry SE, Brooks-Achenbach S, Barbarich NC, Kaye WH (2004) Altered 5-HT(2A)
receptor binding after recovery from bulimia-type anorexia nervosa: relationships to harm
avoidance and drive for thinness. Neuropsychopharmacology 29:1143-1155.

Barbara A, Aceves J, rias-Montano JA (2002) Histamine H1 receptors in rat dorsal raphe
nucleus: pharmacological characterisation and linking to increased neuronal activity.
Brain Research 954:247-255.

Barr AM, Lehmann-Masten V, Paulus M, Gainetdinov RR, Caron MG, Geyer MA
(2004) The selective serotonin-2A receptor antagonist M100907 reverses behavioral
deficits in dopamine transporter knockout mice. Neuropsychopharmacology 29:221-228.

Bartoszyk GD, van Amsterdam C, Bottcher H, Seyfried CA (2003) EMD 281014, a new
selective serotonin 5-HT2A receptor antagonist. European Journal of Pharmacology
473:229-230.

Baumhaker Y, Gafni M, Keren O, Sarne Y (1993) Selective and interactive down-
regulation of mu- and delta-opioid receptors in human neuroblastoma SK-N-SH cells.
Mol Pharmacol 44:461-467.

Belelli D, Balcarek JM, Hope AG, Peters JA, Lambert JJ, Blackburn TP (1995) Cloning
and functional expression of a human 5-hydroxytryptamine type 3AS receptor subunit.
Mol Pharmacol 48:1054-1062.

Bernard JF, Huang GF, Besson JM (1992) Nucleus centralis of the amygdala and the
globus pallidus ventralis: electrophysiological evidence for an involvement in pain
processes. J Neurophysiol 68:551-569.



158

Berridge CW, Waterhouse BD (2003) The locus coeruleus-noradrenergic system:
modulation of behavioral state and state-dependent cognitive processes. Brain Res Brain
Res Rev 42:33-84.

Bieck PR, Duhl DM, Eiring A, Gillespie DD, Manier DH, Sulser F (1992) Dose-
dependent down-regulation of beta-adrenoceptors by isoproterenol in rat C6 glioma cells.
Eur J Pharmacol 225:171-174.

Bockaert J, Fozard JR, Dumuis A, Clarke DE (1992) The 5-HT4 receptor: a place in the
sun. Trends Pharmacol Sci 13:141-145.

Bourin M, Masse F, Dailly E, Hascoet M (2005) Anxiolytic-like effect of milnacipran in
the four-plate test in mice: Mechanism of action. Pharmacology Biochemistry and
Behavior 81:645-656.

Bouwknecht JA, van der Gugten J, Hijzen TH, Maes RAA, Hen R, Olivier B (2001)
Male and female 5-HT 1B receptor knockout mice have higher body weights than
wildtypes. Physiology & Behavior 74:507-516.

Boyd DF, Millar JA, Watkins CS, Mathie A (2000) The role of Ca2+ stores in the
muscarinic inhibition of the K+ current IK(SO) in neonatal rat cerebellar granule cells. J
Physiol 529 Pt 2:321-331.

Bradley MM, Codispoti M, Cuthbert BN, Lang PJ (2001) Emotion and motivation I:
defensive and appetitive reactions in picture processing. Emotion 1:276-298.

Braga MF, roniadou-Anderjaska V, Manion ST, Hough CJ, Li H (2004) Stress impairs
alpha(1A) adrenoceptor-mediated noradrenergic facilitation of GABAergic transmission
in the basolateral amygdala. Neuropsychopharmacology 29:45-58.

Braga MF, roniadou-Anderjaska V, Post RM, Li H (2002) Lamotrigine reduces
spontaneous and evoked GABAA receptor-mediated synaptic transmission in the
basolateral amygdala: implications for its effects in seizure and affective disorders.
Neuropharmacology 42:522-529.

Braga MF, roniadou-Anderjaska V, Xie J, Li H (2003) Bidirectional modulation of
GABA release by presynaptic glutamate receptor 5 kainate receptors in the basolateral
amygdala. J Neurosci 23:442-452.

Brannan S, Liotti M, Egan G, Shade R, Madden L, Robillard R, Abplanalp B, Stofer K,
Denton D, Fox PT (2001) Neuroimaging of cerebral activations and deactivations
associated with hypercapnia and hunger for air. Proc Natl Acad Sci U S A 98:2029-2034.

Bremner JD, Vermetten E, Afzal N, Vythilingam M (2004) Deficits in verbal declarative
memory function in women with childhood sexual abuse-related posttraumatic stress
disorder. J Nerv Ment Dis 192:643-649.



159

Bremner JD, Vermetten E, Schmahl C, Vaccarino V, Vythilingam M, Afzal N, Grillon C,
Charney DS (2005) Positron emission tomographic imaging of neural correlates of a fear

acquisition and extinction paradigm in women with childhood sexual-abuse-related post-

traumatic stress disorder. Psychol Med 35:791-806.

Brown CH, Ludwig M, Leng G (1998) kappa -Opioid Regulation of Neuronal Activity in
the Rat Supraoptic Nucleus In Vivo. J Neurosci 18:9480-9488.

Brown GL, Linnoila MI (1990) CSF serotonin metabolite (5-HIAA) studies in depression,
impulsivity, and violence. J Clin Psychiatry 51 Suppl:31-41.

Brown RE, Fedorov NB, Haas HI, Reyman KG (1995) Histaminergic modulation of
synaptic plasticity in area CA1 of rat hippocampal slices. Neuropharmacology 34:181-
190.

Brown RE, Reymann KG (1996) Histamine H3 receptor-mediated depression of synaptic
transmission in the dentate gyrus of the rat in vitro. J Physiol 496 ( Pt 1):175-184.

Brown RE, Stevens DR, Haas HL (2001) The physiology of brain histamine. Prog
Neurobiol 63:637-672.

Brown SM, Peet E, Manuck SB, Williamson DE, Dahl RE, Ferrell RE, Hariri AR (2005)
A regulatory variant of the human tryptophan hydroxylase-2 gene biases amygdala
reactivity. Mol Psychiatry 10:884-8, 805.

Brunello N, Mendlewicz J, Kasper S, Leonard B, Montgomery S, Nelson J, Paykel E,
Versiani M, Racagni G (2002) The role of noradrenaline and selective noradrenaline
reuptake inhibition in depression. Eur Neuropsychopharmacol 12:461-475.

Bryant RA, Felmingham KL, Kemp AH, Barton M, Peduto AS, Rennie C, Gordon E,
Williams LM (2005) Neural networks of information processing in posttraumatic stress
disorder: a functional magnetic resonance imaging study. Biol Psychiatry 58:111-118.

Campbell BM, Merchant KM (2003) Serotonin 2C receptors within the basolateral
amygdala induce acute fear-like responses in an open-field environment. Brain Research
993:1-9.

Cancela LM, Volosin M, Molina VA (1988) Chronic stress attenuation of alpha 2-
adrenoceptor reactivity is reversed by naltrexone. Pharmacol Biochem Behav 31:33-35.

Cangioli I, Baldi E, Mannaioni PF, Bucherelli C, Blandina P, Passani MB (2002)
Activation of histaminergic H3 receptors in the rat basolateral amygdala improves

expression of fear memory and enhances acetylcholine release. Eur J Neurosci 16:521-
528.

Canli T, Congdon E, Gutknecht L, Constable RT, Lesch KP (2005) Amygdala
responsiveness is modulated by tryptophan hydroxylase-2 gene variation. Journal of
Neural Transmission 112:1479-1485.



160

Carli M, Baviera M, Invernizzi RW, Balducci C (2006) Dissociable contribution of 5-
HT1A and 5-HT2A receptors in the medial prefrontal cortex to different aspects of
executive control such as impulsivity and compulsive perseveration in rats.
Neuropsychopharmacology 31:757-767.

Chau LY, Peck K, Yen HH, Wang JY (1994) Agonist-induced down-regulation of
platelet-activating factor receptor gene expression in U937 cells. Biochem J 301 ( Pt
3):911-916.

Chen A, Hough CJ, Li H (2003) Serotonin type II receptor activation facilitates synaptic
plasticity via n-methyl--aspartate-mediated mechanism in the rat basolateral amygdala.
Neuroscience 119:53-63.

Chen X, Talley EM, Patel N, Gomis A, Mclntire WE, Dong B, Viana F, Garrison JC,
Bayliss DA (2006) Inhibition of a background potassium channel by Gq protein alpha-
subunits. Proc Natl Acad Sci U S A 103:3422-3427.

Cheng LL, Wang SJ, Gean PW (1998) Serotonin depresses excitatory synaptic
transmission and depolarization-evoked Ca2+ influx in rat basolateral amygdala via 5-
HTI1A receptors. Eur J Neurosci 10:2163-2172.

Cherrie G, Clark CR, Alexander CM, Darren LW (2001) Working Memory in
Posttraumatic Stress Disorderl'C6An Event-Related Potential Study. Journal of
Traumatic Stress V14:295-309.

Chotiwat C, Harris RBS (2006) Increased anxiety-like behavior during the post-stress
period in mice exposed to repeated restraint stress. Hormones and Behavior 50:489-495.

Collin M, Backberg M, Onnestam K, Meister B (2002) 5-HT1A receptor
immunoreactivity in hypothalamic neurons involved in body weight control. Neuroreport
13:945-951.

Coplan JD, Liebowitz MR, Gorman JM, Fyer AJ, Dillon DJ, Campeas RB, Davies SO,
Martinez J, Klein DF (1992) Noradrenergic function in panic disorder. Effects of
intravenous clonidine pretreatment on lactate induced panic. Biol Psychiatry 31:135-146.

