Three Paradigms of Emotional Learning Differentially Affect Brainstem, Hypothalamic,
and Limbic Circuits in the Rat

by

Elizabeth Anne Myers

Bachelor of Science, University of Pittsburgh, 2002

Submitted to the Graduate Faculty of

Faculty of Arts and Sciences in partial fulfillment

of the requirements for the degree of

Master of Science

University of Pittsburgh

2004



UNIVERSITY OF PITTSBURGH

FACULTY OF ARTS AND SCIENCES

This dissertation was presented

by

Elizabeth Anne Myers

It was defended on

June 29, 2004

and approved by

Anthony Grace, Ph.D.

John P. Card, Ph.D.

Linda Rinaman, Ph.D.
Thesis Director

il



Three Paradigms of Emotional Learning Differentially Affect Brainstem, Hypothalamic,
and Limbic Circuits in the Rat

Elizabeth A. Myers, M.S.

University of Pittsburgh, 2004

Noradrenergic (NA) signaling in limbic forebrain regions, such as the central nucleus of
the amygdala (CeA), shapes the encoding and expression of emotional learning, and modulates
responses to stress and anxiety. The present study examined whether categorically different
emotional stress models, [cholecystokinin (CCK), trimethylthiazoline (TMT), and yohimbine
(YO)] support behaviorally aversive conditioning and differentially activate CRH-positive
neurons in the hypothalamus, medullary and pontine NA neurons, and ascending inputs to the
CeA. A conditioned flavor avoidance (CFA) paradigm using a flavor preference test was
implemented as a measure of aversive conditioning for each stressor. In a terminal experiment,
rats received either an injection of CCK (10 pg/kg, i.p.), YO (5§ mg/kg. i.p.), or 15 min exposure
to an aversive odor, TMT, and were perfused 60-120 min later. In a subset of rats, retrograde
neural tracer was microinjected into the CeA prior to stressor treatment and perfusion.
Brainstem and forebrain sections were processed for immunocytochemical localization of cFos
and either dopamine beta hydroxylase (DBH) to identify NA neurons, corticotropin-releasing
hormone (CRH), or neural tracer to identify hindbrain CeA-projecting neurons. All stressors
activated hypothalamic CRH neurons, produced a relatively strong CFA in a 2-bottle choice test,
and recruited similar proportions of CeA-projecting neurons arising from the parabrachial

nucleus, a projection path critical for this behavioral paradigm. All stressors recruited NA
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neurons within the medullary A2 cell group to a similar extent, whereas those in the medullary
A1l cell group and pontine A6 cell group were recruited more selectively by TMT and YO
compared to CCK. Afferent inputs to the CeA arising in these hindbrain cell groups were
activated in a parallel manner, with TMT and YO recruiting a much greater proportion of CeA-
projecting neurons in the Al and A6 cell groups. These findings lend support to the working
hypothesis that different emotional stimuli may potentially influence emotional learning via
stressor-specific ascending NA projection pathways to the CeA. In general, elucidating stressor-
specific neural circuitry may provide new insight into how to design effective therapeutic

measures for a wide range of human disorders and conditions involving the NA system.
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1. Chapter 1: General Introduction

Stress: A Brief Historical Perspective

In 1936, endocrinologist, Hans Selye marked his pivotal role in the development of the
stress concept when he coined and defined the term stress as “the body’s nonspecific response to
a demand placed on it,” and named its causal agents, stressors (Selye 1936, 1946). Prior to
Selye’s hypothesis, physiologist Walter Cannon had put forth the widely accepted notion that a
primal sympathoadrenal system was activated in response to external challenges placed on the
body (Cannon 1929). Cannon noted that both physical and emotional disturbances alike elicited
this response from an organism. Selye’s concept of stress greatly extended upon Cannon’s
theory and shifted attention to the additional important role of the hypophysis in generating
responses to stress. Notably, today this is the hallmark biological system most often associated
with the body’s response to stress and elevated activity of this neuroendocrine axis is now
generally accepted as a valid “operational” definition of stress. However, the validity of Selye’s
ideas and the use of this definition of stress have since been questioned as significant advances
have been made in stress research.

Despite significant development in this field and subsequent attempts by other
researchers to adequately define the abstract concept of stress, there still abounds considerable
ambiguity in the meaning of the word. Nevertheless, stress is something that is experienced by
all living organisms. In humans, stress is linked to the underlying pathophysiology of a wide
array of psychiatric disorders and medical problems prevalent among the general population,
including hypertension, irritable bowel syndrome, depression, and numerous anxiety-related

disorders. Consequently, gaining a solid understanding of the neural correlates of stress and



anxiety through elucidation of the underlying brain circuits involved in mediating emotional
responses will provide important insight into the brain mechanisms by which stress and anxiety
can influence physiology and behavior. Moreover, expounding the specific neural systems
involved may suggest better treatments strategies and offer more effective therapeutic outcomes

for these relatively prevalent disorders.

The Stress Response

Stress responses involve specific somatic (behavioral), autonomic, and neuroendocrine
adjustments that may be interpreted as adaptive mechanisms to improve an organism’s ability to
maintain homeostasis and increase its chances of survival. In animals, behavioral responses
often include the promotion of adaptive mechanisms such as fighting, fleeing, freezing, increased
alertness, nausea, as well as the inhibition of nonadaptive mechanisms including feeding and
reproduction. In humans, behavioral responses to stress frequently consist of health-related
behaviors such as substance abuse, eating problems, alcohol consumption, smoking, and
generalized feelings of anxiety. These behavioral responses are intricately tied with
physiological responses to stress; thus, each has the potential to influence the other, which is
often detrimental to an organism’s well being.

The autonomic component of the stress response includes the immediate release of
catecholamines (epinephrine/norepinephrine) from the sympathetic nervous system and the
associated adrenal medulla. This sympathetic arousal provides an organism with a rapidly
responding global alarm mechanism that initiates a fight or flight response, which serves as an
adaptive strategy for an organism to deal with an imposing threat. A longer sustaining and

delayed-onset physiological response to stress is generated by the neuroendocrine hypothalamo-



pituitary adrenal (HPA) axis. HPA activation is regulated primarily by a discreet population of
neurons in the hypothalamic medial parvocellular parventricular nucleus (mpPVN). Upon
stimulation from a converging set of neural inputs, this population of neurons releases
corticotropin-releasing hormone (CRH) and arginine vasopressin (AVP) directly into a
specialized pituitary portal circulation. This specialized blood supply allows CRH to target
endocrine cells of the anterior pituitary and promotes the release of adrenocorticotropin (ACTH)
which, in turn, potentiates both the synthesis and secretion of glucocorticoids [mainly
corticosterone (CORT) in rats and cortisol in humans] from the adrenal cortex. Glucocorticoids
are released into the general circulation and act on receptors distributed throughout the brain to
help maintain the fight or flight response and to limit the magnitude of the HPA stress response.
Together, the autonomic and neuroendocrine components of the stress response act in a
coordinated fashion to provide the necessary neurohumoral adaptations for an organism to

maintain homeostasis in the face of threatening stimuli.

Stressor Categorization

A wide range of experimental stimuli (i.e., stressors) induce stereotypical behavioral and
physiological responses in both animals and humans, yet an enigma surrounds the question of
whether the brain deals with such stimuli in a categorical fashion. Consistent with this view is
the notion that if the brain discriminates between different types of stressors, these stimuli should
elicit category-specific patterns of neural activity in the central nervous system (Dayas et al.,
2001). This hypothesis was first proposed by Fortier in 1951 to explain why stimuli such as
epinephrine, cold, and histamine could elicit corticosteroid release when the pituitary was

removed while stimuli such as immobilization and sounds required an intact pituitary to generate



such responses (reviewed in Herman et al., 2003; Fortier 1951). In more recent years, Herman’s
group suggests that there are two general categories of stressors the brain may recognize that are,
in part, defined by a general underlying neural circuitry: limbic-insensitive and limbic-sensitive
stress pathways. However, Herman’s group is careful to point out that it is important to
understand that the distinction made between these general classifications does not assume that
all stressors within each category use identical circuitry. Limbic-insensitive stress pathways are
most responsive to stressors that pose an immediate threat to homeostasis, involve direct inputs
to the PVN via visceral efferent pathways, and do not require higher order cognitive processing
or limbic appraisal. Stimuli that fall into this general category are often termed systemic,
physical or interoceptive stressors, and include models such as hemorrhage, immune challenge
(IL-1B), hypoxia, and supraphysiological doses of cholecystokinin (CCK). In contrast, limbic-
sensitive stress pathways are most responsive to stressors that do not pose an immediate threat to
physiological homeostasis, induce anticipation of suffering, require limbic appraisal, and
necessitate assembly and processing from multiple sensory modalities prior to the initiation of a
stress response. Stimuli that are placed in this category are widely termed processive,
neurogenic, psychogenic, or exteroceptive stressors, and often include models such as predator-
related stimuli (i.e., live exposure or odor cues), novelty, and restraint stress (Herman and
Cullinan 1997).

In view of this, HPA responses to restraint, fear conditioning, or exposure to a novel
environment are affected by lesions of the prefrontal cortex and amygdala, whereas HPA
responses to physiologic threats such as ether or hypoxia are unaffected by lesions of the limbic
system (Herman and Cullinan 1997). These findings suggest that although the physiological

responses (i.e., autonomic and neuroendocrine adjustments) are a common feature observed



among different stressors, the underlying neural circuitry that governs such responses may vary
depending on the nature of the stimulus involved. Whereas such classifications make discussing
general differences among stressor paradigms an easier task for researchers, it is important to
point out that numerous stressors are not easily placed into either of these general categories, and

consequently, may recruit overlapping neural circuitry.

The Amygdala, Emotional Learning, and Stress

Stressors are often discussed as being “emotionally arousing stimuli” that impose a
challenge on an organism and generate an emotional response that emerges as a wide array of
behavioral output. = According to LeDoux, emotions can be operationally defined as
“unconscious biological functions of the brain that are essential for the survival of all living
organisms.” For example, the emotion of fear and the associated fight or flight response is
essential to an animal avoiding a predator in the wild (LeDoux 1996).

The hypothalamus was once implicated as a key subcortical region in emotional
processing; however, this notion was challenged when Weiskrantz published a seminal paper
that first proposed the amygdala to be the centerpiece of the neural networks implicated in
recognizing and responding to threats (Weiskrantz 1956). The amygdala appears to play an
essential role in detecting emotionally arousing stimuli, generating subsequent emotional
responses, and mediating emotional learning and the formation of emotional memories
concerning such stimuli. In particular, the amygdala is implicated to play a role in a form of
Pavlovian conditioning: fear conditioning. In Pavlovian fear conditioning, an emotionally
neutral conditioned stimulus (CS), usually a tone or flavor in the case of flavor avoidance

learning, is presented in conjunction with an aversive unconditioned stimulus (US), such as



footshock or exposure to an aversive odor. After single or multiple pairings, the CS comes to
elicit responses that typically are observed with the US, such as defensive behavior (i.e., freezing
or avoidance responses), changes in physiological parameters such as heart rate and blood
pressure, and neuroendocrine responses (LeDoux 2003). Various studies report that lesions of
the amygdala in various species suppress fear-related behaviors and disrupt fear conditioning
(reviewed in Davis 1992a,b). Specifically, the central nucleus of the amygdala (CeA) appears to
be necessary for the acquisition and expression of fear and anxiety responses to conditioned and
short duration unconditioned stimuli. Evidence in support of this comes from lesion studies
which demonstrate that lesions of the CeA disrupt behavioral, autonomic, and neuroendocrine
responses to conditioned fear (LeDoux et al., 1984, 1986, 1995). Furthermore, the CeA is
implicated as an essential brain region for condition taste aversion learning (Lasiter and
Glanzman 1985; Lamprecht and Dudai 1996; Yamamoto et al., 1997).

Although a large body of literature focuses on the role of the amygdala in producing
conditioned fear responses, a few studies suggest that this structure is additionally important for
generating unconditioned fear responses. The role of specific amygdaloid nuclei in
unconditioned fear responses is less understood, as experiments addressing this question have
produced mixed results. For example, in one study large amygdala lesions or those that damaged
the cortical medial, and in some cases the CeA, blocked a reliable measure of innate fear in that
these lesions dramatically increased the number of contacts rats made with a sedated cat
(reviewed in Davis 2001; Blanchard and Blanchard 1972). In another study, electrolytic or
chemical lesions of the CeA attenuated increases in plasma CORT produced by restraint stress
(Beaulieu et al., 1987; Van de Kar et al.,, 1991) and blocked unconditioned analgesia to cat

exposure or footshock (Fox and Sorenson 1994; Werka 1997). In contrast, a recent study



examined the effects of lesions to the CeA and medial amygdala (MeA) on cat odor-induced
unconditioned fear. The findings of the study revealed that fiber-sparing lesions of the MeA, but
not the CeA, disrupted unconditioned fear behavior (i.e., freezing) in response to predator odor
(Chun-I et al., 2004). This finding is not surprising given the known direct chemosensory
information pathway directly from the accessory and main olfactory bulbs to the MeA (Scalia
and Winans 1975). Given these mixed results, one view of the role of the amygdala in fear
conditioning suggests that the amygdala is selectively involved in the mediation of
unconditioned fear responses.

Information from external stimuli can trigger emotional responses without conscious
awareness via direct pathways to the amygdala through the gateway for sensory information, the
thalamus. The lateral nucleus of the amygdala receives critical information about conditioned
and aversive unconditioned stimuli from converging neural inputs, and then relays this
information to the CeA, where a learned association is formed between the two stimuli.
Subsequent neural transmission from the CeA to hypothalamic and brainstem areas involved in
stress and anxiety coordinates the behavioral, neuroendocrine, and autonomic responses that
form an integrated emotional response (Gallagher and Chiba 1996). Selective damage to these
CeA output areas can interrupt the expression of individual responses. For example, damage to
the periaqueductal gray interferes with freezing behavioral responses but not blood pressure
responses whereas damage to the lateral hypothalamus disrupts autonomic, but not behavioral
responses (LeDoux et al., 1988). Selective lesions of the CeA also decrease ACTH and CORT
responses to immobilization and fear conditioning (Beaulieu et al., 1987; Van der Kar et al.,
1991), and reduce the number of CRH neurons expressing cFos (a marker of neuronal activation)

in the PVN following immune challenge (Xu et al., 1999). Interestingly, other reports suggest



that CeA lesions do not have an effect on HPA axis regulation. For example, in one study
ACTH release and PVN cFos expression appear to be unaltered by CeA lesions in restrained
animals (Dayas et al., 1999). Perhaps, variations in the experimental design used across different
studies may contribute to the inconsistent results observed with different stress stimuli.
Furthermore, stress responses to certain stimuli are differentially affected by lesions of different
divisions of the CeA (Marchilhac and Siaud 1996). A more probable and widely debated notion
is that the CeA is involved in generating stress responses to selective stimuli as selective
induction of cFos is observed in the CeA following hemorrhage and infusion of cytokines
(Sawchenko et al., 1996; Thrivikraman et al., 1997), whereas little cFos expression is seen

following foot shock or restraint stress (Cullinan et al., 1995; Sawchenko et al., 1996).

Role of Viscerosensory Feedback

Emotional and cognitive functions of the brain are intimately tied with the autonomic
nervous system (ANS). For example, we often use expressions such as there are “butterflies in
my stomach” or my “stomach is tied in knots” when we experience a stressful situation (Mayer
et al.,, 2000). Exteroceptive stimuli (i.e., external to the body) have the ability to generate
interoceptive stress-related signals within the body that provide important feedback on
autonomic, neuroendocrine, and behavioral outputs of brain regions involved in emotional
processing. In contrast to signals processed by our special senses (i.e., olfaction, audition,
vision), the majority of interoceptive feedback signals do not reach conscious awareness.

States of peripheral autonomic arousal are represented within several key brain regions
that are also implicated in emotional processing (Critchley et al., 2000, 2001), including

brainstem viscerosensory nuclei, the hypothalamus, BNST, and CeA, which is implicated in the



generation of autonomic arousal in response to conditioned fear stimuli (LeDoux 1992). The
positioning of these select brain regions throughout the neuroaxis, and their reciprocal
interconnections, forms a central autonomic network (Benarroch 1993), which plays a pivotal
role in mediating changes in bodily states that influence ongoing emotional experience. A recent
clinical report provides compelling evidence that the ANS greatly influences our emotions by
showing that the absence of peripheral autonomic arousal, in patients with pure autonomic
failure (PAF), leads to decreased fear conditioning-related anxiety in the amygdala (Critchley et
al., 2001, 2002). Importantly, the amygdala receives direct neural input from brainstem
viscerosensory nuclei including the hindbrain nucleus of the solitary tract (NST; the sensory
nucleus of the dorsal vagal complex, ventrolateral medulla (VLM), and pontine parabrachial
nucleus (PBN). Specifically, primary sensory afferents from peripheral visceroreceptors course
through the vagus nerve and terminate in the NST, the first brainstem synaptic relay by which
subsequent transmission of interoceptive feedback to forebrain limbic brain regions occurs
(Spyer 1982; Ciriello and Calaresu 1980; Kannan and Yamashita 1985). This notion suggests
that all categories of stress likely induce both neuroendocrine and autonomic alterations that
generate subsequent interoceptive feedback which can influence emotional processing in the

brain.

Ascending neural inputs to the CeA

There is growing evidence to suggest that noradrenergic (NA) transmission in the CeA
plays a central role in integrating somatic and interoceptive (neuroendocrine and autonomic)
responses during adaptive responses to stress and anxiety, and is important for conditioned

learning and the encoding of memories for emotionally provoking experiences (Williams et al.,



2000; Zardetto-Smith and Gray 1990). The majority of catecholaminergic (i.e., noradrenergic or
adrenergic) inputs to the CeA arise from the aforementioned dorsomedial and ventromedial
medullary regions including the NST (A2/C2 NA cell group), and VLM (A1/C1 NA cell group).
The CeA, in addition to other limbic forebrain regions, contains a high density of adrenergic
receptors in divisions that receive input from the NST and VLM (Sawchenko and Swanson 1982;
ETC Jr. et al.,, 1990). Other catecholaminergic inputs to the CeA arise from the locus coeruleus
(LC; A6 cell group), although to a lesser extent than those arising in the caudal medulla
(Zardetto-Smith and Gray 1990, 1995). The LC projects directly to the CeA as well as several
other subnuclei of the amygdala (Nitecka et al., 1980) whereas inputs from the NST and VLM
appear to be more selective for the CeA. Specifically, catecholaminergic CeA-projecting
neurons of the NST are primarily noradrenergic (A2 neurons) whereas a substantial proportion of
the VLM catecholaminergic projections to the CeA arise from adrenergic cells of the C1 group
(Zardetto-Smith and Gray 1990, 1995).  Importantly, these hindbrain inputs to the CeA are
largely reciprocal and highly interconnected.

