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Abstract

Accumulating research suggest that an organism’s response to psyvchological
stressors includes an element of cognitive processing that is partially mediated through a
change in the neurochemical milieu at the central nucleus of the amygdala (CeA). In this
respect. corticotropin-releasing hormone (CRH) at the CeA may integrate the autonomic
and behavioral effector systems of the stress response. Likewise. there is mounting
evidence that bombesin-like peptides (BN-LPs) may act independently of. or through
CRHergic systems to influence the stress response. Unfortunately. much of our
knowledge regarding the precise role of CRH and BN-LPs has been disadvantaged by
technical limitations that do not afford the direct assessment of neuropeptide
release’utilization.

The initial experiments presented in this thesis demonstrate the feasibility of using
a novel in vivo microdialysis approach combined with a highly sensitive
radioimmunoassay to assess the release of CRH and BN-LPs in freely behaving animals.
This research demonstrates that CRH and BN-LPs are released at the CeA in response to
both aversive and appetitive stimuli. signifving that these peptides represent two of the
neurochemical signals involved in assigning emotional salience to stimuli. regardless of
its valence. These findings challenge the widely held view that CRH at the CeA
orchestrates the behavioral changes associated with stressor exposure.

Based on the context and time-course of peptide release. it is suggested that CRH
at the CeA might serve to maintain vigilance. direct attention. sub-serve memory
formation. or represent a mechanism through which brain systems are sensitized to

subsequem stressor exposure.



iii
Acknowledgments

Without the uncompromising support and encouragement of my thesis advisor.
mentor and friend. Dr. Zul Merali. none of this research would have been possible. 1 will
be forever grateful to him for all he has taught me and the countless experiences that have
come my way because of him. This goes bevond my scientific training and includes the
strong family atmosphere he cultivated on a daily basis in the lab. and the many
friendships I have made because of this.

Although this work bears only my name I cannot imagine having made it this far
without the support of so many of my past and present lab mates. As a group we have
shared each other’s pain and happiness creating a lifetime of memories. [ owe a great
deal to Samir. Tania. Kelly. Anne. Lisa. Laurie. Tom. Scott. Shuye. Shara-Jane and
especially Judy who continues to teach and inspire me more than she probably realizes.
A very special thanks to Dr. Pamela Kent for all she has taught me over the vears. Pam’s
patience and sense of “calmness™ has always made working in the lab that much more
enjovable. Her feedback on this thesis was very much appreciated.

All who have gone before me will attest that being a student in the Merali Lab
comes with a somewhat significant sacrifice of time that can be difficult on family. [ am
happy to finally be able to tell my family that I'm free this weekend! Each of them has
been very supportive of me from the very beginning and I am grateful to them for this.
The support from my brother Rob was without hesitation and seemed to have no limits.
Special thanks to my mother and late father for their constant support of everything I've

ever done. no matter how long it took me to finish.



I am very grateful that for most of my six vears in the graduate program I have
been able to share my experiences with my wife Line St-Pierre. who always understood
exactly what I was going through. having done it herself not so long ago. The
encouragement. patience and self-sacrifice that she has had for me since the day we met
made this possible and my entire experience more enjoyable. Being with Line. meant
that [ was also fortunate to have the support and encouragement of her entire family and
so a special thanks is extended to Lucy. Frank and Line’s parents. Claude and Margo.

[ remember thinking on my first day at the University of Ottawa that if I ever
finished this chapter in my life I would make sure to thank my OAC chemistry teacher
who probably doesn’t realize the impact that he had on me before I even started
university. Without his encouragement and support I don’t think I would be writing this.
Thank vou Mr. Byvers.

[ would like to thank Dr. George Fouriezos who I was fortunate to work with near
the end of my time in the lab. Our common interest in both science and bicyvcles made
this experience very enjovable. Special thanks to Slyvie Emond who made the long days
of animal surgery so much easier. and Dr. Girodo for minimizing my pre-lecturing panic
attacks. Many thanks to my thesis committee members Dr. Claude Messier. Dr. Hymie
Anisman. and Dr. Héléne Plamondon for their guidance throughout this project.

Finally. I would like to thank the University of Ottawa and OGS for their financial

support.



Table of Contents

Abstract
Acknowledgments
Table of Contents
List of Figures
List of Tables
List of Abbreviations
General Summary
General Introduction
Hans Selye’s concept of stress
The prototypical stress response
Activation of the pituitary-adrenal (HPA) axis
Activation of the autonomic nervous system (ANS)
The stress response: The body s homeostatic alarm
Activation of the hvpothalamic-pituitary gonadal (HPG) axis
Activation of the hypothalamic-pituitary thyroid (HPT) axis
The classical neurotransmitters and the stress response
Dopamine
Epinephrine
Norepinephrine
Serotonin
Neuropeptides implicated in the stress response
Synthesis and release
Corticotropin-releasing hormone (CRH)
Arginine-vassopressin (AVP)

Bombesin-like peptides (BN-LPs)

Role of the amygdaloid complex in the stress response

i

i

X

Xi

xii

Xiit

(93]

[V ]

— —— 00 O\ Wh
4+ 9 —

L I B
o0 00 Wn

9
(=]

9
(RS

LIV IV IV
9 O W19

I
(=)}



Assessing the role of neuropeptides in the stress response: methodological issues

In situ hybridization
Immunohistochemistry
Micropunch
In vivo microdialysis and push-pull perfusion
Thesis objectives
Preface to chapter 1

Chapter 1

Aversive and appetitive events evoke the release of corticotropin-releasing
hormone and bombesin-like peptides at the central nucieus of the amygdala

Abstract

Introduction

Materials and methods

Results

Discussion
Preface to Chapter I
Chapter 11
Differential impact of predator exposure, immobilization stressor, and
sexual cues on central corticotropin-releasing hormone and bombesin-like
peptides in Fast and Slow seizing rats

Abstract

Introduction

Materials and methods

Results

Discussion

43
45
45
46

49

33

th
~

W
o0

60

70

80

86

89

91

94

vi



vii

Preface to Chapter 111 139

Chapter I

Differential impact of audiogenic stressors on Lewis and Fischer rats:
Behavioral, neurochemical and endocrine variations

Abstract 1453

Introduction 144

Materials and methods 146

Results 156

Discussion 172
Preface to Chapter IV 179
Chapter IV

Diazepam reverses the behavioral effects of novel environment stressor but
fails to block novelty-elicited release of corticotropin-releasing hormone at
the central nucleus of the amygdala

Abstract 182

Introduction 183

Materials and methods 185

Results 195

Discussion 204
Preface to Chapter V 210
Chapter V

Stressor exposure elicits the release of corticotropin-releasing hormone at
the peri-locus coeruleus: Possible activation through neurons arising from
the central nucleus of the amygdala

Abstract

Introduction 214



Materials and methods
Results
Discussion

General Discussion

Conclusions and future directions

Bibliography

viii



List of Figures

Introduction
Fig. I Schematic representation of the prototypical stress response 10
Fig. 2 Schematic representation of the neuroanatomical projections of the
amygdaloid complex 44
Fig. 3 Schematic representation depicting the relationship between in vivo
microdialysis and push-pull perfusion combined with RIA 48
Chapter |
Fig.1 HPLC separation of CRH and BN-LP immunoreactivity in microdialysis
samples 66
Fig. 2 Restraint-elicited release of CRH at the CeA 72
Fig. 3 Schematic illustration depicting histologically determined placement of
microdialvsis probes 73
Fig. 4 Restraint-elicited release of BN-LP at the CeA 74
Fig. 5 Meal-elicited release of CRH and BN-LP at the CeA 77
Fig. 6 Schematic illustration depicting histologically determined placement of
microdialysis probes 78
Fig. 7 Effect of meal ingestion on plasma ACTH and corticosterone levels 79
Chapter 11
Fig. 1 Photographic representation of the non-contact setup 102
Fig. 2 Effect of predator exposure and restraint on plasma ACTH and
corticosterone in Fast and Slow rat line 110
Fig. 3 Effects of predator exposure and restraint on immunoreactive CRH levels
at the PVN. Me/Arc. and Pit in Fast and Slow rat lines 113
Fig. 4 Effects of predator exposure on the time-course of plasma ACTH and
corticosterone changes in Fast and Slow rat lines 118
Fig. 5 Effects of restraint on the time-course of plasma ACTH and corticosterone
Changes in Fast and Slow rat lines 120
Fig. 6 In vivo release of CRH at the CeA following predator exposure in Fast and
Slow rat lines 122
Fig. 7 In vivo release of CRH at the CeA following restraint in Fast and Slow rat
lines 123
Fig. 8 Invivo release of CRH at the CeA following non-contact to estrous and
non-estrous female cohorts in Fast and Slow rat lines 125
Fig. 9 Behavioral response of Fast and Slow rat lines towards estrous and non-
estrous female cohorts under non-contact conditions 127

ig. 10 Behavioral response of Fast and Slow rat lines towards estrous and non-

estrous female cohorts under contact conditions 129



Chapter 111

Fig. 1 Effects of acute noise exposure on changes in ACTH. corticosterone
and prolactin 0- and 1-hr following exposure in Fischer and Lewis rats

Fig. 2 Effects of acute noise exposure on changes in CRH and BN-LP levels
at the PVN. and Me/Arc 0- and 1-hr following exposure in Fischer and
Lewis rats

Fig. 3 Effects of acute noise exposure on changes in CRH and BN-LP levels
at the CeA. MeA. and BLA 0- and 1-hr following exposure in Fischer and
Lewis rats

Fig. 4 Effects of acute noise exposure on changes in tissue levels of CRH and
BN-LP at the locus coeruleus 0- and 1-hr following exposure in Fischer
and Lewis rats

Fig. 5 In vivo release of CRH at the CeA following exposure to acute noise in
Fisher and Lewis rats

Fig. 6 In vivo release of CRH and corticosterone at the anterior pituitary gland
following acute noise in Fischer and Lewis rats

Fig. 7 Behavioral response to acute noise exposure in Fischer and Lewis rats

Chapter IV

Fig. 1 Photographic representation of the novel cage paradigm setup

Fig. 2 Changes in the consumption of a palatable snack in rats transferred from
their home cage to a novel environment

Fig. 3 Diazepam-pretreatment dose-dependently reverses the behavioral effects
of the novel cage

Fig. 4 Invivo release of CRH at the CeA in rats transferred from a home cage
to a novel environment

Chapter V

Fig. 1 A schematic representation of a novel side-window push-pull probe used

to collect the release of CRH at the peri-locus coeruleus

Fig. 2 In vivo release of CRH at the peri-locus coeruleus following restraint

167

170
171

188

198

199



Chapter 11
Table 1.

Table 2.

Chapter 111

Table 1.

Chapter IV
Table 1.

Table 2.

List of Tables

Effect of predator exposure and restraint on regional changes in
immunoreactive CRH tissue levels in Fast and Slow rat lines
Effect of predator exposure and restraint on regional changes in
immunoreactive BN tissue levels in Fast and Slow rat lines

Effect of acute noise exposure on regional changes in immuno-
reactive CRH and BN-LP at 0- and 1-hr following noise exposure
in Fischer and Lewis rats

Effects of CP-154526 (CRH, receptor antagonist) on novel
environment induced suppression of snack consumption

Effects of anti Sauvagine-30 (CRH-type2 receptor antagonist)
and CRH on snack consumption in a novel cage and home cage.
respectively.

114

116

164

201

201

Xi



Xii

List of Abbreviations

ACTH. adrenocorticotropin-releasing hormone: ANOVA. anlaysis of variance: AH.
anterior hypothalamus: ANS. autonomic nervous system: AVP. arginine vasopressin:
BA. basal amygdala: BLA. basal lateral amygdala: BN. bombesin: BN-LPs. bombesin-
like peptides: BNST. bed nucleus of the stria terminalis; Cau. caudate nucleus: CeA.
central nucleus of the amygdala; Cg Cx. cingulated cortex; CNS. central nervous system:
CREF. corticotropin-releasing factor: CRH. corticotropin-releasing hormone: CRH-BP.
CRH-binding protein: DH. dorsomedial hypothalamus: dHipp. dorsal hippocampus:
FITC. fluorescein-3-isothiocyanate: fMRI. functional magnetic resonance imaging:
FSH. follicle-stimulating hormone: GAS. general adaptation syndrome: GnRH.
gonadotropin releasing hormone: GR. glucocorticoid receptor: GRP. gastrin releasing
peptide: Hipp. hippocampus: HPA. hypothalamic-pituitary adrenal: HPLC. high-
performance liquid chromatography: HPT. hypothalamic-pituitary thyroid: HPG.
hypothalamic-pituitary gonadal: ICV. intracerebroventricular: IML. intermediolateral:
ip. intraperitoneal: ir. immunoreactive: KRB. Kreb’s Ringer solution: LC. locus
coeruleus: LH. luteinizing hormone; M Cx. motor cortex: MeA. medial amygdala:
Me/Arc. median eminence arcuate complex: mPFC. medial prefrontal cortex: MPOA.
medial preoptic area: mRNA. messenger ribonucleic acid: nAcb. nucleus accumbens:
NMB. neuromedin B: NMC. neuromedin C: NTS. nucleus of the solitary tract:

OT. olfactory tubercle: PET. positron emission tomography: Pit. pituitary gland: PRL.
prolactin: PV. paraventricular thalamic nucleus: PVN. paraventricular nucleus of the
hypothalamus: S Cx. somatosensory cortex: T3. triiodothyronine: T4. thyroxine:

TRH. thyroid-releasing hormone: TFA. trifluoroacetic acid: TMT. trimethylthiazoline:
TSH. thyroid-stimulating hormone; VTA. ventral tegmental area: VMH. ventral medial

hypothalamus



Xiii

General Summary

The prototypical stress response includes both an activation of the hypothalamic-
pituitary adrenal (HPA) axis and sympathetic nervous system that together with stressor-
associated behavioral change underscore the means through which an organism copes
with threatening stimuli. This typically transient response is essential to an organism'’s
survival albeit when chronically activated deleterious consequences on one’s physical
and mental health may ensue. In humans. the adverse health effects associated with
chronic stressor exposure are readily apparent and range from depression and panic
disorder to heart disease and cancer. Understanding the neurochemical and behavioral
underpinnings of the stress response has facilitated our ability to develop behavioral and
pharmaceutical treatments for stress-related disorders. More recent effort has been
focused on the role of neuropeptides in both the stress response and etiopathogenesis of
stress-related conditions. In this context. corticotropin-releasing hormone (CRH) of
hypothalamic origin represents one of the most widely studied hormones mediating the
activation of the HPA axis. in addition to plaving a role in the behavioral changes
commonly associated with stressor exposure. More recent pharmacokenetic advances
have lead 1o orally administrable CRH receptor antagonists that readily pass the blood
brain barrier in efforts to treat stress-related conditions by targeting central CRH
receptors. The assumption behind these developments is that these ailments include a
hyper-secretion of CRH (or some other ligand) in the brain. prompting an abnormal
activation of CRH receptors. Identifving the brain regions where the release of CRH
and/or other neurochemicals might be imbalanced represents a major scientific

undertaking. In many cases. both human and animal experiments suggest that the
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amygdala. and in particular the central nucleus of the amygdala (CeA). represents a major
brain region involved in processing stimuli that constitute processive/psychological
stressors. Processive stressors activate the stress response through a higher level of
cognitive processing (in comparison to physical/systemic stressors) and are analogous to
situations commonly experienced by humans. Therefore. much can be gained by
elucidating the neurochemical processes that occur at the CeA during stressful conditions.
Continued progress in this area necessarily requires that we glean a better understanding
of how CRH (and other hormones) are utilized in the brain across various behavioral
states. such as stressor exposure. in freely behaving animals. In this context. the
identification of novel stress-related neuropeptides. such as bombesin-like peptides (BN-

LPs) increases the scope of potential therapeutic intervention.

Much of what we know about the classical neurotransmitters (dopamine.
serotonin. norepinephrine and epinephrine) has been derived from studies assessing the in
vivo release of these compounds in freely behaving animals using techniques such as
microdialysis. Unfortunately. attempts to apply in vivo microdialysis to investigate the
endogenous release of peptides such as CRH and BN-LPs have been stalled by poor
recovery rates of the dialysis membrane and insufficient ex vivo quantification
capabilities. As an alternative. indirect approaches such as in siru hybridization. post-
mortem tissue content analyses. and exogenously administered compounds have been
relied on to determine the extent to which CRH (and other peptides) are involved in the

different aspects of the stress response. ranging from endocrine to behavioral changes.
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As a result. our ability to ascribe specific roles to either CRH or BN-LPs during the stress

response is difficult and will remain so until more direct techniques are developed.