Cozzi NV, Nichols DE (1996) 5-HT2A receptor antagonists inhibit potassium-stimulated
gamma-aminobutyric acid release in rat frontal cortex. Eur J Pharmacol 309:25-31.

Curtis AL, Bello NT, Connolly KR, Valentino RJ (2002) Corticotropin-releasing factor
neurones of the central nucleus of the amygdala mediate locus coeruleus activation by
cardiovascular stress. J Neuroendocrinol 14:667-682.

Damjanoska KJ, Heidenreich BA, Kindel GH, D'Souza DN, Zhang Y, Garcia F, Battaglia
G, Wolf WA, Van de Kar LD, Muma NA (2004) Agonist-Induced Serotonin 2A
Receptor Desensitization in the Rat Frontal Cortex and Hypothalamus. J Pharmacol Exp
Ther 309:1043-1050.



161

David M, Ewen S, Joachim T, Edward MS, Myroslava KR, Shitij K (2004) EMD 281014,
a specific and potent SHT 2 antagonist in humans: a dose-finding PET study.
Psychopharmacology V175:382-388.

Davis LL, Suris A, Lambert MT, Heimberg C, Petty F (1997a) Post-traumatic stress
disorder and serotonin: new directions for research and treatment. J Psychiatry Neurosci
22:318-326.

Davis M, Rainnie D, Cassell M (1994) Neurotransmission in the rat amygdala related to
fear and anxiety. Trends Neurosci 17:208-214.

Davis M, Walker DL, Lee Y (1997b) Amygdala and bed nucleus of the stria terminalis:
differential roles in fear and anxiety measured with the acoustic startle reflex. Philos
Trans R Soc Lond B Biol Sci 352:1675-1687.

Davis M, Walker DL, Lee Y (1997¢) Roles of the amygdala and bed nucleus of the stria
terminalis in fear and anxiety measured with the acoustic startle reflex. Possible
relevance to PTSD. Ann N Y Acad Sci 821:305-331.

De Paermentier F, Mauger JM, Lowther S, Crompton MR, Katona CLE, Horton RW
(1997) Brain [alpha]-adrenoceptors in depressed suicides. Brain Research 757:60-68.

de Paulis T (2001) M-100907 (Aventis). Curr Opin Investig Drugs 2:123-132.

De Vry J., Schreiber R (2000) Effects of selected serotonin 5-HT(1) and 5-HT(2)
receptor agonists on feeding behavior: possible mechanisms of action. Neurosci
Biobehav Rev 24:341-353.

De Vry J, Schreiber R (2000) Effects of selected serotonin 5-HT(1) and 5-HT(2) receptor
agonists on feeding behavior: possible mechanisms of action. Neurosci Biobehav Rev
24:341-353.

DeBock F, Kurz J, Azad SC, Parsons CG, Hapfelmeier G, Zieglgansberger W, Rammes
G (2003) Alpha2-adrenoreceptor activation inhibits LTP and LTD in the basolateral
amygdala: involvement of Gi/o-protein-mediated modulation of Ca2+-channels and
inwardly rectifying K+-channels in LTD. Eur J Neurosci 17:1411-1424.

Dess NK, Raizer J, Chapman CD, Garcia J (1988) Stressors in the learned helplessness
paradigm: Effects on body weight and conditioned taste aversion in rats. Physiology &
Behavior 44:483-490.

Donohoe TP, Kennett GA, Curzon G (1987) Immobilisation stress-induced anorexia is
not due to gastric ulceration. Life Sci 40:467-472.

Doreulee N, Yanovsky Y, Flagmeyer I, Stevens DR, Haas HL, Brown RE (2001)
Histamine H(3) receptors depress synaptic transmission in the corticostriatal pathway.
Neuropharmacology 40:106-113.



162

Drevets WC (1999) Prefrontal cortical-amygdalar metabolism in major depression. Ann
N'Y Acad Sci 877:614-637.

Drevets WC (2000) Neuroimaging studies of mood disorders. Biological Psychiatry
48:813-829.

Drevets WC (2001) Neuroimaging and neuropathological studies of depression:
implications for the cognitive-emotional features of mood disorders. Current Opinion in
Neurobiology 11:240-249.

Drevets WC (2003) Neuroimaging Abnormalities in the Amygdala in Mood Disorders.
Ann NY Acad Sci 985:420-444.

Driessen M, Beblo T, Mertens M, Piefke M, Rullkoetter N, Silva-Saavedra A,
Reddemann L, Rau H, Markowitsch HJ, Wulff H, Lange W, Woermann FG (2004)
Posttraumatic stress disorder and fMRI activation patterns of traumatic memory in
patients with borderline personality disorder. Biol Psychiatry 55:603-611.

Drutel G, Peitsaro N, Karlstedt K, Wieland K, Smit MJ, Timmerman H, Panula P, Leurs
R (2001) Identification of rat H3 receptor isoforms with different brain expression and
signaling properties. Mol Pharmacol 59:1-8.

Dudley MW (1988) Pharmacological effects of MDL 11,939: a selective, centrally acting
antagonist of 5-HT2 receptors. pp 29-43.

Duncan GE, Breese GR, Criswell H, Stumpf WE, Mueller RA, Covey JB (1986) Effects
of antidepressant drugs injected into the amygdala on behavioral responses of rats in the
forced swim test. J] Pharmacol Exp Ther 238:758-762.

Dwivedi Y, Mondal AC, Payappagoudar GV, Rizavi HS (2005) Differential regulation of
serotonin (SHT)2A receptor mRNA and protein levels after single and repeated stress in
rat brain: role in learned helplessness behavior. Neuropharmacology 48:204-214.

Edwards E, Harkins K, Wright G, Henn FA (1991) 5-HT1b receptors in an animal model
of depression. Neuropharmacology 30:101-105.

Eison AS, Eison MS (1994) Serotonergic mechanisms in anxiety. Prog
Neuropsychopharmacol Biol Psychiatry 18:47-62.

Epstein RS, Fullerton CS, Ursano RJ (1998) Posttraumatic stress disorder following an
air disaster: a prospective study. Am J Psychiatry 155:934-938.

Evans KC, Banzett RB, Adams L, McKay L, Frackowiak RSJ, Corfield DR (2002)
BOLD fMRI Identifies Limbic, Paralimbic, and Cerebellar Activation During Air Hunger.
J Neurophysiol 88:1500-1511.

Evers MM, Marin DB (2002) Mood disorders. Effective management of major
depressive disorder in the geriatric patient. Geriatrics 57:36-40.



163

Farabollini F, Fluck E, Albonetti ME, File SE (1996) Sex differences in benzodiazepine
binding in the frontal cortex and amygdala of the rat 24 hours after restraint stress.
Neurosci Lett 218:177-180.

Fichtner CG, O'Connor FL, Yeoh HC, Arora RC, Crayton JW (1995) Hypodensity of
platelet serotonin uptake sites in posttraumatic stress disorder: associated clinical features.
Life Sci 57:1L.37-L44.

Fish LR, Gilligan MT, Humphries AC, Ivarsson M, Ladduwahetty T, Merchant KJ,
O'Connor D, Patel S, Philipps E, Vargas HM (2005) 4-Fluorosulfonylpiperidines:
Selective 5-HT2A ligands for the treatment of insomnia. Bioorganic & Medicinal
Chemistry Letters 15:3665-36609.

Fletcher PJ, Coscina DV (1993) Injecting 5-HT into the PVN does not prevent feeding
induced by injecting 8-OH-DPAT into the raphe. Pharmacol Biochem Behav 46:487-491.

Flugge G (1996) Alterations in the central nervous alpha 2-adrenoceptor system under
chronic psychosocial stress. Neuroscience 75:187-196.

Franke L, Schewe HJ, Uebelhack R, Berghofer A, Muller-Oerlinghausen B (2003)
Platelet-SHT uptake and gastrointestinal symptoms in patients suffering from major
depression. Life Sciences 74:521-531.

Fredrikson M, Furmark T (2003) Amygdaloid regional cerebral blood flow and
subjective fear during symptom provocation in anxiety disorders. Ann N 'Y Acad Sci
985:341-347.

Fukamauchi F, Saunders PA, Hough C, Chuang DM (1993) Agonist-induced down-
regulation and antagonist-induced up-regulation of m2- and m3-muscarinic acetylcholine

receptor mRNA and protein in cultured cerebellar granule cells. Mol Pharmacol 44:940-
949.

Galvez R, Mesches MH, McGaugh JL (1996) Norepinephrine release in the amygdala in
response to footshock stimulation. Neurobiol Learn Mem 66:253-257.

Garrick T, Morrow N, Shalev AY, Eth S (2001) Stress-induced enhancement of auditory
startle: an animal model of posttraumatic stress disorder. Psychiatry 64:346-354.

Gerald C, Adham N, Kao HT, Olsen MA, Laz TM, Schechter LE, Bard JA, Vaysse PJ,
Hartig PR, Branchek TA, . (1995) The 5-HT4 receptor: molecular cloning and
pharmacological characterization of two splice variants. EMBO J 14:2806-2815.

Gerber JC, III, Choki J, Brunswick DJ, Reivich M, Frazer A (1983) The effect of
antidepressant drugs on regional cerebral glucose utilization in the rat. Brain Res
269:319-325.

Gewirtz JC, Mcnish KA, Davis M (1998) Lesions of the bed nucleus of the stria
terminalis block sensitization of the acoustic startle reflex produced by repeated stress,



164

but not fear-potentiated startle. Progress in Neuro-Psychopharmacology and Biological
Psychiatry 22:625-648.

Goldstein SA, Bockenhauer D, O'Kelly I, Zilberberg N (2001) Potassium leak channels
and the KCNK family of two-P-domain subunits. Nat Rev Neurosci 2:175-184.