The parabrachial nucleus (PBN) of the pons also provides a massive non-
catecholaminergic reciprocal innervation of the CeA, PVN, and bed nucleus of the stria
terminalis (BNST) that potentially shapes stress and anxiety-related responses. Similar to the
amygdala, the PBN is clearly necessary for the acquisition of conditioned taste/flavor
aversion/avoidance learning as evidenced through various lesion studies (Sakai and Yamamoto
1998; Grigson et al., 1998; Reilly 1999; Wang and Chambers 2002). Furthermore, bidirectional
projections between the PBN and CeA form a well-defined classical viscerosensory neural
circuit (Fulwiler and Saper 1984; Van der Kooy et al., 1984; Veening et al., 1984; Jhamandas et

al., 1996). The PBN contains neurons immunoreactive for a wide array of stress-related
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neuropeptides, that are implicated as key components in relaying visceral information to the
PVN and CeA from the periphery (Saper and Loewy, 1980; Herbert and Saper 1990; Jia et al.,
1994; Norgren 1995). Afferent inputs to the CeA arising from the PBN are primarily calcitonin
gene related peptide-positive neurons (Schwaber et al., 1988). The lateral viscerosensory PBN,
including the external lateral division, receives dense inputs from both NA and non-NA neuronal
populations (i.e., peptidergic cell populations) located within the NST (Shapiro and Miselis,
1985; Herbert and Saper 1990; Jia et al., 1994).

The NST serves as the first brainstem synaptic relay for a large number of viscerosensory
and gustatory afferents coming from the periphery (via the vagus nerve); thus, it is adequately
positioned to signal feedback relating to peripheral physiological changes following an
emotionally arousing event through direct NA input to forebrain regions, including the limbic
forebrain, and through indirect input to these forebrain areas via non-catecholaminergic

projections routed through the PBN.

Mechanisms of CeA influence on the hypothalamus

Interestingly, though the CeA appears to have pronounced influences on HPA function, it
has sparse direct neural projections to the PVN (Gray et al., 1989). Therefore, the neural
mechanisms by which the CeA governs HPA function are currently unclear. One view is that the
CeA has the potential to contribute to HPA function via indirect neuronal pathways that do
provide direct projections to the mpPVN.

For example, the CeA provides direct neural input, via the stria terminalis, to the BNST
(Sun et al., 1991; Petrovich and Swanson 1997), a subcortical limbic region that densely

innervates the parvocellular portion of the PVN (Sawchenko and Swanson 1983; Magnuson and
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Gray 1989) and has strong connections with brainstem viscerosenosry nuclei, including the NST
and PBN (Dong et al., 2001). Furthermore, many studies implicate a role for the BNST in
anxiety responses to unconditioned anxiety (reviewed in Walker et al., 2003) and suggest that it
contributes to the shaping of HPA responses (Dunn 1987). The oval and fusiform subnuclei of
the lateral BNST, in particular, have been implicated in behavioral and endocrine responses to
both exterocpetive and interoceptive stress (Casada and Dafny 1991; Pacak et al., 1995; Crane et
al., 2003). Interestingly, the BNST is often thought of as a continuum of the CeA as they are
anatomically, neurochemically, cytoarchitectonically, and embryologically related, and project to
a common set of target areas (Alheid et al., 1995). However, the BNST is more generally
implicated in stress-induced anxiety as opposed to fear, insofar as fear is triggered by an
immediate threat whereas anxiety is often a prolonged state of apprehension and increased
vigilance unrelated to immediate environmental threats (Walker et al., 2003).

As previously described, the CeA is also reciprocally interconnected with dorsomedial
and ventromedial hindbrain catecholaminergic cell groups. These select hindbrain
catecholamine-producing pathways not only provide important afferent drive to the CeA, but
also supply direct input to CRH-containing neurons of the mpPVN. Consonant with this view, it
has been reported that many different types of stress stimuli recruit these medullary
noradrenergic cell groups (Ceccatelli et al., 1989; Sawchenko et al., 2000) and that these stimuli
orchestrate HPA function. An excitatory role for these ascending catecholaminergic inputs on
the PVN is supported by studies that show stimulation of the central noradrenergic bundle, which
includes ascending axons from the A1/A2 medullary cell groups, initiates CRH release into
portal blood (Plotsky 1987), and deafferentation of these inputs to the PVN inhibits cFos protein

in CRH neurons following immune challenge (Li et al., 1996). Together, this afferent drive to
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the CeA and PVN is presumed to play an important role in shaping emotional learning and

modulating behavioral and neuroendocrine responses to stress and anxiety.

Aims of Study

While it is clear that afferent inputs from the NST, VLM, LC, and PBN to the limbic
forebrain play an important role in mediating stress and anxiety, it is currently unclear whether
CeA-projecting inputs from these cell groups are differentially activated by categorically
different paradigms of emotional learning (i.e., interoceptive vs exteroceptive stimuli). The
present study investigated behavioral responses related to stress and anxiety, and possible
correlating central patterns of neural activation in adult rats following presentation of three
different stressors: administration of an aversive visceral stimulus [(cholecystokinin (CCK)],
exposure to an aversive odor stimulus [trimethylthiazoline (TMT)], and systemic treatment with
an anxiogenic pharmacological agent [yohimbine (YO)].

To achieve these objectives, a comparative analysis on the effects of each stressor was
carried out by implementing a behavioral conditioning paradigm and by using
immunocytochemical detection methods in order to label dual cFos and neuronal phenotypic
markers. The cFos protein product of the c-fos immediate early gene is used in this study as a
marker of stimulus-induced neuronal activity, as this gene accumulates in nuclei of stimulated
neurons (Sagar et al., 1988) and is now well established as a relatively reliable marker of
neuronal activity (Kovacs 1998). Neuronal phenotypical analysis centered on stressor-induced
activation of CRH-positive neurons in the hypothalamus, activation of medullary and pontine
NA neurons, and activation of ascending neural inputs to the CeA. The rationale for undertaking

this investigation was that our experimental findings might identify the potential overlapping vs.
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differential central neural mechanisms which underlie the observed behavioral responses
associated with these three categorically different stressor paradigms. Elucidating stressor-
specific neural circuitry may provide us with new insights into how to design effective

treatments for a wide range of human disorders.
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2. Chapter 2: Viscerosensory Activation of Noradrenergic Inputs to the Amygdala in
Rats

Norepinephrine (NE) acts in the amygdala to regulate processes underlying acquisition and
expression of emotional learning. The present study investigated whether stimulation of gastric
vagal sensory afferents activates neurons immunoreactive for the NE synthetic enzyme,
dopamine beta hydroxylase (DBH), in medullary and pontine cell groups that innervate the
central nucleus of the amygdala (CeA) in rats. To identify such neurons, retrograde neural
tracers were microinjected bilaterally into the CeA. Seven to ten days later, rats were injected
i.p. with saline vehicle (controls) or cholecystokinin octapeptide (CCK; 10 pg/kg) to stimulate
gastric vagal afferents, then perfused with fixative 60-90 min later. Brain sections were
processed for localization of neural tracer and cFos protein (to identify activated cells).
Approximately 30% of retrogradely-labeled neurons in the nucleus of the solitary tract (NST;
A2/C2 region) and 19% of retrogradely-labeled neurons in the ventrolateral medulla (A1/Cl
region) were activated in rats after CCK treatment. Triple immunolabeling of cFos, neural
tracer, and DBH confirmed that the large majority of activated, CeA-projecting neurons were
noradrenergic (or adrenergic). Conversely, CCK activated less than 4% of CeA-projecting
neurons in the locus coeruleus (A6 cell group), similar to control cases. These findings suggest
that vagal afferent stimulation may modify amygdalar processes of emotional learning via direct

noradrenergic/adrenergic projections from the caudal medulla to the CeA.
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2.1. Introduction

Norepinephrine (NE) modulates amygdala activity during the encoding and expression of
emotional memories (Ferry et al., 1999). Activation of NE inputs to the amygdala may occur as
a consequence of viscerosensory feedback associated with emotional arousal (e.g., adrenal
epinephrine release, altered cardiac and gastrointestinal functions). Adrenergic and
noradrenergic inputs to the amygdala include neurons in the locus coeruleus (LC; A6 cell group),
NST (A2/C2 cell group), and ventrolateral medulla (VLM; A1/C1 cell group). LC projections
to the amygdala are distributed to several subnuclei (Nitecka et al., 1980), whereas amygdala-
projecting NST and VLM neurons preferentially target the CeA (Zardetto-Smith and Gray, 1990;
Zardetto-Smith and Gray 1995; Ricardo and Koh 1978). Whether amygdalar-projecting neurons
in the LC, NST, or VLM are actually activated by viscerosensory stimuli that affect emotional
learning remains an important question.

Systemic administration of CCK has memory-enhancing effects in rats and mice (Voits et
al., 2001; Lemaire et al., 1994; Gerhardt et al., 1994), consistent with evidence that vagal afferent
activity affects learning and memory in rodents and in humans (Slaughter and Hahn 1974; Clark
et al., 1999; Clark et al., 1998). Synthetic CCK binds to CCK-A receptors on gastric vagal
afferents, thereby pharmacologically activating inputs to the NST (Schwartz and Moran 1998;
Day et al., 1994) and inducing robust cFos expression in the NST, VLM, and other central
regions (including the CeA) that receive viscerosensory signals (Day et al., 1994; Rinaman et al.,
1993). Thus, CCK is a useful pharmacological tool to identify brain neurons activated by vagal
sensory stimulation. The present study determined whether CCK activates neurons in the

A1/C1, A2/C2, and/or A6 cell groups that project to the CeA.
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2.2.  Materials and Methods

Animals

Fourteen male Sprague-Dawley rats (Harlan Laboratories; 240-310 g body weight) were
used in this investigation. Rats were housed separately in stainless steel cages in a controlled
environment (20-22°C, 12:12 hr photoperiod) with free access to water and pelleted chow

(Purina 5001).

Tracer injections

Rats were anesthetized with halothane (Halocarbon Laboratories; 1.5-3% in oxygen) and
mounted into a stereotaxic frame. Two retrograde tracers were used: Fluorogold (FG;
Fluorochrome, Inc.; 2% in 150mM NaCl) and cholera toxin (CTb; List Biological Laboratories,
Inc.; 0.25% in 150mM NacCl). Rats received a FG injection targeted to the left CeA, and a CTb
injection targeted to the right CeA. This increased the chance of obtaining at least one accurate
injection site in each rat, thereby reducing the number of rats needed. A 1.0-pl Hamilton syringe
filled with FG or CTb was attached to the stereotaxic injector guide. CeA coordinates were based
on the Paxinos and Watson rat brain atlas (Paxinos and Watson 1997). Tracer (50 nl) was
delivered by pressure injection over a period of 1-2 min. A different 1-ul Hamilton syringe was
used to repeat the procedure using the second tracer on the opposite side of the brain.
Afterwards, the skin was closed with stainless steel clips, and rats were returned to their home

cages.

CCK administration and animal perfusion
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Seven to ten days after tracer injections, rats were injected i.p. with sulfated CCK
(Bachem) dissolved in 2.0 ml vehicle (150 mM NacCl) to yield a dose of 10 pg/kg body weight.
Controls were injected with vehicle. Rats were returned to their home cages and left undisturbed
for 60-90 min, then were anesthetized by i.p. injection of sodium pentobarbital (50 mg/kg). Rats
were perfused transcardially with 150 mM NaCl followed by fixative (4% paraformaldehyde
with lysine and sodium metaperiodate). Brains were post-fixed overnight at 4°C, then blocked

and cryoprotected in 20% sucrose.

Histology and immunocytochemistry

Using a freezing microtome, coronal 35-um sections were cut from the caudal extent of
the NST through the rostral extent of the corpus callosum. Sections were collected serially in six
sets and stored at —20°C in cryopreservant (Watson et al., 1986). Sections were removed from
storage and rinsed for 1 hr in buffer (0.1 M sodium phosphate, pH 7.4) prior to
immunocytochemical procedures. Antisera were diluted in buffer containing 0.3% Triton-X and
1% normal donkey serum. Biotinylated secondary antisera (Jackson Immunochemicals) were
used at a dilution of 1:500.

Two sets of tissue sections from each rat were processed for localization of cFos protein
using a rabbit antiserum provided by P. Larsen (1:50,000) and ABC immunoperoxidase
procedures, as described previously (Rinaman et al., 1995). Sections were processed using a
nickel sulfate-intensified DAB reaction to generate a blue-black cFos nuclear reaction product.
One set of cFos-labeled tissue sections was subsequently processed for immunoperoxidase
localization of FG (rabbit anti-FG; Chemicon; 1:30,000), while the second set was processed for

localization of CTb (goat anti-CTb; List Biological Laboratories, Inc.; 1:50,000). Plain DAB
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was used to generate a brown reaction product at the amygdalar FG and CTb injection sites, and
in the cytoplasm of retrogradely labeled brainstem neurons.

For triple immunolabeling of retrograde tracer, cFos, and DBH, a third set of cFos-reacted
tissue sections was incubated for 48 hrs in a cocktail of mouse anti-DBH (Chemicon; 1:3,000)
and either rabbit anti-FG (1:3,000) or goat anti-CT (1:5,000). After buffer rinsing, sections were
incubated for 2 hr in a cocktail of fluorescent-tagged secondary antisera (Cy’—conjugated donkey
anti-mouse IgG and either Cy’—conjugated donkey anti-rabbit IgG or Cy’—conjugated donkey
anti-goat IgG), then rinsed in buffer.

After immunocytochemical staining, tissue sections were mounted onto Superfrost Plus
microscope slides (Fisher Scientific), air dried, dehydrated and defatted in graded ethanols and

xylene, and coverslipped using Cytoseal 60 (VWR).

Quantitative Analysis

Double immunoperoxidase-reacted sections were used for quantification of retrogradely
labeled (CeA-projecting) neurons. Analysis was limited to three regions that provide
adrenergic/noradrenergic inputs to the amygdala: the LC (pontine A6 cell group), the NST
(medullary A2/C2 cell groups), and the caudal VLM (medullary A1/C1 cell groups). Counts of
retrogradely labeled LC neurons were summed across rostrocaudal levels in each experimental
case. Counts of retrogradely labeled NST and VLM neurons were grouped by rostrocaudal
level: 1) caudal to the AP (caudal NST and VLM); 2) at the AP level (mid NST and VLM); and
3) rostral to the AP (rostral NST and VLM). A minimum of 4 coronal sections (spaced by 210
um) through the LC and 10 coronal sections through the NST and VLM were analyzed in each

rat that received at least one tracer injection accurately centered in the CeA (n = 9 rats; see
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Results). FG- or CTb-positive neurons were counted bilaterally at 40x magnification. Criteria
for counting a neuron as retrogradely labeled included the presence of brown cytoplasmic
immunoreactivity, and a visible nucleus. Neurons were considered cFos-positive if their nucleus
displayed any visible blue-black immunoreactivity, and cFos-negative if their nucleus was
devoid of blue-black immunolabel. Cell counts thus obtained were used to determine the
percentage of retrogradely labeled LC, NST, and VLM neurons that were activated after i.p.
injection of vehicle or CCK. Regional differences in the proportion of CeA-projecting neurons
activated after CCK were tested for statistical significance by using two-way ANOVA, with
treatment group (control or CCK) and brain region (NST, VLM, or LC) as independent
variables. When f values indicated a significant overall main effect of treatment group and brain
region on cFos activation values, the ANOVA was followed up with planned t comparisons
between treatment groups and brain regions. Differences were considered statistically significant

when P <0.05.

2.3.  Results

Tracer injection sites and distribution of retrogradely labeled neurons

Nine rats had at least one tracer injection accurately centered in the CeA (Fig. 1). Of
these, five were CCK-treated and four were vehicle controls (Table 1). So that each rat
contributed only one set of data to the experimental analysis, we quantified labeling produced
only by the most accurate tracer injection site in each case (results described below). In seven
rats, FG produced the most accurate tracer injection, whereas CTb produced the most accurate

injection in two rats. To varying degrees, amygdalar regions adjacent to the CeA (i.e.,
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basolateral and medial subnuclei) were included within the outer boundaries of CeA-centered
injection sites (see Fig. 1).

Retrogradely labeled neurons were present in the LC, NST, and VLM in all nine cases
(Table 1, Figs. 2 and 3), although the absolute number of labeled neurons in each region varied
among cases (Table 1). Counts of retrogradely labeled NST and VLM neurons in sections rostral
to the AP were discontinued at the level at which the NST moves laterally away from the floor of
the fourth ventricle, because labeled NST or VLM neurons were rarely observed at more rostral
levels. Labeled neurons were present bilaterally in each brainstem region, with an ipsilateral
predominance relative to the injection site. The largest number of retrogradely labeled NST and
VLM neurons were found at rostrocaudal levels through the AP and just rostral to it (Fig. 3),
consistent with previous reports (Zardetto-Smith and Gray 1990; Zardetto-Smith and Gray 1995;
Roder and Ciriello 1993).

Five rats had tracer injection sites that were centered dorsal, ventral, medial, or lateral to
the CeA. The outer boundaries of such injection sites extended into the CeA, but produced few
or no retrogradely labeled neurons in the NST or VLM (i.e., 0-2 neurons per section).
Conversely, the LC consistently contained retrogradely labeled neurons in all five cases. These
observations are consistent with previous reports that retrograde tracer transport occurs primarily
from the center of the tracer injection site, and that the NST and VLM selectively target the CeA
(Zardetto-Smith and Gray 1990; Zardetto-Smith and Gray 1995; Roder and Ciriello 1993)

whereas the LC innervates additional amygdala subnuclei (Nitecka et al., 1980).

21



Distribution of activated neurons after vehicle or CCK treatment

In agreement with our previous studies (Rinaman et al., 1993,1995), relatively few cFos-
positive neurons were observed in the brainstems of vehicle-injected control rats. Quantitative
analysis indicated that relatively low percentages of retrogradely-labeled NST, VLM, and LC
neurons were activated in control rats (Table 1). One control case (#02-91) displayed an
unusually high activation of CeA-projecting VLM neurons (14.8%) that was not duplicated in
the other three control cases.

Robust cFos expression was observed within the NST, VLM, and several other brainstem
and forebrain regions in CCK-treated rats, as previously reported (Day et al., 1994; Rinaman et
al., 1993, 1995). Activation of retrogradely labeled NST and VLM neurons averaged 30.3% and
18.6%, respectively (Table 1). Conversely, activation of retrogradely labeled LC neurons
averaged just 3.8% (Table 1).