The initial experiments presented in this thesis demonstrate the feasibility of using
a novel in vivo microdialysis approach combined with a highly sensitive
radioimmunoassay (RIA) to assess the release of CRH and BN-LPs in freely behaving
animals. With this technique firmly established we were able to assess the release of
CRH and BN-LPs before. during and following various behavioral conditions that had
aversive (noise. restraint. predator and novelty) and appetitive (meal ingestion and
exposure to sexual cues) attributes. A fundamental hypothesis addressed in this work
was if CRH at the CeA mediates the behavioral response associated with stressor
exposure then:
1) Experimental paradigms that elicit different behavioral responses in animals
should evoke differential release patterns of amygdaloid CRH. Likewise.
2) Rat strains that display unique behavioral patterns towards stressors should
show strain-dependent release dynamics of CRH at the CeA.
If on the other hand the role of CRH and/or BN-LPs goes beyond the stress response to
include the attribution of emotional salience. despite the inherent quality of the stimulus.
then:
3) Exposure to appetitive events might also evoke the release of these peptides at

the CeA.
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Taken together. the experiments presented in this thesis confirm that CRH and BN-LPs
are released at the CeA in response to both aversive and appetitive stimuli. These
findings suggest that these peptides represent two of the neurochemical signals involved
in assigning emotional salience to stimuli. regardless of its inherent positive or negative
attributes. Similar findings are reported for the release of CRH in response to sexually
receptive female cohorts. Over the course of these experiments it was readily apparent
that the release pattern of CRH at the CeA in response to several conditions (i.e. restraint.
noise. novelty. predator. meal consumption. and sexual cues) was similar regardless of
the pre-existing strain-dependent behavioral repertoire of the animals. and the nature of
the stimulus (positive or negative). Indeed. the introduction of a stressor or appetitive
stimulus consistently evoked a rise in the release of CRH at the CeA. which remained
well after the stimulus was removed. Furthermore. we report that rats pretreated with
diazepam display anxiolytic-like behavioral patterns despite a concomitant rise in the
release of CRH at the CeA. In summary. the findings in this thesis strongly oppose the
position that CRH at the CeA orchestrates the behavioral changes associated with stressor
exposure. However. this research clearly demonstrates that stressor exposure. like
appetitive stimuli. evokes a protracted release of CRH and BN-LPs at the CeA. This
response pattern provides insight into the role of these peptides in general and at the CeA
in particular. We discuss the sustained rise of CRH in the context of the experimental
design in which it was observed and postulate that a protracted CRH release might serve
to maintain vigilance. direct attention. sub-serve memory consolidation. neuroprotection.
or represent a mechanism through which brain systems are sensitized to subsequent

stressor exposure.



General Introduction

In Canada. after pregnancy. the major causes of hospitalization and death are stress-
related conditions [179]. The wear and tear that life stressors impart on one's physical
and mental health is profound and it is estimated that 64% of Canadians over the age of
18 report that they are chronically exposed to at least moderate levels of stress. Of these.
a significant proportion (26%) report experiencing high levels of stress [179]. Stressful
events (stressors) can range from the relatively minor evervday occurrences (lost wallet.
traffic jam. and schedule demands) to the more major and often unexpected misfortunes
like natural disaster. illness or death of a loved one. As will be discussed in some depth.
the body s responses to stressors are designed to help one cope with stressors (fight or
flight response). However. chronic exposure to stressors (of mild or severe intensity) can
lead to perturbations ot one's physiological and behavioral resources and promote the
onset of a variety of ailments ranging from psychiatric [57] to immune [183] and.

cardiovascular disorders [52:339].

[t is not surprising then that the mechanisms underlving stressor responses and
stress-related disorders have become amongst the most investigated topics. spanning
across several disciplines including sociology. psychology. endocrinology and cellular.
molecular and behavioral neuroscience. Despite the widespread interest in this topic. the
concept of stress remains. at best. loosely defined [452]. The difficulty in defining stress
arises in part because it is a multidimensional concept that consists of an interaction
between at least 1) the incoming stimuli (stressors). 2) the mechanisms involved in

processing the stressor. and 3) one's physical. psychological and/or behavioral response
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to the stressor. In the current thesis "stress" is viewed as the physical. psychological
and/or behavioral response(s) in anticipation of. or in response to. a threatening stimulus
(i.e. the stressor). This response may occur consciously or unconsciously. This umbrella
definition attempts to incorporate views that have evolved over time. Without a doubt.
much of our understanding of stress-response began with the pioneering work of Hans

Selve. more then five decades ago [400].

In recognition of Selye's contribution to the field of stress research this
introduction begins with a brief overview of Selye's work at McGill University.
Although the underlying position held by Selye (that stress is a non-specific response) is
no longer widely accepted. researchers do accept the concept that certain common
physiological changes do represent the prototypical stress response. In this context. the
second part of this introduction details the concomitant activation of the hypothalamic
pituitary adrenal (HPA) axis and svmpathetic nervous system as the benchmark signals
underscoring the prototypical mammalian stress response. These changes are discussed
in the perspective of how they might represent the body's defense against threats to
homeostasis. Although the activation of these physiological changes represent the most
widely studied stress responses. it is important to discuss them in the context of other
stressor-reactive systems. Thus. this section includes a brief discussion of how stressors

influence the hypothalamic pituitary thyroid (HPT) and gonadal (HPG) axes.

The next section reviews the neurochemical substrates implicated in the stress

response beginning with a brief summary of how stressors influence the classical
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neurotransmitter systems within the brain. However. because the central theme of this
dissertation concerns the role of neuropeptides in the stress response. this section includes
a detailed analysis of how peptidergic systems are affected by stressors. Similarly.

central to the studies presented in this dissertation was an assessment of how the
amygdala. particularly its central nucleus (CeA). might be involved in the animal'’s
response to both aversive and appetitive events. As such. the final section to this
introduction addresses the possibility that the CeA may play a central role in the

integration of processes through which sensory stimuli gain motivational and emotional

significance.

Hans Selye's concept of stress

As a voung researcher at McGill University. Selye was not initially studyving. nor
was he particularly interested in. stress. In his effort to discover a new sex hormone.
much of his time was dedicated towards injecting rats with placental and ovarian extracts
and assessing whether they produced unique effects. To his initial amazement. Selve
observed that his extract injections all produced a considerable enlargement of the
adrenal cortex. accompanied by atrophy of the thymus. spleen and lymph nodes as well
as the appearance of ulcers at various levels of the gastrointestinal tract [401]. These
events all occurred concurrently and the magnitude of change appeared to be dependent
upon the amount of the extract injected. Because none of the known sex hormones
produced such a syndrome. Selye felt that the ovarian and placental extracts must contain
an as vet undiscovered sex hormone(s). However. it was soon discovered that extracts

from several different organs as well as toxins and environmental change. also produced



a similar set of symptoms. It was clear that the condition he observed was not unique to a
potentially novel sex hormone. and he was urged by many of his contemporaries. to

abandon this line of research and to return to traditional research in endocrinology.

In many ways the medical field today is indebted to Selve because he went
against the advice of his colleagues. and continued his relentless pursuit to understand the
basis for what he would soon coin the term “general adaptation syndrome™ (G.A.S.)
sometimes referred to as the stress syndrome. In Selve's first submission of a manuscript
to Narure in 1936 [400] he used the word "stress" to describe the alarm. resistance and
exhaustion response stages of the G.A.S. However. the use of this term outside the field
of physics was met with so much resistance that the editors of the journal replaced it with
"nocuous”. It took Selye some time to convince the medical field that "stress” was a
more suitable term and even longer to define it as "...the state manifested by a specific
syndrome which consists of all the nonspecifically induced changes within a biologic
svstem" [401] p.54. From then on. the medical use of the word "stress” grew in

popularity. unbound by different languages around the world.

Selve recognized and characterized the specific physiological changes that
occurred in response to stressful stimuli but did not consider this to be a part of the stress-
syndrome. On the other hand. he felt it was the underlying non-specific changes that
constituted the stress response and that this response should only be studied after the

specific changes were subtracted out. In this regard. many researchers since Selye have



taken issue with the notion of non-specificity. and debates on this topic are common even

today [327:328].

This summary of how Selye's research in stress unfolded is admittedly limited in
scope. compared to the breadth of his accomplishments. but does underscore how his
ideas and discoveries served as a springboard for much of the research that followed.
Since the early discoveries of Selve. scientists have learned a great deal more about the

underlying mechanisms that characterize the prototypical stress response.

The prototypical stress response
Activation of the hvpothalamic-pituitary adrenal (HPA) axis

Ordinarily. the neurochemical signals that influence the HPA axis activity are
maintained within a narrow range. fluctuating primarily in an ultradian rhythm and in
response 1o deviations from a designated range [67]. However. when an organism
anticipates. or confronts a threatening situation. a rapid (within seconds) mobilization of
the HPA axis is elicited. This is characterized by a cascade of neurochemical changes
leading to the release of corticotropin-releasing hormone (CRH) from the median
eminence of the hypothalamus. CRH is then transported (via the portal blood system) to
the anterior pituitary gland. where it binds to receptors on corticotropic cells.
Corticotropic cells produce and release adrenocorticotropin-releasing hormone (ACTH).
in response to activation bv CRH and/or other secretagogues. Once released. ACTH is
transported via general circulation to various organs including the adrenal cortex where it

activates specific receptors to provoke the release of glucocorticoids. namely cortisol (in



primates) or corticosterone (in rodents). Release of ACTH and corticosterone (or
cortisol) is evident within minutes of stressor exposure [67]. As will be discussed in
subsequent sections. there are other peptides and non-peptide molecules that can act

independently of or synergistically with CRH to influence the activation of the HPA axis.

Activation of the autonomic nervous system (ANS)

In addition to an activation of the HPA axis. stressors also activate the ANS [67].
Efferent neurons of the sympathetic nervous system innervate various tissues including
the heart. blood vessels. smooth muscle. lymphoid tissues as well as endocrine and
exocrine glands. Thus. a threat to homeostasis caused by either a change in the internal
milieu or external environment activates a variety of neural circuits that regulate a wide
range of bodily functions that include respiration. cardiovascular function. digestion.
body temperature. salivation. metabolism. or immune function. Most organs receive
input from both divisions of the ANS. namely the parasympathetic and svmpathetic
divisions [467]. Because these two systems can have antagonistic effects on various
target organs. the functional status of the innervated organ/tissue depends on which
svstem is dominant at any given time [467]. For instance. during stressor exposure the
activity of the sympathetic nervous system becomes more dominant. facilitating pupillary
dilation. thickening of saliva. piloerection. increased respiration. mobilization of blood
glucose. acceleration of the heart rate. and increased blood pressure. This constellation of
physiological change is due. in large part. to the release of epinephrine from the adrenal
medulla. Adrenal activation is mediated through preganglionic fibers that arise out of the

lower thoracic spinal nerves and pass through the chain ganglia to terminate directly upon



the adrenal glands. Together. norepinephrine and epinephrine enhance sympathetic
activity by directly activating a number of biological systems that are also under neuronal

control. and although this hormonal control is slower. it is more sustained.

Like the HPA axis. the activation of the svmpathetic nervous system is under the
control of the central nervous system (CNS). in particular. the nucleus of the solitary tract
(NTS). medulla. parabrachial nuclei. paraventricular nucleus of the hypothalamus (PVN).
amygdala and prefrontal cortex all project directly and/or indirectly to the sympathetic
preganglionic neurons of the intermediolateral (IML) cell column located in the thoracic
and lumbar segments of the spinal cord to determine sympathetic outflow [95:329]. The
central coordinating locus appears to be the PVN. which responds to incoming impulses
originating from the viscera and other cortical and sub-cortical brain regions that are
sensitive to change in an organism's internal and/or external environment [467]. Signals
relaved to the hypothalamus. in turn. activate autonomic efferent neurons in the brain
stem shifting the balance between the parasympathetic and syvmpathetic nervous system
in favor of sympathetic action [467]. Its dominance over the activation of the body's
organs is critical for preparing the organism for the fight or flight response [467]. Itis
important to note that although the hypothalamus acts as a central regulator of both
effector systems of the stress response. it clearly activates the HPA axis and the ANS
through distinct mechanisms. The consequences of activating both systems serve a
unique set of functions. which ultimately enhance the organism's ability to cope with the

impending danger.



The stress response: The body's homeostatic alarm

In the early 1920's. Walter B. Cannon. a physiologist from Harvard University.
coined the term "homeostasis” as an organism's ability and need to maintain an internal
state of constancy despite changes around it [401]. In this context. the prototypical stress
response can be regarded as an alarm signal to real or perceived threats against
homeostasis. The sympathetic nervous system mediated changes that occur within
seconds after stressor onset serve to 1) release and transport energy stores to areas of
demand. inhibit energy storage. and induce gluconeogenesis (production of glucose): 2)
increase cardiovascular output to facilitate the rapid delivery of oxyvgen and energy to
muscles: 3) stimulate of the immune system via cell translocation (trafficking) to body
tissues that may be wounded: 4) inhibit reproductive physiology and behavior: 5)
suppress food intake and appetite: and 6) increase vigilance and cerebral glucose
utilization [388:467]. The timing of these physiological changes (seconds) suggests that

they are mediated by rapidly activated second messenger systems.

On the other hand. the end product of an activated HPA axis. namely elevated
glucocorticoid levels. exerts most of their effects through genomic changes. so their
effects are likely more slower in onset and protracted in duration. The secretion of
glucocorticoids may serve several biological functions (reviewed in [388]). including
limiting the activation of the immune system [15:67:372]. In addition. via an activation
of hardwired negative feedback loops. glucocorticoids limit the duration and/or
magnitude of the stress response. ensuring that the biologically costly consequences of

HPA axis activation are short-lived [15]. Although the precise brain loci where



glucocorticoids exert their suppressive effects on the HPA axis are not completely
elucidated. it is believed that type Il (GR) receptors located at the hippocampus. PVN.
and pituitary gland are among the likely targets [387:481]. In concert. the cascade of
events described above not only prepares the organism for the fight or flight response
[15]. but returns the body to homeostasis. This normally transient stress response is a
very adaptive way for the organism to survive and cope with impending danger (see

Figure 1).

An inappropriate stress response (blunted. exaggerated. and/or protracted) can
predispose one towards adverse states of well being [303]. Hypersecretion of
glucocorticoids can promote the onset of systemic diseases that include colitis. asthma.
hypertension as well as affective disorders such as depression. post-traumatic stress
disorder. and advance neuronal degeneration [266:267]. On the other hand. a blunted
secretion of glucocorticoids during stressor exposure may insufficiently limit immune
responses. result in inadequate energy availability. decrease coping behaviors. impair
memory formation. and in general. lead to an inadequate defense of homeostasis [260]. It
has also been suggested that a blunted stress response might impair the organism's ability
to respond to subsequent stressors [388]. As alluded to earlier. the activation of the HPA
axis and the sympathetic nervous system should be viewed in context with other systems

that are also activated in response to stressor exposure.
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Figure |. Schematic representation of the prototypical mammalian stress response which includes an
activation of the HPA axis and sympathetic nervous system following exposure to (or in anticipation of)
an activating stimulus (i.e. stressor). ACTH. adrenocorticotropin-reieasing hormone: AVP. argine-
vasopressin: BN-LPs. bombesin-like peptides: CRH. corticotropin-releasing hormone: PVN.,
paraventricular nucleus of the hypothalamus
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Activation of the hyvpothalamic-pituitary gonadal (HPG) axis

The predominant female sex hormones. including estrogen and progesterone. are
produced by the ovaries. whereas the predominant male sex hormone. testosterone. is
primarily produced by the testes. The adrenal glands also produce testosterone (in both
males and females) but to a much lesser extent than the testes. Gonadotropin releasing
hormone (GnRH) cell bodies within the medial preoptic area (MPOA) of the
hypothalamus play a major role in the regulation of sex hormones. The pulsatile release
of GnRH from the median eminence into the portal blood system evokes the release of
luteinizing hormone (LH) and follicle-stimulating hormone (FSH) from the anterior
pituitary. Interestingly. continual (rather than pulsatile) release of GnRH suppresses
LH/FSH release [159]. Once released into the general circulatory system. LH and FSH
travel to the gonads to stimulate the synthesis of both estrogen and progesterone or
testosterone. Testosterone acts as a negative feedback signal at the level of the MPOA
and pituitary gland by indirectly suppressing the firing rate of GnRH neurons and
inhibiting further release of LH and FSH. respectively. The feedback signals transmitted
by estrogen and progesterone either stimulate or inhibit FSH and LH. respectively.
depending on the phase of the estrous cyvcle. Specifically. if the female is in diestrus the
ovarian hormones have an inhibitory effect on the MPOA and pituitary gland. however

this effect is reversed during the proestrus phase [217].

A wide variety of stressors can influence the activation of the HPG axis
[7:94:252]. Like many other stress-responsive systems. the HPG axis activity is partially

dependent on the duration and type of stressor. age and gender of the organism. as well as



the level of gonadal hormones at the time of stressor exposure [67]. Although chronic
stressor exposure is commonly associated with a suppression of GnRH and LH. acute
stressors can activate or suppress this response [67]. Accumulating research indicates
that CRH and arginine vasopressin (AVP) are likely involved in the stressor-induced
inhibition of the HPG axis. however it is not completely understood if the CRH/AVP-
ergic control over the HPG axis arises from the PVN or some other brain site. like the

MPOA where most of the GnRH synthesizing neurons reside [67:373].