Gorelova N, Reiner PB (1996) Histamine depolarizes cholinergic septal neurons. J
Neurophysiol 75:707-714.

Graeff FG, Guimaraes FS, De Andrade TG, Deakin JF (1996) Role of 5-HT in stress,
anxiety, and depression. Pharmacol Biochem Behav 54:129-141.

Gray JA, Roth BL (2001) Paradoxical trafficking and regulation of 5-HT2A receptors by
agonists and antagonists. Brain Research Bulletin 56:441-451.

Green B (2003) Post-traumatic stress disorder: symptom profiles in men and women.
Curr Med Res Opin 19:200-204.

Grignaschi G, Mantelli B, Samanin R (1993) The hypophagic effect of restraint stress in
rats can be mediated by 5-HT2 receptors in the paraventricular nucleus of the
hypothalamus. Neurosci Lett 152:103-106.

Haas H, Panula P (2003) The role of histamine and the tuberomamillary nucleus in the
nervous system. Nat Rev Neurosci 4:121-130.

Hackler EA, Turner GH, Gresch PJ, Sengupta S, Deutch AY, Avison MJ, Gore JC,
Sanders-Bush E (2006) 5-HT 2C receptor contribution to m-chlorophenylpiperazine and
N-methyl-{beta}-carboline-3-carboxamide -induced anxiety-like behavior and limbic
brain activation. J Pharmacol Exp Therjpet.

Hanley NR, Van de Kar LD (2003) Serotonin and the neuroendocrine regulation of the
hypothalamic--pituitary-adrenal axis in health and disease. Vitam Horm 66:189-255.

Hariri AR, Drabant EM, Munoz KE, Kolachana BS, Mattay VS, Egan MF, Weinberger
DR (2005) A susceptibility gene for affective disorders and the response of the human
amygdala. Arch Gen Psychiatry 62:146-152.

Hariri AR, Mattay VS, Tessitore A, Kolachana B, Fera F, Goldman D, Egan MF,
Weinberger DR (2002) Serotonin transporter genetic variation and the response of the
human amygdala. Science 297:400-403.

Harris RB (1990) Role of set-point theory in regulation of body weight. FASEB J
4:3310-3318.

Harris RBS, Mitchell TD, Simpson J, Redmann SM, Jr., Youngblood BD, Ryan DH
(2002) Weight loss in rats exposed to repeated acute restraint stress is independent of
energy or leptin status. Am J Physiol Regul Integr Comp Physiol 282:R77-R88.



165

Harris RBS, Palmondon J, Leshin S, Flatt WP, Richard D (2006) Chronic disruption of
body weight but not of stress peptides or receptors in rats exposed to repeated restraint
stress. Hormones and Behavior 49:615-625.

Harvey BH, Naciti C, Brand L, STEIN DJ (2003) Endocrine, cognitive and
hippocampal/cortical SHT1A/2A receptor changes evoked by a time-dependent
sensitisation (TDS) stress model in rats. Brain Research 983:97-107.

Harvey JA, Quinn JL, Liu R, Aloyo VJ, Romano AG (2004) Selective remodeling of
rabbit frontal cortex: relationship between 5-HT2A receptor density and associative
learning. Psychopharmacology (Berl) 172:435-442.

Hassanyeh F, Marshall EF (1991) Measures of serotonin metabolism in anorexia nervosa.
Acta Psychiatr Scand 84:561-563.

Heisler LK, Cowley MA, Kishi T, Tecott LH, Fan W, Low MJ, Smart JL, Rubinstein M,
Tatro JB, Zigman JM, Cone RD, Elmquist JK (2003) Central serotonin and melanocortin
pathways regulating energy homeostasis. Ann N'Y Acad Sci 994:169-174.

Hendler T, Rotshtein P, Yeshurun Y, Weizmann T, Kahn I, Ben-Bashat D, Malach R,
Bleich A (2003) Sensing the invisible: differential sensitivity of visual cortex and
amygdala to traumatic context. Neuroimage 19:587-600.

Hensler JG (2006) Serotonergic modulation of the limbic system. Neuroscience &
Biobehavioral Reviews 30:203-214.

Hindmarch I (2002) Beyond the monoamine hypothesis: mechanisms, molecules and
methods. European Psychiatry 17:294-299.

Hirschfeld RM, Mallinckrodt C, Lee TC, Detke MJ (2005) Time course of depression-
symptom improvement during treatment with duloxetine. Depress Anxiety 21:170-177.

Hitchcock JM, Sananes CB, Davis M (1989) Sensitization of the startle reflex by
footshock: blockade by lesions of the central nucleus of the amygdala or its efferent
pathway to the brainstem. Behav Neurosci 103:509-518.

Holmes A, Yang RJ, Murphy DL, Crawley JN (2002) Evaluation of antidepressant-
related behavioral responses in mice lacking the serotonin transporter.
Neuropsychopharmacology 27:914-923.

Honrubia MA, Vilaro MT, Palacios JM, Mengod G (2000) Distribution of the histamine
H(2) receptor in monkey brain and its mRNA localization in monkey and human brain.
Synapse 38:343-354.

Hopkinson G (1981) A neurochemical theory of appetite and weight changes in
depressive states. Acta Psychiatr Scand 64:217-225.



166

Horackova M, Robinson B, Wilkinson M (1990) Characterization and agonist regulation
of muscarinic ([3H] N-methyl scopolamine) receptors in isolated ventricular myocytes
from rat. Journal of Molecular and Cellular Cardiology 22:1273-1283.

Hu Y, Cardounel A, Gursoy E, Anderson P, Kalimi M (2000) Anti-stress effects of
dehydroepiandrosterone: protection of rats against repeated immobilization stress-
induced weight loss, glucocorticoid receptor production, and lipid peroxidation. Biochem
Pharmacol 59:753-762.

Huang XF, Han M, Storlien LH (2004a) Differential expression of 5-HT2A and 5-HT2C
receptor mRNAS in mice prone, or resistant, to chronic high-fat diet-induced obesity.
Molecular Brain Research 127:39-47.

Huang XF, Huang X, Han M, Chen F, Storlien L, Lawrence AJ (2004b) 5-HT2A/2C
receptor and 5-HT transporter densities in mice prone or resistant to chronic high-fat diet-
induced obesity: a quantitative autoradiography study. Brain Research 1018:227-235.

Inada Y, Yoneda H, Koh J, Sakai J, Himei A, Kinoshita Y, Akabame K, Hiraoka Y,
Sakai T (2003) Positive association between panic disorder and polymorphism of the
serotonin 2A receptor gene. Psychiatry Research 118:25-31.

Isaac CL, Cushway D, Jones GV (2006) Is posttraumatic stress disorder associated with
specific deficits in episodic memory? Clin Psychol Rev 26:939-955.

Ishizawa K, Chen Z, Okuma C, Sugimoto Y, Fujii Y, Kamei C (2000) Participation of
GABAergic and histaminergic systems in inhibiting amygdaloid kindled seizures. Jpn J
Pharmacol 82:48-53.

Izumi T, Suzuki K, Inoue T, Li XB, Maki Y, Muraki I, Kitaichi Y, Hashimoto S, Koyama
T (2002) Long-lasting change in 5-HT2A receptor-mediated behavior in rats after a
single footshock. European Journal of Pharmacology 452:199-204.

Jacobs BL, Azmitia EC (1992) Structure and function of the brain serotonin system.
Physiol Rev 72:165-229.

Jakab RL, Goldman-Rakic PS (2000) Segregation of serotonin 5-HT2A and 5-HT3
receptors in inhibitory circuits of the primate cerebral cortex. J Comp Neurol 417:337-
348.

Jasnow AM, Huhman KL (2001) Activation of GABA(A) receptors in the amygdala
blocks the acquisition and expression of conditioned defeat in Syrian hamsters. Brain Res
920:142-150.

Jelinek L, Jacobsen D, Kellner M, Larbig F, Biesold KH, Barre K, Moritz S (2006)
Verbal and nonverbal memory functioning in posttraumatic stress disorder (PTSD). J
Clin Exp Neuropsychol 28:940-948.

Kalia M (2005) Neurobiological basis of depression: an update. Metabolism 54:24-27.



167

Kamei C (2001a) Mechanism of the Inhibitory Effect of Histamine on Amygdaloid-
Kindled Seizures in Rats. Epilepsia 42:1494-1500.

Kamei C, Ishizawa K, Kakinoki H, Fukunaga M (1998) Histaminergic mechanisms in
amygdaloid-kindled seizures in rats. Epilepsy Res 30:187-194.

Kamei C (2001b) Involvement of central histamine in amygdaloid kindled seizures in rats.
Behavioural Brain Research 124:243-250.

Kano M, Fukudo S, Tashiro A, Utsumi A, Tamura D, Itoh M, Iwata R, Tashiro M,
Mochizuki H, Funaki Y, Kato M, Hongo M, Yanai K (2004) Decreased histamine H1

receptor binding in the brain of depressed patients. European Journal of Neuroscience
20:803-810.

Karlstedt K, Senkas A, Ahman M, Panula P (2001) Regional expression of the histamine
H(2) receptor in adult and developing rat brain. Neuroscience 102:201-208.

Kavushansky A, Vouimba RM, Cohen H, Richter-Levin G (2006) Activity and plasticity
in the CA1, the dentate gyrus, and the amygdala following controllable vs. uncontrollable
water stress. Hippocampus 16:35-42.

Kaye WH, Frank GK, Bailer UF, Henry SE, Meltzer CC, Price JC, Mathis CA, Wagner
A (2005) Serotonin alterations in anorexia and bulimia nervosa: New insights from
imaging studies. Physiology & Behavior 85:73-81.