Two-way ANOVA revealed a significant interaction between treatment group (vehicle
vs. CCK) and brainstem region (NST, VLM, LC) in the proportion of activated, retrogradely-
labeled neurons [F(1, 2) = 14.8, P < 0.01)]. Post-hoc t comparisons between treatment groups
revealed that significantly larger proportions of retrogradely-labeled NST neurons were activated
in CCK-treated rats compared to controls (P< 0.001). Treatment group differences in activation
of retrogradely-labeled VLM neurons approached (but did not reach) statistical significance (P =
0.056). Activation of retrogradely-labeled LC neurons did not differ significantly between
groups (P =0.31).

Among the five CCK-treated rats, larger proportions of retrogradely labeled neurons were
activated in the NST compared to the VLM or LC, and larger proportions of neurons in the VLM

were activated compared to the LC (P < 0.05 for each comparison). When retrogradely labeled
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NST and VLM neurons were grouped according to rostrocaudal level, and then summed across
the five CCK-treated cases (Fig. 3), the proportion of activated neurons was found to be most
prominent at “mid” and “rostral” levels of the NST (36% and 38%, respectively), and at “mid”

and “caudal” levels of the VLM (24% and 26%, respectively).

Chemical phenotype of activated, retrogradely labeled NST and VLM neurons

Triple labeled tissue sections processed for localization of cFos, retrograde tracer, and
DPH were examined qualitatively to determine the chemical phenotype of activated, CeA-
projecting neurons. The apparent majority of retrogradely labeled NST and VLM neurons were

DBH-positive, including those expressing cFos in CCK-treated rats (see Fig. 2).

2.4. Discussion

The CeA 1is implicated in the acquisition and expression of both autonomic (visceral) and
somatic (behavioral) learned emotional responses. For example, the CeA contributes to the
acquisition and expression of conditioned heart rate and behavioral “freezing” responses to
threatening stimuli (LeDoux et al., 1988). It has been suggested that the most critical step of
integration before the amygdala generates a behavioral response takes place within local CeA
circuits (Pitkanen et al., 1997).

Emerging evidence indicates that enhancement or blockade of NE signaling processes in
the amygdala can modulate the efficacy of conditioned learning and memory about emotionally
arousing events (reviewed in Ferry et al., 1999). However, it has been unclear whether
amygdala-projecting NE neurons are actually activated in natural or experimental conditions of

emotional learning, and the extent to which different populations of NE neurons may be
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involved. The present results indicate that a significant proportion of NST neurons and, to a
lesser extent, VLM neurons innervating the amygdala are activated after CCK-induced
stimulation of gastric vagal afferents. The apparent majority of these neurons are DBH
immunopositive, identifying them as NE (or adrenergic) neurons. Although not quantified, the
overall extent of cFos activation in DBH-positive neurons was similar to our previous studies in
which systemic CCK activated approximately 50% of catecholaminergic neurons in the NST and
25% of those in the VLM, but few or none in the LC (Rinaman et al., 1993).

The NST receives and processes interoceptive information carried by vagal (and other)
sensory afferents, and conveys this information to the amygdala and other forebrain regions via
direct and indirect neural pathways (Ricardo and Koh 1978); the latter includes projections
relayed through the VLM (Sawchenko and Swanson 1981). NST and VLM projection neurons
are primarily catecholaminergic (Zardetto-Smith and Gray 1990, 1995; Rinaman et al., 1995;
Roder and Ciriello 1993; Sawchenko and Swanson 1981), and stimulation of NST neurons leads
to increased extracellular levels of NE in the amygdala (Clayton and Williams 2000; Williams et
al., 2000). Extracellular NE levels in the amygdala also are elevated after vagal afferent
stimulation with CCK (Kaneyuki et al., 1989). Thus, our results indicate that DBH-positive
projection neurons in the NST (and perhaps the VLM) may be responsible for increased NE
release in the amygdala after stimulation of viscerosensory pathways. Such pathways evidently
include those that convey gastrointestinal signals, and also may include those that convey
cardiovascular or other types of viscerosensory feedback.

We did not determine what subset of DBH-positive, CeA-projecting neurons in the NST
and VLM were NE neurons, as opposed to adrenergic neurons; DBH immunolabeling identifies

both populations. Previous studies addressed this issue by using tyrosine hydroxylase (TH) and
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phenylethanolamine-N-methyltransferase (PNMT) immunolabeling combined with retrograde
tracing from the CeA (Zardetto-Smith and Gray 1990, 1995; Roder and Ciriello 1993). The
results indicated that the large majority of CeA-projecting neurons in the NST and VLM are
catecholaminergic (TH-positive). Less than 10% of the NST projection neurons were identified
as being adrenergic (PNMT-positive; Zardetto-Smith and Gray 1990), whereas larger
proportions of VLM neurons projecting to the CeA are PNMT-positive (Zardetto-Smith and
Gray 1995; Roder and Ciriello 1993). It is possible that NE and epinephrine exert different
effects at adrenergic receptors in the CeA, but evidence for this is lacking. Thus, it currently is
unclear whether parcellation of medullary NE and adrenergic projections to the CeA is
functionally meaningful.

Results from several studies suggest that vagal afferents play a critical role in mediating
the effects of interoceptive feedback signals on amygdalar mechanisms of emotional learning
(Slaughter and Hahn 1974; Clark et al., 1998, 1999), and CCK appears to be a useful
experimental tool with which to test this idea. CCK improves retention of inhibitory avoidance
training in intact mice, but not in vagotomized mice (Flood et al., 1987), evidence that the
memory-enhancing effect is mediated through vagal afferents. The effect also depends on intact
afferent inputs to the amygdala (Flood et al., 1995). Other studies in rats indicate that systemic
CCK improves performance in a variety of learning and memory tasks (Voits et al., 2001;
Lemaire et al., 1994; Gerhardt et al.,, 1994). Although CCK injection is a pharmacological
treatment that is unlikely to reproduce any normal physiological state, improved memory
retention also has been reported after “natural” vagal stimulation, such as occurs when food-
deprived mice receive a meal as a posttraining reinforcer (Flood et al., 1987). We previously

reported that voluntary ingestion of a large, satiating meal in rats activates approximately the
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same proportion of catecholaminergic NST neurons as are activated after systemic
administration of CCK at the dose used in the present study (10 pg/kg), suggesting that this dose
may stimulate gastric vagal afferents in a manner that is roughly equivalent to the stimulation
produced by consumption of a large meal (Rinaman et al., 1998).

In summary, we have provided evidence that CeA-projecting, DBH-positive neurons in
the caudal medulla are activated in rats after CCK-induced stimulation of vagal sensory
afferents, whereas few or no CeA-projecting neurons in the pontine LC are activated. These
results suggest that NE projection pathways arising from neurons in the NST (and perhaps the
VLM) may play a key role in the modulatory effects of viscerosensory stimuli on emotional

learning.
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APPENDIX A: Chapter 2 Figures

MGP

5 mm

Figure 1. [Illustration of an "accurate" tracer injection site into the central nucleus of the
amygdala (CeA). (A) schematic of the CeA and surrounding regions (adapted from Paxinos and
Watson 1997, corresponding to their level 28, 2.56 mm caudal to Bregma). (B)
immunoperoxidase localization of FG in rat # 02-66 (see Table 1) in a tissue section closely
matched to the schematic in panel A. The center of the injection site is indicated by an arrow.
Retrograde labeling in this animal is illustrated in Figure 2A,B. MGP = medial globus pallidus;
OT = optic tract; CPu = caudate putamen; BLA = basolateral nucleus of the amygdala; MeAD =
anterodorsal medial nucleus of the amygdala.
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Figure 2. Retrograde labeling, cFos expression, and dopamine beta hydroxylase (DBH)
immunolabeling of CeA-projecting neurons. Panels A and B depict labeling in rat # 02-66; see
Figure 1 for the tracer injection site. Panels C-F are photomicrographs of a single tissue section
through the NST (mid-AP level) from rat # 02-52, processed for triple immunocytochemical
detection of cFos, CTb, and DBH. (A) retrograde labeling (brown cytoplasmic label) and cFos
expression (blue-black nuclear label) in the NST at a level just rostral to the area postrema (AP).
Arrows point out NST neurons that are retrogradely labeled with FG and activated to express
cFos. The tracer injection site for this animal is shown in Figure 1. (B) Retrograde neuronal
labeling of LC neurons, none of which are cFos-positive. In panels (C-F), arrows indicate triple-
labeled neurons (i.e., retrogradely labeled with CTb, activated to express cFos, and DBH
immunoreactive). © points out a retrogradely labeled, DPH-positive neuron that is not cFos
immunoreactive. > points out a retrogradely labeled, cFos-positive neuron that is not DH
immunoreactive. (C) CCK-induced cFos expression. (D) DPH (green fluorescent)
immunolabeling. (E) Retrogradely labeled (CTb-positive; red fluorescent) neurons. (F) Double
exposure photomicrograph of DBH and CTb immunolabeling. Scale bar in A applies to all
panels.
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Figure 3. Summary of quantitative data for NST (A2/C2 region) and VLM (A1/C1 region)
labeling at three rostrocaudal levels in CCK-treated rats. Each set of bars represents the total
number of labeled neurons summed across all five experimental cases. Caudal NST and VLM
counts were made in tissue sections caudal to the area postrema (AP). Mid NST and VLM
counts were made in sections through the level of the AP. Rostral NST and VLM counts were
made in sections rostral to the AP (see text). The % values indicate the proportion of all
retrogradely neurons counted in each region that were cFos-positive.
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Table 1. Treatment-induced activation of retrogradely-labeled brainstem

neurons projecting to the CeA.

Rat Activated neurons (% activated/total retrogradely labeled)
NST VLM LC

Vehicle trearment

#02-91 5.9/68 14,8/27 8.6/35

#02-92 023 0/6 6.3/16

#02-104 6.7/15 0/24 4/99

#02-105 1.1/88 3.6/E3 7.4/68

Mean+SE. 3.4%1.7% (out of 194)

4.,6+3.5% (out of 140)

6.6+1.0% (out of 218)

CCK treatment

#02-52 28 6/42 17.9/39 10/10

#02-54 29.2/48 7.1/42 0/42

#02-64 30.3/33 222 9/55

#0265 26.7/116 31.7/60 0/4

#02-66 36.6/41 13.9/36 0/24

Mean=S.E.  30.3+17% (out of 280) 18.6+4.19% (out of 186) 3.8+2.3% (out of 135)
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3. Chapter 3: The Predator Odor Trimethylthiazoline Supports Conditioned Flavor
Avoidance and Activates Brainstem Noradrenergic Neurons, Hypothalamic CRH
Neurons, and Ascending Inputs to the Central Nucleus of the Amygdala in Rats

The ability of interoceptive stimuli to activate the HPA axis and modulate emotional state is
mediated, in part, by recruitment of noradrenergic (NA) inputs to the hypothalamus and limbic
forebrain. It is unclear whether similar pathways are recruited during responses to emotionally
significant exteroceptive stimuli, such as predator odors. The present study investigated
behavioral conditioned avoidance responses and central activation of neural cFos expression in
rats after exposure to trimethylthiazoline (TMT; isolated from fox feces) or a novel control odor
(banana extract, BE). Experiment 1 demonstrated that rats avoid consuming novel flavors that
previously were paired with TMT exposure, but do not avoid consuming flavors previously
paired with BE. Experiment 2 investigated potential neural correlates for the unique ability of
TMT to support conditioned flavor avoidance. Naive rats were exposed to low or high levels of
either TMT or BE, then were perfused with fixative 60-90 minutes later. In a subset of rats,
retrograde neural tracers were microinjected into the central nucleus of the amygdala (CeA) 7-10
days before acute odor exposure and perfusion. Brainstem and forebrain sections were processed
for immunocytochemical localization of cFos and either dopamine beta hydroxylase to identify
NA neurons, corticotropin-releasing hormone (CRH), or retrograde neural tracer. Exposure to
high levels of TMT or BE activated significantly greater cFos expression by NA neurons in the
nucleus of the solitary tract (NST), ventrolateral medulla (VLM), and locus coeruleus (LC)
compared to activation in rats after exposure to low levels of each odorant. Compared to
activation after the high BE exposure condition, high TMT activated significantly greater
proportions of discretely localized NA neurons within the NST and VLM, LC NA neurons,

hypothalamic CRH neurons, and CeA neural inputs arising from the NST and lateral
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parabrachial nucleus. We propose that the unique ability of TMT to support conditioned
avoidance responses in rats is related to its ability to recruit neural activation in viscerosensory

regions of the caudal medulla and pons, including neurons that project directly to the CeA.
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3.1. Introduction

Stress and anxiety responses in humans and animals include somatic, autonomic, and
neuroendocrine components, and can be induced by a wide variety of interoceptive and
exteroceptive stimuli under natural and experimental conditions. There has been a recent shift to
implement more ethologically relevant stress and anxiety paradigms in animal studies designed
to probe the central neural mediation of relevant behavioral and physiological responses
(discussed in Dielenberg et al., 2001). Olfactory cues, for example, exert a powerful influence
on behavior in rodents; thus, odors such as trimethylthiazoline (TMT) may provide an
appropriate experimental model with which to examine stress and anxiety responses in rats.
TMT is a volatile sulfur-containing compound isolated from the feces of the fox, a natural
predator of rats. A growing number of behavioral studies suggest that in addition to being
repugnant, TMT may serve as a partial predator stimulus to rats. Acute or repeated exposure of
laboratory rats to TMT elicits unconditioned freezing responses indicative of fear (Wallace and
Rosen 2000; Fendt et al. 2003), reduces food intake (Burwash et al., 1998), and elevates plasma
corticosterone levels (Perrot-Sinal et al., 1999; Morrow et al., 2000). TMT also elicits strong
avoidance responses in wild rats that are naive to foxes (Vernet-Maury et al., 1984). It is
unclear, however, whether olfactory stimuli such as TMT can serve as unconditioned stimuli
(US) for conditioned avoidance responses, as has been demonstrated for other types of stressful,
aversive, and/or anxiogenic treatments in rats (i.e., lithium chloride, electric shock, etc.).

The present study demonstrates that TMT can serve as an olfactory US to support the
formation of conditioned flavor avoidance (CFA) in rats, whereas CFA is not observed after
similar exposure of rats to a novel but presumably non-aversive control odor, banana extract
(BE). We then compare central patterns of neural cFos protein expression in rats after acute

exposure to TMT or BE, with a specific focus on odor-induced recruitment of brainstem NA
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neurons, hypothalamic CRH neurons, and brainstem inputs to the central nucleus of the

amygdala (CeA).

3.2. Materials and Methods

Animals

Adult male Sprague-Dawley rats (Harlan Laboratories; 250-320 g BW) were used. Rats
were housed singly in stainless steel cages in a controlled environment (20-22°C, 12:12 h
light:dark cycle; lights on at 0700 hr) with ad libitum access to water and pelleted chow (Purina

5001).

Experiment 1: Conditioned Flavor Avoidance (CFA)

A sensitive two-bottle choice procedure (Deutsch and Hardy, 1977) was used to
determine whether acute exposure to TMT (Experiment 1A) or a novel control odor (BE;
Experiment 1B) supports the formation of CFA. CFA training and testing was conducted during
the light cycle of the photoperiod, between 1500 and 1700 hr.

Experiment 1A: TMT exposure. A group of 6 naive adult male rats (~300 g BW)
underwent 22 hr water deprivation, then were transported to a quiet training/testing room and
acclimated to novel plastic test chambers (46 x 25 x 20 cm) with a wire cage top and white Sani-
Chip bedding material. Half of the rats were presented with almond flavored tap water to drink
from a graduated tube, and the others with vanilla flavored water (both 0.5% McCormick flavor
extract). The left-right position of the bottle on each training/testing cage was switched after 15
min, with cumulative fluid intakes recorded at 15 and 30 min. Rats remained in the
training/testing room for 45 min after the end of fluid access; this training day provided the “non

odor-paired flavor” condition. Rats then were returned to their home cages and 24 hr of water ad
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libitum. Rats were then water deprived again for 22 hr, transported to the training/testing room,
and placed into test chambers containing milled corn-cob bedding material, where they were
allowed to drink the alternate flavor (i.e., vanilla or almond) for 30 min with bottle position on
the cage switched after 15 min. Thirty minutes after the end of fluid access, rats were exposed
to TMT (PheroTech Inc.; 40 pul neat pipetted onto filter paper on top of the wire cage top) for 15
min. This provided the “TMT-paired flavor” condition. Rats were then returned to their home
cages and 24 hr of water ad libitum. Rats were then water deprived again for 22 hr, transported
to the training/testing room and given 30-min simultaneous access to two bottles containing
almond and vanilla flavored water. A 50-50 mixture of Sani-Chips and corn-cob bedding
material was present during this two-bottle choice test. The volume of each flavor consumed
was recorded at 15 min, bottle positions switched, and cumulative intake recorded at 30 min.
Rats then were returned to their home cages with ad libitum water access for four days.

Experiment 1B: BE exposure. Four days after completing the TMT exposure
experiment described above, the CFA training and testing procedure was repeated using the same
group of rats (n=6), but using different novel flavors (i.e., 0.5 % McCormick coconut or brandy
extract) in the “no-odor paired flavor” and “BE-paired flavor” conditions.

CFA data analysis: Within each CFA experiment, flavor preference ratios displayed by
each rat were determined by dividing the volume consumed from each bottle during the 30-min
choice test by the total volume consumed from both bottles. Outcomes indicating flavor
preference ratios that do not differ significantly (i.e., close to 50%:50%) are interpreted as an
absence of CFA, whereas outcomes indicating significantly shifted preference ratios (i.e.,
30%:70%) are interpreted as evidence for conditioned avoidance of the flavor pairing condition

represented by the lower value in the ratio. Individual rat preference ratio data were averaged to

35



obtain group preference ratios (mean + SE) for no-odor paired flavors relative to odor-paired
flavors within each experiment. Student’s t-test was used to determine whether group preference
ratios for odor-paired and non-odor paired flavors were statistically different, with significance

set at P < 0.05.