Activation of the hvpothalamic-pituitary thyroid (HPT) axis

Much less is known about how stressors influence the activation of the HPT axis
compared to the HPA and HPG responses. In short. when thyroid-releasing hormone
(TRH) (of hypothalamic origin) is released into the hypophyseal portal blood it binds 10
thyrotrophic cells at the anterior pituitary gland [198]. The binding of TRH 10 its
receptors promotes the synthesis and release of thyroid-stimulating hormone (TSH) from
the anterior pituitary gland [141:198]. Once released into circulation TSH binds to
receptors located on epithelial cells in the thyroid gland where it promotes the synthesis
and release of thyroxine (T4) and triiodothyronine (T3) [471]. Like other endocrine
systems. the regulation of the HPT axis is under tight negative feedback control [233]. In
this case when blood levels of thyroid hormones reach a certain level they inhibit the
production of TRH and synthesis of pituitary TSH [214:233]. Conversely. a drop in
circulating levels of T4 and T3 stimulates the production of TRH (and consequxent
secretion of TSH). It is thought that thyroid hormones influence most cells in the body

[141:198]. The most widely studied effects of thyroid hormones have been related to



their ability to stimulate metabolic activity. increase lipid and carbohydrate metabolism.
and influence processes related to growth and development [78:198]. In addition. thyroid
hormones also augment cardiac contractility. increase vasodilation. and affect mental and

reproductive functions [131:134:198:371].

The release or suppression of TSH from the anterior pituitary gland appears to be
dependent on the type of stressor. For instance. restraint. ether as well as forced exercise
suppress plasma TSH levels while noise. forced swim and cold exposure increase TSH
plasma levels [67:219]. There has been some suggestion that the activity levels of the
HPA and HPT axes oppose one another [319:479]. Not only do CRH and TRH neurons
of the PVN form reciprocal connections [191]. but also thyrotrophic cells at the anterior
pituitary gland express AVP receptors [835] and injection of AVP into the hypothalamus
rapidly suppress plasma TSH levels [265]. Furthermore. stressor-induced elevations in
plasma corticosterone suppress the activation of the TRH messenger ribonucleic acid
(mRNA) expression in the PVN [213]. To date there is not widespread agreement on
how the HPT axis responds to stressors. specifically what types of stressors evoke its
activation or suppression. It has. however. been suggested that the activation of this

svstem may be unique to stressors which alter an organisms metabolic rate [67].

In conclusion. although the prototypical stress response 1s viewed as a
concomitant activation of the HPA axis and sympathetic nervous system. it is important
to understand this response in the context of other stressor responsive systems. like the

HPG and HPT axes. Taken together. an organism's ability to survive in the face of real or
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perceived danger is to a large part determined by successful mounting of appropriate and
adequate endocrine. autonomic and behavioral responses. without exhausting recourses
during activation of such biologically costly adjustments. Inadequate responses can often

be detrimental or fatal (e.g. falling victim to the predator or developing stress-related

disorders).

The classical neurotransmitters and the stress response

Twenty vears ago Anisman and Zacharko (1982) reviewed the evidence
supporting an association between stressor-induced disruptions in neural transmission of
brain circuits using classical neurotransmitters. including serotonin. norepinephrine and
dopamine. and the onset of mood disorders. particularly depression [16]. Since then.
accumulating research has continued to strengthen the contention that stressors
exacerbate mood disorders. Indeed. several clinical treatments that target the brain
monoaminergic systems alleviate many symptoms associated with stress-related ailments
(i.e. anxiety. panic. depression. social phobia. and eating disorders) [281:427]. Although
the focal interest of this dissertation is the role of neuropeptides in the coordination or
mediation of the stress response. it should be borne in mind that the classical
neurotransmitters (that are affected by stressors) may also influence peptidergic
functioning. There is voluminous literature dealing with each of these monoaminergic

transmitters in context of stress research. and will be reviewed only briefly.



Dopamine

The deployment of a successful coping response depends upon first being able to
appropriately identify- the stimulus as being potentially harmful. and then eliminating or
minimizing exposure to it. This contrasts with responses to potentially
pleasurable/beneficial stimuli. where the tendency is to approach them. Thus the
propensity to approach or to avoid a stimulus is partly a consequence of emotional
salience attributed to the stimulus [42:43:493]. The potential involvement of the
dopaminergic system(s} in processes attributing emotional salience to various stimuli

[42:43:47]. makes this system(s) of particular interest in the context of the stress

response.

Neuronal cell bodies synthesizing dopamine are well identified and appear to be
localized predominantly at the ventral tegmental area (VTA) and substantia nigra. The
nigrostriatal svstem consists of dopaminergic projections from the substantia nigra to the
neostriatum and plays a role in the coordination of movement [76]. The mesolimbic and
mesocortical systems comprise. respectively. of projections from the VTA to limbic
structures (nucleus accumbens (nAcb). amygdala. hippocampus) and frontal cortex.
These limbic projections have long been suspected to be involved in the genesis of the
cognitive and behavioral response to stressors [138:310:443]. A fourth dopaminergic
svstem is the tuberoinfundibular system. which projects from the hypothalamus to the
pituitary. exerting an inhibitory action over prolactin secretion [36:37]. In context of the
stress response the balance between dopaminergic activity at the cortex and limbic

regions. seems particularly important.
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While several environmental perturbations evoke the release of dopamine from
terminal buttons at the medial prefrontal cortex (mPFC). no change. or a slight drop. in
dopamine release at the nAcb typically accompanies elevated release at the cortex [138].
This heterogeneous response is presumably mediated through a dopamine-induced
inhibition of glutamatergic transmission in pyramidal neurons projecting from the mPFC
to the nAcb [126]. It is of interest to note that dopamine-depleting lesions restricted to
the mPFC potentiate stressor-induced dopamine release at the shell of the nAcb [227].
This provides a neurochemical and neuroanatomical substratum for the observation that
stressor exposure (both acute and chronic) interferes with an animal's propensity to
engage in appetitive behaviors. For example. stressors are known to obstruct several
aspects of copulatory behavior and reduce the ingestion of a palatable snack: both of

which are influenced by dopaminergic systems [127:199:338].

Research in rodents and non-human primates suggests that it is not the release of
dopamine at the mPFC per se but rather the absolute amount of dopamine released that
influences an animal's cognitive assessment of environmental stimuli [315]. Thus.
optimal cognitive functioning may be impeded by stressor-induced excessive dopamine
release at the mPFC. Of note. in this regard. is the observation that exposure of a
bystander to a foot shocked cohort selectively evokes the release of dopamine at the
mPFC without affecting the release of serotonin or norepinephrine [338]. This. together
with the evidence that stressor exposure can sensitize dopamine release to subsequent
stressors (with long-term repercussions on behavioral outputs [41:165:361:501]).

underscores the possibility that dopamine may play a functional role in the



17

etiopathogenesis of stress-related disorders in humans [138]. For instance. prolactin
secretion from the anterior pituitarv gland is under the tonic inhibition of
tuberoinfundibular dopamine neurons in the arcuate nucleus. so that a stressor-induced
suppression of these dopamine neurons (and subsequent disinhibition of prolactin
secretion) might underscore conditions such as hyperprolactinemia [147]. Similarly.
some authors have suggested that an interaction between the HPA axis and the

dopaminergic systems may underlie features common to certain mental illnesses [395].

There is some evidence that the neurochemical mechanisms underlying stressor-
induced exacerbation of mood disorders may arise from a change in the functioning of
the HPA axis. Indeed. some animal research and clinical observations support the notion
that hyperactivity within the HPA axis might augment dopamine transmission in the
brain. For example. a transient activation of the HPA axis (bv CRH and/or ACTH
injections) consistently produces an increase in plasma homovanillic acid levels (a
dopamine metabolite) the following day [358:359]. In rodents. glucocorticoid treatment
evokes the release of dopamine at the nAcb. hvpothalamus. and caudate nucleus. but not

at the mPFC or the striatum [382:489].

In conclusion. it appears that there is functional cross talk between the HPA axis
and dopaminergic neurotransmission. such that elevated HPA activity can produce a
delayed elevation in dopamine turnover. These findings suggest that stressor-elicited
HPA activation might affect dopaminergic responses. possibly impacting upon the

etiology of psychiatric disorders.
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Epinephrine

Stressor-elicited activation of the sympathetic nervous system provokes the
secretion of adrenal medullary hormones. namely epinephrine and norepinephrine. into
the general circulation. As outlined earlier. elevated epinephrine may serve many
functions. including the preparation for the fight or flight response (see above). In the
brain. catecholaminergic cell bodies are located in the ventrolateral medulla (i.e. C1 cell
group). and project to the PVN and supraoptic hypothalamic cell bodies [97]. and spinal
cord where they innervate sympathetic preganglionic neurons in the IML cell column
[380]. Adrenergic neurons are also located within the dorsomedial medulla (i.e. C2 cell
bodies): where they give rise to axons that terminate at the PVN. lateral hypothalamus.
and CeA [336]. Consistent with the fact that norepinephrine levels in the brain far exceed
that of epinephrine. is the assertion that epinephrine in the brain plays a minor role in the
stress response. at least compared to that of norepinephrine and that ascribed to 1t’s
function during sympathetic activation [76]. Still. acute stressor exposure has been
reported to produce a protracted (up to 24-hr) decrease in hypothalamic epinephrine
levels. while a 21-day chronic stressor exposure was associated with increased

hypothalamic tissue epinephrine content. an effect attributed to altered utilization and

turnover [381].

Norepinephrine
Whereas epinephrine is the predominant catecholamine released from the adrenal
medulla. the primary neurotransmitter of the post-ganglionic nerves of the sympathetic

nervous system is norepinephrine. Its release is associated with many of the bodily
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changes that are under the control of this branch of the stress response (see above
discussion). In the brain. noradrenergic projections are extensive and have been
implicated in the psychological. physiological and behavioral responses to stressor
exposure [102:409:442]. The firing rate of the locus coeruleus (the major source of
norepinephrine cell bodies) [104:431] is augmented in response to aversive stimuli
[209:409]. Several lines of evidence indicate this elevated activity of the locus coeruleus
evokes the release of norepinephrine across a wide range of brain regions including those
implicated in the stress response. such as the PVN [103]. amvgdala [442]. frontal cortex
[391]. and the hippocampus [331]. In several mammalian species the activity level of the
locus coeruleus corresponds to the behavioral state of the animal. Thus. when the animal
is most active. the noradrenergic neurons of the locus coeruleus are at their peak and

quiescent when the animal is at rest or sleeping [1:20:21].

Stressor-elicited release of pituitary hormones (ACTH. TSH. and prolactin) may
be under the control of noradrenergic tone at the PVN [103]. Indeed. the PVN is densely
innervated by noradrenergic terminals [98] and receives a steady supply of
norepinephrine [234:335]. Several in vivo microdialysis experiments have demonstrated
that norepinephrine release is increased at the PVN during stressor exposure [325:447]
and indirectly evokes an increase in plasma ACTH levels by stimulating adrenergic
receptors located on CRH neurons ([111:234] and reviewed in [357]). Norepinephrine
may also be associated with the stressor-induced increase in prolactin secretion through
its ability to inhibit the activation of dopamine neurons in the hvpothalamus (which. as

discussed above. provide tonic inhibition over prolactin secretion) [36:37].



In addition to influencing the endocrine and autonomic aspects of the stress
response. noradrenergic neurotransmission in the frontal cortex and hippocampus is likely
involved in the integration of cognitive and memory aspects of the stress response
[185:232:390]. This contention is supported by the finding that the activity of neurons at
the locus coeruleus rapidly habituate to the repeated presentation of the same stimulus.
suggesting that their tiring rate is. at least in part. under the control of brain areas that are
involved in the attribution of the novelty or meaning to a stimulus [391]. Moreover. this
effect cannot be attributed to decreased neuronal sensitivity since the presentation of a
heterotypic stressor following desensitization has been shown to evoke a robust increase
in locus coeruleus activity [1:392]. In this regard. the finding that activation of the PFC
inhibits the activity of the locus coeruleus is of particular interest [391]. The observation
that cortical activation can suppress the response of the locus coeruleus underscores a
pathway through which cognitive appraisal of an event might iniluence the stress
response. Stressor exposure likely engages several aspects of memory including recall
and’or consolidation [152:405-407]. The stressor-elicited increase in norepinephrine
transmission at the hippocampus suggests that norepinephrine may be involved in these
processes [232]. Likewise. cues previously paired with aversive stimuli. activate the

locus coeruleus [389:392]. and consequently regions innervated by its projections.

Serotonin
Serotonin in the brain is largely synthesized in regions located in the raphé nuclei
of the midbrain. pons. and medulla [76] and serotonergic projections are widelv diffused

within the brain [76]. Based on stressor-induced activation of immediate early genes



within the serotonergic cell bodies [237:357]. it would appear that the dorsal and medial
sub-nuclei of the raphé are particularly sensitive to stressful stimuli [81]. Indeed. these
areas project extensively to brain regions implicated in the stress response. including the
frontal cortex. amygdala. hypothalamus. locus coeruleus. and hippocampus
[81:348:409:410]. The activation of serotonin cell bodies in the dorsal and/or medial
raphé nuclei evoke the release of serotonin from nerve terminals at these regions in
response to a wide variety of stressors including restraint. cold/noise exposure. predator
exposure. forced swim and immune challenge [2:212:220:264]. Also interesting is the
possibility that some aspects of the HPA axis may influence the serotonin response to

SIressors.

It has been suggested that stressor exposure may elicit changes in the CRH-ergic
systems in hypothalamic and limbic structures. which may then affect serotonin
networks. For instance. stressor-elicited release of CRH may stimulate activity at the
locus coeruleus [458:460]. In support of this contention. microinjections of CRH into the
dorsal raphé nucleus alters neuronal firing rate in a dose-dependent manner. This is an
inverted-U dose response curve such that at low doses of CRH inhibit neuronal output.
while higher doses are associated with elevated neuronal discharge [230]. Moreover.
serotonergic synaptic contacts at the PVN arising from the dorsal raphé have been shown
1o elicit an excitatory effect on the release of CRH into the hypophyseal portal blood
system thereby providing a direct pathway through which serotonin could activate the
HPA axis during stressor exposure {239]. In contrast to the well-established negative

feedback signal provided by corticosterone on the HPA axis. there is no strong consensus



regarding such a modulatory role at the level of the raphé nuclei on serotonergic
transmission [81]. Although some authors suggest a glucocorticoid mediated up
regulation of serotonin receptors in the brain regions implicated in stress [241:242:441].
this possibility remains equivocal [80:82]. Dysfunction in the brain serotonergic
svstem(s) has thus been implicated in a variety of stress-related disorders including
anorexia nervosa [178] depression. anxiety [228:229:264] and suicidal behavior

[140:416:450].

In conclusion. there is ample evidence from both animal experimental and clinical
research that dopamine. serotonin and norepinephrine are influenced by stressor exposure
and that these changes might underlie mediation of the stress response. There is also the

likelihood that they may be relevant in the etiology of certain stress-related disorders.

Neuropeptides implicated in the stress response
Synthesis and release

Neuropeptides are synthesized through a series of transcription and translation
processes. whereby large precursor molecules are formed and packaged into storage
vesicles in the soma of the neuron. Axoplasmic flow carries these vesicles down the
nerve axon. during which time post-translational processes convert these larger
prohormones into mature/active neuropeptides. At the nerve terminals. neuropeptides are
stored in vesicles until specific stimuli trigger their release [67]. When released.
neuropeptides can function as neurohormones (traveling through the blood to act upon

distant organs/tissues). neuromodulators (released into the extracellular fluid in the brain
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to influence a wide range of neurons) or as neurotransmitters (released from axon
terminals to act on receptors within close vicinity) [222]. This discussion will be

restricted to the role of neuropeptides in response to stressors.

Corticotropin-releasing hormone (CRH)

Although the existence of a secretagogue that could stimulate the release of
pituitary ACTH had long been predicted [168]. its identity remained a mystery for several
vears. In 1981. Dr. Wylie Vale and his colleagues successfully identified this “releasing
factor™ as being a 41 amino acid polypeptide. and initially called it corticotropin-releasing
factor (CRF) [453]. Since then. the molecular biology. including the gene encoding this
peptide has been characterized. as has its role as being the primary secretagogue for
ACTH: as such it is more commonly referred to as corticotropin-releasing hormone
(CRH) [29:45]. However. CRH and CRF continue to be used interchangeably in the

literature.