Kaye WH, Frank GK, Meltzer CC, Price JC, McConaha CW, Crossan PJ, Klump KL,
Rhodes L (2001) Altered Serotonin 2A Receptor Activity in Women Who Have
Recovered From Bulimia Nervosa. Am J Psychiatry 158:1152-1155.

Kehne JH, Baron BM, Carr AA, Chaney SF, Elands J, Feldman DJ, Frank RA, van
Giersbergen PL, McCloskey TC, Johnson MP, McCarty DR, Poirot M, Senyah Y, Siegel
BW, Widmaier C (1996) Preclinical characterization of the potential of the putative

atypical antipsychotic MDL 100,907 as a potent 5-HT2A antagonist with a favorable
CNS safety profile. J] Pharmacol Exp Ther 277:968-981.

Khan S, Liberzon I (2004) Topiramate attenuates exaggerated acoustic startle in an
animal model of PTSD. Psychopharmacology (Berl) 172:225-229.

Kim JJ, Song EY, Kosten TA (2006) Stress effects in the hippocampus: synaptic
plasticity and memory. Stress 9:1-11.

Kim JJ, Koo JW, Lee HJ, Han JS (2005) Amygdalar Inactivation Blocks Stress-Induced
Impairments in Hippocampal Long-Term Potentiation and Spatial Memory. J Neurosci
25:1532-1539.

Knuepfer MM, Eismann A, Schutze I, Stumpf H, Stock G (1995) Responses of single
neurons in amygdala to interoceptive and exteroceptive stimuli in conscious cats. Am J
Physiol 268:R666-R675.



168

Koch M, Schnitzler HU (1997) The acoustic startle response in rats--circuits mediating
evocation, inhibition and potentiation. Behav Brain Res 89:35-49.

Koob GF, Heinrichs SC, Pich EM, Menzaghi F, Baldwin H, Miczek K, Britton KT
(1993) The role of corticotropin-releasing factor in behavioural responses to stress. Ciba
Found Symp 172:277-289.

Korotkova TM, Haas HL, Brown RE (2002) Histamine excites GABAergic cells in the
rat substantia nigra and ventral tegmental area in vitro. Neuroscience Letters 320:133-136.

Kostopoulos G, Psarropoulou C, Haas HL (1988) Membrane properties, response to
amines and to tetanic stimulation of hippocampal neurons in the genetically epileptic
mutant mouse tottering. Exp Brain Res 72:45-50.

Koyama S, Matsumoto N, Murakami N, Kubo C, Nabekura J, Akaike N (2002) Role of
presynaptic 5-HT1A and 5-HT3 receptors in modulation of synaptic GABA transmission
in dissociated rat basolateral amygdala neurons. Life Sci 72:375-387.

Koyama S, Matsumoto N, Kubo C, Akaike N (2000) Presynaptic 5-HT3 receptor-
mediated modulation of synaptic GABA release in the mechanically dissociated rat
amygdala neurons. J Physiol (Lond) 529:373-383.

Lassegue B, Alexander RW, Nickenig G, Clark M, Murphy TJ, Griendling KK (1995)
Angiotensin II down-regulates the vascular smooth muscle AT1 receptor by
transcriptional and post-transcriptional mechanisms: evidence for homologous and
heterologous regulation. Mol Pharmacol 48:601-609.

Layton B, Krikorian R (2002) Memory Mechanisms in Posttraumatic Stress Disorder. J
Neuropsychiatry Clin Neurosci 14:254-261.

LeDoux J (1996) Emotional networks and motor control: a fearful view. Prog Brain Res
107:437-446.

LeDoux J (2003) The emotional brain, fear, and the amygdala. Cell Mol Neurobiol
23:727-738.

LeDoux JE (2000) Emotion circuits in the brain. Annu Rev Neurosci 23:155-184.
LeDoux JE (1994) Emotion, memory and the brain. Sci Am 270:50-57.

Lee MD, Somerville EM, Kennett GA, Dourish CT, Clifton PG (2004) Tonic regulation
of satiety by 5-HT1B receptors in the mouse: converging evidence from behavioural and
c-fos immunoreactivity studies? European Journal of Neuroscience 19:3017-3025.

Lee Y, Davis M (1997) Role of the Hippocampus, the Bed Nucleus of the Stria
Terminalis, and the Amygdala in the Excitatory Effect of Corticotropin-Releasing
Hormone on the Acoustic Startle Reflex. J Neurosci 17:6434-6446.



169

Leibowitz SF, Alexander JT (1998) Hypothalamic serotonin in control of eating behavior,
meal size, and body weight. Biological Psychiatry 44:851-864.

Lemieux AM, Coe CL (1995) Abuse-related posttraumatic stress disorder: evidence for
chronic neuroendocrine activation in women. Psychosom Med 57:105-115.

Leonard BE (1997a) Noradrenaline in basic models of depression. Eur
Neuropsychopharmacol 7 Suppl 1:S11-S16.

Leonard BE (1997b) The role of noradrenaline in depression: a review. J
Psychopharmacol 11:S39-5S47.

Leonard BE (2001) Stress, norepinephrine and depression. J Psychiatry Neurosci 26
Suppl:S11-S16.

Leppanen JM (2006) Emotional information processing in mood disorders: a review of
behavioral and neuroimaging findings. Curr Opin Psychiatry 19:34-39.

Leysen JE (2004) 5-HT2 receptors. Curr Drug Targets CNS Neurol Disord 3:11-26.

Li H, Chen A, Xing G, Wei ML, Rogawski MA (2001) Kainate receptor-mediated
heterosynaptic facilitation in the amygdala. Nat Neurosci 4:612-620.

LiJ, Takeda H, Tsuji M, Liu L, Matsumiya T (1998) Antagonism of central CRF systems
mediates stress-induced changes in noradrenaline and serotonin turnover in rat brain
regions. Methods Find Exp Clin Pharmacol 20:409-417.

Li Q, Wichems CH, Ma L, Van de Kar LD, Garcia F, Murphy DL (2003) Brain region-
specific alterations of 5-HT2A and 5-HT2C receptors in serotonin transporter knockout
mice. J Neurochem 84:1256-1265.

Liberzon I, Britton JC, Phan KL (2003) Neural correlates of traumatic recall in
posttraumatic stress disorder. Stress 6:151-156.

Liberzon I, Taylor SF, Amdur R, Jung TD, Chamberlain KR, Minoshima S, Koeppe RA,
Fig LM (1999) Brain activation in PTSD in response to trauma-related stimuli. Biol
Psychiatry 45:817-826.

Liston C, Miller MM, Goldwater DS, Radley JJ, Rocher AB, Hof PR, Morrison JH,
McEwen BS (2006) Stress-Induced Alterations in Prefrontal Cortical Dendritic

Morphology Predict Selective Impairments in Perceptual Attentional Set-Shifting. J
Neurosci 26:7870-7874.

Liu C, Ma XJ, Jiang X, Wilson SJ, Hofstra CL, Blevitt J, Pyati J, Li X, Chai W,
Carruthers N, Lovenberg TW (2001) Cloning and Pharmacological Characterization of a
Fourth Histamine Receptor (H4) Expressed in Bone Marrow. Mol Pharmacol 59:420-426.



170

Lopez-Ibor JJ (2002) The classification of stress-related disorders in ICD-10 and DSM-
I'V. Psychopathology 35:107-111.

Lowry CA, Rodda JE, Lightman SL, Ingram CD (2000) Corticotropin-Releasing Factor
Increases In Vitro Firing Rates of Serotonergic Neurons in the Rat Dorsal Raphe
Nucleus: Evidence for Activation of a Topographically Organized Mesolimbocortical
Serotonergic System. J Neurosci 20:7728-7736.

Maes M, Lin AH, Verkerk R, Delmeire L, Van GA, Van der PM, Scharpe S (1999)
Serotonergic and noradrenergic markers of post-traumatic stress disorder with and
without major depression. Neuropsychopharmacology 20:188-197.

Magarinos AM, McEwen BS, Flugge G, Fuchs E (1996) Chronic psychosocial stress
causes apical dendritic atrophy of hippocampal CA3 pyramidal neurons in subordinate
tree shrews. J Neurosci 16:3534-3540.

Maher MJ, Rego SA, Asnis GM (2006) Sleep disturbances in patients with post-traumatic
stress disorder: epidemiology, impact and approaches to management. CNS Drugs
20:567-590.

Maier SF (2001) Exposure to the stressor environment prevents the temporal dissipation
of behavioral depression/learned helplessness. Biol Psychiatry 49:763-773.

Maier SF, Watkins LR (2005) Stressor controllability and learned helplessness: the roles
of the dorsal raphe nucleus, serotonin, and corticotropin-releasing factor. Neurosci
Biobehav Rev 29:829-841.

Makarenko IG, Meguid MM, Gatto L, Chen C, Ramos EJB, Goncalves CG, Ugrumov
MYV (2005a) Normalization of hypothalamic serotonin (5-HT1B) receptor and NPY in

cancer anorexia after tumor resection: An immunocytochemical study. Neuroscience
Letters 383:322-327.

Makarenko IG, Meguid MM, Gatto L, Goncalves CG, Ramos EJ, Chen C, Ugrumov MV
(2005b) Hypothalamic 5-HT1B-receptor changes in anorectic tumor bearing rats.
Neuroscience Letters 376:71-75.

Mancilla-Diaz JM, Escartin-Perez RE, Lopez-Alonso VE, Floran-Garduno B, Romano-
Camacho JB (2005) Role of 5-HT1A and 5-HT1B receptors in the hypophagic effect of
5-HT on the structure of feeding behavior. Med Sci Monit 11:BR74-BR79.