Experiment 2: Odor-Induced cFos Expression

New groups of rats naive to TMT or BE were acclimated to daily handling for
approximately one week. On the day of odor exposure and sacrifice, rats were placed
individually in novel 19 x 29 x 13 cm plastic cages with a wire top, transported to a new location
within the building, and then exposed for 15 min to either TMT or BE. Distinct odor conditions
were used on different days to avoid odor contamination across treatment groups. In each case,
40 pl of TMT (PheroTech Inc.) or BE (McCormick brand; local supermarket) was pipetted onto
a small piece of filter paper placed onto the wire top of each cage. To determine whether
odorant concentration (i.e., exposure level) affected observed patterns of neural activation, odor
exposure was carried out under two conditions: 1) cages were placed in a quiet area located
immediately adjacent to an operating fume hood (low odor exposure condition) or 2) cages were
placed in a quiet area without a fume hood (high odor exposure condition). After 15 min of odor
exposure, filter papers were removed from the cage tops and rats were returned to their home
cages in the animal facility. Rats were left undisturbed in their home cages for 90 min, then were
anesthetized and perfused transcardially with fixative (described below). After each odor
exposure session, cages and wire tops were cleaned thoroughly with a germicidal detergent and
deodorant (Quatricide PV; Pharmacal Research Laboratories, Inc) and allowed to air dry for at

least 24 hr before re-use in order to reduce residual odor traces.
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Perfusion and tissue preparation

Rats were anesthetized with sodium pentobarbital (Nembutal; 50 mg i.p.) and perfused
transcardially with 50-100 ml of 150 mM NacCl followed by 500 ml of fixative solution (4%
paraformaldehyde in 0.1 M phosphate buffer with lysine and sodium metaperiodate;(McLean
and Nakane 1974). Brains were post-fixed overnight at 4°C, then blocked and cryoprotected in

aqueous 20% sucrose prior to sectioning.

Neural tracer injections

A subset of rats received bilateral, stereotaxically guided microinjections of retrograde
neural tracer into the CeA 7-10 days prior to odor exposure and perfusion. For tracer injections,
rats were anesthetized with halothane (Halocarbon Laboratories; 1-3% in oxygen) and mounted
into a stereotaxic frame. Two retrograde tracers were used: FluoroGold (FG, Fluorochrome, Inc;
2% in 150 mM NaCl) and cholera toxin, beta subunit (CTb, List Biological Laboratories; 0.25%
in 150 mM NaCl). Rats received FG injections targeted to the left CeA and CTb injections
targeted to the right CeA. The dual tracer injection procedure increased the chance of obtaining
at least one accurate tracer injection site in each rat. A 1.0-ul Hamilton syringe filled with either
FG or CTb was attached to the stereotaxic arm. CeA coordinates (2.2 mm posterior, 4.0 mm
lateral, and 8.2 mm ventral to bregma) were selected based on a standard rat brain atlas (Paxinos
and Watson 1997). The syringe was lowered into the brain and was left in place for 5 min prior
to injection. FG (50 nl) or CTb (100-150 nl) was delivered by manual pressure over a 1-2
minute period. The syringe was left in place for an additional 7 min after each injection to
reduce tracer diffusion up the needle tract. The skin was closed with stainless steel clips, 2%

lidocaine was applied to the incision site, and rats were returned to their home cages after
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recovery from anesthesia. Rats were given 7-10 days to recover from surgery prior to acute odor

exposure, described above.

Histology and immunocytochemistry

Coronal 35-pum tissue sections were cut from the caudal extent of the NST through the
rostral extent of the corpus callosum using a freezing microtome. Sections were collected
serially in six adjacent sets and stored at —20°C in cryopreservent (Watson et al., 1986). Sections
were removed from storage and rinsed for 1 h in buffer (0.1 M sodium phosphate, pH 7.4) prior
to immunocytochemical procedures. Antisera were diluted in buffer containing 0.3% Triton-X
and 1% normal donkey serum. Biotinylated secondary antisera (Jackson Immunochemicals)
were used at a dilution of 1:500.

Tissue sections were processed for localization of cFos protein using a rabbit polyclonal
antiserum (1:50,000; provided by Dr. Philip Larsen, Denmark) and Vectastain Elite ABC
immunoperoxidase reagents (Vector Laboratories). The specificity of this antibody for cFos
protein has been reported (Rinaman et al., 1997). Sections were processed using a nickel sulfate-
intensified DAB reaction to generate a blue-black cFos reaction product in the nuclei of activated
cells. In tracer-injected rats, two sets of cFos-labeled tissue sections were subsequently
processed for immunoperoxidase localization of FG (rabbit anti-FG: Chemicon; 1:30,000) or
CTb (goat anti-CTb; List Biological Laboratories; 1:50,000). DAB was used to generate a brown
reaction product at the amygdalar FG and CTb injection sites, and in the cytoplasm of
retrogradely labeled neurons. Other sets of cFos-labeled tissue sections were processed for
immunoperoxidase localization of CRH (rabbit anti-CRH, 1:15,000; Penninsula) in the forebrain

and the NA synthetic enzyme, DBH (mouse anti-DH, 1:30,000; Chemicon), in the brainstem.
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After immunocytochemical processing, tissue sections were mounted onto Superfrost Plus
microscope slides (Fisher Scientific), allowed to air dry overnight, dehydrated and defatted in

graded ethanols and xylene, and coverslipped using Cytoseal 60 (VWR).

Quantitative analysis

Dual immunoperoxidase-labeled tissue sections were analyzed with a light microscope to
determine the number and proportions of phenotypically identified neurons activated to express
cFos. Criteria for counting a neuron as retrogradely labeled (i.e., CTb- or FG-positive), DPH-
positive, or CRH-positive included the presence of brown cytoplasmic immunoreactivity and a
visible nucleus. Neurons were considered cFos-positive if their nucleus contained visible blue-
black immunoreactivity, regardless of intensity, and cFos-negative if their nucleus was
unlabeled. Cell counts thus obtained were used to determine the percentage of phenotypically
identified neurons that were activated in each experimental case.

The distribution of CRH-positive PVN neurons and the proportion activated to express
cFos in each rat was documented at 100x magnification using oil immersion with the assistance
of Stereo Investigator X-Y plotting software (MicroBrightField, Inc). CRH-positive neurons in
the PVN were summed bilaterally and averaged in each rat across two sections spaced 210 [Im
apart that contained the highest density of CRH neural labeling. Activated CRH neurons (i.e.,
those with nuclear cFos labeling) were expressed as a percentage of the total number of CRH-
positive neurons counted within the PVN.

Quantitative analysis of cFos expression by retrogradely labeled neurons and DBH-
positive NA neurons was limited to brainstem regions that provide direct input to the CeA,

including the pontine LC (location of the A6 NA cell group), the lateral parabrachial nucleus, the
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nucleus of the solitary tract (location of the A2/C2 cell groups), and the caudal ventrolateral
medulla (location of the A1/C1 cell groups). Retrogradely labeled or DBH-positive neurons were
counted bilaterally in each region at 40x magnification. In each rat, counts of activated DH-
positive neurons in the LC were summed bilaterally within each region across 6-11 tissue
sections spaced 210 um apart. Retrogradely labeled neurons within the external portion of the
lateral parabrachial nucleus (PBN) were summed unilaterally and averaged over two sections
spaced 210 um apart that contained the highest density of retrograde labeling ipsilateral to the
CeA tracer injection site in each rat. Counts of retrogradely labeled and DBH-positive NST and
VLM neurons were grouped according to 3 rostrocaudal levels of the visceral NST defined with
respect to the area postrema (AP): (1) sections caudal to the AP (caudal NST and VLM); (2)
sections at the level of the AP (mid NST and VLM); and (3) sections rostral to the AP (rostral
NST and VLM). Retrogradely labeled NST and VLM neurons were counted at the same
rostrocaudal levels at which activation of NA neurons was assessed. Counts in rostral sections
were discontinued at the level at which the NST moves laterally away from the floor of the
fourth ventricle. Statistical comparisons were examined by either 2- or 3-WAY ANOVA. When
f values indicated significant overall main effects of treatment group and/or brain region, the
ANOVA was followed up with selected comparisons of interest using planned t-tests.

Differences were considered statistically significant when P < 0.05.

3.3.  Results

Behavioral observations during odor exposure
We qualitatively observed behavioral responses by rats to TMT and BE in both the CFA

paradigm and terminal cFos studies. These behavioral observations were not monitored
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throughout the course of the 15 min odor exposure session in an effort to prevent placing further
stress on the animals, but were assessed at the onset and conclusion of each experiment. In all
odor exposure sessions, rats reliably approached the odor source (filter paper) at the onset of the
exposure session; however, at the conclusion of the experiment rats exposed to TMT showed
pronounced freezing and avoidance behavior that was not observed with BE exposure.
Furthermore, freezing and avoidance responses were observed during both the “low” and “high”

TMT exposure paradigms.

Experiment 1: Conditioned Flavor Avoidance (CFA)

CFA data from Experiments 1A and 1B were analyzed separately by Student’s t test to
determine whether there were significant differences between group mean preference ratios for
non odor-paired flavors vs. TMT-paired flavors (Experiment 1A), and for non odor-paired
flavors vs. BE-paired flavors (Experiment 1B). Results from Experiment 1A revealed a
significant preference of rats for non odor-paired flavors compared to TMT-paired flavors (Fig.
4A). Fluid intake in the 30 min two bottle choice test consisted of 12.0 & 1.3 ml of the non odor-
paired flavor and 6.7 = 1.9 ml of the TMT-paired flavor (P < 0.05), evidence for a relatively
strong CFA response to TMT. Conversely, results from Experiment 1B revealed no evidence for
conditioned avoidance of BE-paired flavors (Fig. 4B). Fluid intake in the 30 min two bottle
choice test consisted of 9.7 + 1.6 ml of the non odor-paired flavor and 10.5 + 1.7 ml of the BE-

paired flavor (difference not significant).
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Experiment 2: QOdor-induced activation of phenotypically identified neurons
DpH-positive NA neurons
Medulla

NST (A2/C2 cell groups): Three-way repeated measures ANOVA revealed significant
main effects (between subjects) of odor intensity (low vs. high) [F(1,30) = 154, P < 0.05] and
odor type (BE vs. TMT) [F(1,30) = 5.4, P < 0.05] on activation of NA neurons in the NST, with
high exposure levels of TMT and BE activating significantly more NA neurons per tissue section
than low exposure levels of the corresponding odorants (Fig. 5A). There was no significant
interaction between odor intensity and odor type. Within subjects, there was a significant effect
of rostrocaudal level (cNST, mNST, rNST) [F(2,60) = 43.5, P < 0.05] and a significant
interaction between odor intensity and NST rostrocaudal level on NA neuron activation [F(2,60)
=30.6, P <0.05]. There was no significant interaction between odor type and rostrocaudal level.
At all 3 rostrocaudal levels of the NST, activation of NA cells was significantly greater in rats
after low TMT exposure compared activation after low BE exposure (Fig. 5A). Interestingly,
however, activation of NA cells within the NST was similar in rats after high BE and high TMT
exposure, with the exception of significantly greater activation of NA neurons in the rNST after
high TMT compared to high BE (Fig. 5A). Figure 7 shows representative photomicrographs of
cFos activation within the mNST in rats after exposure to TMT at low levels (Fig. 7A) or high
levels (Fig. 7D).

VLM (ALl/C1 cell groups): Similar to the NST results described above, three-way
repeated measures ANOVA revealed significant main effects (between subjects) of odor
intensity (low vs. high) [F(1,31) = 358.87, P < 0.05] and odor type (BE vs. TMT) [F(1,31) =

19.16, P < 0.05] on NA neuron activation in the VLM, with high exposure levels of TMT and
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BE activating significantly more NA neurons per tissue section than low exposure levels of the
same odorants (Fig. 5B). No significant interactions were observed between odor intensity level
and odor type. Within subjects, there was a significant effect of rostrocaudal level (cVLM,
mVLM, rVLM) [F(2,62) = 11.68, P < 0.05] and a significant interaction between odor intensity
and VLM rostrocaudal level on NA neuron activation [F(2,62) = 3.58. P < 0.05]. There was no
significant interaction between odor type and rostrocaudal level. High BE exposure increased
NA cell activity within the VLM to a degree similar to high TMT exposure, with the exception
of significantly greater activation in the mVLM after high TMT (Fig. 5B). Activation of NA
cells within the cVLM was significantly greater in rats after exposure to low TMT compared to
activation after low BE, whereas activation in the mVLM and rVLM was similar in these two
treatment groups (Fig. 5B). Figure 7 shows representative photomicrographs of cFos activation

within the mVLM in rats after exposure to TMT at low levels (Fig. 7B) or high levels (Fig. 7E).

Pons

LC (A6 cell group): Two-way ANOVA revealed significant main effects of odor intensity
(low vs. high) [F(1,30) = 60.1, P < 0.05] and odor type (BE vs. TMT) [F(1,30) = 6.68, P < 0.05]
on cFos expression by NA neurons within the LC. A possible interaction between odor intensity
and odor type approached but did not reach statistical significance [F(1,30) = 3.6, P = 0.067].
Post hoc t comparisons revealed that significantly more NA cells were activated in rats after high
BE and high TMT exposure compared to activation after low exposure levels of the same
odorants (Fig. 6; P < 0.05 for each comparison). Figure 7 shows representative
photomicrographs of cFos activation within the LC in rats after exposure to TMT at low levels

(Fig. 7C) or high levels (Fig. 7F).
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Activation of CRH-positive PVN neurons

Two-way ANOVA revealed significant main effects of odor intensity (low vs. high)
[F(1,23)=57.38, P < 0.05] and odor type (BE vs. TMT) [F(1,23)=14.27, P < 0.05], and a
significant interaction between odor intensity and type in the proportion of CRH neurons in the
mpPVN activated to express cFos [F (1,23)= 9.52, P < 0.05]. Post hoc t comparisons revealed
that high BE and high TMT exposure activated significantly greater proportions of CRH neurons
compared to activation after low levels of the same odorants (P < 0.05 for each comparison; Fig.
8). Relatively few cFos-positive neurons were observed within the medial parvocellular PVN in
rats after exposure to low levels of BE or TMT, and there was no significant difference between
these groups in the proportion of CRH neurons expressing cFos (Fig. 8). Exposure to high levels
of TMT produced robust cFos expression within CRH-positive PVN neurons that was
significantly greater than all other treatment groups, including activation after high BE (Fig. 8).
Figure 9 shows representative photomicrographs of cFos expression by CRH-positive PVN

neurons in rats after exposure to low or high levels of BE or TMT.

cFos expression in additional brain regions

As previously reported in other studies using predator-related stimuli (reviewed in
Blanchard 2003; Dielenberg 2001), the following brain regions showed a relative increase in
cFos expression after high TMT exposure: piriform and dorsal endopiriform cortices,
interpeduncular nucleus, dorsal and ventral premammillary nuclei of the hypothalamus,
paraventricular thalamus, lateral septum, median preoptic area, medial amygdala, central nucleus
of the amygdala (Fig. 10), and the fusiform nucleus, and to a lesser extent, the oval nucleus of

the BNST (Fig. 11). Though these data were only qualitative observations, it was apparent that
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high TMT exposure activated many more neurons compared to all other odors in this study.
More moderate cFos expression was observed after high BE compared to low BE in these same

regions, but not to the extent seen with high TMT.

Tracer injection sites and distribution of retrograde labeling

Analysis of tracer injection sites revealed that 23 rats had at least one injection accurately
targeted to the center of the CeA (high TMT, n = 5; high BE, n = §; low TMT, n = 7; low BE,
n=3). FG produced the most effective retrograde labeling in the majority of rats. To varying
degrees, amygdalar regions adjacent to the CeA (i.e., the basolateral and medial nuclei) generally
were included within the outer boundaries of CeA-centered tracer injection sites. A typical
tracer injection site is illustrated in Chapter 2 (see Fig. 1). Although these extra-CeA regions do
not receive direct neural input from the NST or VLM (Myers and Rinaman 2002), neural tracer
diffusing to these sites could contribute to some degree of retrograde labeling observed within
the LC.

Retrogradely labeled neurons were present within the NST, VLM, and LC in all 23 cases,
although the absolute number of labeled neurons in each region varied among cases. Robust
retrograde labeling also was observed in lateral and medial subdivisions of the pontine PBN,
although double-labeled (i.e., cFos-positive) neurons were present only within the lateral PBN
(see below). Retrogradely labeled neurons were present bilaterally in all 4 brainstem regions,
with an ipsilateral predominance relative to the side of tracer injection. No clear trends in the
number of retrogradely-labeled NST or VLM neurons or in the proportion activated to express
cFos were observed at different rostro-caudal levels of the NST or VLM, and so NST and VLM

cell counts were collapsed within each experimental case.
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Quantitative analysis of activated brainstem inputs to the CeA

Three-way repeated measures ANOVA revealed significant main effects (between
subjects) of odor intensity (low vs. high) [F(1,19) = 130.74, P < 0.05] and odor type (BE vs.
TMT) [F(1,19) = 50.5, P < 0.05] on odor-induced activation of retrogradely labeled brainstem
neurons, but no significant interaction between odor intensity and type. Within subjects, there
was a significant main effect of brain region (NST, VLM, LC, or PBN) [F(3,57)=56.32, P <
0.05] and significant interactions between odor intensity and region [F(3,57)=14.67, P < 0.05]
and between odor type and region [F(3,57)=6.74, P < 0.05] on the proportion of retrogradely
labeled brainstem neurons activated to express cFos. There also was a significant three-way
interaction between odor intensity, odor type, and brain region [F(3,57)=5.0, P < 0.05]. Post
hoc t comparisons revealed that significantly larger proportions of retrogradely labeled NST,
VLM, and LC neurons were activated in rats exposed to high BE or high TMT compared to
activation in rats exposed to low levels of the same odors (P < 0.05 for each comparison; Fig.
12). Low TMT exposure activated a significantly larger proportion of retrogradely labeled
neurons compared to low BE in all brainstem regions except the lateral PBN, where the
difference approached but did not achieve statistical significance. High TMT exposure activated
a significantly larger proportion of NST and PBN neurons compared to high BE exposure (Fig.
12), whereas activation of retrogradely labeled neurons within the VLM and LC was not
significantly different between rats exposed to high levels of TMT or high levels of BE. Figure
13 shows representative photomicrographs of activated CeA inputs within the NST and LC in

rats after exposure to TMT at low levels (Fig. 13A, B) or high levels (Fig. 13C, D).
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3.4. Discussion

Several research groups have reported that exposure to TMT, a volatile chemical
component of fox feces, elicits innate behavioral responses in rats that are indicative of fear and
anxiety. These include increased freezing and avoidance behaviors, and reduced nondefensive
behaviors such as grooming and exploration (Morrow et al., 2002; Wallace and Rosen 2000;
Wallace and Rosen 2001; Fendt et al. 2003). Furthermore, TMT exposure activates the HPA
axis in rats, as evidenced by increased serum levels of adrenocorticotropic hormone (ACTH) and
corticosterone (CORT) that parallel increases observed in other well-established models of stress
and anxiety (Morrow et al, 2000; Vernet-Maury et al., 1999; 1984). The present study is the first
to demonstrate that TMT can serve as an unconditioned stimulus to support conditioned flavor
avoidance, and the first to report neuroanatomical data regarding central neural circuits activated
by this odorant. We demonstrate that TMT exposure activates CRH neurons at the apex of the
HPA axis in a concentration-dependent manner, and elicits a unique activation profile of

brainstem NA cell populations, including those that provide direct afferent input to the CeA.