Central administration of CRH dose-dependently produces endocrine. autonomic
and behavioral changes which resemble those elicited by stressor exposure
[129:326:393]. For instance. intracerebroventricular (ICV) administration of CRH
elevates plasma ACTH and B-endorphin levels. while it suppresses the release of growth
hormone [323]. Likewise. ICV CRH activates the sympathetic-mediated increase in
plasma norepinephrine. epinephrine. glucose. and glucagon [95]. Behaviorally. the
effects of CRH appear to be situation-dependent. Thus. the same dose of CRH

administered to a rat in a familiar (presumably unstressful) environment will increase the
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output of a variety of behaviors (grooming. exploration. rearing) but will decrease them
in a novel (presumably stressful) environment [393:412]. It is interesting also that the
same context-dependent activation of c-fos mRNA has been noted in the CeA in rats
treated with cocaine or amphetamine in their home vs. novel cage [110]. Day and
colleagues [110] showed that amphetamine pretreatment in animals exposed to a novel
cage reduced c-fos activation at the CeA. compared to that observed in animals housed in
their home cages [110]. The CRH-associated behavioral effects are likely mediated
centrally since peripherally administered CRH antiserum. dexamethasone. or
hypophysectomy did not alter these effects [55:132:301]. Conversely. all of the effects
associated with exogenously administered CRH (endocrine. autonomic. and behavioral)
are either attenuated or blocked by the central pretreatment with CRH antiserum or
antagonists [56:58:374]. It should be borne in mind however that this effect does not
unequivocally prove that the release of endogenous CRH mediates the responses to
stressors. For instance. new evidence derived from genetically altered mice devoid of
CRH-producing gene (resulting in a complete CRH deficiency) indicates that although
the endocrine (ACTH and corticosterone) and certain autonomic (plasma epinephrine)
responses to stressors are dramatically blunted in these animals. their behavioral response
to stressors remains intact and comparable to that of wild-type control mice [313:473].
Although results obtained using genetic manipulation should be interpreted with caution.
the possibility that CRH is not involved in the genesis of stressor-induced behaviors

should be considered in light of these findings and subjected to further testing.
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In order to assess the potential involvement of the CRH systems in the mediation
or modulation of the stress response. several studies have assessed the stressor-associated
fluctuations of this peptide at specific brain sites. To this end. numerous investigators
have exploited the micropunch technique originally described by Palkovits and
Brownstein [334] together with the radioimmunoassay (RIA) technique (to measure
fluctuations in peptide content). In addition. in situ hybridization studies have been used
to map the fluctuations in synthetic capacity following exposure to stressors
[29:231:238]. Although these techniques only afford an indirect indication of peptide
utilization (discussed below) other approaches. particularly in vivo techniques (that
directly assess neurochemical release). have shown that aversive conditions are
associated with enhanced release of immunoreactive (ir)-CRH at various stress-relevant

brain regions (e.g. PVN. median eminence and amygdala) [204:297:351:369].

Neurons containing CRH are widely distributed within the CNS. the highest
concentrations being present at the amygdala. hypothalamus. and bed nucleus of the stria
terminalis (BNST) [50:300:454]. Tract-tracing studies have shown that CRH containing
neurons of the parvocellular division of the PVN project to the external zone of the
median eminence [6]. where released CRH enters the portal blood system. eventually
reaching the anterior pituitary. There. it stimulates the CRH receptors located on the
corticotrophs. triggering the release of ACTH. which stimulates the release of
glucocorticoids from the adrenal cortex: a cascade of neuroendocrine changes
characteristic of the stress response (see above and Figure 1) [95]. In addition to its

neurohormone properties. CRH is believed to serve as a neurotransmitter within the brain



[457]. In this context. several indirect approaches sustain the contention that CRH
neurons at loci other than the PVN. serve non-endocrine functions. For instance. at the
amygdala CRH is thought to mediate some of the behavioral and autonomic activation
effects. the latter via projections to the locus coeruleus [349:458:459]. Similarly. in situ
hybridization studies have localized CRH producing neurons in lower brain stem regions.
like Barrington's nucleus. Furthermore. tract-tracing experiments have shown that these
neurons project to the lumbosacral spinal cord. the periaqueductal gray. dorsal motor
nucleus of the vagus. and locus coeruleus. where they presumably utilize CRH as a
neurotransmitter to influence the autonomic and behavioral responses to stressor
exposure [456]. Indeed. assessing the possibility that endogenous CRH is released at the

locus coeruleus during stressor exposure was one of the objectives addressed in this

thesis.

The receptors through which CRH mediates its effects has been the focus of
several investigations. Thus far. two major forms or subtypes of this receptor have been
identified. namely CRH-nypel and CRH-nype2. Their heterogeneous distribution in the
brain suggests a different role for each receptor subtype [463:492]. Centrally
administered CRH appears to induce c-fos mRNA activation at brain regions that
predominantly express a CRH-typel receptor. This is consistent with in vitro binding
studies showing that CRH has a greater affinity for this receptor over the CRH-ype2 form
[46]. The anterior pituitary predominantly expresses CRH-type! receptor. suggesting that
the CRH-induced activation of the endocrine arm of the HPA axis is mediated through

these receptors [95]. The same receptor primacy is observed in other brain structures.



most notably the cortex. olfactory bulbs. as well as several midbrain and brain stem
nucleti (reviewed in [46]). The CRH-tnype2 receptor has been identified in four different
forms (a. a-tr. B. 8). The CRH-type2a receptor is most similar to CRH-typel (71%
amino acid homology) and is synthesized primarily in the lateral septum and
hypothalamus [262]. while CRH-type2p receptor is located mostly in the periphery with
moderate levels being expressed in the choroid plexus [79:261]. To date. the CRH-
type2d receptor has been cloned exclusively in human brain tissue and does not appear to
exist in the rodent [236]. The most recent receptor variant to be cloned in the rat brain is
the short splice form of the CRH-type2a receptor. denoted CRH-type2a-tr [305]. This
receptor subtype has been located in brain structures that do not express the a subtype.
suggesting a possible unique pharmacology for this receptor: however this is at present

unknown [393].

In addition to these receptors. CRH also binds with an equal or greater affinity to
CRH binding protein (CRH-BP) [68:399:451]. The distribution of CRH-BP throughout
the brain overlaps to a large extent with brain regions rich in both CRH- and CRH-
receptors [258:360:399]. Because CRH bound to its binding protein looses its affinity for
the functional CRH receptors [232]. it is believed that the induction of CRH-BP and its
interaction with CRH serves to modulate the activity of the CRH-ergic system:
modulating the bio-availability of free (or bioactive) levels of the peptide [232:399]. For
example. the in virro administration of CRH-BP to pituitary tissue cultures blocks CRH-
elicited increases in ACTH release [89:346] and aversive conditions like restraint.

cytokine loading. and food deprivation all increase the expression of CRH-BP mRNA



and immunoreactive CRH-BP in brain regions involved in maintaining homeostasis of
the HPA axis during the stress response [284:399]. In essence. CRH-BP can be thought

of as an endogenous CRH antagonist.

It is important to mention that in addition to CRH. other mammalian CRH-like
peptides. including the 40-amino acid polypeptide urocortin (the mammalian counterpart
to fish urotensin). may act in concert with or independent of CRH. on CRH receptors and
likewise be regulated by CRH-BP. In this respect. urocortin is of particular interest
because it has a greater affinity for both CRH receptors (especially CRH-type2) and CRH-
BP. compared to CRH itself [385]. However. because the synthesis of urocortin is
relatively restricted to the Edinger-Westphal nucleus in the midbrain. if it does function
similar to CRH in response to stressor exposure it must do so through an as vet
unidentified pathway(s) [476]. On the other hand. there has been some indication that
urocortin might be synthesized in the anterior pituitary where it could bind to CRH-typel
receptors to elicit ACTH release. This could conceivably mediate the endocrine response
1o stressors and/or modulate the HPA axis in the absence of CRH [490]. Despite the
uncertainty surrounding the role of urocortin in the stress response. evidence suggests that
CRH may be the primary ACTH secretagogue. however. other peptides (such as AVP)
may work synergistically with. or independently of CRH to influence ACTH release

[341:497].



Arginine-Vasopressin (41'P)

Arginine-vasopressin was synthesized and characterized long before the discovery
of CRH and was thought at one time to be the unknown hypothalamic factor controlling
the stimulation of ACTH release [280:283]. Although research has assigned this role to
CRH. there is still a great deal of interest in AVP as a stressor-responsive neuropeptide.
Like CRH. AVP mRNA and protein is widely distributed throughout hypothalamic and
extra-hypothalamic brain regions [87:174:184] and exerts its effects in the brain and
pituitary by activating AVP,, or AVP,g receptors. respectively. While the distribution of
AVP, 4 receptors is diffuse throughout the CNS (olfactory bulb. hypothalamus. BNST.
NTS. amygdala. locus coeruleus and spinal cord) [324]. AVPg receptors are primarily
expressed at the pituitary gland [17] although some reports now indicate AVP,;g mRNA is
expressed beyond the pituitary corticotrophs [257:383]. Therefore. while both receptors
may be involved in the behavioral and autonomic stress responses: it appears that AVP

induces an activation of ACTH release strictly through AVP, 5 receptors.

Even though AVP is produced to a great extent in magnocellular neurons of the
PVX. these neurons (by way of the internal zone of the median eminence) activate the
release of hormones from the posterior lobe of the pituitary gland in response to fluid and
electrolyte imbalances [222]. Of particular interest in the context of stress are the AVP
synthesizing neurons of the parvocellular division of the PVN [469]. At this level. these
neurons send their axons primarily to the external zone of the median eminence [6]. and
like CRH. give rise to the secretion of AVP into the hypophyseal portal blood system

[184] where 1t can act independently. or in synergy with CRH. 1o stimulate ACTH release



[18:156:478]. On its own AVP has at best. a very weak effect on ACTH release.
compared to CRH [239] but acts synergistically with CRH to provoke ACTH release.
Thus AVP may be especially important in modulating the HPA axis in response 1o
stressful stimuli. For example. stressors not only stimulate AVP mRNA in the
parvocellular PVN neurons that co-localize CRH mRNA. but they also increase the
concentration of the peptide in CRH terminal fields at the median eminence [29]. The
increase in AVP levels at the median eminence following chronic stressor exposure
contrasts the reduction in CRH at this region. suggesting that AVP may act to maintain
the integrity of the HPA axis during periods of excessive demand when CRH stores may
be depleted [29]. In addition to its ability to influence the endocrine arm of the stress

response. AVP appears to be involved in stressor-¢licited autonomic activation.

In freely moving rodents. centrally injected AVP dose-dependently increases
sympathetically driven changes. reminiscent of those induced by stressor exposure (i.e.
elevated heart rate. blood pressure. and plasma norepinephrine/epinephrine) [376:499].
These responses may be mediated. in part. through the AVP-ergic neurons of the
parvocellular PVN. Indeed. intra-PVN injection of glutamate evokes syvmpathetic
activation that is blocked by intrathecally administered AVP, 4.5 antagonist [275:278].
Other brain regions like the NTS and dorsal vagal complex are likely involved in
svmpathetic outflow since pretreatment with AVP, 4 receptor antagonists in these
regions prevents the cardiac changes in response to PVN stimulation [95]. As has been
speculated for CRH. the AVP-evoked cardiovascular changes may be mediated via

changes in locus coeruleus neuronal discharge. Indeed. AVP microinjected into the locus



coeruleus increases mean arterial blood pressure and heart rate while these effects are
blocked in animals pretreated with an AVP, 45 antagonist in the locus coeruleus [38].
The evidence that AVP is implicated in the genesis of stressor-induced behavioral

changes is also growing.

As mentioned earlier. memory system(s) play an important role in the launching
of adequate responses to threatening stimuli. especially if the coping strategies deployed
were successful during the initial exposure to that (or a similar) stressor. In this context.
the effects of AVP are interesting. as its administration prior to. or immediatelv following
a learning task facilitates the consolidation of information processing in a conditioned
avoidance paradigm [117]. Similarly. the Brattleboro rat (which lacks AVP due 10 a
defective AVP producing gene) [271] displays deficits in active/passive avoidance tests
[118] and conditioned freezing [423:424]. In addition to learning. AVP appears to be
involved in stressor-induced grooming {69] and locomotion in a familiar environment
[123]. Moreover. these behavioral responses 10 AVP are blocked by pretreatment with
AVP, 4 g receptor antagonists. including measures of anxiety assessed on the elevated

plus maze [246:256].

At the beginning of this section it was highlighted that neuropeptides are
multifunctional neurochemicals that mediate several functions beyond the stress
response. This is true of both CRH and AVP and equally apparent for bombesin (BN)-
like peptides (BN-LPs). which have been well characterized as a satiety peptide

{294:354:356]. More recently. however. we have come to realize that this family of
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peptides may also be involved in the mediation of stressor-related brain signals

[222:225:274:297].

Bombesin-like peptides (BN-LPs)

Bombesin is an amphibian-expressed tetradecapeptide originally isolated in 1971
[9]. In mammals. both peripherally and centrally injected BN evoke a robust dose-
dependent suppression of food intake [154:155:289] and intravenous injections in
humans produce similar satiety-like effects [316]. While BN itself does not exist in
mammials. there are at least two BN-LPs that appear to be the mammalian counterparts to
amphibian BN. In the context of the mammalian stress response. the most relevant BN-
LPs appear to be the structurally related neuropeptides. gastrin releasing peptide (GRP)
(GRP;.--and its truncated form. GRP5.--: sometimes called neuromedin C (NMC)). and
neuromedin B (NMB) which is also expressed in two forms (NMB)_;2 and NMB>;.;0)
[79]. Neurons expressing BN-LPs are extensively distributed within the CNS [223]
[448]. The fact that these peptides are present within various stress-relevant regions.
including the PVN. MPOA. amygdaloid nuclei. arcuate nucleus. median eminence.
pituitary. NTS. hippocampus. locus coeruleus. and olfactory bulbs. supports the notion
that they might be involved in the mediation or expression of the stress response

[61:62:91:356].

The molecular mapping studies tracing the distribution of mRNA for BN-LPs
reveal that GRP synthesizing cell bodies are dominant at the parvocellular PVN,

suprachiasmatic and supraoptic nuclei. BNST. amyvgdaloid nuclei. and hippocampus
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while NMB mRNA appears to be predominantly expressed at the anterior pituitary gland

with traces in other brain regions. including the dorsal raphé [196].

[n terms of receptors for this family of peptides. four distinct receptor subtypes
have thus far been identified and cloned in mammals. According to the new standardized
nomenclature. these are identified as BB,. BB.. BB; and BB,;. Gastrin-releasing peptide
and NMB likely exert their effects by activating either the BB, (NMB) and/or BB> (GRP)
receptors. The BB; and BB, receptors are designated as orphan receptors. as their natural
ligands remain unidentified to date [277:475]. Using appropriate molecular probes. the
BB, and BB: receptors have been localized within anatomical loci constituting the HPA
axis (i.e. PVN. median eminence. and pituitary). as well as other extra-hypothalamic
brain regions such as the locus coeruleus. NTS. BNST. hippocampus and amygdala
[491]. The ratio of BB,:BB: receptors appears to match the relative preponderance of
NMB and GRP. respectively (see above) and suggests that endogenously released BN-
LPs may generate some of the endocrine. autonomic. and behavioral changes that occur

during stressor exposure [491].

It has been suggested that the BN-LPs might share membership in the class of so
called “stress peptides™ [223-225:297]. In keeping with this notion. a wide variety of
stressors have been reported to affect changes in tissue levels of BN-LPs as well as in the
density of their receptors. particularly at some of the stress relevant brain regions
[225:295:448]. [n addition. centrally applied BN activates the sympathetic nervous

svstem (as reflected by elevated plasma epinephrine. norepinephrine. glucose. changes in
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blood pressure and heart rate). in a dose-dependent manner [63:65:223]. Mapping studies
have suggested that the NTS is particularly sensitive to BN-induced sympathetic
activation [77]. The NTS gives rise to fibers projecting to the dorsal vagal complex
(where BN-LP terminals have been localized [91]) and retrograde tract tracing
experiments combined with radiolabeling reveal that the source of BN-LPs identified at
the dorsal vagal complex originates from BN-LP synthesizing neurons at the
parvocellular PVN [91]. Thus. stimuli that elicit an activation of the sympathetic nervous
svstem may do so. in part. through BN-LPs at the PVN (similar to that described for CRH

and AVP). In this regard. there is evidence to suggest that BN-LPs may exert their

Specifically. BN's ability to dose-dependently activate the HPA axis and sympathetic
nervous system is attenuated in animals pretreated with a-helical CRH (a non-selective
CRH receptor antagonist) [223]. Similarly. Garrido et al. (1998) demonstrated that
a-helical CRH pretreatment blocked GRP-induced plasma ACTH and corticosterone
[153]. Also. Olsen et al. (1992) reported that GRP pretreatment potentiated CRH-
induced ACTH secretion [322]. More direct studies have shown that mild stressors (e.g.
air puff stressor) is associated with an increased availability of GRP. NMB. CRH and
AVP in perfusates collected from the anterior pituitary gland [222]. Similarly.
microinfusion of BN into the 4" ventricle has been shown to evoke an increase in the
availability of CRH and AVP at the median eminence and the anterior pituitary gland
(detected by push-pull perfusion) [222]. Taken together. these results support the notion
that BN-LPs (along with other well-characterized stress peptides) may be important in the

genesis of the endocrine and autonomic responses to stressors. Furthermore. exogenously
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administered BN also evokes behaviorai changes reminiscent of those observed following
stressor exposure. These include the suppression of food intake. increased grooming.
increased exploration in a familiar environment. and decreased exploration in a novel
environment [91:240:299]. Indeed. some of these effects (e.g. grooming and satiety) are
suppressed in animals pretreated with CRH antagonists. Although this research is still in
its infancy. there is mounting evidence indicating that there exists a functional interplay

between BN-LPs and CRH in stressor-related responses [224].