Manji HK, Drevets WC, Charney DS (2001) The cellular neurobiology of depression.
Nat Med 7:541-547.

Marek GJ, Aghajanian GK (1994) Excitation of interneurons in piriform cortex by 5-
hydroxytryptamine: blockade by MDL 100,907, a highly selective 5S-HT2A receptor
antagonist. Eur J Pharmacol 259:137-141.



171

Matsumoto M, Higuchi K, Togashi H, Koseki H, Yamaguchi T, Kanno M, Yoshioka M
(2005) Early postnatal stress alters the 5-HTergic modulation to emotional stress at
postadolescent periods of rats. Hippocampus 15:775-781.

McEwen BS (2003) Mood disorders and allostatic load. Biol Psychiatry 54:200-207.

McEwen BS (2005) Glucocorticoids, depression, and mood disorders: structural
remodeling in the brain. Metabolism 54:20-23.

McFarlane AC, Yehuda R, Clark CR (2002) Biologic models of traumatic memories and
post-traumatic stress disorder. The role of neural networks. Psychiatr Clin North Am
25:253-70, v.

McGaugh JL, Introini-Collison IB, Nagahara AH, Cahill L, Brioni JD, Castellano C
(1990) Involvement of the amygdaloid complex in neuromodulatory influences on
memory storage. Neurosci Biobehav Rev 14:425-431.

McGaugh JL, Roozendaal B (2002) Role of adrenal stress hormones in forming lasting
memories in the brain. Curr Opin Neurobiol 12:205-210.

McKernan MG, Shinnick-Gallagher P (1997) Fear conditioning induces a lasting
potentiation of synaptic currents in vitro. Nature 390:607-611.

Mikkelsen JD, Hay-Schmidt A, Kiss A (2004) Serotonergic stimulation of the rat
hypothalamo-pituitary-adrenal axis: interaction between 5-HT1A and 5-HT2A receptors.
Ann N'Y Acad Sci 1018:65-70.

Millan MJ (2003) The neurobiology and control of anxious states. Prog Neurobiol 70:83-
244,

Minor TR, Hunter AM (2002) Stressor controllability and learned helplessness research
in the United States: sensitization and fatigue processes. Integr Physiol Behav Sci 37:44-
58.

Minor TR, Jackson RL, Maier SF (1984) Effects of task-irrelevant cues and
reinforcement delay on choice-escape learning following inescapable shock: evidence for
a deficit in selective attention. J Exp Psychol Anim Behav Process 10:543-556.

Mintun MA, Sheline YI, Moerlein SM, Vlassenko AG, Huang Y, Snyder AZ (2004)
Decreased hippocampal 5-HT2A receptor binding in major depressive disorder: in vivo
measurement with [ 18F]altanserin positron emission tomography. Biol Psychiatry
55:217-224.

Mirjana C, Baviera M, Invernizzi RW, Balducci C (2004) The serotonin 5-HT2A
receptors antagonist M100907 prevents impairment in attentional performance by
NMDA receptor blockade in the rat prefrontal cortex. Neuropsychopharmacology
29:1637-1647.



172

Mitra R, Jadhav S, McEwen BS, Vyas A, Chattarji S (2005) Stress duration modulates
the spatiotemporal patterns of spine formation in the basolateral amygdala. Proc Natl
Acad Sci U S A 102:9371-9376.

Molliver ME (1987) Serotonergic neuronal systems: what their anatomic organization
tells us about function. J Clin Psychopharmacol 7:3S-23S.

Morales M, Bloom FE (1997) The 5-HT3 receptor is present in different subpopulations
of GABAergic neurons in the rat telencephalon. J Neurosci 17:3157-3167.

Morgan III CA, Doran A, Steffian G, Hazlett G, Southwick SM (2006) Stress-Induced
Deficits in Working Memory and Visuo-Constructive Abilities in Special Operations
Soldiers. Biological Psychiatry 60:722-729.

Morse KL, Behan J, Laz TM, West RE, Jr., Greenfeder SA, Anthes JC, Umland S, Wan
Y, Hipkin RW, Gonsiorek W, Shin N, Gustafson EL, Qiao X, Wang S, Hedrick JA,
Greene J, Bayne M, Monsma FJ, Jr. (2001) Cloning and Characterization of a Novel
Human Histamine Receptor. J Pharmacol Exp Ther 296:1058-1066.

Myers MW, Kimbrell TA, Booe LQ, Freeman TW (2005) Weight loss and PTSD
symptom severity in former POWs. J Nerv Ment Dis 193:278-280.

Nader K, LeDoux J (1999) The dopaminergic modulation of fear: quinpirole impairs the
recall of emotional memories in rats. Behav Neurosci 113:152-165.

Nic Dhonnchadha BA, Hascoet M, Jolliet P, Bourin M (2003) Evidence for a 5-HT2A
receptor mode of action in the anxiolytic-like properties of DOI in mice. Behav Brain Res
147:175-184.

Nishijo H, Ono T, Nishino H (1988) Single neuron responses in amygdala of alert
monkey during complex sensory stimulation with affective significance. J Neurosci
8:3570-3583.

Nitecka L, Ben-Ari Y (1987) Distribution of GABA-like immunoreactivity in the rat
amygdaloid complex. J Comp Neurol 266:45-55.

Nonogaki K, Nozue K, Oka Y (2006) Increased hypothalamic 5-HT2A receptor gene
expression and effects of pharmacologic 5-HT2A receptor inactivation in obese Ay mice.
Biochemical and Biophysical Research Communications 351:1078-1082.

Nukina I, Glavin GB, LaBella FS (1987) Acute cold-restraint stress affects alpha 2-
adrenoceptors in specific brain regions of the rat. Brain Res 401:30-33.

Oda T, Morikawa N, Saito Y, Masuho Y, Matsumoto S (2000) Molecular cloning and
characterization of a novel type of histamine receptor preferentially expressed in
leukocytes. J Biol Chem 275:36781-36786.



173

Oei NY, Everaerd WT, Elzinga BM, van WS, Bermond B (2006) Psychosocial stress
impairs working memory at high loads: an association with cortisol levels and memory
retrieval. Stress 9:133-141.

Olivier B, van Oorschot R (2005) 5-HT 1B receptors and aggression: A review. European
Journal of Pharmacology 526:207-217.

Oquendo MA, Russo SA, Underwood MD, Kassir SA, Ellis SP, Mann JJ, Arango V
(2006) Higher Postmortem Prefrontal 5-HT2A Receptor Binding Correlates with
Lifetime Aggression in Suicide. Biological Psychiatry 59:235-243.

Orr SP, Metzger LJ, Pitman RK (2002) Psychophysiology of post-traumatic stress
disorder. Psychiatr Clin North Am 25:271-293.

Orr SP, Roth WT (2000) Psychophysiological assessment: clinical applications for PTSD.
J Affect Disord 61:225-240.

Ottenweller JE, Natelson BH, Pitman DL, Drastal SD (1989) Adrenocortical and
behavioral responses to repeated stressors: toward an animal model of chronic stress and
stress-related mental illness. Biol Psychiatry 26:829-841.

Ottenweller JE, Servatius RJ, Natelson BH (1994) Repeated stress persistently elevates
morning, but not evening, plasma corticosterone levels in male rats. Physiol Behav
55:337-340.

Ottenweller JE, Servatius RJ, Tapp WN, Drastal SD, Bergen MT, Natelson BH (1992) A
chronic stress state in rats: Effects of repeated stress on basal corticosterone and behavior.
Physiology & Behavior 51:689-698.

Pandey GN, Dwivedi Y, Rizavi HS, Ren X, Pandey SC, Pesold C, Roberts RC, Conley
RR, Tamminga CA (2002) Higher expression of serotonin 5-HT(2A) receptors in the
postmortem brains of teenage suicide victims. Am J Psychiatry 159:419-429.

Panula P, Pirvola U, Auvinen S, Airaksinen MS (1989) Histamine-immunoreactive nerve
fibers in the rat brain. Neuroscience 28:585-610.

Panula P, Yang HY, Costa E (1984) Histamine-containing neurons in the rat
hypothalamus. Proc Natl Acad Sci U S A 81:2572-2576.

Pare WP (1994) Open field, learned helplessness, conditioned defensive burying, and
forced-swim tests in WKY rats. Physiol Behav 55:433-439.

Park S, Harrold JA, Widdowson PS, Williams G (1999) Increased binding at 5-HT1A, 5-
HT1B, and 5-HT2A receptors and 5-HT transporters in diet-induced obese rats. Brain
Research 847:90-97.

Passani MB, Cangioli I, Baldi E, Bucherelli C, Mannaioni PF, Blandina P (2001)
Histamine H3 receptor-mediated impairment of contextual fear conditioning and in-vivo



174

inhibition of cholinergic transmission in the rat basolateral amygdala. Eur J Neurosci
14:1522-1532.

Pearlstein T (2000) Antidepressant treatment of posttraumatic stress disorder. J Clin
Psychiatry 61 Suppl 7:40-43.

Pehek EA, Nocjar C, Roth BL, Byrd TA, Mabrouk OS (2006) Evidence for the
preferential involvement of 5-HT2A serotonin receptors in stress- and drug-induced

dopamine release in the rat medial prefrontal cortex. Neuropsychopharmacology 31:265-
2717.

Pericic D (2003) Swim stress inhibits 5-HT2A receptor-mediated head twitch behaviour
in mice. Psychopharmacology (Berl) 167:373-379.

Pernar L, Curtis AL, Vale WW, Rivier JE, Valentino RJ (2004) Selective Activation of
Corticotropin-Releasing Factor-2 Receptors on Neurochemically Identified Neurons in
the Rat Dorsal Raphe Nucleus Reveals Dual Actions. J Neurosci 24:1305-1311.