Odor Exposure Paradigm. The experimental testing environment may play a significant
role in shaping the behavioral and neural responses to various predator-related cues.
Consequently, rats in our study were not acclimated to the odor exposure environment as one
previous study reported that rats were less responsive to TMT when it was presented in a familiar
environmental context (Morrow et al., 2002). Furthermore, behavioral responses to predator
odors, such as TMT, appear to depend on the size of the testing chamber. Accordingly, several
studies report robust freezing responses when rats are exposed to TMT in a small-enclosed
environment (Hotsenpillar and Williams 1997; Wallace and Rosen 2000, 2001; Fendt et al.

2003) whereas other studies have failed to note observable freezing responses in rats confronted
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with TMT (Perrot-Sinal et al., 1999; Morrow et al., 2000; McGregor et al., 2002). Importantly,
the studies which did not observe freezing responses implement a much larger testing chamber in
which the rats can easily move to the opposite side of the chamber and create sufficient distance
from the odor source to reduce its intensity. For example, several studies using cat odor
exposure (McGregor et al., 2002; Dielenberg and McGregor 2001) give odor-exposed rats the
opportunity to retreat to a “hide box” at the opposite side of the experimental chamber.
Therefore, escape responses (i.e., retreating to a hide box) may serve as an appropriate
behavioral response to a predator cue when the environment is conducive to it, whereas freezing
responses may become more advantageous to rats when the predator cue is inescapable (i.e., in

small-enclosed environments).

Aversive Nature of TMT. Conflicting reports have described TMT as a predator odor
that evokes unconditioned fear and/or anxiety responses in rats, or as a repugnant odor that is
aversive to rats without necessarily producing fear responses. The fact that TMT exposure
supported the formation of a relatively strong CFA response, and exposure to a novel control
odor (BE) clearly did not, suggests that this odor compound is highly aversive to rats, although
the specific properties which make it aversive cannot be identified based on our experimental
findings. Moreover, while TMT and BE exposure evoked similar initial exploratory behavior
and approach to the odor source, we qualitatively observed profound freezing and avoidance
behavior by TMT-exposed rats at the conclusion of the experiment that was not seen with the BE
exposure. This observation is consonant with other reports and is indicative of fear (Morrow et

al., 2002; Wallace and Rosen 2000; Wallace and Rosen 2001; Fendt et al. 2003).
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Comparison of TMT and BE. The control odor used in this study (BE) was selected
based on its qualitatively similar potency (to human observers) and on our unpublished
observations that rats do not avoid close contact with BE or avoid drinking water that has been
flavored with BE. Nevertheless, exposure of odor-naiive rats to high levels of BE produced a
statistically significant increase in the proportion of CRH neurons activated to express cFos
compared to activation in rats after exposure to low levels of BE. These findings highlight that
the novelty of the odor likely contributed to the behavioral and neural responses observed in this
study. It is important to note, however, that CRH activation in rats after high BE reached only
half the magnitude of CRH activation in rats after high TMT exposure; therefore, TMT elicited a
significantly greater response of neurons at the apex of the HPA axis, an index of the stressful
nature of TMT exposure.

Similarly, although NA neurons within most regions of the NST and VLM were activated
to a similar extent after exposure of rats to high BE or high TMT, TMT recruited a significantly
larger number of NA cells within the LC (A6 cell group). The LC is known to provide
widespread input to many subcortical and cortical brain regions, several of which showed
increased cFos expression following TMT exposure in the present study. Interestingly, these
brain regions included areas that are implicated in defensive and/or aggressive behavior.
Therefore, the apparently selective response of the LC to TMT may reflect heightened arousal
associated with this aversive predator cue whereas other similarities in NA cell activation
observed in the NST and VLM may reflect odor novelty and/or intensity level regardless of the

odor’s potential behavioral significance.
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TMT-Induced Activation of Inputs to the CeA. There is growing evidence to suggest that
NA transmission in the amygdala plays a central role in integrating somatic and visceral
responses during adaptive responses to stress, and is important for conditioned learning and the
encoding of memories for emotionally provoking experiences (Clayton and Williams 2000;
Williams et al., 2000; Zardetto-Smith and Gray 1990). However, it is currently unclear whether
amygdalar-projecting NA projections are actually activated by an unconditioned aversive odor
stimulus. Interestingly, in the low exposure paradigm, TMT recruited a greater proportion of
afferent inputs to the CeA arising in the NST, VLM, and LC compared to the control banana
odor. However, in the high exposure paradigm, the differential effect of TMT was observed
only within the NST and the PBN. Thus, TMT may recruit a specific CeA-projecting pathway
arising in the NST or PBN. The observed TMT-induced increases in cFos expression in both
the CeA and external lateral PBN, as well as the activation of CeA inputs arising from this
region, correspond with the observed CFA response to TMT, as CFA responses are dependent on
involvement of both of these structures and the connections between them (Lasiter and
Glanzman 1985; Lamprecht and Dudai 1996; Yamamoto et al., 1997; Sakai and Yamamoto
1998; Grigson et al., 1998; Reilly 1999; Wang and Chambers 2002).

We did not determine the neurochemical phenotypes of CeA-projecting neurons in this
study, but previous reports indicate that CeA-projecting neurons within the NST are primarily
noradrenergic (A2 cell group) and located within ¢cNST and mNST levels described in the
present study. Conversely, VLM projections to the CeA arise primarily from adrenergic cells of
the C1 group (Zardetto-Smith and Gray 1990, 1995), corresponding in the present study to the

rostrocaudal level described as rVLM. CeA-projecting neurons arising from the PBN are
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primarily calcitonin-gene related peptide (CGRP)-positive (Schwaber et al., 1988). Accordingly,
TMT exposure activated CGRP-positive neurons in PBN in the present study (data not shown).

Interestingly, we qualitatively observed increased cFos expression in both the CeA and the
medial amygdala (MeA). While increased cFos expression in the MeA has been reported in
other studies using the cat odor paradigm, the CeA is not reported to show increased cFos
expression in these studies (Dielenberg et al., 2001; Dielenberg and McGregor 2001). As
previously discussed, in several studies where rats were given the option to retreat to a “hide
box,” the rats showed negligible freezing response (Dielenberg and McGregor 2001; McGregor
et al., 2001; McGregor et al., 2002). In our study we qualitatively observed robust freezing
responses and the odor exposure sessions were carried out in a small enclosed environment
which did not allow for the rats to escape the odor. These findings, taken together with other
reports, suggest that the CeA may play a central role in mediating unconditioned, fear-related
freezing to TMT (Blanchard and Blanchard 1973; Fox and Sorenson 1994). Thus, increased
cFos expression in the CeA may not be expected in experimental paradigms where rats do not

display freezing responses to predator odors, but instead show retreat/escape behavior.

Conclusion. In summary, we report that TMT is a highly aversive stimulus in rats, as it
supports conditioned flavor avoidance learning. Furthermore, acute TMT exposure results in a
distinct pattern of activation of hypothalamic neurons and hindbrain NA neurons that provide
afferent input to the amygdala. These results suggest that TMT may exert its effects on
emotional learning via NA projection pathways arising from the hindbrain, especially the pontine

LC. The behavioral responses and corresponding fingerprint of odor-induced neural activity
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reported in this study provide a general framework for the development of future experiments,

which can probe the specific neural substrates necessary for the observed responses to TMT.
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APPENDIX B: Chapter 3 Figures

Two-Bottle Choice Test
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Figure 4. Average group preference ratios (n = 6) for novel flavors after pairing with no odor
(non odor-paired flavor) or TMT (panel A), or after pairing with no odor (non odor-paired
flavor) or BE (panel B). Dashed lines indicate expected preference ratio with no effect of
treatment (50%). * P < 0.05, significantly less than intake of non odor-paired flavor, indicating
conditioned avoidance of the TMT-paired flavor.
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Odor-Induced Activation
of A2/C2 Neurons
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Figure 5. Odor-induced activation of NA neurons within the NST (A2/C2 cell groups; panel A)
and VLM (A1/Cl1 cell groups; panel B) at three rostrocaudal levels: caudal to the area postrema
(AP) (cNST, cVLM), through the level of the AP, i.e., middle levels (mNST, mVLM), and
rostral to the AP (rfNST, rVLM). Group sizes are indicated in the graph legend. * P < 0.05
compared to BE at same odor intensity level.
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Odor-Induced Activation of A6 Neurons
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Figure 6. Odor-induced activation of NA neurons in the LC (A6 cell group). * P < 0.05
compared to BE at same odor intensity level. Group sizes are indicated above or within each
bar.
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Figure 7. Photomicrographs depicting representative dual immunoperoxidase labeling for cFos
(black nuclear label) and DBH (brown cytoplasmic label) within the mNST (A,D), mVLM (B,E)
and LC (C,F) in rats after exposure to TMT at low intensity levels (A-C) or at high intensity
levels (D-F). Arrows point out some of the activated (i.e., cFos-positive) NA neurons visible in
each photomicrograph. Activation in each brainstem region is greater after exposure to high
TMT levels compared to low TMT levels (see Figures 2 and 3 for quantitative data).
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Odor-Induced Activation of PVN Neurons
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Figure 8. Odor-induced activation of CRH-immunopositive neurons within the medial
parvocellular PVN. Bars represent group averages of the percentage of CRH-positive neurons
that were double-labeled for cFos. * P < 0.05 compared to BE at same intensity level. Group

sizes are indicated above or within each bar.
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Figure 9. Photomicrographs depicting dual immunolabeling for cFos (black nuclear label) and
CRH (brown cytoplasmic label) within the medial parvocellular subdivision of the PVN in rats
after exposure to BE at low or high levels (A, B) or TMT at low or high levels (C, D).
Activation of CRH-positive neurons is greatest after exposure to high TMT levels compared to

all other conditions (see Figure 5 for quantitative data).
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Figure 10. Photomicrographs depicting dual immunoperoxidase labeling for cFos (black nuclear
label) and CRH (brown cytoplasmic label) within medial and lateral subregions of the central
nucleus of the amygdala (CeA) in rats after exposure to BE at low or high levels (A, B) or TMT
at low or high levels (C, D). cFos activation appears greatest within the lateral CeA after
exposure to high levels of TMT compared to other treatment conditions.
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Figure 11. Photomicrographs depicting dual immunoperoxidase labeling for cFos (black nuclear
label) and CRH (brown cytoplasmic label) within the oval (ov) and fusiform (fu) nuclei of the
bed nucleus of the stria terminalis (BNST) in rats after exposure to BE at low or high levels (A,

B) or TMT at low or high levels (C, D). anterior commissure (ac).
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Odor-Induced Activation of CeA Afferents
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Figure 12. Odor-induced activation of retrogradely labeled brainstem neurons projecting to the
CeA. Bars represent the percentage of retrogradely labeled neurons in each region (i.e., NST,
VLM, LC, PBN) activated to express cFos in each treatment group. Within each region, bars
with different letters (a, b, ¢) are significantly different (P < 0.05). For PBN values, a* over the
high BE bar indicates P < 0.05 compared to low BE, but P > 0.05 compared to low TMT. Group
sizes are indicated in graph legend. *Note, group numbers for PBN differ from graph legend:

Low BE (n=3)
Low TMT (n=7)
High BE (n=8)
High TMT (n=5)

BEO@ODO

low BE (n=3), low TMT (n=5), high BE (n=4), and high TMT (n=3).
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Figure 13. Photomicrographs depicting dual immunoperoxidase labeling for cFos (black nuclear
label) and FG retrograde tracer (brown cytoplasmic label) within the mNST (A, C) and the LC
(B, D) in rats after exposure to low or high levels of TMT. Arrows point out some of the
activated (i.e., cFos-positive) retrogradely-labeled (i.e., CeA-projecting) neurons visible in each
photomicrograph. See Figure 8 for quantitative data.
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4. Chapter 4: Central neural activation and behavioral responses to systemic
yohimbine in rats

Noradrenergic (NA) signaling in the central nucleus of the amygdala (CeA) and
paraventricular nucleus of the hypothalamus (PVN) facilitates stress and anxiety responses to
interoceptive and exteroceptive stimuli. The indole alkaloid yohimbine (YO) is a potent [12-
adrenergic receptor antagonist that promotes excessive neurotransmitter release from central and
peripheral NA terminals. Systemic YO activates the HPA stress axis and has anxiogenic effects.
The present study further explored behavioral responses and central neural activation patterns in
rats after acute YO treatment. YO (0 or 5 mg/kg, i.p.) significantly inhibited food intake and
also supported the formation of a conditioned flavor avoidance response. Analysis of treatment-
induced cFos expression confirmed previous reports that YO activates NA neurons in the pontine
locus coeruleus (A6 cell group). YO also activated ~ 18-24% of NA neurons in the caudal
dorsomedial medulla (A2/C2 cell groups) and ~ 50-65% of NA neurons in the caudal
ventrolateral medulla (A1/C1 cell groups). YO activated ~ 75% of CRH-positive neurons in the
PVN. Retrograde neural tracing demonstrated that YO activated ~ 40% of CeA-projecting
neurons in medullary and pontine NA cell group regions, and ~15% of CeA-projecting neurons
in the lateral parabrachial nucleus. In general, these data lend further support to the hypothesis
that ascending NA inputs to the CeA play a key modulatory role in emotional learning, and that

these inputs originate from both pontine and medullary NA cell groups.
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4.1. Introduction

Brain noradrenergic systems play an important role in stress responses and emotional
learning, and excessive central NA signaling has been implicated in anxiety-related disorders in
humans. Several key symptoms commonly associated with anxiety (i.e., hyperarousal,
tachycardia, autonomic dysfunction) are effectively mimicked by pharmacological agents that
increase NA signaling, such as yohimbine (YO) (Charney et al., 1983; Southwick et al., 1993).
Systemic YO is subjectively reported to induce nausea (Mattila et al., 1988; Linden et al., 1985),
promotes subjective feelings of anxiety, and can induce panic attack (Charney et al., 1983; Uhde
et al., 1984) in humans. YO also increases plasma ACTH (Kiem et al., 1995) and promotes
behavioral signs of anxiety (Pellow et al., 1985; Schroeder et al., 2003) in rats, and reduces food
intake in mice (Callahan et al., 1984).

YO is a selective antagonist of a2-adrenergic receptors located on both presynaptic and
postsynaptic sites. The antagonistic effect of YO at presynaptic autoreceptors potentiates the
release of endogenous transmitter from NA nerve terminals in both the central and peripheral
nervous system. Consistent with this notion, experimental administration of YO produces a
significant increase in plasma norepinephrine (NE) (Goldberg et al., 1983), a finding that is
consistent with increased NE turnover in the CNS and with actions of a2 receptor antagonists.
Systemically administered YO increases blood pressure, heart rate, and sympathetic outflow, all
of which alter viscerosensory feedback to the CNS (Gurguis et al., 1997). YO elicits specific
patterns of neuronal activation in limbic forebrain areas implicated in fear and anxiety, including
the central nucleus of the amygdala (CeA) and hypothalamus (Singewald et al., 2003).
Furthermore, systemic YO promotes activation of neurons in brainstem regions that contain NA

neurons (Singewald and Sharp 2000) and are known to provide direct neural input to the
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hypothalamic and limbic forebrain regions that shape emotional learning and modulate stress and
anxiety.

The present study investigated whether YO treatment produces other behavioral effects
relevant to stress and anxiety [(i.e., inhibition of food intake and formation of conditioned flavor
avoidance (CFA)], and whether YO differentially activates anatomically specific NA cell groups
within the brainstem. We further investigated whether YO activates central neural inputs to the
central nucleus of the amygdala (CeA), because we hypothesize that the behaviorally aversive

nature of YO treatment involves this limbic forebrain region.

4.2. Materials and Methods

Animals

Forty male Sprague-Dawley rats (Harlan Laboratories; 250-350 g body weight) were
used in this investigation. Rats were housed singly in stainless steel cages in a controlled
environment (20-22 °C, 12:12 h light/dark cycle, lights on at 7 am) with ad libitum access to
water and pelleted chow (Purina 5001), except as noted. Rats were acclimated to this
environment and to daily handling for at least one week before initiation of experiments.
Food Intake Experiment

Rats (n=8) were food deprived for 24 hrs, and then were injected i.p. with YO (Sigma-
Aldrich; 5 mg/kg in 2.0 ml 0.15M NacCl vehicle; n = 4) or vehicle alone (n =4). A pre-weighed
measure of food was provided 30 min after injection, with paper towels placed beneath each cage
to collect spillage. Cumulative food intake was recorded 30 min, 60 min and 14 hr later. After a

subsequent 48 hr period of ad libitum chow access, the 24 hr deprivation and refeeding test was
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repeated in a crossover design in which each rat received the treatment opposite to that received

in the first test.

Conditioned Flavor Avoidance (CFA)

A sensitive two-bottle choice procedure (Deutsch and Hardy 1977) was used to determine
whether systemic YO supports CFA. CFA training and testing were conducted during the light
cycle of the photoperiod, between 1500 and 1700 hr. Prior to the start of the CFA experiment,
rats were acclimated for 2 days to i.p. injections of 0.15M NaCl (2 ml, room temp).

Adult male rats (300 g BW; n=10) naive to YO treatment underwent 22 hr water
deprivation, then half of the rats were presented with almond flavored tap water to drink from a
graduated tube, and the others with banana flavored water (both 0.5% McCormick flavor
extract). The left-right position of the bottle on each testing cage was switched after 15 min,
with fluid intake recorded at 15 and 30 min time points. Thirty min after the end of the flavor
exposure session, each rat was injected with 0.15M NaCl (2.0 ml, i.p.). Water was returned 30
min later with ad libitum access for the next 24 h. Rats were then water deprived again for 22 hr
and allowed to drink the alternate flavor for 30 min, with bottle positions switched after 15 min.
Thirty min after the end of fluid access, each rat was injected with YO (5 mg/kg in 2.0 ml 0.15M
NaCl, i.p.). Water was returned 30 min later with ad libitum access for the next 24 h. Rats were
then again water deprived for 22 hr, then given 30 min simultaneous access to two bottles
containing almond or banana-flavored water. The volume of each flavor consumed was recorded
at 15 min, bottle positions were switched, and cumulative intake recorded at 30 min. Rats then

were returned to ad libitum water access.
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CFA data analysis: Within each CFA experiment, flavor preference ratios displayed by
each rat were determined by dividing the volume consumed from each bottle during the 30-min
choice test by the total volume consumed from both bottles. Outcomes indicating flavor
preference ratios that do not differ significantly (i.e., 50%:50%) are interpreted as an absence of
CFA, whereas an outcome indicating a preference ratio of 0%:100% would be interpreted as a
complete avoidance of the flavor represented by the first value in the ratio. Individual rat
preference ratio data were averaged to obtain group preference ratios (mean + SE) for saline-
paired flavors relative to YO-paired flavors within each experiment. Student’s t-test was used to
determine whether group preference ratios for saline-paired and YO-paired flavors were

statistically different, with significance set at P < 0.05.