To summarize. in addition to playing a role in a wide variety of physiological
functions. both within the CNS and peripheral nervous system. it is clear that
neuropeptides are involved in orchestrating the endocrine. behavioral and autonomic

aspects of the stress résponse.

A consistent change in a neuropeptidergic system (reflected by mRNA or tissue
peptide levels. peptide release or changes in the receptor affinity or density). in response
to a range of stressors. implicate that svstem in the stress response. Although this review
focused primarily on CRH. AVP and BN-LPs. it does not preclude the potential role of
other peptides like oxytocin. somatostatin. prolactin. growth hormone. neurotensin.
substance P. cholecystokinin. and opioid peptides. in the mediation of the stress response.
Most of these neuropeptides have been localized in stress relevant brain regions and
respond to certain stressors and in some cases. modulate the responses of one another

(reviewed in [45]). Indeed. many of these neuropeptides are sometimes co-localized



within the same nerve terminals with other peptides and/or monoamines. where they can

interact in a neuromodulatory manner.

Role of the amygdaloid complex in the stress response

The amygdaloid complex is located within the medial aspect of the temporal
lobes. and forms part of the mammalian limbic system. Neuroanatomical investigations
have revealed that the amygdala is intricately connected to brain regions involved in the
orchestration of the stress response. More notably are the reciprocal projections to and
from the mPFC. PVN. hippocampus. parabrachial nucleus. VTA. locus coeruleus. NTS
and dorsal vagal complex that have been well characterized [8:106:163:248]. These
studies provide anatomical support to the concept that this nuclear complex likely plays a
role in the cognitive. endocrine. and autonomic responses to stressors. In addition to the
vast afferentefferent projections. there are also complex inter-amygdaloid connections
[432]. Structurally. the amygdala consists of a heterogeneous group of at least 17
different sub-nuclei containing unique afferent and efferent projections that appear to
serve different functions [130:249:432:466]. The four most widely investigated
amygdaloid nuclei are the medial (MeA). basolateral (BLA). basal (BA). and central
(CeA) nuclei. A plethora of studies. involving human and animal subjects. suggest that

the amygdala plays an important role in emotional responses [318:344).

In humans. electrical stimulation of the amygdaloid complex produces subjective
feelings of fear. which do not occur when electrical stimulation is restricted to the

hypothalamus [76]. Similarly. the normal emotional reaction that accompanies aversive



stimuli is absent in people with damage to the amygdala [344]. Likewise. these subjects
also fail to acquire a conditioned emotional response. so that previously neutral tones
paired with aversive stimuli do not by themselves generate an emotional response in
subjects with damage to the amygdala. as they do in control subjects [344]. Of note.
however. in these studies. amygdaloid damage did not alter unconditioned reactions.
Finally. visual imaging techniques. like positron emission tomography (PET) and
functional magnetic resonance imaging (fMRI) consistently reveal enhanced neuronal
activity at the amygdala in people undergoing conditioned fear acquisition. recalling
violent events. or during subjective feelings of frustration {70:244:397]. These studies
demonstrate the importance of the amygdaloid complex in emotional responding in
humans. but preclude strong conclusions regarding the role of the specific sub-nuclei. or

the underlyving neurochemical signals involved in amygdaloid function.

Clinical findings together with diverse animal experimental studies have led to a
better understanding of the neurochemical underpinnings of the stress response. Several
of these approaches have focused on the role of specific amygdaloid nuclei. in the stress
response. Likewise. considerable advances have been made towards identifving the
neurochemical substrates at the amygdaloid complex and how stressors influence these
svstems. Indeed. electrical and/or chemical stimulation of the CeA evokes behavioral.
endocrine and autonomic changes reminiscent of those that occur during stressor
exposure. These responses include behavioral changes. increased cortical. HPA and
svmpathetic activity [33:71:130:421]. Conversely. lesioning. or temporarily cooling this

structure attenuates or prevents stressors from eliciting all of these parameters



[31:144:284:500] and blocks the acquisition of amphetamine-induced conditioned placed

preference [134].

The CeA is heavily innervated by extraneous terminals as well as interneurons.
and contains various neurotransmitters and/or neuromodulators. Thus. present at the CeA
are locally synthesized and innervating neuropeptides (somatostatin. neurotensin. BN-
LPs. CRH. and AVP). incoming monoaminergic signals (serotonin. dopamine.
norepinephrine) and locally produced and released excitatory (glutamate) and inhibitory
(GABA) transmitters [49:162:470:485]. Many of these signaling molecules are
colocalized in nerve terminals at the CeA where they may interact to influence the net
impact on the receiving neurons [31:124:332:337]. Data continues to accumulate in
support of the contention that some of the behavioral. endocrine. and/or autonomic
responses associated with amygdaloid manipulations may be directly/indirectly mediated

through changes in CRH activity.

It is well established that the endocrine response to stressors is mediated by CRH
at the PVN. However. it is thought that CRH may also orchestrate the autonomic and
some of the behavioral responses to stressors. However. such effects of CRH are likely
mediated via extrahypothalamic brain regions. Several studies have attempted to localize
the site(s) of such CRH mediated effects. In this context. CRH. CRH mRNA and all
three known CRH binding sites (i.e. CRH-type1&2 receptors & CRH-BP) are prominent at
the CeA [258:360:437:495]. Localized microinjection of CRH not only provokes

neuronal activation of the CeA [46] but also dose-dependently elicits behavioral.



endocrine. and autonomic responses reminiscent of those provoked by stressors
[171:482:484]. Moreover. localized administration of CRH antagonists at the CeA
attenuates or blocks many of the responses to CRH and/or stressor exposure
[171:255:437]. Finally. aversive conditions. including withdrawal from cocaine. alcohol
or cannabinoids are associated with elevated CRH release at the CeA as measured by in
vivo microdialvsis [351:369:370:375]. In these latter studies. however. it should be noted
that the perfusion medium contained a CRH antibody and may have exaggerated the
CRH gradient across the microdialysis membrane. confounding the "normal" release
dvnamics of this peptide. Taken together. these results provide strong evidence in
support of the contention that CRH released locally at the CeA and/or at CeA target sites.
may play an important role in orchestrating the stress response. Contrary to this
perspective. however. some of the other studies have failed to observe the expected
changes [112:113]. Upon careful analyses. some of the discrepant findings seem to be
attributable to factors that influence the stress response. namely the stressor type. stressor
regimen or the rat strain. Herman and Cullinan (1997) have suggested that different
neurocircuits may be involved in the mediation or modulation of the effects of different
stressor types [185]. Such a concept could explain why the CeA (or CRH for that matter)
appears to be more involved in certain types of stressors and not others. Several factors
determine an organism’s response to a stressor. and the consequence of this response.
These factors include the type of stressor (e.g. bereavement. bacterial infection. or public
speaking). the stressor regimen (e.g. acute. chronic and/or intermittent). and the
psychological/physiological makeup of the organism (e.g. ontogenetic and/or genetic

factors) [15]. In general. the type of stressor can be classified as either "systemic" or
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"processive” [185]. Systemic stressors (sometimes denoted physical) represent
immediate challenges to the physiological makeup of an organism. such as ether exposure
or oxygen deprivation. As such. they represent an eminent threat to survival and are
characterized by a rapid. and direct. activation of the HPA axis via the PVN. Stressors of
this nature do not require cognitive assessment prior to the activation of the stress
response. This contrasts with the so-called processive stressors (sometimes referred to as
psychological stressors). which do not directly alter homeostasis but are perceived to be
(or potentially are) stressful based on previous experience (such as immobilization or
noise exposure). Included in this category may be stimuli that activate neurocircuitry that
has developed through evolution to enhance the survival of a species (e.g. sight of a
snake. predator odors). These stimuli typically elicit a “hard-wired™ species-typical fight
or flight response that does not necessarily require prior experience: however. this
response can over time be influenced by cognitive assessment (e.g. domesticated rodent
no longer evades the presence of the house dog). Stressors of a processive nature are
believed to activate brain centers that are involved in the attribution of emotional salience
to an event (either positive or negative) before activating circuits that mediate the
behavioral and/or neuroendocrine response [185]. In this respect. the CeA is thought to
mediate the physiological and behavioral responses to processive/psychological stressors

[162:297] and play less of a role in the response to systemic stressors.

When various stressors are differentiated according the categories outlined by
Herman and Cullinan (1997) and viewed along side stress-markers activated (i.e. c-fos.

mRNA. tissue levels. in vivo release). one does not necessarily end up with a reconciled
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picture. On the contrary. a complex relationship emerges. For example. some authors
have shown that noise. restraint. forced swim. predator-cues. and cytokine loading
activates CRH neurons at the CeA [197:258] while others limit these results to only
certain stressors [72:73:329] and sometimes do not include changes in CRH-ergic signals
[329]. Similar inconsistencies are found when comparing the stressor-induced CRH
mRNA changes at the CeA. Thus. while Pacak et al. (1996) showed that 3-hr of
immobilization failed to alter CRH mRNA levels at the CeA [330]. others [197:216:276]
reported a robust increase in central amygdaloid CRH expression immediately following
1- and 2-hr restraint intervals. Lesion studies also fail to provide consistent conclusions
regarding the role of the CeA in the stress response. Beaulieu and colleagues (1987)
reported that restraint-induced ACTH release was attenuated in rats with bilateral lesions
to the CeA [32] but Dayas et al. (1999) found that the lesions restricted to the CeA had no

impact on restraint-induced ACTH release [113].

What is consistent in the literature are the reports concerning the efferent
projections originating from the CeA to the parvocellular division of the PVN (either
directly or via the BNST) [163]. which in turn. provide reciprocal neuronal connections
[162:163]. In addition. neurons emanating from the CeA directly innervate the locus
coeruleus. NTS and dorsal vagal complex. potentially influencing the output of these
structures [106:164:249] (see Figure 2). In this capacity. it is notable that CRH has been
detected at all of these structures [448]. Even with the above-mentioned inconsistent
findings. there is strong evidence (in both humans and experimental animals) that the

amygdala. and more specifically the CeA. is involved in integrating the response to



42

aversive stimuli. In addition. there is mounting evidence that the CeA may play a role in

emotional reactions to appetitive events as well.

As referred to earlier. some authors contend that the amygdala might play a role in
the attribution of emotional salience to an event. The observation that lesions to the
amygdala interfere only with conditioned (but not unconditioned) stress responses
supports this notion [160]. That is. denoting meaning (i.e. salience) to the conditioned
stimulus appears to require an intact CeA. Using PET scans. Childress et al. (1999)
reported elevated cerebral blood flow to the amygdala in detoxified cocaine users
observing cues that induced subjective reports of craving [84]. More recently. Parkinson
and colleagues (2000) have shown that lesions to the CeA. but not other amygdaloid
nuclei. impair appetitive Pavlovian conditioning in rats [5340]. Furthermore. elevated
CeA activity has been reported in male rats exposed to sexually receptive females [114].
These studies provide some evidence that the CeA is involved in the integration of both
aversive and appetitive events. however. the role that CRH might play in this response
remains io be clearly elaborated. It is of interest. however. that low doses of CRH into
the amygdala enhance memory retention for both appetitive and aversive events [250]. In
this context. one of the major objectives of the research presented in this thesis was to

assess the extent to which amygdaloid CRH is involved in aversive and appetitive events.

Assessing the role of neuropeptides in the stress response: methodological issues
There is no doubt that the advent of novel techniques in molecular biology has

afforded neuroscientists a greater ability to study the role of neuropeptides in the stress



response. At the same time. some techniques provide potentially contradictory results

and this highlights the need to understand the strengths and limitations of each approach.

In situ hybridization

All proteins and neuropeptides are produced when the gene within the nucleus
from which they are derived is activated. This activation causes the gene to produce the
mRNA for the particular protein. When mRNA migrates out of the nucleus it attaches
itself to ribosomes where a variety of translational promoting and/or inhibiting factors
influence the ultimate synthesis of the protein. When the sequence of the nucleotides that
constitutes the mRNA is known. technological advances permit scientists to create a
complementary RNA strand of nucleotides that will bind to the mRNA when applied to
the tissue. Commonly. complementary RNA is bound with a radioactive isotope before it
is applied to the tissue so that exposing the tissue to x-ray films reveals the location of the
cell bodies that produce the peptide of interest. The density of the radioactive signal
provides a quantitative assessment of peptide synthesis. Of note. however. translation
inhibiting factors can prevent mRNA from being translated into protein [5] and so
¢levated mRNA signals do not necessarily reflect enhanced peptide production. but rather
should be regarded as the porential signal for peptide production. Likewise. even if the
peptide is produced it may not be released into the synaptic cleft [295]. so at best. in situ
hybridization offers an indirect inference of peptide utilization at the time the tissue was

collected.
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Immunohistochemistry

This approach is very similar to that of in sir hybridization except that instead of
applying a radiolabeled complementary RNA probe to the tissue. an antibody against the
actual protein (or protein-antibody complex) is used. This antibody can be directed
against receptors. enzymes. or peptides and because it is labeled with a fluorescent
molecule it will (under specific wavelengths) emit fluorescence from the protein to which
it is bound. The application of two or more antibodies bound with different fluorescent
molecules (i.e. excitable at different wavelengths) permits one to investigate the
expression of multiple proteins within the same tissue section. The intensity of the
emitted fluorescence observed under microscopic examination can be used to quantify
changes in protein expression. Like in siru hybridization. interpretations of any changes
are limited to the time at which the tissue was collected and do not permit the direct
assessment of underlying contributing factors. Thus. for the same reasons discussed
above. elevated peptide signals could imply increased. decrease or no change in peptide

utilization.

Micropunch

[n order to map regional fluctuations in peptide levels associated with
physiological or pharmacological processes. investigators need to dissect out various
brain nuclei or regions. which is accomplished by freehand dissection or using precision
micropunch technique of Palkovits and Brownstein [334]. The tissue peptide content can
then be determined using RIA and/or high-pressure liquid chromatography (HPLC).

Such techniques allow one to map potentially important peptidergic changes in brain
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regions under various conditions. including following stressor exposure. However. one
of the limitations of this approach is the anatomical precision of the micropunch itself.
and is limited to the time the brain was obtained (i.e. “snap shot™ reflection during the
brief window of assessment). The interpretation of the observed changes. particularly in
context of the stress response. is often not clear-cut. This is because altered peptide
levels could be interpreted as being due to altered rate of synthesis. release or metabolism
ot the peptide(s) in question. Furthermore. when tissue peptide levels do not change in
response to an event. this may not necessarily retlect the lack of peptidergic involvement.
because altered peptide utilization can easily be masked if. for instance. the rate of
peptide release is balanced by a compensatory change in the rate of peptide synthesis
[295] or degradation. Thus interpretation of tissue peptidergic changes (or lack thereof)

should be done with caution.

In vivo microdialyvsis and push-pull perfusion

More than nine decades ago. Legendre and Piéron demonstrated that “sleep
factors” could be collected from the cerebral ventricles. an event that initiated an era
where scientists began to focus on monitoring the release of endogenous neurochemicals
from the brain during a physiological event [317]. Early efforts were restricted to
analyzing neurochemical changes in the fluid collected from the large ventricular spaces
or in fluids collected through miniature cups placed on the surface of the cortex [304].
However. today relatively small push-pull perfusion cannulae and microdialysis probes
permit the in vivo collection of neuropeptide released at specific brain regions. Push-pull

perfusion consists of an open-flow (i.e. direct exchange) between the perfusion medium
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and the extracellular fluids. Thus. this technique can be used to sample a variety of
neurochemicals. because unlike in the case of microdialysis technique. the molecular
weight of the analyte is of no consequence: albeit. this advantage is offset by the fact that
peptide-degrading enzymes are likewise collected. The nature of the push-pull perfusion
design also entails the high risk of causing tissue damage when the rates of fluid infusion
and withdrawal are not matched exactly (e.g. due to tissue obstruction). Microdialysis.
on the other hand. is similar to push-pull perfusion but utilizes a semi-permeable
membrane at the tip of probe (i.e. the active membrane). Compounds inside (perfusion
medium) and outside (extracellular fluids) diffuse from high concentrations to low
concentrations across the membrane. However. only molecules with a molecular weight
below the cut-off of the semi-permeable membrane will diffuse through the membrane.
Thus. whereas the recovery of the extracellular contents is reduced relative to the push-
pull approach. the microdialysis approach circumvents some of the technical problems

associated with the open flow design of the push-pull cannula.