Petty F, Kramer G, Wilson L (1992) Prevention of learned helplessness: in vivo
correlation with cortical serotonin. Pharmacol Biochem Behav 43:361-367.

Petty F, Kramer GL, Wu J (1997) Serotonergic modulation of learned helplessness. Ann
N'Y Acad Sci 821:538-541.

Pissiota A, Frans O, Fernandez M, von KL, Fischer H, Fredrikson M (2002)
Neurofunctional correlates of posttraumatic stress disorder: a PET symptom provocation
study. Eur Arch Psychiatry Clin Neurosci 252:68-75.

Pitman A, Herron P, Dyson P (2002) Cointegrate resolution following transposition of
Tn1792 in Streptomyces avermitilis facilitates analysis of transposon-tagged genes. J
Microbiol Methods 49:89-96.

Pitman RK, Orr SP, Shalev AY, Metzger LJ, Mellman TA (1999) Psychophysiological
alterations in post-traumatic stress disorder. Semin Clin Neuropsychiatry 4:234-241.

Pollard H, Moreau J, Arrang JM, Schwartz JC (1993) A detailed autoradiographic
mapping of histamine H3 receptors in rat brain areas. Neuroscience 52:169-189.

Pompeiano M, Palacios JM, Mengod G (1994) Distribution of the serotonin 5-HT2
receptor family mRNAs: comparison between 5-HT2A and 5-HT2C receptors. Brain Res
Mol Brain Res 23:163-178.

Protopopescu X, Pan H, Tuescher O, Cloitre M, Goldstein M, Engelien W, Epstein J,
Yang Y, Gorman J, LeDoux J, Silbersweig D, Stern E (2005) Differential time courses
and specificity of amygdala activity in posttraumatic stress disorder subjects and normal
control subjects. Biol Psychiatry 57:464-473.



175

Quirarte GL, Galvez R, Roozendaal B, McGaugh JL (1998) Norepinephrine release in
the amygdala in response to footshock and opioid peptidergic drugs. Brain Res 808:134-
140.

Raible DG, Schulman ES, DiMuzio J, Cardillo R, Post TJ (1992) Mast cell mediators
prostaglandin-D2 and histamine activate human eosinophils. J Immunol 148:3536-3542.

Rainnie DG, Asprodini EK, Shinnick-Gallagher P (1993) Intracellular recordings from
morphologically identified neurons of the basolateral amygdala. J Neurophysiol 69:1350-
1362.

Rainnie DG, Asprodini EK, Shinnick-Gallagher P (1991) Excitatory transmission in the
basolateral amygdala. J Neurophysiol 66:986-998.

Rainnie DG, Bergeron R, Sajdyk TJ, Patil M, Gehlert DR, Shekhar A (2004)
Corticotrophin releasing factor-induced synaptic plasticity in the amygdala translates
stress into emotional disorders. J Neurosci 24:3471-3479.

Rainnie DG (1999) Serotonergic Modulation of Neurotransmission in the Rat Basolateral
Amygdala. J Neurophysiol 82:69-85.

Rao MS, Raju TR (1995) Effect of chronic restraint stress on dendritic spines and
excrescences of hippocampal CA3 pyramidal neurons--a quantitative study. Brain Res
694:312-317.

Rauch SL, van der Kolk BA, Fisler RE, Alpert NM, Orr SP, Savage CR, Fischman AJ,
Jenike MA, Pitman RK (1996) A symptom provocation study of posttraumatic stress
disorder using positron emission tomography and script-driven imagery. Arch Gen
Psychiatry 53:380-387.

Rauch SL, Whalen PJ, Shin LM, Mclnerney SC, Macklin ML, Lasko NB, Orr SP, Pitman
RK (2000a) Exaggerated amygdala response to masked facial stimuli in posttraumatic
stress disorder: a functional MRI study. Biol Psychiatry 47:769-776.

Rauch SL, Whalen PJ, Shin LM, Mclnerney SC, Macklin ML, Lasko NB, Orr SP, Pitman
RK (2000b) Exaggerated amygdala response to masked facial stimuli in posttraumatic
stress disorder: a functional MRI study. Biol Psychiatry 47:769-776.

Reis DJ, LeDoux JE (1987) Some central neural mechanisms governing resting and
behaviorally coupled control of blood pressure. Circulation 76:12-19.

Richards MM, Banez GA, Dohil R, Stein MT (2006) Chronic constipation, atypical
eating pattern, weight loss, and anxiety in a 19-year old youth. J Dev Behav Pediatr
27:338-340.

Ripoll N, Hascoet M, Bourin M (2006) Implication of 5-HT2A subtype receptors in DOI
activity in the four-plates test-retest paradigm in mice. Behav Brain Res 166:131-139.



176

Risbrough B, Hauger L, MaryAnn P, Geyer A (2003) Role of corticotropin releasing
factor (CRF) receptors 1 and 2 in CRF-potentiated acoustic startle in mice.
Psychopharmacology V170:178-187.

Risbrough VB, Stein MB (2006) Role of corticotropin releasing factor in anxiety
disorders: A translational research perspective. Hormones and Behavior 50:550-561.

Robbins TW (2005) Controlling stress: how the brain protects itself from depression. Nat
Neurosci 8:261-262.

Rodriguez Manzanares PA, Isoardi NA, Carrer HF, Molina VA (2005) Previous stress
facilitates fear memory, attenuates GABAergic inhibition, and increases synaptic
plasticity in the rat basolateral amygdala. J Neurosci 25:8725-8734.

Rogan MT, LeDoux JE (1996) Emotion: Systems, Cells, Synaptic Plasticity. Cell 85:469-
475.

Rosel P, Arranz B, Urretavizcaya M, Oros M, San L, Navarro MA (2004) Altered 5-
HT2A and 5-HT4 postsynaptic receptors and their intracellular signalling systems IP3

and cAMP in brains from depressed violent suicide victims. Neuropsychobiology 49:189-
195.

Rosmond R, Bouchard C, BIORNTORP PER (2002a) Increased Abdominal Obesity in
Subjects with a Mutation in the 5-HT2A Receptor Gene Promoter. Ann NY Acad Sci
967:571-575.

Rosmond R, Bouchard C, Bjorntorp P (2002b) 5-HT2A Receptor Gene Promoter
Polymorphism in Relation to Abdominal Obesity and Cortisol. Obesity Res 10:585-589.

Roth BL, Palvimaki EP, Berry S, Khan N, Sachs N, Uluer A, Choudhary MS (1995) 5-
Hydroxytryptamine2 A (5-HT2A) receptor desensitization can occur without down-
regulation. J Pharmacol Exp Ther 275:1638-1646.

Royer S, Martina M, Pare D (1999) An inhibitory interface gates impulse traffic between
the input and output stations of the amygdala. J Neurosci 19:10575-10583.

Ryu JH, Yanai K, Sakurai E, Kim CY, Watanabe T (1995a) Ontogenetic development of
histamine receptor subtypes in rat brain demonstrated by quantitative autoradiography.
Brain Res Dev Brain Res 87:101-110.

Ryu JH, Yanai K, Sakurai E, Kim CY, Watanabe T (1995b) Ontogenetic development of
histamine receptor subtypes in rat brain demonstrated by quantitative autoradiography.
Brain Res Dev Brain Res 87:101-110.

Sananes CB, Davis M (1992) N-methyl-D-aspartate lesions of the lateral and basolateral
nuclei of the amygdala block fear-potentiated startle and shock sensitization of startle.
Behav Neurosci 106:72-80.



177

Sanders SK, Shekhar A (1995) Regulation of anxiety by GABAA receptors in the rat
amygdala. Pharmacology Biochemistry and Behavior 52:701-706.

Saphier D, Farrar GE, Welch JE (1995) Differential inhibition of stress-induced
adrenocortical responses by 5-HT1A agonists and by 5-HT2 and 5-HT3 antagonists.
Psychoneuroendocrinology 20:239-257.

Sapolsky RM (2003) Stress and plasticity in the limbic system. Neurochem Res 28:1735-
1742.

Sari Y (2004) SerotoninlB receptors: from protein to physiological function and behavior.
Neuroscience & Biobehavioral Reviews 28:565-582.

Saudou F, Hen R (1994) 5-Hydroxytryptamine receptor subtypes: molecular and
functional diversity. Adv Pharmacol 30:327-380.

Saxena PR (1995) Serotonin receptors: subtypes, functional responses and therapeutic
relevance. Pharmacol Ther 66:339-368.

Scarceriaux V, Souaze F, Bachelet CM, Forgez P, Bourdel E, Martinez J, Rostene W,
Pelaprat D (1996) Neurotensin receptor down-regulation induced by dexamethasone and

forskolin in rat hypothalamic cultures is mediated by endogenous neurotensin. J
Neuroendocrinol 8:587-593.

Schallek W, Schlosser W (1979) Neuropharmacology of sedatives and anxiolytics. Mod
Probl Pharmacopsychiatry 14:157-173.

Schlicker E, Kathmann M, Reidemeister S, Stark H, Schunack W (1994) Novel histamine
H3 receptor antagonists: affinities in an H3 receptor binding assay and potencies in two
functional H3 receptor models. Br J Pharmacol 112:1043-1048.

Schneider F, Weiss U, Kessler C, Muller-Gartner HW, Posse S, Salloum JB, Grodd W,
Himmelmann F, Gaebel W, Birbaumer N (1999) Subcortical correlates of differential

classical conditioning of aversive emotional reactions in social phobia. Biological
Psychiatry 45:863-871.

Schulz G, Stock G, Lambertz M, Langhorst P (1987) Amygdala neurons influence
cardiovascular reactions preceding psychomotor behavior. J Cardiovasc Pharmacol 10
Suppl 12:S177-S179.