Yohimbine-induced neural activation

In a terminal cFos study, rats received an i.p. injection of either 0.15M NaCl (2.0 ml;
n=7) or YO (5 mg/kg in 0.15M NaCl; n=16). Rats were then left undisturbed in their home
cages for 90-120 min, then were anesthetized with sodium pentobarbital (Nembutal, 100 mg/kg
i.p). Rats were transcardially perfused with a brief saline rinse followed by 500 ml of fixative
(4% paraformaldehyde in 0.1 M phosphate buffer with lysine and sodium metaperiodate;
McLean and Nakane 1974). Brains were post-fixed overnight at 4° C, then blocked and

cryoprotected in 20% sucrose.

Neural tracer injections

A subset of rats in the terminal cFos study described above received CeA microinjections

of retrograde neural tracer one week before experimental treatment and perfusion. Rats were
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anesthetized with halothane (Halocarbon Laboratories; 1-3% in oxygen) and mounted into a
stereotaxic frame. Two retrograde tracers were used: FluoroGold (FG, Fluorochrome, 2% in 150
mM NaCl) and cholera toxin (CTb, List Biological Laboratories; 0.25% in 150 mM NaCl). Rats
received FG injections targeted to the left CeA and CTb injections targeted to the right CeA.
CeA injection coordinates (2.20 mm posterior, 4.0 mm lateral, and 8.2 mm ventral relative to
bregma) were based on a standard rat brain atlas (Paxinos and Watson 1997). FG (50 nl) or CTb
(100-150 nl) was delivered by pressure injection over a 1-2 minute period through a 1.0 ul
Hamilton syringe. The syringe was left in place for an additional 7 min after each injection to
reduce tracer diffusion up the needle tract. A different syringe was used for each tracer. The
skin was closed with stainless steel clips, 2.0% lidocaine was applied to the incision site, and rats
were returned to their home cages after recovery from anesthesia. Rats were given one week to
recover from surgery and permit retrograde tracer transport before YO or saline treatment and

perfusion, as described above.

Histology and immunocytochemistry

Fixed brains were frozen and cut into serial coronal 35 um sections from the caudal
extent of the nucleus of the solitary tract (NST) through the rostral extent of the corpus callosum
using a sliding microtome. Six adjacent sets of sections were collected into buffer for immediate
use, or were stored at —20°C in cryopreservant solution (Watson et al., 1986). Sections were
rinsed for 1 h in buffer (0.1 M sodium phosphate, pH 7.4) prior to immunocytochemical
procedures. Antisera were diluted in buffer containing 0.3% Triton-X and 1% normal donkey
serum. Biotinylated secondary antisera (Jackson Immuochemicals) were used at a dilution of

1:500.
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Tissue sections were processed for localization of cFos protein using a rabbit polyclonal
antiserum (1:50,000; provided by Dr. Philip Larsen, Denmark) and Vectastain Elite ABC
immunoperoxidase reagents (Vector Laboratories). The specificity of this antibody for cFos
protein has previously been reported (Rinaman et al., 1997). Sections were processed using a
nickel sulfate-intensified DAB reaction to generate a blue-black cFos nuclear reaction product of
activated neurons. In tracer-injected rats, two sets of cFos-labeled tissue sections were
subsequently processed for immunoperoxidase localization of either FG (rabbit anti-FG:
Chemicon; 1:30,000) or CTb (goat anti-CTb; List Biological Laboratories; 1:50,000). Plain
DAB was used to generate a brown reaction product at the amygdalar FG and CTb injection
sites, and in the cytoplasm of retrogradely labeled brainstem neurons. Additional sets of cFos-
labeled tissue sections from each rat were processed for immunoperoxidase localization of
cytoplasmic corticotropin-releasing hormone (rabbit anti-CRH, 1:15,000; Penninsula) in
forebrain sections and for the NA synthetic enzyme, dopamine beta hydroxylase, (mouse anti-
DBH, 1:30,000; Chemicon) in hindbrain sections.

After immunocytochemical labeling, tissue sections were mounted onto Superfrost Plus
glass microscope slides (Fisher Scientific), dehydrated and defatted in graded alcohols, cleared in

xylene, and coverslipped using Cytoseal 60 (VWR).

Quantitative analysis

Dual immunoperoxidase-labeled sections were analyzed using a light microscope to
determine the number and proportions of phenotypically identified neurons activated to express
cFos. Criteria for counting a neuron as retrogradely labeled (i.e., CTb- or FG-positive), DBH-

positive, or CRH-positive included the presence of brown cytoplasmic immunoreactivity and a
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visible nucleus. Neurons were considered cFos-positive if their nucleus contained visible blue-
black immunoreactivity, regardless of intensity, and cFos-negative if their nucleus was
unlabeled. Cell counts thus obtained were used to determine the percentage of phenotypically
identified neurons that were activated in each experimental case.

The distribution of CRH-positive PVN neurons and the proportion activated to express
cFos in each rat was documented at 100x magnification using oil immersion with the assistance
of Stereo Investigator X-Y plotting software (MicroBrightField, Inc). CRH-positive neurons in
the PVN were summed bilaterally and averaged in each rat across two sections spaced by 210
pum that contained the highest density of CRH neural labeling. Activated CRH neurons (i.e.,
those with nuclear cFos labeling) were expressed as a percentage of the total number of CRH-
positive neurons counted within the PVN bilaterally.

Quantitative analysis of cFos expression by retrogradely labeled neurons and DBH-
positive NA neurons was conducted in brainstem regions that provide direct input to the CeA,
including the pontine lateral parabrachial nucleus (PBN) and LC (location of the A6 NA cell
group), the nucleus of the solitary tract (location of the A2/C2 cell groups), and the caudal
ventrolateral medulla (location of the A1/C1 cell groups). Retrogradely labeled or DBH-positive
neurons were counted bilaterally in each region at 40x magnification. Counts of activated DPH-
positive LC neurons were summed bilaterally across 6-11 tissue sections spaced by 210 pm.
Retrogradely labeled neurons within the lateral PBN ipsilateral to the tracer injection site were
summed and averaged over two sections spaced by 210 pm that contained the highest density of
retrograde labeling in each rat. Counts of retrogradely labeled and DBH-positive NST and VLM
neurons were grouped according to 3 rostrocaudal levels of the visceral NST defined with

respect to the area postrema (AP): (1) sections caudal to the AP (cNST and cVLM); (2) sections
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at the level of the AP (mNST and mVLM); and (3) sections rostral to the AP (rfNST and rVLM).
Statistical comparisons were made using one- or two-way ANOVA. When F ratios indicated
significant overall main effects of treatment and/or brain region, ANOVA was followed up with

selected comparisons using planned t-tests. Differences were considered statistically significant

when P < 0.05.

4.3. Results

YO-Induced Anorexia

Deprivation-induced food intake in rats (n=8) after YO treatment was significantly
inhibited at the 30 and 60 min timepoints compared to food intake by the same rats after vehicle
treatment (P < 0.05 for each comparison; Fig. 14). The anorexigenic effect of YO treatment was

no longer evident at the 14 hr timepoint (Fig. 14).

YO-Induced Conditioned Flavor Avoidance

Results from the two-bottle choice test revealed a significant preference of rats (n=10) for
saline-paired flavors compared to YO-paired flavors (Fig. 15). Group mean fluid intake in the
30 min choice test consisted of 9.6 + 1.4 ml of saline-paired flavors and 4.8 = 1.1 ml of YO-
paired flavors (P < 0.05), evidence for a relatively strong CFA response to flavors previously

paired with YO treatment.

YO-induced activation of brainstem noradrenergic neurons
Medulla
NST (A2/C2 cell groups): Two-way repeated measures ANOVA revealed a significant

main effect (between subjects) of treatment group (saline vs. YO) [F(1,28) = 26.78, P < 0.05],
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with YO activating significantly more NA neurons per tissue section than saline treatment (Fig.
16). Within subjects, there was a significant effect of rostrocaudal level (¢cNST, mNST, rNST)
[F(2,24) = 9.15, P < 0.05] and a significant interaction between treatment group and NST
rostrocaudal level [F(2,24) = 7.11, P < 0.05] in the average number of activated NA neurons per
tissue section. Post hoc t comparisons revealed that YO activated significantly more NA neurons
at all rostrocaudal levels of the NST compared to saline controls (Fig. 16). Figure 17 shows
representative photomicrographs of cFos activation within the mNST in rats after YO (Fig. 17D)
or saline treatment (Fig. 17A).

VLM (A1/C1 cell groups): Two-way repeated measures ANOVA revealed a significant
main effect (between subjects) of treatment group (saline vs. YO) [F(1,28) = 51.2, P < 0.05],
with YO activating significantly more NA neurons per tissue section compared to saline at all
rostrocaudal levels of the VLM (Fig. 16). Within subjects, there was no significant effect of
rostrocaudal level (cVLM, mVLM, rVLM) and no significant interaction between treatment
group and rostrocaudal level in the average number of activated VLM NA neurons per tissue
section. Figure 17 shows representative photomicrographs of cFos activation within the mVLM
in rats after YO (Fig. 17E) or saline treatment (Fig. 17B).

The approximate proportions of NST and VLM NA neurons activated by YO treatment
were determined by dividing the group mean number of activated NA neurons present within
each tissue section by the total number of NA neurons at each rostrocaudal level of the NST and
VLM (Fig. 16). YO treatment activated approximately 28% of NA neurons in the NST and
approximately 68% of NA neurons in the VLM, with minimal differences in activation observed

at different rostrocaudal levels of each region (Fig. 16).
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Pons

LC (A6 cell group): Relatively few cFos-positive neurons were observed in the LC of
vehicle-treated rats. Conversely, YO treatment produced a marked increase in the number of
cells expressing cFos (Fig. 17). One-way ANOVA revealed a significant main effect of
treatment on the number of activated NA neurons [F(1,12) =23.9, P < 0.05], with YO activating
significantly more NA neurons per tissue section compared to saline (Fig. 16). Figure 17 shows
representative photomicrographs of cFos activation within the LC in rats after YO (Fig. 17F) or
saline treatment (Fig. 17C). The proportion of NA neurons in the LC that were activated to
express cFos could not be determined due to the high density of DBH immunolabeling and the
resulting difficulty in visualizing unlabeled (i.e., cFos-negative) cell nuclei; however, it appeared
that fewer than half of the DBH-positive neurons in the LC were activated to express cFos in rats

after YO treatment (Fig. 17F).

YO-induced activation of hypothalamic CRH neurons

One-way ANOVA revealed a significant main effect of treatment (saline vs. YO) in the
proportion of activated CRH neurons in the mpPVN [F(1,7) = 78.7, P < 0.05], with YO
activating a significantly larger proportion of CRH neurons compared to saline (Fig. 18). Figure
19 shows representative photomicrographs of cFos expression by CRH-positive PVN neurons in

rats after YO or saline treatment.
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YO-induced activation of the lateral CeA
A robust increase in cFos expression was observed in the lateral subdivison of the CeA in
rats after YO treatment, whereas very little cFos was observed in the same area in rats after

saline treatment (Fig. 20).

CeA tracer injection sites

Twelve rats that received CeA tracer injections prior to the terminal cFos study had at
least one tracer injection accurately targeted to the center of the CeA (n = 8 YO-treated, n=4
vehicle controls). FG produced the most accurate and effective tracer injection site in the
majority of rats. Amygdalar regions adjacent to the CeA (i.e., basolateral and medical nuclei)
were included within the outer boundaries of CeA-centered injection sites to varying degrees.
Although these extra-CeA regions do not receive direct neural input from the NST or VLM
(Myers and Rinaman 2002), neural tracer diffusing to these sites could contribute to some degree
of retrograde labeling observed within the LC, as this region has projections to several subnuclei
of the amygdala (Nitecka et al., 1980). A representative CeA neural tracer injection site is

shown in Chapter 2 (see Fig. 1).

Distribution of activated brainstem inputs to the CeA

Retrogradely labeled neurons were observed in the NST, VLM, LC, and PBN in all
experimental cases, although the absolute number of labeled neurons present in each region
varied among experimental cases. Cell counts of retrogradely labeled neurons in the NST and
VLM were discontinued at the level rostral to AP in which the NST moves laterally away from

the floor of the fourth ventricle, because labeled NST and VLM neurons were rarely observed at
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more rostral levels. The largest number of retrogradely labeled NST and VLM neurons was
found at rostrocaudal levels through the AP, consistent with previous reports. Labeled neurons
were present bilaterally in each brain region examined, but there was an ipsilateral predominance
with respect to the injection site.

Two-way repeated measures ANOVA revealed a significant main effect (between
subjects) of treatment group (saline vs. YO) in the proportion of activated retrogradely labeled
neurons [F(1,36) = 53.44, P < 0.05], with YO activating significantly larger proportions of
retrogradely labeled neurons in the NST, VLM, LC, and PBN in rats after YO treatment
compared to saline treatment (Fig. 21). Within subjects, there was a significant effect of
brainstem region (NST, VLM, LC, or PBN) [F(3,30) = 5.89, P < 0.05] on YO-induced activation
of retrogradely labeled neurons, but no significant interaction between treatment group and
brainstem region. Figure 22 shows representative photomicrographs of cFos expression by FG-

labeled neurons in the NST, LC, and PBN in rats after YO or saline treatment.

4.4. Discussion

In several animal studies, yohimbine has been shown to be anxiogenic, causing decreased
social interaction, decreased exploration, conditioned place aversion, and potentiated startle
(Bhattacharya et al., 1997; Chopin et al., 1986; Davis et al., 1979; File 1986; Pellow et al., 1985).
In the present study, we investigated possible neural correlates of additional behavioral responses
associated with administration of the anxiogenic agent, yohimbine (YO). To our knowledge, the
present report is the first to demonstrate a clear conditioned flavor avoidance response to YO,
and to provide a detailed analysis of yohimbine-induced activation of phenotypically identified

neuronal populations. We also report that YO decreases food intake, a finding that has
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previously been reported in experiments using mice (Callahan et al., 1984). The results of the
present experiment demonstrate that YO activates CRH neurons within the PVN and elicits a
unique activation profile of brainstem NA cell populations, including those that provide direct
afferent input to the CeA. Accordingly, previous studies report that YO increases NA release in
several key anxiety-response brain regions that include the hypothalamus, amygdala, and LC
(Ishii 1994; Oguchi 1988).

The fact that YO decreases food intake and supports the formation of CFA learning
suggests that it functions as a behaviorally aversive unconditioned stimulus. It is clear that the
inhibition of food intake is not likely attributable to satiating properties of YO given that it
supports CFA learning as well. It is also questionable as to whether YO produces conditioned
nausea that results in the avoidance of a particular flavor because nausea does not appear to be a
necessary condition for the establishment of conditioned flavor avoidance (Parker 2003).
However, YO has been subjectively reported to induce nausea in humans (Mattila et al., 1988;
Linden et al., 1985. Our findings do not allow us to identify what specific property of YO is
aversive to rats. Because YO crosses the blood brain barrier, it is conceivable that systemic
administration of YO may have a direct effect on the neuronal populations of interest in the
present study. Alternatively, YO may influence cFos expression in anxiety-related brain regions
via transmitted actions subsequent to YO-induced peripheral alterations. Moreover, it is difficult
to assess whether YO-induced increases in cFos expression in selective brain regions reflect
neural pathways inducing anxiety or associated pathways adapting to this state.

Consistent with previous reports that YO increases plasma hormone levels (Kiem et al.,
1995), our findings show that YO administration produced a statistically significant increase in

the proportion of activated CRH neurons compared to saline controls. A seminal study reported
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that systemic YO elicits activation of neurons in brainstem regions that contain key NA cell
populations known to provide direct neural input to hypothalamic and limbic forebrain regions
implicated in stress and anxiety (Singewald and Sharp 2000). Our findings confirm previous
reports that YO activates NA neurons within the LC, which is generally thought to provide the
source of relevant norepinephrine to anxiety-responsive forebrain regions. Additionally, our data
reveal that NA cell populations in the caudal medulla provide important contributions to NA
signaling during anxiety as YO was shown to activate ~23% and ~58% of NA neurons in the
NST (A2 cell group) and VLM (A1 cell group), respectively.