When these techniques are combined with a highly sensitive RIA they can
provide invaluable insights into the actual release/utilization of neuropeptides before.
during and following a stressor exposure. As such. the subject serves as its own control.
making it possible to assess individual differences and help minimize the number of
animals required for each experiment. A drawing depicting the relationship between in

vivo push-pull perfusion and microdialysis in combination with RIA is shown in Figure 3.
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perfusion and solid phase radioimmunoassay for the collection and detection of
endogenously released peptides, respectively.
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Thesis objectives
Since Selve's pioneering efforts. significant progress has been made in the

characterization of the endocrine. behavioral and autonomic changes that accompany an
organism's reaction to stressors. As indicated earlier, rigorous scientific inquiry has
revealed some of the neurochemical and neuroanatomical underpinnings of the stress
response. and continues to provide information of novel factors that may be involved in
this response. There has been a concurrent evolution in the appreciation of the variables
influencing the stress response. For instance. it is well known that the genetic makeup of
an organism may have a bearing on the endocrine. behavioral and/or autonomic reactions
to stressors [14:15:19:86:121:426]. In addition. evidence supports the contention that the
neurocircuitry activated is partially dependent upon the nature of the stimulus
[15:1835:327:329]. A stressor-dependent activation of brain systems might likewise imply
a stimulus-dependent activation of different peptidergic circuits. It was with an
appreciation of these influencing factors that the work in this thesis was undertaken. We
assessed the role of CRH and BN-LPs using several different rat strains exposed to
biologically meaningful stimuli of inherently unique attributes. Four major objectives
formed the framework for this dissertation. which ultimately represents an effort to
further our understanding of the role of neuropeptides in the stress response in general.
with specific focus on CRH and BN-LPs at the amygdala.
1. Only a handful of laboratories have attempted to assess the dynamics of peptide

release in behaving animals. In the few that have utilized in vivo microdialysis to

assess CRH release. most have included CRH antiserum in the perfusing medium. to

enhance peptide recovery (and detection), which may perturb the gradient and
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confound the results. In addition. with the exception of studies carried out in our
laboratory. there have be no studies evaluating the potential role of BN-LPs in the
stress-response. Our first objective therefore was to assess the feasibility of using in
vivo microdialysis with an antibody-free perfusion medium in the assessment of

neuropeptide release from targeted brain regions of behaving animals.

The next objective was to utilize this approach to assess the endogenous release
patterns of CRH and/or BN-LPs at the CeA in freely behaving animals exposed to
certain processive stressors. One of the caveats of the RIA procedure is that the
antibodies used in such assays may display affinity not only for the targeted
peptide(s) but also for other structurally related endogenous ligands. Thus one needs
to authenticate the identity of the immunoreactive peptide(s) detected. using alternate

techniques. such as HPLC.

As discussed earlier. the CeA appears to be involved not only in aversive conditions
(those which an animal avoids). but also under appetitive conditions (those which an
animal readily approaches) as well. With the notion that environmental stimuli can
be classitied as falling within a continuum that ranges from aversive at one end. to
appetitive at the other. we wanted to assess the release patterns of CRH and BN-LPs
at the CeA along this continuum. It was hypothesized that if CRH differentially
mediated the appetitive and aversive responses. then this would be reflected by

opposite release patterns. If these peptides are involved in the attribution of



emotional salience to biologically important stimuli. then the release patterns might

change in the same direction for both the appetitive and aversive conditions.

The recent development of genetically tailored transgenic strains has provided
scientists with the ability to enhance or knock out the capacity of the organism to
produce specific proteins or peptides. Although the data collected from such mouse
models can be very revealing. caution needs to be exercised in interpretation of the
results insofar as these manipulations likely recruit redundant and/or compensatory
brain mechanisms during development. In this respect. it is particularly interesting
that mice that have a complete deficit in CRH show baseline and stressor-induced
behavioral changes that are similar to their wild-type cohorts [313]. Such findings
could argue against the contention that CRH integrates behavioral changes that occur
in response to stressors. We studied the role of CRH in the genesis of stressor-
induced behavioral changes by assessing the release of CRH in different strains of
rats or different rat lines within the same strain that exhibit differential behavioral
responses to a variety of stressors. If CRH at the CeA mediates stressor-related
behavioral responses. then its release should vary in a predictable manner in rat lines
or strains that display differential responses to stressors. Furthermore. by employing
stressor paradigms with "anxiogenic” properties. as reflected by specific anxiety-like
behavioral changes (i.e. novelty-induced suppression of snack intake). we could
determine the extent to which the behavioral changes were reflected by changes in the
release of CRH at the CeA. by simultaneously assessing the release of CRH during

this paradigm. In this context. if we could manipulate the behavioral response to the



novel environment. then CRH release at the CeA should be affected if it plays a

specific role in the genesis of the observed behavior.

It is important to mention at the outset that in some studies the concentration of
BN-LPs in the dialysates was below the level of detection in the RIA. As such. the
general discussion at the end of the thesis pertains mostly to the release of CRH at the
CeA in response to biologically salient stimuli in general. and the extent to which this
peptide mediates the behavioral response in particular. Some of the chapters have been
published as multi-authored manuscripts and where I am not the primary author my
specific contribution is defined at the outset of each chapter. When appropriate. some

chapters contain multiple papers for the sake of continuity and brevity.
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Preface to Chapter |
CRH is believed to play a role in the genesis of several aspects of the stress

response. The major impetus for this contention has stemmed from the fact that stressor
exposure is almost alway's associated with elevated corticosterone levels and that CRH is
the primary mediator of ACTH and corticosterone response. However. the support for
role of CRH in the genesis of behavioral and autonomic responses to stressors is more
tenuous as it is based on either pharmacological studies or indirect physiological
measures. Specifically. assessment of peptide utilization using in situ hybridization
238]. immunohistochemistry [445]. or post-mortem tissue level analyvses [396]. only
indirectly reflect actual peptide release. and that too at static time-points. There have also
been a few more direct studies. using in vivo microdialysis to monitor the release of CRH

during various aversive conditions [351:369:370:375].

[n terms of the neuroanatomical substrates involved in the mediation or
cvordination of the stress response. the amygdala (particularly the CeA) is thought to play
a salient role. However. its role appears to be dependent upon several factors. including
the nature of the stressor: that is whether it is a processive (i.e. psychological). physical or
physiological (i.e. systemic) type of stressor [112:113:329]. In this regard. the findings
are controversial. as some authors report that processive stressors do not activate the CeA
[73:237:329] while others report a robust induction of c-fos following exposure to such
stressors [34:96:279]. Similarly. stressor-related changes in CRH mRNA at this region
have also been inconsistent [216:276:330]. These inconsistencies may be attributable to

differences in the stressor protocols used. In any case. a direct assessment of CRH
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release at the CeA during restraint may help clarifv some of the conflicting reports in the

literature.

Thus. our first objective was to establish an in vivo microdialysis procedure to
monitor the release of endogenous CRH and BN-LPs at the CeA. before. during and

following restraint in freely moving animals.

Evidence from our laboratory [13:223-225}] and those of others [54:61:62:66:139]
suggests that BN-LPs may also be involved in the stress response. Interestingly. there
appears 10 be some cross talk between CRH and BN-LPs in this regard [224:225:299].
Using the in vivo microdialysis approach. we concomitantly assessed the release of BN-

LPs at the CeA prior to. during. and following restraint in freely moving animals.

As alluded 1o earlier. there is some data from both clinical and the animal
experimental realms suggesting that the CeA may respond to the salience (or meaning) of
a stimulus. as opposed to simply its positive or negative attributes [84:160:340]. We
evaluated this contention in the current experiment by monitoring the release of both
CRH and BN-LPs at the CeA in response to an aversive as well as an appetitive event.
We consider the distinction between an aversive and an appetitive event to be that which
an animal avoids (restraint) versus one that an animal readily approaches (in this case a

meal). respectively.
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In addition to providing a direct assessment of peptide release. in vivo
microdialysis also permits each animal to serve as its own control. This not only cuts
down the number of animals required for each experiment but also permits an assessment
of individual differences that may occur over the course of a treatment regimen. Despite
these advantages. one must consider the possibility that the insertion of the probe in irself
may affect the release of (in this case) CRH and BN-LPs. It was thus important to
determine in these initial experiments. if potential irritation caused by the insertion
affected the release of CRH and BN-LPs at the CeA. To this end. we implanted probes
into the CeA to determine the release profiles of CRH and BN-LPs in undisturbed freely

behaving animals over extended periods of time.

Finally. we recognized the possibility that the antibodies used in the RIAs (for
CRH and BN-LPs) may have an affinity for not only the peptides of interest. but also
other structurally related peptides: in other words. immunoreactive signals may represent
various forms of CRH and/or BN-LPs. Thus. our final objective in this set of
experiments was to verify the authenticity of the immunoreactive signals gleaned through

the RIAs.

Vote: The data presented in this chapter have been published as a multi-authored manuscript [297]. My
specific contributions to this work included some of the conceptualization/development of the methodology
for the authentication of the ir-peptides collected in the microdialysis study. providing assistance in
carrving out some of the microdialysis experiments. including the design and manufacture of the
microdialysis pedestals. tethering system and implementation of microdialysis procedure. My primary
interest in this study had to do with the responses to stressors.



CHAPTERI1

Aversive and appetitive events evoke the release of corticotropin-releasing hormone

and bombesin-like peptides at the central nucleus of the amygdala



Abstract

There is wide agreement that corticotropin-releasing hormone (CRH) system(s)
within the brain is (are) activated by stressful stimuli. There is also mounting evidence
for the role of bombesin (BN)-like peptides (BN-LPs) in the mediation of the stress
response. To date. however. the extent to which other stimuli increase the activity of
these peptidergic systems has received little attention. In the present investigation we
validated and used in vivo microdialysis sampling followed by ex vivo
radioimmunoassays (RIAs). to monitor the release of CRH and BN-LPs during appetitive
(food intake) and stressful (restraint) events. It is demonstrated for the first time that the
in vivo release of CRH and BN-LPs at the central nucleus of the amygdala (CeA) was
markedly increased by both stressor exposure and by food ingestion. In fact. the meal-
elicited rise of CRH release was as great as that associated with 20-min of restraint stress.
Paralleling these findings. circulating adrenocorticotropin-releasing hormone (ACTH)
and corticosterone levels were also increased in response to both food intake and
restraint. Contrary to the current views. these results indicate that either food ingestion is
interpreted as a “stressful” event by certain neural circuits involving the central
amygdaloid nucleus. or that the CRH and/or BN-related peptidergic system(s) may serve
a much broader role than previously envisioned. Rather than evoking feelings of fear and
anxiety. these systems may serve to draw attention to events or cues of biological
significance. such as those associated with food availability as well as those posing a

threat to survival.



Introduction

There is considerable evidence suggesting that CRH. a hypophysiotropic peptide
comprising 41 amino acids [433]. plays a fundamental role in stress reactivity. In
particular. stressors reliably enhance the expression of CRH mRNA in hypothalamus
[29:231:238:394:451]. and central administration of CRH elicits a constellation of
behavioral. physiological. and endocrinological changes similar to those produced by
stressors [129]. Conversely. CRH antagonists attenuate the behavioral effects of CRH. as
well as those elicited by stressors [162:180]. In addition to hypothalamic CRH. it seems
that central amygdaloid CRH changes are also intricately involved in orchestrating the
response to stressors. In this respect. amygdaloid CRH manipulations predictably affect
behaviors indicative of anxiety [129:216:436]. although these effects mayv be more
closely aligned with a fear response than nonspecific anxiety [251]. Moreover. stressors
have been shown to affect CRH mRNA levels and the levels of CRH within the amvgdala
{351]. In this context. various aversive conditions (such as withdrawal from alcohol.
cocaine or cannabinoids) influence the levels and/or turnover of CRH at the CeA

[351:369:370:375].

The hypothalamic-pituitary-adrenal (HPA) axis activation associated with
stressors. is an exceedingly robust phenomenon. so much so that glucocorticoid changes
have been taken to reflect the presence of stressors. Contrary to this dogma. however.
there is reason to believe that alterations of HPA activity may be influenced by appetitive
stimuli. just as aversive events elicit such effects. For example. Dallman et al. [105].

Schwarz et al. [398]. and Shiraishi et al. [404] have reported that the HPA
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responsiveness to stressors was influenced by whether the animals were food deprived or
sated. Furthermore. food consumption itself. as well as other rewarding stimuli also
promotes glucocorticoid secretion [350]. In the case of humans. cortisol response to food
occurs prior to the food actually being absorbed from the gastrointestinal tract
[4:145:218]. As well. electrophysiological evidence supporting the view that information
processing involving the cortex-amygdala-lateral hypothalamus contributes to the control
of feeding behaviors. In particular. it was demonstrated that some amygdala neurons
responded to cues associated with food and that the degree of responsiveness varied with
the apparent affective significance of the stimulus [148]. The suggestion has indeed been
offered that the amyvgdala contributes to the processes by which sensory stimuli gain
motivational and emotional significance [150:211:502]. In effect. neurons of the CeA
may react to the salience or significance of emotional stimuli. rather than simply the

negative or positive attributes of these stimuli.

Like CRH. the BN-family of peptides may be part of a constellation of responses
to both stressors and to feeding. For instance. endogenous levels of BN-LPs in several
brain regions vary during the course of a meal [294:356]. and exogenous administration
of BN suppresses food intake [155:298]. Interestingly. BN administration markedly
elevates circulating ACTH levels and this effect can be blocked by pretreatment with a
CRH receptor antagonist [225:299]. Moreover. stressors influence BN-like
immunoreactivity in several brain regions. particularly the hypothalamus [223]. Thus.
there is reason to believe that BN-LPs modulate the HPA response to both appetitive and

aversive stimuli.



60

In the present investigation we demonstrate that in response to food intake. as in
response to stressors. plasma ACTH and corticosterone levels are increased. Moreover. it
is shown for the first time that the release of CRH and BN-LPs at the CeA. as assessed by
in vivo microdialysis. was markedly increased by both stressor exposure and feeding. It
is suggested that the CeA. and particularly CRH and/or BN-LP neurons within this
region. are fundamental in mediating the response to emotionally laden events.

irrespective of whether they are negatively or positively charged.

Materials and Methods
Subjects and surgical procedures

Male Sprague-Dawley rats weighing approximately 350-450 g (n = 50) were
individually housed in standard clear plastic cages. and were maintained on a 12-hr light-
dark cycle (light phase: 0630-1830-hr). Animals had free access to Purina™ lab chow
and tap water. All experimental procedures followed the guidelines of the Canadian
Council on Animal Care. and were approved by the Research Ethics Committee of the
University of Ottawa. Rats were anesthetized (60 mg/kg pentobarbital i.p.) and
stereotaxically implanted with a 20-gauge guide cannula containing a removable 24-
gauge obturator. aimed at the CeA. The placement coordinates (obtained from Paxinos
and Watson. 1982) [342] were A/P =-2.3 mm. D/V =-7.0 mm. L = + 4.2 mm. with level
skull. The guide cannula protruding from a custom manufactured Delrin" pedestal was
secured to the skull with 4 screws and dental cement. After surgical recovery (a
minimum of 7 days). animals were transferred to individual testing chambers and allowed

to acclimate for 48-hr prior to testing. The testing chambers comprised of Plexiglas cages
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(25 x 35 x 34 cm) with a stainless steel grnid floor. Food (powdered Purina™ lab chow)
was available through a 3 cm hole centered in a short tunnel (6.5 x 6.5 x 10 cm)
protruding from the cage. A food cup located beneath the hole was positioned atop an

electronic scale. permitting continuous monitoring of food consumption.

Carotid cannulation for blood sampling

For some experiments. rats were implanted with carotid arterial catheters under
aseptic conditions. The carotid artery was exposed by blunt dissection. and a small
incision was made using a 23-gauge needle. The catheter. consisting of silicone tubing
(Dow Corning) and polyethylene (PE-50) tubing. was inserted into the artery. ligated to
the vessel. tunneled subcutaneously. and exteriorized at the neck level. During sampling.
the cannula was connected to remote syringe. using a tethering jacket and a swivel
assembly that permitted animals to move about freely in their cages during the

experiment.