Schwartz JC, Arrang JM, Garbarg M, Pollard H, Ruat M (1991b) Histaminergic
transmission in the mammalian brain. Physiol Rev 71:1-51.

Schwartz JC, Arrang JM, Garbarg M, Pollard H, Ruat M (1991a) Histaminergic
transmission in the mammalian brain. Physiol Rev 71:1-51.

Seligman ME, Beagley G (1975) Learned helplessness in the rat. ] Comp Physiol Psychol
88:534-541.



178

Seligman ME, Maier SF (1967) Failure to escape traumatic shock. J Exp Psychol 74:1-9.

Semple WE, Goyer PF, McCormick R, Donovan B, Muzic RF, Jr., Rugle L, McCutcheon
K, Lewis C, Liebling D, Kowaliw S, Vapenik K, Semple MA, Flener CR, Schulz SC
(2000) Higher brain blood flow at amygdala and lower frontal cortex blood flow in PTSD
patients with comorbid cocaine and alcohol abuse compared with normals. Psychiatry
63:65-74.

Servatius RJ, Ottenweller JE, Natelson BH (1995) Delayed startle sensitization
distinguishes rats exposed to one or three stress sessions: Further evidence toward an
animal model of PTSD. Biological Psychiatry 38:539-546.

Shekhar A, Truitt W, Rainnie D, Sajdyk T (2005) Role of stress, corticotrophin releasing
factor (CRF) and amygdala plasticity in chronic anxiety. Stress 8:209-219.

Sheline YI, Mintun MA, Barch DM, Wilkins C, Snyder AZ, Moerlein SM (2004)
Decreased hippocampal 5-HT(2A) receptor binding in older depressed patients using
[18F]altanserin positron emission tomography. Neuropsychopharmacology 29:2235-2241.

Shen RY, Andrade R (1998) 5-Hydroxytryptamine2 receptor facilitates GABAergic
neurotransmission in rat hippocampus. J Pharmacol Exp Ther 285:805-812.

Shimizu N, Oomura Y, Kai Y (1989) Stress-induced anorexia in rats mediated by
serotonergic mechanisms in the hypothalamus. Physiology & Behavior 46:835-841.

Shimizu N, Take S, Hori T, Oomura Y (1992) In vivo measurement of hypothalamic
serotonin release by intracerebral microdialysis: Significant enhancement by
immobilization stress in rats. Brain Research Bulletin 28:727-734.

Shin LM, McNally RJ, Kosslyn SM, Thompson WL, Rauch SL, Alpert NM, Metzger LJ,
Lasko NB, Orr SP, Pitman RK (1997) A positron emission tomographic study of
symptom provocation in PTSD. Ann N 'Y Acad Sci 821:521-523.

Shin LM, Orr SP, Carson MA, Rauch SL, Macklin ML, Lasko NB, Peters PM, Metzger
LJ, Dougherty DD, Cannistraro PA, Alpert NM, Fischman AJ, Pitman RK (2004)
Regional cerebral blood flow in the amygdala and medial prefrontal cortex during
traumatic imagery in male and female Vietnam veterans with PTSD. Arch Gen
Psychiatry 61:168-176.

Shin LM, Rauch SL, Pitman RK (2006) Amygdala, medial prefrontal cortex, and
hippocampal function in PTSD. Ann N 'Y Acad Sci 1071:67-79.

Shin LM, Wright CI, Cannistraro PA, Wedig MM, McMullin K, Martis B, Macklin ML,
Lasko NB, Cavanagh SR, Krangel TS, Orr SP, Pitman RK, Whalen PJ, Rauch SL (2005)
A functional magnetic resonance imaging study of amygdala and medial prefrontal cortex

responses to overtly presented fearful faces in posttraumatic stress disorder. Arch Gen
Psychiatry 62:273-281.



179

Silva-Gomez AB, Rojas D, Juarez I, Flores G (2003) Decreased dendritic spine density
on prefrontal cortical and hippocampal pyramidal neurons in postweaning social isolation
rats. Brain Res 983:128-136.

Simansky KJ (1996) Serotonergic control of the organization of feeding and satiety.
Behav Brain Res 73:37-42.

Simson PE, Weiss JM (1988) Altered activity of the locus coeruleus in an animal model
of depression. Neuropsychopharmacology 1:287-295.

Smagin GN, Howell LA, Redmann S, Jr., Ryan DH, Harris RB (1999) Prevention of
stress-induced weight loss by third ventricle CRF receptor antagonist. Am J Physiol
Regul Integr Comp Physiol 276:R1461-R1468.

Smith RL, Barrett RJ, Sanders-Bush E (1999) Mechanism of tolerance development to
2,5-dimethoxy-4-iodoamphetamine in rats: down-regulation of the 5S-HT2A, but not 5-
HT2C, receptor. Psychopharmacology (Berl) 144:248-254.

Southwick SM, Bremner JD, Rasmusson A, Morgan CA, III, Arnsten A, Charney DS
(1999a) Role of norepinephrine in the pathophysiology and treatment of posttraumatic
stress disorder. Biol Psychiatry 46:1192-1204.

Southwick SM, Krystal JH, Bremner JD, Morgan CA, III, Nicolaou AL, Nagy LM,
Johnson DR, Heninger GR, Charney DS (1997) Noradrenergic and serotonergic function
in posttraumatic stress disorder. Arch Gen Psychiatry 54:749-758.

Southwick SM, Morgan A, Nagy LM, Bremner D, Nicolaou AL, Johnson DR,
Rosenheck R, Charney DS (1993) Trauma-related symptoms in veterans of Operation
Desert Storm: a preliminary report. Am J Psychiatry 150:1524-1528.

Southwick SM, Paige S, Morgan CA, III, Bremner JD, Krystal JH, Charney DS (1999b)
Neurotransmitter alterations in PTSD: catecholamines and serotonin. Semin Clin
Neuropsychiatry 4:242-248.

Stanley M, Stanley B (1990) Postmortem evidence for serotonin's role in suicide. J Clin
Psychiatry 51 Suppl:22-28.

Staub DR, Evans AK, Lowry CA (2006) Evidence supporting a role for corticotropin-
releasing factor type 2 (CRF2) receptors in the regulation of subpopulations of
serotonergic neurons. Brain Research 1070:77-89.

Staub DR, Spiga F, Lowry CA (2005) Urocortin 2 increases c-Fos expression in
topographically organized subpopulations of serotonergic neurons in the rat dorsal raphe
nucleus. Brain Research 1044:176-189.

Stein C, Davidowa H, Albrecht D (2000) 5-HT(1A) receptor-mediated inhibition and 5-
HT(2) as well as 5-HT(3) receptor-mediated excitation in different subdivisions of the rat
amygdala. Synapse 38:328-337.



180

Stork O, Ji FY, Obata K (2002) Reduction of extracellular GABA in the mouse amygdala
during and following confrontation with a conditioned fear stimulus. Neurosci Lett
327:138-142.

Strohle A, Holsboer F (2003) Stress responsive neurohormones in depression and anxiety.
Pharmacopsychiatry 36 Suppl 3:S207-S214.

Stutzmann GE, LeDoux JE (1999) GABAergic Antagonists Block the Inhibitory Effects
of Serotonin in the Lateral Amygdala: A Mechanism for Modulation of Sensory Inputs
Related to Fear Conditioning. J Neurosci 19:8RC.

Stutzmann GE, McEwen BS, LeDoux JE (1998) Serotonin Modulation of Sensory Inputs
to the Lateral Amygdala: Dependency on Corticosterone. J Neurosci 18:9529-9538.

Sutker PB, Galina ZH, West JA, Allain AN (1990) Trauma-induced weight loss and
cognitive deficits among former prisoners of war. J Consult Clin Psychol 58:323-328.

Szinyei C, Heinbockel T, Montagne J, Pape HC (2000) Putative cortical and thalamic
inputs elicit convergent excitation in a population of GABAergic interneurons of the
lateral amygdala. J Neurosci 20:8909-8915.

Tachibana T, Tazawa M, Sugahara K (2001) Feeding increases 5-hydroxytryptamine and
norepinephrine within the hypothalamus of chicks. Comparative Biochemistry and
Physiology - Part A: Molecular & Integrative Physiology 130:715-722.

Talley EM, Sirois JE, Lei Q, Bayliss DA (2003) Two-pore-Domain (KCNK) potassium
channels: dynamic roles in neuronal function. Neuroscientist 9:46-56.

Tanaka T, Yokoo H, Mizoguchi K, Yoshida M, Tsuda A, Tanaka M (1991)
Noradrenaline release in the rat amygdala is increased by stress: studies with intracerebral
microdialysis. Brain Res 544:174-176.

Tanimoto S, Nakagawa T, Yamauchi Y, Minami M, Satoh M (2003) Differential
contributions of the basolateral and central nuclei of the amygdala in the negative
affective component of chemical somatic and visceral pains in rats. Eur J Neurosci
18:2343-2350.

Tardivel-Lacombe J, Rouleau A, Heron A, Morisset S, Pillot C, Cochois V, Schwartz JC,
Arrang JM (2000) Cloning and cerebral expression of the guinea pig histamine H3
receptor: evidence for two isoforms. Neuroreport 11:755-759.

Tasaka K, Kamei C, Akahori H, Kitazumi K (1985) The effects of histamine and some
related compounds on conditioned avoidance response in rats. Life Sci 37:2005-2014.

Taylor FB (2003) Tiagabine for posttraumatic stress disorder: a case series of 7 women. J
Clin Psychiatry 64:1421-1425.