It has been well documented that NST and VLM CeA-projection neurons are primarily
catecholaminergic (Zardetto-Smith and Gray 1990, 1995) and that stimulation of NST neurons is
reported to increase extracellular NE levels in the amygdala (Clayton and Williams 2000).
However, it is currently unclear whether amygdalar-projecting NA projections are activated by
YO. While YO produced a selective activation profile of NA neurons, it recruited a similar
proportion of afferent inputs to the CeA arising in the NST, VLM, and LC compared to saline
controls. Presumably, a large majority of these projections to the CeA are phenotypically NA
given the known projection distributions. This suggests that the larger recruitment of NA in the
VLM includes projections to both the CeA and additional brain regions, such as the PVN, which
is known to also receive direct input from this cell population. Additionally, a moderate
proportion of afferent inputs to the CeA arising in the lateral PBN were activated after systemic
YO. Activation of the lateral PBN is consistent with the observed CFA learning in the present
study, as this conditioned learning response is dependent on involvement of both the PBN and

amygdala.
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In conclusion, we report that YO is a behaviorally aversive stimulus in rats, as it supports
conditioned flavor avoidance learning and reduces food intake. YO results in robust activation
of hypothalamic neurons and recruits hindbrain NA neurons that provide afferent input to the
amygdala. These results suggest that YO may potentially influence emotional learning via
ascending NA projection pathways to the CeA, of which originate from both pontine and
medullary NA cell groups. The behavioral responses and corresponding patterns of YO-induced
neural activity reported here establishes the general groundwork for future experiments, which
will probe the specific neural substrates necessary for the observed neural and behavioral

responses to YO.
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APPENDIX C: Chapter 4 Figures

Cumulative Food Intake
Saline vs. Yohimbine
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Figure 14. Deprivation-induced food intake in rats after YO treatment. YO significantly
inhibited food intake at the 30 and 60 min compared to food intake by the same rats after vehicle

treatment * P < 0.05 vs. saline.
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Two-Bottle Choice Test
100 -

\l
o1
|
—

Preference Ratio (%)
(mean + SE)
a1
o

N
[6)]
1

saline-paired yohimbine-paired
flavor flavor

Figure 15. Average group preference ratios (n = 10) for novel flavors after pairing with saline or

yohimbine. Dashed lines indicate expected ratio with no effect of treatment (50%). Yohimbine
produces a clear CFA, * P = 0.0028 saline- vs. yohimbine-paired flavor.
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Yohimbine-Induced Activation
of NA neurons
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Figure 16. Yohimbine-induced activation of NA neurons in the LC, NST, and VLM across
three rostrocaudal levels: caudal to the area postrema (AP) (cNST, cVLM), through the level of
the AP, i.e., middle levels (mNST, mVLM), and rostral to the AP (rNST, rVLM). Group sizes
are indicated in the graph legend. * P<.001 relative to saline.
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Figure 17. Photomicrographs depicting representative dual immunoperoxidase labeling for cFos
(black nuclear label) and DBH (brown cytoplasmic label) within the mNST (A,D), mVLM (B,E)
and LC (C,F) in rats after exposure to saline (A-C) or yohimbine (D-F). Arrows point out some
of the activated (i.e., cFos-positive) NA neurons visible in each photomicrograph. Activation in
each brainstem region is greater after yohimbine compared to saline (see Figure 3 for
quantitative data).
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Yohimbine-Induced Activation
of PVN Neurons
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Figure 18. Yohimbine-induced activation of CRH-immunopositive neurons within the medial
parvocellular PVN. Bars represent group averages of the percentage of CRH-positive neurons
that were double-labeled for cFos. Group sizes are indicated in graph legend. * P=0.0006
relative to saline.
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Figure 19. Photomicrographs depicting dual immunolabeling for cFos (black nuclear label) and
CRH (brown cytoplasmic label) within the medial parvocellular subdivision of the PVN in rats
after saline or yohimbine treatment. Activation of CRH-positive neurons is significantly greater
after yohimbine treatment (see Figure 5 for quantitative data).
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Figure 20. Photomicrographs depicting dual immunoperoxidase labeling for cFos (black nuclear
label) and CRH (brown cytoplasmic label) within medial and lateral subregions of the central
nucleus of the amygdala (CeA) in rats after saline or yohimbine treatment. cFos activation
appears greatest within the lateral CeA after yohimbine treatment.
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Yohimbine-Induced Activation of CeA Afferents
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Figure 21. Yohimbine-induced activation of retrogradely labeled brainstem neurons projecting
to the CeA. Bars represent the percentage of retrogradely labeled neurons in each region (i.e.,
NST, VLM, LC, PBN) activated to express cFos in each treatment group. Group sizes are
indicted in graph legend. *Note, group numbers for PBN differ from graph legend: saline (n=3)
and yohimbine (n=5). * P<.05 relative to saline within each brain region.
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Figure 22. Photomicrographs depicting dual immunoperoxidase labeling for cFos (black nuclear
label) and FG retrograde tracer (brown cytoplasmic label) within the mNST (A, B) LC (C, D),
and PBN (E, F) in rats after exposure saline (A, C, E) or yohimbine (B, D, F) treatment. Arrows
point out some of the activated (i.e., cFos-positive) retrogradely-labeled (i.e., CeA-projecting)
neurons visible in each photomicrograph. See Figure 8 for quantitative data.
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5. Chapter 5: Additional CCK Studies

Further analysis was performed on select CCK-treated cases from the previous study (see
Chapter 2). These findings are presented as a separate chapter as they were completed following
publication of the CCK study discussed in Chapter 2. Experimental findings are reported in this
section and will subsequently be discussed in the Chapter 6 General Discussion section in
relation to the other stressor paradigms. All experimental procedures are identical to the

previous CCK study (Chapter 2) except those described below.

Experiment 1: Conditioned Flavor Avoidance (CFA)

Cholecystokinin-8 (CCK) stimulates gastric vagal afferents that carry viscerosensory
signals to the brain. We recently demonstrated that CCK activates cFos in hindbrain
noradrenergic (NA) neurons that project to the amygdala (Myers and Rinaman 2002), where NA
signaling mechanisms are known to influence emotional learning (Chapter 2). CCK also
activates peptidergic neurons in the lateral PBN that project directly to the CeA. Importantly,
this direct PBN-to-CeA pathway is implicated in CFA learning (Lasiter and Glanzman 1985;
Lamprecht and Dudai 1996; Yamamoto et al., 1997).

While endogenous levels of CCK play an important role in satiety, larger
pharmacological doses are thought to inhibit feeding by inducing stereotypical sickness behavior
indicative of nausea. Pharmacological doses of CCK (i.e., 10-100 pg/kg) are anorexigenic and
stressful, producing plasma hormone and central neural response profiles that are largely
indistinguishable from those produced by LiCl (McCann et al., 1989; Flanagan et al., 1992), a
classic model of visceral illness that supports robust CFA learning. Results from previous

studies are equivocal as to whether CCK treatment supports CFA learning. The behavioral
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effects of CCK may be short-lived due to endogenous peptidases that shorten its half-life
following acute systemic administration (i.e., ~10 min). The goal of the present study was to

determine whether prolonging the effects of systemic CCK would promote CFA learning.

CFA Procedure: A sensitive two-bottle choice procedure (Deutsch and Hardy 1977) was
used to determine whether systemic administration of CCK supports CFA learning. CFA
training and testing were conducted during the light cycle of the photoperiod, between 1500 and
1700 h. Prior to the start of the CFA experiment, rats were acclimated for 2 days to i.p.
injections of 0.15M NaCl (2 ml, room temp).

Adult male rats (300 g BW; n=33) naive to CCK treatment underwent 22 h water
deprivation, then half of the rats were presented with almond flavored tap water to drink from a
graduated tube, and the others with banana flavored water (both 0.5% McCormick flavor
extract). The left-right position of the bottle on each testing cage was switched after 15 min,
with fluid intake recorded at 15 and 30 min time points. Thirty min after the end of the flavor
exposure session, each rat received either a single or double injection(s) of 0.15M NaCl (2.0 ml,
i.p.) in three separate experiments. Water was returned 30 min later with ad libitum access for
the next 24 h. Rats were then water deprived again for 22 h and allowed to drink the alternate
flavor for 30 min, with bottle positions switched after 15 min. Thirty min after the end of fluid
access, each rat received either single or double injection(s) of CCK (3 or 10 pg/kg in 2.0 ml
0.15M NacCl, i.p.) in three separate experiments. Water was returned 30 min later with ad
libitum access for the next 24 h. Rats were then again water deprived for 22 hr, then were given

30 min simultaneous access to two bottles containing almond or banana-flavored water. The
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volume of each flavor consumed was recorded at 15 min, bottle positions were switched, and

cumulative intake recorded at 30 min. Rats then were returned to ad libitum water access.

CFA data analysis: Within each CFA experiment, flavor preference ratios displayed by
each rat were determined by dividing the volume consumed from each bottle during the 30-min
choice test by the total volume consumed from both bottles. Outcomes indicating flavor
preference ratios that do not differ significantly (i.e., 50%:50%) are interpreted as an absence of
CFA, whereas an outcome indicating a preference ratio of 0%:100% would be interpreted as a
complete avoidance of the flavor represented by the first value in the ratio. Individual rat
preference ratio data were averaged to obtain group preference ratios (mean + SE) for saline-
paired flavors relative to CCK-paired flavors within each experiment. Student’s t-test was used
to determine whether group preference ratios for saline-paired and CCK-paired flavors were

statistically different, with significance set at P < 0.05.

CFA Results: A single injection of CCK (10 pg/kg) did not produce a CFA (Fig. 23A).
Conversely, double CCK injections (10 pg/kg) spaced 15 min apart produced a clear CFA
response (P < 0.001; Fig. 23B). Double injections of a lower dose of CCK (3 pg/kg) did not
produce a statistically significant CFA (Fig. 23C). However, results in individual rats were quite
variable, as shown in Table 2. Half of the rats showed a strong CFA response to the CCK-paired
flavor (bold), but half of the animals did not. An unusual response in one rat (the last one in the
table) clearly skewed the group results. Qualitative observations suggest that double-dose CCK
activates more cFos expression in the NST and lateral PBN compared to single-dose CCK (Fig.

24, 25).
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Experiment 2: Phenotypic characterization of activated neurons after CCK treatment

Our previous study (Myers and Rinaman 2002) examined CCK-induced activation of
hindbrain afferent inputs to the CeA. As reported in previous studies, we noted that a large
majority of these neuronal inputs to the CeA were phenotypically noradrenergic, though we did
not perform a quantitative analysis on this. We subsequently carried out an in depth phenotypic
analysis of CCK-induced (10 pg/kg, single i.p. injection) activation of both hypothalamic CRH

neurons and hindbrain NA cell groups implicated to play a role in stress and anxiety.

Distribution of activated noradrenergic neurons
Medulla

NST (A2 cell group): Two-way repeated measures ANOVA revealed a main effect
(between subjects) of treatment group (saline vs. CCK) [F(1,18) = 24.7, P = 0.0016], a main
within subjects effect of brain region (cNST, mNST, rfNST) [F(2,14) = 18.3, P = 0.0001], and a
significant interaction between treatment group and brain region [F(2,14) = 12.2, P = 0.0009] in
the number of activated NA neurons per tissue section in the NST. Post hoc t comparisons
revealed that CCK produced a significant increase in the number of activated NA neurons at all
rostrocaudal levels of the NST compared to vehicle treatment (Fig. 26).

VLM (Al cell group): Two-way repeated measures ANOVA revealed a main effect
(between subjects) of treatment group (saline vs. CCK) [F(1,18) = 40.6, P = 0.0004], a main
within subjects effect of brain region (cVLM, mVLM, rVLM) [F(2,14) =9.03, P = 0.003], and a
significant interaction between treatment group and brain region [F(2,14) = 6.92, P = 0.008] in

the number of activated NA neurons per tissue section in the VLM. Post hoc t comparisons
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indicated that CCK treatment significantly increased the number of activated NA neurons at all

rostrocaudal levels of the VLM in comparison to vehicle treatment (Fig. 26).

Pons

LC (A6 cell group): One-way ANOVA revealed no significant effect of treatment group
(saline vs. CCK) in the number of activated NA neurons per tissue section in the LC.
Quantitative analysis revealed that CCK administration did not produce a significant increase in

the number of activated LC NA neurons in comparison to saline (P = 0.115; Fig. 26).

Activation of hypothalamic CRH neurons

Relatively few cFos-positive neurons were observed in the PVN of saline-treated animals
in comparison to CCK-treated cases. One-way ANOVA revealed a significant effect of treatment
(saline vs. CCK) in the proportion of activated CRH neurons in the mpPVN [F(1,6) =93.2, P <
0.0001). A post hoc t comparison revealed that significantly larger proportions of CRH neurons

were activated after CCK compared to saline (Fig. 27).
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APPENDIX D: Chapter 5 Figures
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Single Injection of CCK (10 ug/kg) or saline

75+

Preference Ratio (%); mean + SE

Saline-paired CCK-paired
flavor flavor

Double injection of CCK (10 ug/kg) or Saline

75+
w T
n
+l
c
[
[J]
S T T
g
i)
IS
o
8
e 25
g
QL
e
o

0

Saline-paired CCK-paired
flavor flavor

93



Double injection of CCK (3ug/kg) or Saline
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Figure 23. Preference ratios for a novel flavor after pairing with saline vs. CCK. (A) Single
CCK injection (10 pg/kg; n=12), (B) Double CCK injections (10 pg/kg; n=11), (C) Double CCK
injections (3pg/kg; n=10). Dashed lines indicate expected ratio with no effect of treatment
(50%). Double injections of CCK (10 pg/kg) produce a clear CFA, *P < 0.001 saline- vs. CCK-
paired flavor.
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Table 2. Preference Ratios in 2-Bottle Choice Test (3 pg/kg CCK, dual injections spaced by 15
min)

Rat saline-paired flavor CCK-paired flavor
#03-25 93.80% 6.25%
#03-26 43.80% 56.30%
#03-27 16.70% 83.30%
#03-28 42.10% 57.90%
#03-29 83.30% 16.70%
#03-30 73.30% 26.70%
#03-53 76.50% 23.50%
#03-54 77.80% 22.20%
#03-55 50% 50%

#03-56 0% 100%
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Figure 24. DBH immunolabeling (brown) and cFos expression in the NTS after: (A, B) a single
CCK (10 pg/kg) injection i.p. or (C, D) a double CCK (10 ug/kg) injection i.p. (A,C) 10x and
(B, D) 20x magnification.
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Figure 25. CGRP immunolabeling (brown) and cFos expression (black) in the PBN after: (A,
B) a single CCK (10 pg/kg) injection i.p or (C, D) a double CCK (10 pg/kg) injection i.p. (A, C)
10x and (B,D) 20x magnification.
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CCK-Induced Activation of NA neurons
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Figure 26. CCK treatment recruits NA neurons in the NST and VLM, but not the LC. (A)
CCK-induced activation of NA neurons across the rostrocaudal axis of the NST and VLM, and
in the LC. Bars represent the average number of activated NA neurons per tissue section. Group
sizes are indicated in graph legend. * P < 0.05 relative to saline. (B) Photomicrographs showing
dual immunolabeling for cFos (blue-black nuclear label) and DBH-positive NA neurons (brown
cytoplasmic label) in a single tissue section through the: NTS (A), VLM (B), and LC (C).

Arrows indicate activated (i.e., cFos-positive) NA neurons.
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Figure 27. CCK treatment activated CRH neurons in the PVN. (A) Each set of bars represents
the percent activation of CRH neurons averaged across cases in each experimental group. Group
sizes are indicated in graph legend. * P = 0.0002 relative to saline. (B) Photomicrographs
showing dual immunolabeling for cFos (black label) and CRH (brown cytoplasmic label) within
the medial parvocellular subdivision of\ the PVN.
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6. Chapter 6: General Discussion

*Note: see APPENDIX E for discussed comparisons.

The amygdala is thought to be an essential brain region for detecting emotional events
and generating appropriate behavioral and physiological responses (i.e., autonomic and
neuroendocrine) to these stimuli. Specifically, the central nucleus of the amygdala (CeA)
appears necessary for a large array of conditioned learning paradigms and is implicated as a key
limbic structure in the neural circuits that mediate fear, stress, and anxiety. The CeA, the major
output nucleus of amygdala, receives input from both cortical areas and other amygdaloid nuclei,
integrates this information, and subsequently influences behavioral, autonomic, and endocrine
responses to stress through output projections to the brainstem, hypothalamus, and other limbic
forebrain regions.

Importantly, brainstem catecholamine systems are thought to provide essential
noradrenergic (NA) drive to forebrain regions that mediate endocrine, autonomic, and behavioral
responses to stress and anxiety. Specifically, NA cell populations of the caudal medulla (NST
and VLM) and pons (LC) provide a dense innervation of the CeA, BNST, and PVN, where they
exert influence on HPA function (Sawchenko and Swanson 1982) and influence emotional
processing. A wide range of interoceptive and exteroceptive stimuli produce an increase in cFos
expression by these NA brainstem cell populations that is paralleled by an observed increase in
NA activity within the amydala.

While a diverse range of stimuli are known to activate these medullary and pontine NA
cell groups, it is currently unclear if stressor-specific patterns of cell activation are elicited in
these regions. However, a growing number of studies are providing convincing evidence that

there in fact is stressor-specific recruitment of these hindbrain NA cell populations (Dayas et al.,
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2001; Li et al., 1996). Whereas few studies to date have directly compared multiple stressors
simultaneously, an advantage of the present investigation is that it provides a within-study
comparison of neuronal recruitment patterns elicited by categorically different stressors.

The results of the present study are consistent with previously reported findings in that
the different stressors (i.e., CCK, TMT, and YO) implemented in our study elicit unique
activation profiles of brainstem NA cell populations, including those that provide direct input to
the CeA. We further demonstrate that these stressors support aversive conditioned learning and
induce a similar robust activation of CRH neurons at the apex of the HPA axis (Fig. 28),
suggesting that these stimuli are comparable in their ability to recruit the neuroendocrine stress
axis. We recognize that examining stressor-induced plasma hormone levels would likely provide
a better indicator of stressor intensity/magnitude; however, our findings are consistent with
previous reports that CCK and TMT treatment increase plasma CORT levels to a similar degree
in rats (Miaskiewicz et al., 1989; Morrow et al., 2000; Vernet-Maury et al., 1999, 1984). Though
evidence for YO-induced increases in plasma CORT is lacking, one study reports YO-induced
increases in plasma ACTH in rats (Kiem et al., 1995), which predict a likely increase in CORT.
Interestingly, each stressor recruited a significant and similar number of NA neurons within the
NST (~21-23%; Fig. 29A). In contrast, a more selective activation profile of VLM and LC NA
neurons was observed, with TMT and YO recruiting similar numbers of cells and significantly
more neurons compared to CCK (Fig. 29B, 30). In general, TMT and YO appeared to recruit a
larger proportion of NA neurons in the VLM (~58%) compared to those in the NST, and the
degree of activation did not seem to differ across rostrocaudal level of the VLM. The apparently
selective response of the VLM and LC to TMT and YO may reflect heightened arousal

associated with these particular stimuli, whereas other similarities in NA cell activation observed
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in the NST may reflect novelty and/or the effects of nonspecific peripheral feedback unrelated to
the potential behavioral significance of these stimuli. Alternatively, the selective TMT- and YO-
induced recruitment of the VLM and LC may reflect a maximal NA activation level reached in
these brain regions.

Similar to the apparently selective NA activation profiles observed in this study,
differential recruitment profiles of afferent inputs to the CeA arising from the hindbrain were
observed among stressors. Presumably, a large majority of these projections to the CeA are
phenotypically NA given the known projection distributions (see Introduction). Significantly
greater proportions of CeA-projecting neurons in the VLM and LC were recruited by TMT and
YO compared to CCK (Fig. 31). Afferent inputs to the CeA arising in the NST were similarly
recruited by CCK and YO, whereas TMT exposure recruited a significantly greater proportion of
these neurons in comparison, although it is questionable as to how biologically significant this
finding is (Fig. 31). Overall, these activation patterns of CeA-projection neurons seem to
parallel the NA neuronal activation profiles observed across these brain regions in this study. In
view of this, it is possible that afferent NA drive arising from the NST may stimulate the increase
in CRH activity observed across all stressors in this study. This is fitting with the observation
that the greatest number of activated NA neurons were at the mid-NST level (i.e., at the level of
the area postrema), which is the rostrocaudal level of the NST known to provide the densest
input to the PVN (Rinaman et al., 1995).