In vivo microdialvsis

Two hours prior to testing. rats were briefly (~ 3-min) anaesthetized with
halothane. and the obturator within the guide cannula was replaced with a microdialysis
probe. The concentric microdialysis probe had 2.5 mm active membrane (250 um O.D.)
of regenerated cellulose (6000 MW cut-off: Spectrum Medical Industries. CA). which
protruded into the CeA. Each probe was secured with a retaining screw and connected
via a PE tubing to a liquid swivel and a 2.5 ml glass gas-tight infusion syringe attached to

a pump (Harvard. model 22). Microdialysis probes were perfused at the rate of 2 pl/min.
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with filtered Kreb’s Ringer Phosphate (KRB) solution consisting of (in mM) 2.7K". 145
Na™. 1.35 Ca™". 1.0 Mg™". 150 CI". 0.05 ascorbate. pH 7.4 [306] and BSA (0.1%). Upon
collection. each sample (40-60 ul) was immediately frozen on dry ice and stored at -80°C
until RIA analyses. The efficiency of the microdialysis probes in terms of peptide
recovery. was assessed in vitro as follows: probes were first submerged in a plain KRB
solution and flushed with perfusion medium (KRB with 0.1% BSA) at the rate of 2
ul/min for 1-hr. They were then switched to tubes containing either ['ISI-T_\TO] CRF or
[':‘;I-T}f] BN in KRB. The percent recovery between individual probes was 3.3 £ 0.6 %
for CRH and 9.2 £ 0.15 % for BN. over 3 successive sampling periods. When the
solution bathing the probes was changed from one containing one of the '**I-labeled
peptides to that of plain KRB. there was only a slight carry-over effect on the tirst sample
(< 0.6%) and then dropping to an average of 0.15%. Reinsertion of the probes into the
solution ot iodinated peptide was accompanied by recovery of counts in the perfusate to

their level originally seen with that probe. within the first sampling period.

RIAs

The detection and quantification of CRH was achieved through a solid-phase high
sensitivity adaptation/modification [270] of the double antibody liquid phase RIA
originallv described by Vale and colleagues (1983) [454]. BN-LPs was detected using a
similar solid-phase RIA [356]. Briefly. protein A/G (Calbiochem-Novabiochem Corp..
La Jolla. CA) coated Immulon*-4 wells (Dynatech Laboratories. Inc.. Chantilly. VA)
were incubated with anti-CRH serum (rC70 kindly provided by W. Vale) or anti-BN

serum («-BN:> kindly provided by Dr. T. Moody) for 2-hr at 20°C. Samples. standards
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(reconstituted in the KRB solution. ranging from 0.05 to 250 fmol/well) or blanks were
incubated for 24-hr at 4°C. Next. 25 ul assay buffer containing 5000 - 6000 CPM ['*1-
Tvr’] rCRF (Amersham Canada Ltd.. Oakville. ON) or ['** I-Tvr'] BN (iodinated in
house. as per [386]) was added to each well and incubated for an additional 24-hr period
at 4°C. Finally. the wells were rinsed. separated and their residual radioactivity counted
in a gamma-counter (Cobra” I Auto-gamma. Meriden. CT). A four-parameter logistic
curve fit model was used for interpolation of the standard curves. Sensitivity of the assay

was typically about 0.1 and 2 fmol/well for CRH and BN. respectively.

The specific anti-CRH serum used in the study recognized CRH, ., and displaved
negligable cross-reactivity with other related peptides [454] including urotensin 1 and
urocortin (data not shown). The BN antibody used in the RIAs recognized the C-terminal
fragment of BN and has been demonstrated to strongly cross-react with amphibian BN
(100%) and certain mammalian BN-LPs including gastrin releasing peptide (GRP); .-
(110%). and GRPg.2- (i.e. NMC (82%)). but onlv weakly with GRP,.;,. neuromedin B
(NMB)-10. NMB-32 or substance P (<0.1%) [309]. We have shown in the past that the
major source of BN-like immunoreactivity from the hypothalamus is attributable to GRP

[294].

In order to verify the identity of the immunoreactive CRH (ir-CRH) material
detected in the dialysates. probes positioned within the CeA (n = 3) were perfused at the
rate of 2 ul‘'min for 8-hr. The total dialvsate volume (960 ul) collected over ice was split

in two aliquots (480 ul each) and lyophilized for two distinct high-pressure liquid



chromatography (HPLC) analyses. The lyophilized samples were reconstituted and
separated by a reverse-phase HPLC system consisting of Spectra-Physics gradient pump
(P-2000: Spectra-Physics Analytical. San Jose. CA) and a C-18 Vydac* column (model
218TP54. 250 x 4.6 mm. 3u. C18. 300-A pore size). The column was equilibrated with
mobile phase “A™ (10% acetonitrile with 0.1% trifluoroacetic acid (TFA). in H,O) and
peptides eluted with mobile phase "B (90% acetonitrile with 0.1% TFA. in H.O). using
a linear gradient (from “A™ = 100% to “B™ = 100%. over 50-min). at a flow rate of
Iml/min. Authentic CRH standard (ravhuman CRH, ;. Peninsula laboratories. CA) was
run under identical conditions and the absorbence of the elutant monitored at 214 nm
(Applied Biosystems absorbence detector model 783A). The peak elution time for
synthetic CRH was 31.8-min. and that of ir-CRH material contained within the dialysate
eluted in fractions collected over 31-32-min. coinciding with the elution time of authentic
CRH (Figure 1. upper panel). The major peak of ir-BN material eluted in fractions
collected over 17-18-min and coincided with the elution time of synthetic GRP,>;
(Peninsula laboratories. CA) of 17.4-min. whereas. the smaller peak (preceding or
shouldering the major peak) that eluted with fractions collected over 14-16-min.

corresponded with elution time of synthetic GRP 3.+ (see Figure 1. lower panel).

The identity of eluting peptides was replicated and verified using a) the same
HPLC conditions but a different microdialysis sample and b) a second. distinct set of
HPLC conditions. This alternate HPLC procedure utilized a different C18 column
(Jupiter* 250 x 4.6 mm. Su. C18. 300-A pore size: Phenomenex. Torrance. CA) and the

following elution conditions: The system was equilibrated with mobile phase “A™ (10%



acetonitrile with 0.1% TFA in H-O) and peptides eluted with mobile phase “B™ (90%
acetonitrile with 0.1% TFA in H-O). using a linear gradient (from 100% A" to 100%
“B” in 100-min) at a flow rate of 1 ml/min. The eluting fractions were collected every
30-sec and Ivophilized for subsequent RIA analyses. Under this set of conditions.
synthetic CRH eluted at 50.3-min and the major peak of endogenous CRH material from
the dialysate was contained within fractions collected over 50-51-min. Immunoreactive-
BN from the sample eluted at 26.5-min (minor peak) and 29-min (major peak). once
again corresponding to retention times of synthetic GRP g.,- (25.9-min) and GRP| .-
(29.2-min). respectively (data not shown). These results are consistent with the assertion
that the ir-CRH matenal in the amyvgdaloid dialysate represents authentic CRH whereas

ir-BN material represents GRP,.>- and/or GRP 3.1-.

Plasmu ACTH and corticosterone measurements
Corticosterone and ACTH levels were measured using commercial RIA kits (ICN

Pharmaceuticals. Inc.. Costa Mesa. CA).
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Figure 1 HPLC separation of endogenous CRH and bombesin-like immunoreactivity in
microdialysis samples collected and pooled from two separate rats. open and closed symbols.
respectively. Boxed arrows indicate elution time for synthetic CRH (upper panel) and GRP,.
»- and GRP .- (lower panel) using UV detection. High-pressure liquid chromatography
(HPLC). corticotropin-releasing hormone (CRH). bombesin (BN). gastrin releasing peptide
(GRP). immunoreactivity (ir). ultraviolet (UV).
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Experimental design and procedures

A total of 30 rats with probes aimed at the CeA participated in the initial
experiment (stress studv). The probes were continually perfused with KRB. and
dialysates pooled every 30-min. throughout the experiment. After collection of 3
baseline samples. rats in the “stress™ group (n = 20) were manually restrained for 20-min.
The restraint procedure consisted of a rat. situated on the floor of the test chamber. being
lightly grasped about the shoulder/forelimbs by an experimenter’s gloved hand. Thus.
the ability of the animals to move about was prevented. Dialysate samples continued to
be collected (every 30-min) for 2.5-hr. after which the animals were again restrained (for
20-min) and dialysates collected for an additional 2.5-hr. The control or “no stress™
group (n = 10) underwent identical collection procedure. however they were not stressed
and remained undisturbed in the test cages throughout the experiment. In addition to the
dialysate samples. blood (100 ul) was coliected from a tail nick immediately prior to
restraint. just prior to release from restraint. and again just prior to the end of the second

restraint period. Plasma samples were stored at -80°C for subsequent ACTH and

corticosterone analyses.

A second experiment (feeding study) using 10 rats assessed central amygdaloid
CRH and BN-LP fluctuations associated with various spontaneous ingestive states in
animals with ad libitum access to food (powdered Purina™ lab chow). Probes were
inserted into the guide cannula at 1400-hr (4-hr before dark onset) and were continually
perfused with KRB solution. Commencing 2-hr after probe insertion. dialysates were

pooled over every 30-min period (over 3-hr). The food cup was positioned atop an
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electronic scale. thus permitting continuous monitoring of food consumption. When an
animal initiated a meal the 30-min dialysate sampling period began anew. A meal was
defined as consumption of a minimum of 0.3 g during the 30-min sampling period. The
meals ranged in size from 0.3 to 3.1 g (mean + S.EM. = 1.26 £ 0.12 g) and the first meal
usually occurred within 90-min of dark onset. The 30-min period prior to meal initiation
was considered as the preprandial period. and the 30-min interval preceding this was
considered as the baseline. The postprandial period was the 30-min period following
meal termination. during which no food was consumed. If during this time a new meal
was initiated. then the postprandial period was considered as the subsequent 30-min

period.

While the preceding experiment assessed peptide and endocrine variations in the
context of spontaneous meals. a separate experiment evaluated plasma ACTH and
corticosterone levels before and after presentation of a palatable snack (Graham Wafers).
This experiment was conducted during the light-phase of the diurnal cycle (1000-1200-
hr) among animals that had previously experienced this particular type of snack (on 4
occasions. to reduce any neophobic responses). Rats (n = 8) equipped with a carotid
artery catheter. had blood samples drawn at 20-. 10- and 0-min prior to food presentation.
Rats were then presented with the familiar palatable food (Graham Wafer: 16 g) for a 10-
min period. during which all animals readily consumed some food (mean + S.E.M. =3.40
* 0.84 g). Blood samples were drawn 3-min after meal initiation (i.e. during the 10-min
meal) and then again at 135-. 30- and 60-min after meal presentation/initiation. Plasma

samples were stored at -80°C for subsequent ACTH and corticosterone determinations.
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Histology
At the end of each experiment. animals were perfused under heavy sodium

pentobarbital anesthesia and the brains extracted. sectioned and stained for histological

examination.

Statistical analyses

In all microdialysis experiments. only data from correctly positioned probes
(verified histologically) were included for statistical analyses (i.e. excluding values from
animals with misaligned or “off site™ probes). From animals included in the statistical
analyses. there were occasional missing values. due to accidental sample loss. assay error
or flow problems. contributing to variations in sample size. As in the case of most
microdialysis studies assessing other central neurotransmitters (such as dopamine).
appreciable inter-individual and inter-experiment variability was noted in the present
experiments with respect to baseline interstitial CRH levels. This variability may have
stemmed from genuine differences between animals. as well as technical aspects related
to the microdialysis procedure. including variability in the relative peptide recovery of
individual microdialysis probes. subtle differences in probe placements. as well as the
variability associated with individual RIAs. Accordingly. in the present investigation. the
baseline values of each subject were averaged and defined as 100%. All values were then
expressed as a percentage of the average baseline values. Repeated measures analysis of
variance (ANOVA) with sample blocks (baseline. post-stress 1. post-stress 2) and
samples nested within each block treated as within measures. was performed

independently for both CRH and BN-LPs. Post-hoc comparisons were conducted using
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Tukey’s tests. In the feeding study (Experiment 2) all values were expressed as a
percentage of baseline. For some animals. multiple values were available for particular
feeding state(s). and these values were averaged. prior to repeated measures ANOVA
analysis. The baseline. preprandial. prandial and postprandial periods were treated as a

within factor.

Plasma concentrations of ACTH and corticosterone values were derived from all
animals (irrespective of probe position) prior to and following both stressor presentations.
and were analyzed by repeated measures ANOVA. In the food intake study. values from
all animals with patent blood sampling cannula. were subjected to repeated measures
ANOV A 10 compare both the ACTH and corticosterone concentrations at various times
prior to tood presentation (20-. 10- or 0-min) and at the various times during or following

food presentation (3-. 15-. 30- or 60-min).

Results
Restraint stress-induced release of CRH and BN-LPs at the Ce A

Data trom animals with correctly positioned probes (n = 10) revealed that the
interstitial CRH varied as a function of the Stress condition (restraint or no stress) x
Blocks (baseline. stress| and stress 2) x Samples (time) interaction F g 114 = 4.72. p<0.01.
Levels of BN-LPs varied as a function of Stress condition x Samples interaction (F ; s, =
9.37. p<0.01). The comparisons of the means of the simple effects comprising these
interactions revealed that among non-stressed rats the both CRH and BN-LP levels were

stable throughout the session. The initial stressor application resulted in an immediate
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(within the initial 30-min) and sustained (over 2.5-hr) rise in the interstitial levels of CRH
(see Figure 2). Upon the second stressor application. a further increase in the release of

CRH was evident. which continued to rise for the duration of the test period.

In a parallel control “no stress™ group. animals with probes correctly positioned at
CeA (n = 7). CRH release did not fluctuate significantly over time. The stress effect
appeared to be specific to the CeA. as there was no significant change in CRH release
from ~off site™ probes with detectable levels of the peptide (n = 5 from total of 10 “off

site™ probes. data not shown). See Figure 3 for location of the microdialysis probes.

The stressor also promoted an immediate rise in the release of BN-LPs: compared
to CRH release. this response was slower in onset and less pronounced. but continued to
increase progressively over the entire session (see Figure 4). Upon stressor re-exposure.
a further increase was noted. which persisted to end of the test period (2.5-hr). As in the
case of CRH. this response was stressor related. as non-restrained animals did not show
significant variations in the interstitial levels of BN-LPs. Yet. in non-stressed animals a
modest. non-significant increase on BN-LPs was evident near the end of the session. a
few hours prior to dark onset. raising the possibility that circadian factors may also have
contributed the rise in BN-LPs in stressed animals. [t is of interest to note that the
fluctuations of BN-LPs were not as site-specific as those of CRH. in that some “off site™
probes with detectable ir-BN levels (n = 6). showed some elevation in the release of ir-

BN. but not until much later (1.5-hr after second stressor application) (data not shown).
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Figure 2 Restraint-elicited release of ir-CRH at the central nucleus of the amygdala as measured by in vivo

microdialysis in samples collected every 30-min. After collecting five baseline samples. rats in the stress

group (n = 8-10) were hand-restrained (filled circles) for 20-min episodes on two occasions (indicated by
the shaded vertical bars. stress| and stress2). The rats in the no stress group (n = 5-7) were left undisturbed
throughout (open circles). The five baseline values from each of the subjects were averaged and defined as

100%. All values were then expressed as a percent of that baseline. Basal CRH values for the no stress
and stress groups were 2.77 = 0.11 and 2.31 = 0.39 fmol’sample, respectively. Corticotropin-releasing
hormone (CRH). immunoreactive (ir). ** Significantly different from baseline (p<0.01). ** Significantly

different from stress| (p<0.01).
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Figure 3. Anatomical localization of the microdialysis membranes aimed at the central nucleus of the
amygdala in the stress study. A series of consecutive brain sections bearing the trace of microdialysis
probes were stained, the most ventral location of the probe tip was determined, and a 2.5 mm line was
drawn vertically, tracing the estimated location of the active region of the probe. Solid vertical lines with
pinheads represent probes of animals included in the no-stress control group. The off-site probes (broken
vertical line with pinhead) were excluded from analysis. The probe placements of animals included in the
stress group are identified with solid vertical lines, whereas those considered off-site and excluded from
analysis are depicted by broken vertical lines. :
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Figure 4. Restraint-elicited release of Bombesin-like peptides from the central nucleus of the amygdala as
measured by in vivo microdialysis in samples collected every 30-min. After collection of five baseline
samples. rats in the stress group (n = 10) were hand-restrained (filled circles) for 20-min episodes on two
occasions (shaded vertical bars. stress| and stress2). The rats in the no stress group (n = 7) were left
undisturbed (open circles). The five baseline samples from each of the subjects were averaged and defined
as 100%0. All values were then expressed as a percent of that baseline. Basal values of ir-BN were 3.01 =
0.42 and 3.28 = 0.33 fmol'sample for the stress and no stress groups. respectively. Bombesin (BN).
immunoreactive (ir). ** Significantly different from baseline (p<0.01). *+ Significantly different from
stress| (p<0.01).