181

Torda T, Kvetnansky R, Petrikova M (1985) Effect of repeated immobilization stress on
central and peripheral adrenoceptors in rats. Endocrinol Exp 19:157-163.

Tork I (1990) Anatomy of the serotonergic system. Ann N 'Y Acad Sci 600:9-34.

Torres LS, Gamaro GD, Vasconcellos AP, Silveira R, Dalmaz C (2002) Effects of
Chronic Restraint Stress on Feeding Behavior and on Monoamine Levels in Different
Brain Structures in Rats. Neurochemical Research V27:519-525.

Tsuchiya K, Inoue T, Izumi T, Hashimoto S, Koyama T (1996) Effects of footshock
stress on regional brain monoamine metabolism and the acquisition of conditioned
freezing in rats previously exposed to repeated methamphetamine. Prog
Neuropsychopharmacol Biol Psychiatry 20:1239-1250.

Van de Kar LD, Javed A, Zhang Y, Serres F, Raap DK, Gray TS (2001) 5-HT2A
Receptors Stimulate ACTH, Corticosterone, Oxytocin, Renin, and Prolactin Release and
Activate Hypothalamic CRF and Oxytocin-Expressing Cells. J Neurosci 21:3572-3579.

van Heeringen C, Audenaert K, Van Laere K, Dumont F, Slegers G, Mertens J, Dierckx
RA (2003) Prefrontal 5-HT2a receptor binding index, hopelessness and personality
characteristics in attempted suicide. Journal of Affective Disorders 74:149-158.

Van Nobelen M, Kokkinidis L (2006) Amygdaloid GABA, not glutamate
neurotransmission or mRNA transcription controls footshock-associated fear arousal in
the acoustic startle paradigm. Neuroscience 137:707-716.

van Praag HM (2004b) Can stress cause depression? Progress in Neuro-
Psychopharmacology and Biological Psychiatry 28:891-907.

van Praag HM (2004a) The cognitive paradox in posttraumatic stress disorder: a
hypothesis. Progress in Neuro-Psychopharmacology and Biological Psychiatry 28:923-
935.

van Riel E, Meijer OC, Steenbergen PJ, Joels M (2003) Chronic unpredictable stress
causes attenuation of serotonin responses in cornu ammonis 1 pyramidal neurons.
Neuroscience 120:649-658.

Varty GB, Bakshi VP, Geyer MA (1999) M100907, a serotonin 5-HT2A receptor
antagonist and putative antipsychotic, blocks dizocilpine-induced prepulse inhibition
deficits in Sprague-Dawley and Wistar rats. Neuropsychopharmacology 20:311-321.

Vermes I, Telegdy G (1977) Effect of stress on activity of the serotoninergic system in
limbic brain structures and its correlation with pituitary-adrenal function in the rat. Acta
Physiol Acad Sci Hung 49:37-44.

Vermetten E, Bremner JD (2002) Circuits and systems in stress. I. Preclinical studies.
Depress Anxiety 15:126-147.



182

Vieweg WV, Julius DA, Fernandez A, Beatty-Brooks M, Hettema JM, Pandurangi AK
(2006) Posttraumatic Stress Disorder: Clinical Features, Pathophysiology, and Treatment.
The American Journal of Medicine 119:383-390.

Villarreal G, King CY (2001) Brain imaging in posttraumatic stress disorder. Semin Clin
Neuropsychiatry 6:131-145.

Vollenweider FX, Csomor PA, Knappe B, Geyer MA, Quednow BB (2007) The Effects
of the Preferential 5-HT2A Agonist Psilocybin on Prepulse Inhibition of Startle in
Healthy Human Volunteers Depend on Interstimulus Interval.
Neuropsychopharmacology.

Vorobjev VS, Sharonova IN, Walsh IB, Haas HL (1993) Histamine potentiates N-
methyl-D-aspartate responses in acutely isolated hippocampal neurons. Neuron 11:837-
844.

Vouimba RM, Munoz C, Diamond DM (2006) Differential effects of predator stress and
the antidepressant tianeptine on physiological plasticity in the hippocampus and
basolateral amygdala. Stress 9:29-40.

Vyas A, Bernal S, Chattarji S (2003) Effects of chronic stress on dendritic arborization in
the central and extended amygdala. Brain Res 965:290-294.

Vyas A, Jadhav S, Chattarji S (2006) Prolonged behavioral stress enhances synaptic
connectivity in the basolateral amygdala. Neuroscience.

Vyas A, Mitra R, Shankaranarayana Rao BS, Chattarji S (2002) Chronic stress induces
contrasting patterns of dendritic remodeling in hippocampal and amygdaloid neurons. J
Neurosci 22:6810-6818.

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

Wada Y, Shiraishi J, Nakamura M, Koshino Y (1996) Biphasic action of the histamine
precursor L-histidine in the rat kindling model of epilepsy. Neurosci Lett 204:205-208.

Walker DL, Davis M (1997) Double Dissociation between the Involvement of the Bed
Nucleus of the Stria Terminalis and the Central Nucleus of the Amygdala in Startle
Increases Produced by Conditioned versus Unconditioned Fear. J Neurosci 17:9375-9383.

Washburn MS, Moises HC (1992) Electrophysiological and morphological properties of
rat basolateral amygdaloid neurons in vitro. J Neurosci 12:4066-4079.

Weisstaub NV, Zhou M, Lira A, Lambe E, Gonzalez-Maeso J, Hornung JP, Sibille E,
Underwood M, Itohara S, Dauer WT, Ansorge MS, Morelli E, Mann JJ, Toth M,
Aghajanian G, Sealfon SC, Hen R, Gingrich JA (2006) Cortical 5-HT2A Receptor
Signaling Modulates Anxiety-Like Behaviors in Mice. Science 313:536-540.



183

Wellendorph P, Goodman MW, Burstein ES, Nash NR, Brann MR, Weiner DM (2002)
Molecular cloning and pharmacology of functionally distinct isoforms of the human
histamine H(3) receptor. Neuropharmacology 42:929-940.

West RE, Jr., Zweig A, Shih NY, Siegel MI, Egan RW, Clark MA (1990) Identification
of two H3-histamine receptor subtypes. Mol Pharmacol 38:610-613.

Williams GV, Rao SG, Goldman-Rakic PS (2002) The Physiological Role of 5-HT2A
Receptors in Working Memory. J Neurosci 22:2843-2854.

Williams LM, Kemp AH, Felmingham K, Barton M, Olivieri G, Peduto A, Gordon E,
Bryant RA (2006) Trauma modulates amygdala and medial prefrontal responses to
consciously attended fear. Neuroimage 29:347-357.

Wolfe BE, Metzger E, Jimerson DC (1997) Research update on serotonin function in
bulimia nervosa and anorexia nervosa. Psychopharmacol Bull 33:345-354.

Wu J, Kramer GL, Kram M, Steciuk M, Crawford IL, Petty F (1999) Serotonin and
learned helplessness: a regional study of 5-HT1A, 5-HT2A receptors and the serotonin
transport site in rat brain. J Psychiatr Res 33:17-22.

Wurtman RJ (2005) Genes, stress, and depression. Metabolism 54:16-19.

Xiang Z, Wang L, Kitai ST (2005) Modulation of Spontaneous Firing in Rat Subthalamic
Neurons by 5-HT Receptor Subtypes. J Neurophysiol 93:1145-1157.

Xu T, Pandey SC (2000) Cellular localization of serotonin2A (SHT2A) receptors in the
rat brain. Brain Research Bulletin 51:499-505.

Yang QZ, Hatton GI (1994) Histamine mediates fast synaptic inhibition of rat supraoptic
oxytocin neurons via chloride conductance activation. Neuroscience 61:955-964.

Yaniv D, Desmedt A, Jaffard R, Richter-Levin G (2004) The amygdala and appraisal
processes: stimulus and response complexity as an organizing factor. Brain Res Brain
Res Rev 44:179-186.

Yehuda R, Southwick S, Giller EL, Ma X, Mason JW (1992) Urinary catecholamine
excretion and severity of PTSD symptoms in Vietnam combat veterans. J Nerv Ment Dis
180:321-325.

Yorbik O, Birmaher B, Axelson D, Williamson DE, Ryan ND (2004) Clinical
characteristics of depressive symptoms in children and adolescents with major depressive
disorder. J Clin Psychiatry 65:1654-1659.

Zald DH (2003) The human amygdala and the emotional evaluation of sensory stimuli.
Brain Res Brain Res Rev 41:88-123.



184

Zhang L, Li PP, Feng X, Barker JL, Smith SV, Rubinow DR (2003) Sex-related
differences in neuronal cell survival and signaling in rats. Neurosci Lett 337:65-68.

Zhang Y, Damjanoska KJ, Carrasco GA, Dudas B, D'Souza DN, Tetzlaff J, Garcia F,
Hanley NRS, Scripathirathan K, Petersen BR, Gray TS, Battaglia G, Muma NA, Van de
Kar LD (2002) Evidence That 5-HT2A Receptors in the Hypothalamic Paraventricular
Nucleus Mediate Neuroendocrine Responses to (-)DOI. J Neurosci 22:9635-9642.

Zhou FM, Hablitz JJ (1999) Activation of serotonin receptors modulates synaptic
transmission in rat cerebral cortex. J Neurophysiol 82:2989-2999.

Zinebi F, Russell RT, McKernan M, Shinnick-Gallagher P (2001) Comparison of paired-
pulse facilitation of AMPA and NMDA synaptic currents in the lateral amygdala.
Synapse 42:115-127.

Zucker RS (1989) Short-term synaptic plasticity. Annu Rev Neurosci 12:13-31.

Zucker RS, Regehr WG (2002) Short-term synaptic plasticity. Annu Rev Physiol 64:355-
405.