An additional finding of the present study was that a moderate and similar proportion of
afferent inputs to the CeA arising in the external portion of the lateral PBN (eIlPBN) were
activated with each stressor (Fig. 31, 32). The observed cFos expression in the elPBN and the

activation of CeA inputs arising from this region parallels the observed conditioned flavor
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avoidance (CFA) learning with each stressor, as conditioned aversion/avoidance responses are
dependent on involvement of both the PBN and amygdala (Lasiter and Glanzman 1985;
Lamprecht and Dudai 1996; Yamamoto et al., 1997; Sakai and Yamamoto 1998; Grigson et al.,
1998; Reilly 1999; Wang and Chambers 2002). Furthermore, robust stressor-induced increases
in cFos expression were observed in both the amygdala and PBN in the present study (Fig. 32,
33). On the whole, these findings lend additional support to the view that dissimilar stressors
generate interoceptive feedback, as CCK, TMT, and YO all recruited the well-defined classical
viscerosensory circuit between the PBN and CeA (see Introduction).

The fact that each stressor supported CFA learning suggests that these stimuli are highly
aversive to rats, although the specific properties which make them aversive cannot be identified
based on our experimental findings. It is possible that these stressors are nauseogenic as CCK
and YO have been subjectively reported to cause nausea in humans (Miaskiewicz et al., 1989;
Mattila et al., 1988; Linden et al., 1985); however, support for this is lacking with TMT.
Presumably, these stressors may also elicit autonomic feedback that the brain may interpret as
malaise.

While our findings clearly demonstrate that there are specific neural correlates associated
with select stressors of this study, it is remarkable that there is a large degree of overlap in the
recruitment patterns of a number of neuronal populations by these stressors despite the clear
differences in the both the general characteristics and relevant sensory modalities associated with
these stimuli. The findings of our study indicate that the activation of hindbrain NA systems is a
common thread among the stimuli examined, though the mechanisms by which these neuronal

populations are recruited likely differ markedly depending on the stimulus.
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Systemic CCK administration operates as a model of interoceptive stress in the present
study. Accordingly, the actions of systemic CCK are initiated by activation of CCK, receptors
located on gastric vagal afferents which terminate in the NST near or on local catecholaminergic
(i.e., noradrenergic and adrenergic) cell populations. It is assumed that subsequent
neurotransmission from the NST to limbic forebrain regions carries viscerosensory information
that strongly influences emotional processing.

TMT, on the other hand, operates as a model of exteroceptive stress and is routed through
the olfactory system. Olfactory information is sent directly to the anterior amygdala as this
limbic region is continuous with the primary olfactory cortex (Price 1991; Switzer et al., 1985).
These anatomical relationships suggest a high level of functional connectivity between the
olfactory and limbic systems. Moreover, approximately 40% of the neurons in the rodent
amygdala are reported to respond to olfactory stimulation (Cain and Bindra 1972), and evidence
suggests that the human amygdala participates in hedonic or emotional processing of olfactory
stimuli (Zald and Pardo 1997). Subsequent descending projections from the amygdala likely
recruit these very same hindbrain NA cell populations. It is generally assumed that exteroceptive
stressors recruit medullary NA neurons via descending inputs from the forebrain, particularly
through direct projections from the amygdala (Li et al., 1996). Consistent with this view is
experimental evidence demonstrating that electrical stimulation of the amygdala elicits cFos
expression in medullary NA cells, and that destruction of the amygdala alters medullary NA cell
responses to restraint stress (Petrov et al., 1995; Dayas and Day 2001).

Administration of systemic yohimbine (YO), a sympathomimetic agent, influences both
the peripheral and central nervous system due to its ability to cross the blood brain barrier.

Therefore, YO may activate the sympathetic nervous system via the stimulation of central NA
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pathways involved in mediating anxiety, by activating central autonomic nuclei which regulate
sympathetic responses, or through the blockade of presynaptic peripheral sympathetic nerves. It
is currently unclear whether the central effects of YO occur subsequent to peripheral feedback or
vice versa. In view of this, YO cannot be easily assigned to either interoceptive or exteroceptive
stressor classes; instead this stimulus likely sits along a spectrum between these two general
categories. Consequently, YO likely recruits global ascending and descending circuitry alike
that influences hindbrain NA cell populations.

TMT and YO produced similar NA and CeA-projection activation profiles that differed
significantly from CCK treatment. Parallel similarities were observed between TMT and YO
upon examining cFos responses in several brain structures implicated as key areas of the defense
circuit. Both stressors produced marked increases in cFos expression within the piriform and
endopiriform cortices, periaqueductal gray (PAG), and lateral septum, although these responses
appeared to be more robust with TMT exposure (data not shown). Additionally, TMT exposure
produced a robust increase in cFos expression within the ventromedial hypothalamus,
interpeduncular nucleus, and the dorsal and ventral premammillary nuclei of the hypothalamus
(data not shown).  Notably, the ventromedial and premammillary nuclei of the hypothalamus
provide moderate input to the medial amygdala (MeA) that contributes to a brain defense circuit.
In contrast, CCK treatment did not induce remarkable increases in cFos expression within these
brain regions.

Accordingly, TMT and YO produced apparent activation of the MeA whereas CCK
elicited a robust response in the CeA only (data not shown). This finding is not surprising given
the observed TMT- and YO-induced increase in cFos activity within the endopiriform cortex, a

region known to provide direct input to the MeA (Behan and Haberly 1999). Furthermore,
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chemosensory signals, such as TMT, can reach the MeA directly via projections from the
accessory olfactory bulb and main olfactory bulbs (Scalia and Winans 1975; McDonald 1998).
TMT and YO, but not CCK, recruited NA neurons within the LC and VLM as well. Although
the source of the noradrenergic input to the MeA is sparse compared to the other nuclei,
observations made in the course of mapping studies focused on other amygdalar nuclei suggest
that noradrenergic input to the dorsal component of the MeA may originate from the VLM Al
cell group (Zardetto-Smith and Gray, 1990; Roder and Ciriello, 1993) or the LC, which provides
diffuse innervation of the entire amygdaloid complex, including sparse inputs to the MeA (Jones
and Moore 1977; Fallon et al., 1978). Accordingly, “missed” injection sites that targeted the
MeA instead of the CeA in the present study, produced a small amount of retrograde labeling in
the medullary and pontine regions analyzed. Diffuse NA terminals were also observed in the
MeA upon histological examination in the present study (observational results). Moreover, the
LC provides diffuse NA drive to the entire cortex, which presumably includes olfactory regions
that communicate directly with the MeA. Therefore, NA inputs from these brainstem regions
might contribute to the increased activity observed within the MeA with these selective stressors
via either direct or indirect routes through the cortex.

Previous studies report that “emotional stressors” (i.e., exteroceptive) elicit cFos more
consistently in the MeA than the CeA (Arnold et al., 1992; Pezzone et al., 1992; Bhatnager and
Dallman 1998; Li and Sawchenko 1998; Dayas et al., 2001) whereas several physical stressors
(i.e., interoceptive) evoke cFos more strongly in CeA than MeA (Ericsson et al 1994; Li et al.,
1996; Thrivikraman et al., 1997; Yamamoto et al., 1997; Buller et al., 1998). Moreover, it is
generally assumed that the MeA is critical for unconditioned emotional stressors to influence

HPA axis, while CeA is for conditioned emotional stressors (Van der Kar et al., 1991;
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Roozendaal et al., 1992). A recent study demonstrated that CeA lesions suppress PVN CRH cell
responses to physical stressors (Xu et al., 1998). Interestingly, TMT appeared to produce a
selective and robust activation of the lateral subdivision of the CeA (Fig. 33) in addition to the
MeA. The fact that TMT, an exteroceptive stressor, robustly activates both the MeA and CeA
abates the notion that distinct components of amygdala may mediate the neuroendocrine
responses to categorically different types of stressors. However, in view of the fact that the
olfactory system provides direct input to the MeA, which in turn provides a substantial input to
the CeA (Canteras et al., 1995), it is possible that observed increase in cFos expression within
the CeA is generated via this route.

Nonetheless, specific stressor-induced activation of the lateral subdivision of the CeA
(CeAL) is functionally meaningful given its selective projection district to brain regions
implicated in stress and anxiety and given the observed increase in cFos expression within these
brain regions in the present investigation. The CeAL receives a wide array of input from cortical
areas and exhibits a relatively simple bidirectional projection pattern with three major brain
regions: the medial subdivision of the CeA, the lateral BNST, and the eIlPBN (Petrovich and
Swanson 1997).

The caudal aspect of the CeAL has projections that terminate heavily and selectively in
both the oval and fusiform nuclei of the lateral division of the BNST, which together are
collectively termed the lateral extended amygdala (Sun et al.,, 1991; Alheid et al., 1995;
Petrovich and Swanson 1997). Therefore, stimulation or manipulations of the CeA are
presumably going to have profound influences on the BNST. Furthermore, the CeA and BNST
share strong reciprocal projections between each other and with the PBN and dorsal vagal

complex (Moga et al., 1990; Veening et al., 1984; Higgins and Schwaber 1983), and both have
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high y-aminobutyric acid (GABA) content (Sun and Cassell 1993). Likewise, the MeA contains
GABAergic neurons and is known to provide heavy inputs to the BNST (Canteras et al., 1995);
therefore, manipulations of this nucleus may also influence activity of the BNST. Of further
interest is the observation that the MeA projects to caudal regions of the anterolateral region of
the BNST, which also receive dense input from the CeA (Sun et al., 1991). Given the intricate
neurochemical and anatomical relationships between the BNST, CeA, and MeA, coupled with a
large body of literature implicating both structures in emotional processing, it is imperative that
further studies be carried out to elucidate whether, and how, these similar brain structures operate
in a concerted or differential manner to mediate responses to stress and anxiety.

In the present study, robust stressor-induced increases in cFos expression were observed
in the lateral BNST (both oval and fusiform nuclei), similar to the CeA and MeA (Fig. 34).
Accordingly, previous studies report that the BNST receives NA inputs from the pontine and
medullary cell groups, (Pickel et al., 1974; Sawchenko and Swanson 1982; Riche et al., 1990;
Roder and Ciriello 1994) which are much denser than those going to the CeA. One preliminary
study demonstrates that YO activates neural inputs to the BNST, in addition to the CeA, that
arise in the NST, VLM, and lateral PBN (Myers et al., 2004 Exp Bio Abstract). Therefore, it is
plausible that NA drive, originating from these hindbrain cell populations, to the BNST may
serve as an additional neural correlate of the behavioral effects associated with the stressor
paradigms implemented in the present study. However, it is currently unclear if different subsets
of hindbrain NA cell groups project to the CeA and BNST, or if the same NA neurons provide
input to both structures via collateral projections. Moreover, future studies are necessary to
determine if the CeA or BNST, or both, are critical to the behavioral and neural responses

observed with the each of the stressors used in the current study.
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In summary, the present findings demonstrate that CCK, TMT, and YO are behaviorally
aversive stimuli in rats, as they support conditioned flavor avoidance learning and have been
shown or are known to reduce food intake. These emotional stimuli also result in robust
activation of hypothalamic neurons and recruit hindbrain NA neurons that provide afferent input
to the amygdala. These results suggest that these differential emotional learning paradigms may
potentially influence emotional learning via stressor-specific ascending NA projection pathways
to the CeA (and likely via the BNST), of which originate from both pontine and medullary NA
cell groups. The behavioral responses and corresponding patterns of stressor-induced neural
activity reported here establishes the general groundwork for future experiments to probe the
specific neural substrates necessary for the observed responses to the emotionally provoking
stimuli of the present study.

Specifically, selective NA cell groups, and their selective projection districts to the CeA,
BNST, and PVN, could be lesioned to determine which hindbrain populations drive the
associated behavioral responses to a given stressor, and whether projections to the CeA or BNST
are more crucial for mediating these effects. Furthermore, removing NA afferent drive to the
forebrain from brainstem viscerosensory nuclei, or disrupting autonomic feedback by using an
autonomic ganglion blocker, may elucidate a more defined role for interoceptive feedback in
emotional processing. Inquiries such as these remain to be answered and demand further
experimental consideration. Investigations that focus on identifying stressor-specific neuronal
phenotypes and associated behavioral and neural correlates, such as the present study, offer the
benefit of new insight into our understanding of stress-related pathogeneses and provide

information relevant to current clinical practice.
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APPENDIX E: Chapter 6 Statistical Analysis & Figures

Stressor-Induced activation of CRH-positive hypothalamic neurons

One-way ANOVA revealed no significant effect of treatment group (CCK, high TMT, or
YO) in the proportion of activated CRH neurons in the mpPVN [F(2,16) = 1.92, P = 0.18].
CCK, high TMT exposure, and YO activated CRH neurons in the PVN to a similar extent (~61-

73%; Fig. 28).

Stressor-Induced activation of DFH-positive NA neurons

NST (A2 cell group): Two-way repeated measures ANOVA revealed no significant main
effect (between subjects) of treatment group (CCK, high TMT, YO) in the number of activated
NA neurons per tissue section in the NST. Within subjects, there was a significant main effect of
rostrocaudal level (cNST, mNST, rNST) [F(2,42) = 46.1, P < 0.0001], but no significant
interaction between treatment group and rostrocaudal level in the number of activated NA
neurons per tissue section in the NST. CCK, high TMT exposure, and YO activated similar
numbers of NA neurons at all rostrocaudal levels of the NST, except the cNST where high TMT
activated significantly more NA neurons compared to CCK (P = 0.005; Fig. 29A).

VLM (AL cell group): Two-way repeated measures ANOVA revealed a significant main
effect (between subjects) of treatment group (CCK, high TMT, YO) [F(2,48) = 18.7, P <0.0001]
and a significant within subjects effect of rostrocaudal level (cVLM, mVLM, rVLM) [F(2,42) =
8.86, P = 0.0006], but no significant interaction between treatment group and rostrocaudal level
in the number of activated NA neurons per tissue section in the VLM. Post hoc t comparisons

revealed that high TMT exposure and YO activated similar numbers of NA neurons at each
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rostrocaudal level of the VLM that were significantly greater then the number of NA neurons
activated by CCK in this region (P < 0.05 for each comparison; Fig. 29B).

LC (A6 cell group): One-way ANOVA revealed a significant main effect of treatment
group (CCK, high TMT, YO) in the number of activated NA neurons per tissue section in the LC
[F(2,21) =15.4, P <0.0001]. Post hoc t comparisons indicated that high TMT exposure and YO
activated similar numbers of NA neurons in the LC that were significantly greater then the
number of NA neurons activated by CCK in this region (P < 0.0001 for each comparison; Fig.

30).

Quantitative analysis of stressor-induced activation of brainstem inputs to the CeA

Two-way repeated measures ANOVA revealed a significant main effect (between
subjects) of treatment group (CCK, high TMT, YO) [F(2,54) = 20.1, P < 0.0001], a significant
within subjects effect of brainstem region (NST, VLM, LC, PBN) [F(3,45) = 27.5, P < 0.0001],
and a significant interaction between treatment group and brainstem region on the proportion of
treatment-induced activation of retrogradely labeled brainstem neurons [F(6,45) = 6.93, P <
0.0001].

Post hoc t comparisons revealed that high TMT exposure activated a greater proportion
of retrogradely labeled CeA inputs in the NST (~52%) compared to both CCK (~30%) and YO
(~38%) (P < 0.05 for each comparison; Fig. 31). In the VLM, high TMT exposure and YO
recruited similar proportions of retrogradely labeled CeA inputs (~37-49%), both of which
differed significantly from CCK (~19%) (P < 0.05 for each comparison; Fig. 31). Similarly,
high TMT exposure and YO recruited similar proportions of retrogradely labeled CeA afferents

in the LC (~29-32%), which differed significantly from CCK (~4%) (P < 0.05 for each
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comparison; Fig. 31). CCK, high TMT exposure, and YO activated retrogradely labeled CeA

inputs in the PBN to a similar extent (~15-21%; P < 0.05 for each comparison; Fig. 31, 32).
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Stressor-Induced Activation of Hypothalamic Neurons
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Figure 28. Stressor--induced activation of CRH-immunopositive neurons within the medial
parvocellular PVN. Bars represent group averages of the percentage of CRH-positive neurons
that were double-labeled for cFos. Group sizes are indicated in within bars of graph (n). CCK,
high TMT exposure, and YO activated similar proportions of CRH neurons.
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Stressor-Induced Activation of A2/C2 Neurons
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Stressor-Induced Activation of A1/C1 Neurons
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Figure 29. Stressor-induced activation of NA neurons in the NST and VLM across three
rostrocaudal levels: caudal to the area postrema (AP) (cNST, cVLM), through the level of the
AP, i.e., middle levels (mNST, mVLM), and rostral to the AP (rNST, rVLM). (A) Activation of
NA neurons in the NST, * P < 0.05 relative to CCK in ¢cNST and (B) Activation of NA neurons
in theVLM, * P < 0.05 relative to CCK. Group sizes are indicated in the graph legend.
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Stressor-Induced Activation of A6 Neurons
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Figure 30. Stressor-induced activation of NA neurons in the LC. * P < 0.0001 compared to
CCK. Group sizes are indicated in graph legend. High TMT and YO activated significantly
greater numbers of NA neurons compared to CCK.
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Stressor-Induced Activation of CeA Afferents
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Figure 31. Stressor-induced activation of retrogradely labeled brainstem neurons projecting to
the CeA. Bars represent the percentage of retrogradely labeled neurons in each region (i.e., NST,
VLM, LC, PBN) activated to express cFos in each treatment group. Within each region, bars
with different letters (a, b) are significantly different (P < 0.05). For PBN values, a* over the
high BE bar indicates P < 0.05 compared to low BE, but P > 0.05 compared to low TMT. Group
sizes are indicated in graph legend. *Note, group numbers for PBN differ from graph legend:
CCK (n=4), high TMT (n=3), and YO (n=5).
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Figure 32. Photomicrographs depicting dual immunoperoxidase labeling for cFos (black nuclear
label) and FG retrograde tracer (brown cytoplasmic label) within the PBN after CCK, TMT, or
YO treatment. Arrows point out some of the activated (i.e., cFos-positive) retrogradely-labeled
(i.e., CeA-projecting) neurons visible in each photomicrograph. See Figure 31 for quantitative
data.
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Figure 33. Photomicrographs depicting dual immunoperoxidase labeling for cFos (black nuclear
label) and CRH (brown cytoplasmic label) within medial and lateral subregions of the central
nucleus of the amygdala (CeA) in rats after CCK, high TMT, or YO treatment. cFos activation
appears greatest within the lateral CeA after each stressor treatment.
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Figure 34. Photomicrographs depicting dual immunoperoxidase labeling for cFos (black nuclear
label) and CRH (brown cytoplasmic label) within the oval (ov) and fusiform (fus) nuclei of the
bed nucleus of the stria terminalis (BNST) in rats after exposure to CCK, TMT, or YO. anterior

commissure (ac).
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