See Figure 3 for location of the microdialysis probes.
Effect of acute restraint episodes on circulating ACTH and corticosterone levels

As expected. the plasma ACTH and corticosterone concentrations were
significantly elevated by the stressor treatment (F 5 5 = 29.88 and F ¢ 2> = 100.85.
respectively) p's<0.01. The multiple comparisons indicated that relative to basal ACTH
concentrations (50.1 = 9.6 pg/ml) elevations of the hormone were seen immediately after
the first (395.4 = 63.9 pg/ml) and second stressor exposure (274.3 = 96.9 pg/ml).
Likewise. compared to baseline (9.5 = 2.3 ug/100 ml). plasma corticosterone levels were
increased both after the first and the second stressor exposures (25.8 = 2.6 and 23.5 = 1.8
ug/100 ml. respectively). It is noteworthy that the levels of ACTH and corticosterone
observed afier the first and second restraint periods were comparable to one another.
whereas the interstitial levels of CRH and BN-LPs were significantly higher following
the second stressor. compared to the first. As a baseline blood sample was not taken
immediately prior to the second stress period. the relative magnitude of the hormonal

changes cannot be determined.

Meal-elicited release of CRH and BN-LPs at the CeA

Figure 3 shows the interstitial ir-CRH (upper panel) and ir-BN (lower panel)
levels as a percent of baseline. prior to. during and following ingestion of a spontaneous
meal. Both peptides varied significantly over the test session (F ¢ 13 = 21.62. p<0.0001
for CRH and F ¢_ 15 =9.11. p<0.007 for BN). The multiple comparisons revealed that
during the preprandial period. neither peptide varied from baseline. However. during

ingestion and during the postprandial period. interstitial levels of both CRH and BN-LPs
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were markedly increased. Indecd. the meal-¢licited rise of CRH was as great as that

associated with the first restraint period (compare Figures 2 and 4).

The positions of probes on target as well as those misaligned (and thus excluded
from analyses) are depicted in Figure 6. This response appeared to be specific to the CeA

as the ~off site™ probes failed to show meal-related fluctuations in release of CRH and/or

BN-LPs (data not shown).

Plasma ACTH and corticosterone. from samples taken before and after palatable
food consumption (mean = 3.7 = 0.7 g) were both found to vary over the course of the
session. (F 4 56 = 3.91. p<0.01 and F ¢ 30 = 6.74. p<0.01. respectively). The multiple
comparisons confirmed that ACTH levels were significantly increased during ingestion
and 13-min afier initiation of consumption. and declined thereafter (see Figure 7). The
rise of corticosterone was slower than that of ACTH. and was significant at 13- and 30-
min after meal initiation. and then declined at 60-min. It is noteworthy that while the
extent of the CRH and BN-LP increase induced by food ingestion was comparable to that
noted during a similar period following restraint exposure. the meal-elicited rise of
ACTH was of a smaller magnitude than that elicited by the stressor. while both

treatments provoked comparable elevations of corticosterone.
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Figure 5. Meal-elicited release of ir-CRH (upper panel} and ir-BN (lower panel) at the central nucleus of
the amvgdala as measured by in vivo microdialysis in samples collected every 30-min for S-hr. The
quantity of food ingested during each 30-min bin was noted. The 30-min period before meal initiation was
considered the preprandial period. and the 30-min sample preceding that was considered the baseline. The
postprandial period was the 30-min period after meal termination. The baseline value was defined as
100%0. and all other values were expressed as a percentage of this value. The basal values for ir-CRH and
ir-BN were 0.95 = 0.12 and 0.77 = 0.07 fmol'sample. respectively. Corticotropin-releasing hormone
{CRH). Bombesin (BN). immunoreactive (ir). *.** Significantly different from baseline at p<0.05 and
p<0.01. respectively.
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Figure 6. Anatomical localization of the microdialysis membranes aimed at the central nucleus of the
amygdala in animals involved in the feeding study. Probe placements were identified and represented as
described in Figure 3. Probe placements of animals included in the analysis (n = 7) are identified with solid

vertical lines, whereas those of animals excluded from analysis attributable to misalignment (off-site, n =
3) are depicted by broken vertical lines.



79

Food

x%

35 L 2 J

Plasma ACTH (pg/mi)
w
=}
1

25_ xxk
'—=- P ‘
> 20 o
2
s
2
Z 15-
2
= .
-
5 10-1 ‘ _
3 ' LS ' L 4 T h g l '- T L L] l" Tf l L]
20 -0 0 5 15 30 60
TIME (min)

Figure 7. Effect of food ingestion on plasma ACTH (upper panel) and corticosterone (lower panel) levels.
Rats equipped with carotid cannula were used in this study. Blood samples (400u1) were drawn remotely at
20-. 10-. and 0-min (before food presentation). Rats were then offered graham wafers for 10-min (shaded
bar). Blood samples were collected at 5-. 15-. 30-. and 60-min after food presentation.
Adrenacorticotropin-releasing hormone (ACTH). ** Significantly different from sample taken
immediately before food presentation (p<0.01).
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Discussion

Most studies that have assessed the effects of stressors on central CRH have done
so using relatively indirect techniques. such as measurement of mRNA expression.
immunohistochemistry or postmortem tissue level analyses [238:396:445]. The former
two approaches are indicative of potential variations of CRH. but do not necessarily
reflect actual peptide release. Moreover. these techniques. like postmortem analyses of
CRH content. do not permit evaluation of dynamic within subject variations that may
occur over the course of a treatment regimen. In the present investigation. we
demonstrate the feasibility of in vivo microdialysis. combined with highly sensitive solid-
phase RIAs. in the measurement of interstitial levels of CRH and BN-LPs. Furthermore.
using HPLC fractionation of brain dialysates and external standards. in combination with
RIA and UV detection. respectively. we demonstrate that the ir-CRH within the
dialysates corresponds to authentic CRH. In addition. through similar fractionation and
analyses we identified the ir-BN-LP material in the dialysate to represent GRP, .- and/or
GRP/;.>-. the mammalian counterparts of amphibian BN [468]. In both instances. this
was further confirmed through the use of two different columns and gradient conditions.
wherein the variations of the retention times for the respective peptide standards was
associated with a corresponding shift in immunoreactive peaks eluting from the dialysate

samples.

Stressor exposure in the present investigation produced a pronounced and
sustained increase in the release of CRH at the CeA. This increase was evident soon after

stressor onset and was still pronounced and stable 2.5-hr afterwards. Earlier studies had
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demonstrated that in vivo CRH release was elevated by stressors such as restraint or drug
(alcohol or cannabinoid) withdrawal [351:375]. In these experiments. the detection and
quantification of CRH involved incorporation of anti-CRH serum directly into the
medium perfusing the microdialysis probes. In the present investigation. CRH changes
were observed using a simpler. more direct method that did not require spiking the
perfusion medium with the anti-CRH serum. and vielded comparable basal interstitial
levels of CRH. In both the Pich et al. (1995) [351] and in the present study marked CRH
elevations were evident in response to 20-min of restraint stress. While the magnitude of
the effects reported by Pich and colleagues were more pronounced. they also were more
transient (40-min vs. 2.5-hr in the present study). These differences may have been
related to several factors. In their study the inclusion of the CRH antibody into the
dialyzing medium may have created a greater positive gradient for CRH from the
interstitial fluid. resulting in a sharpened. temporally limited CRH peak. Alternatively.
the dvnamics of CRH may have been influenced by the cues associated with the stressor.
Specifically. in the Pich et al. report. the restraint was applied in a novel cage (thus the
“stressful environment™ comprised both the novel situation coupled with restraint) after
which the rat was returned to it’s home cage (“safe environment™). In contrast. in the
present study. the entire procedure was conducted in the rat’s home cage. Thus it is
possible that the otherwise neutral home cage cues may have taken on secondary aversive
(or stressful™) qualities. hence ieading to more protracted peptide variations. This
supposition is consistent with the view proposed by Lee and Davis (1997) [251]. who
suggested that the amygdala plays a fundamental role in the fear response (being elicited

by an identifiable stimulus and subsiding with the offset of this stimulus). whereas the



bed nucleus of the stria terminalis (BNST). a primary target of the amygdaloid
projections. is more closely aligned with more generalized anxiety states. In effect.

applving the stressor in the animal’s home cage resulted in the sustained CRH release

even when the primary stressor was terminated.

Paralleling the CRH changes. release of BN-LPs was also induced by the stressor.
a finding commensurate with our earlier postmortem results [223]. The changes in BN-
LPs developed relatively slowly over the post-stress period. Since interstitial ir-BN-LP
levels increased progressively throughout the 2.5-hr following the initial stressor. it is
unclear whether the further rise following the second stressor actually reflects the
consequences of the second restraint episode or a sustained effect of the initial restraint
period. Nonetheless. the fact that increased release of BN-LPs continued over time
following termination of restraint. while the elevations of CRH release were relatively
stable. raises the possibility that BN-LPs may be important in subserving sustained
emotional changes associated with a stressor experience. Of course. as in the case of’
CRH changes. the possibility should not be dismissed that environmental cues associated
with the stressor and the peptide alterations are related to one another. In fact. since BN
promotes ACTH release and this effect is prevented by pretreatment with CRH
antagonists [225:299]. the possibility ought to be considered that BN-LPs provoke ACTH
elevations by stimulating CRH release. The potential physiological role of BN-LPs at the
CeA. particularly with respect to CRH release. remains to be elucidated. It is noteworthy
that while the variations in ACTH. corticosterone and BN-LPs were evident within 30-

min of stressor initiation. the increase in ir-BN was not evident until approximately 1-hr



after stressor onset. Accordingly. it is not likely that the plasma ACTH and/or

corticosterone changes were causally related to variations of BN-LPs within the

amygdala.

It has been suggested that the activation of HPA neurons may be a fundamental
response to stressors. In this context. limbic regions. particularly the amygdala may be
essential in determining the response to “processive’ stressors (requiring interpretation by
higher brain structures) whereas “systemic” stressors (involving immediate physiologic
threat) may affect HPA activity through non-amygdaloid mechanisms [185]. Indeed it
has been suggested that the amygdala may be important in the formation. consolidation
and expression of those events that have been associated with aversive stimuli [108]. and
may activate the HPA axis via amygdaloid inputs to the hypothalamus [163:291]. While
not discounting these views. the present results make it clear that appetitive stimuli also
influence not only HPA activity but also the release of CRH and BN-LPs at the CeA.
While restraint was clearly more effective in provoking the ACTH changes. the two
treatments were roughly comparable in elevating circulating corticosterone levels.
Similar prandial and/or postprandial ACTH and/or cortisol elevations have also been
reported in human studies [4:145:218]. Moreover. indirect analyses of CRH. vasopressin
and oxytocin. indicated that among deprived animals. the presentation of water might
provoke increased release of these peptides from the median eminence [377].
Interestingly. in these animals. the frustration of being presented with empty water bottles
also had similar effects. Thus. these peptidergic changes may reflect general arousal

rather than the response to aversive stimuli.
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While CeA has long been considered to contribute to emotional responses. the
view has also been expressed that this brain region plays an essential role in complex
processes such as attention. secondary reinforcement. reward. and social behavior [108].
In fact. in the present investigation in vivo ir-CRH and ir-BN changes were as
pronounced following an appetitive stimulus as those elicited by the aversive event.
Clearly. the amygdala is not uniquely responsive to aversive stimuli. and CRH and BN-
LPs are released in response to appetitive events as well. This observation is reminiscent
of the catecholaminergic responses noted at the prefrontal cortex and/or nucleus
accumbens. Although once believed to be stress-specific. the catecholaminergic systems
were subsequently found to be activated by stimuli with positive valence as well.
including reinforcing drugs [488]. food [187:368:438] or sex [477]. This led to the
suggestions that catecholaminergic signals contribute to specific cognitive functions
and/or arousal [368]. or to processes reiated to attention and learning [438:480]. It is of
interest to note that glucocorticoids too are secreted in response to stresstul as well as
rewarding events. and have been suggested to represent a biological substrate of reward.
According to this contention. glucocorticoids may play a role of counteracting the
aversive effects of external threats or insults. allowing for a better coping [350]. Asin
the case of brain dopamine circuits. we believe that the CRH system(s) may serve a much
broader role than previously envisioned. Rather than evoking feelings of fear and
anxiety. this system may serve to draw attention to biologically significant events (or
cues) such as those associated with food availability as well as those posing physical

threat.
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The curious observation that an aversive event (such as acute restraint) as well as
an apparently appetitive circumstance (such as meal ingestion) would both enhance the
release of “stress™ peptides (CRH and BN-LPs) at the amygdala and “stress hormones™
(ACTH and corticosterone) into general circulation. may have an alternate explanation.
It could be argued that at some central level. meal ingestion may be interpreted as a
“stressful” event. Although. at first blush this may appear counterintuitive. observation
of various species suggests that feeding related activities can indeed be threatening to the
organism. often requiring vigilance and/or aggression. For instance. acquisition of a meal
by many carnivorous species may require hunting of the prey. a physically challenging
and dangerous situation. Furthermore. during ingestion. the organism may need to
aggressively protect its food from others (e.g. a growling dog protecting his steak bone).
or protect itself from attack during this vulnerable time (e.g. a bird at a feeder eating
cautiously. vigilant about a potential attack from cohorts or birds of prey). Finally. the
ingestion of a meal may signal imminent flooding of the system with nutrients and/or
toxins that may threaten homeostasis. Thus. any or all of the events associated with
feeding can potentially be deemed stressful. In the case of humans. the relatively
plentiful conditions and structured social environment may have resulted in the brain
evolving effective mechanism(s) to suppress and/or modulate the perception of stress
associated with food ingestion. According to such a model. it is conceivable that
disruption of the mechanismg(s) balancing the positive and negative (stressful) attributes
of food ingestion may be associated with disorders affecting food intake such as anorexia

nervosa. bulimia nervosa. depression or obesity.
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Preface to Chapter 11

In the preceding series of experiments in vivo microdialysis combined with a
highly sensitive RIA was used to demonstrate that both aversive and appetitive events
elicited the release of CRH and BN-LPs at the CeA in freely moving Sprague-Dawley
rats. These peptidergic changes were treatment-specific. as the release patterns of either
of the peptides was fairly stable in undisturbed freely behaving animals. In addition.
implantation or insertion of the probe only temporary perturbed the peptide release.
which rapidly reached a stable basal release rate. Furthermore. the basal release patterns

of CRH or BN-LPs at the CeA did not have a discernable ultradian release pattern.

As discussed in the introduction. several variables can influence an animal’s
endocrine. physiological and autonomic response to stressors. Several lines of evidence
suggest that these factors include the nature of the stressor (i.e. acute. chronic.
intermittent). type of stressor (i.e. systemic. processive) as well as organismic variables
that include gender. age. previous experience and genetic makeup [15]. Thus. potentially
important mechanistic information could be gleaned from investigating the differential
stress responses in genetically distinct rat lines. In the next set of experiments. we used
two lines of male Long Evans rats previously selected according to their sensitivity (Fast)

vs. resistance (Slow’) to amygdaloid-stimulated kindling [12].

In addition to their rat line-dependent kindling proneness. they also showed
distinct behavioral responses to various stimuli. For example. in response to predator (i.e.

ferret) exposure. the Slow rats exhibit an exaggerated behavioral reactivity. relative to the
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Fast rats. whereas in response to restraint the Slow rats are more docile relative to the
Fast rats (that show greater resistance). Moreover. we serendipitously discovered that the
Fast and Slow rats display very distinct behavioral responses to sexually receptive
females (an appetitive stimulus). In general. the Fast rats show vigorous excitation
(indicative of arousal) combined with audible vocalizations. while the Slow rats appear
relatively tranquil both in terms of behavioral activation and vocalization patterns.
Paradoxically. the Slow rats are the more successful breeders. In sum. these rats provide
a unique opportunity to investigate the extent to which peptidergic transmission in the
brain in general. and the release of CRH and BN-LPs at the CeA in particular. might

underscore some of the rat line-dependent behavioral responses to both aversive and

appetitive events.

It should be underscored that it was not our intention to directly compare the
response to stressors and-/or appetitive events of the Fast and Slow rats to that of the
Sprague-Dawley rats (in Chapter I). but rather. we wanted to determine whether the
stressor-elicited changes in release of CRH and BN-LPs noted in the Sprague-Dawley
rats was generalizable to rats with different genetic underpinnings. Similarly. we wanted
1o assess the extent to which the release of peptides in response to food ingestion
observed in Chapter I could be extended to other appetitive events. such as cues

associated with sexual behavior.

Note: A portion of this chapter (predator cues and restraint) has been published as a multi-authored
manuscript [296]. My contribution to this published manuscript included conceptualization of the
experimental design. technical developments and the assessment of peptide release in response to stressor
exposure. The second part of this chapter (peptide release in response to sexual cues) was an individual
effort.
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CHAPTERII

Differential impact of predator exposure, immobilization stressor, and sexual
cues on central corticotropin-releasing hormone and bombesin-like peptides in Fast

and Slow seizing rats
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Abstract

Lines of rats selectively bred for amygdaloid excitability. as reflected by kindling
rates in response to electrical stimulation. also exhibit differences in tests of anxiety.
Inasmuch as corticotropin-releasing hormone (CRH) and bombesin-like peptides (BN-
LPs) have been associated with anxiety. regional levels and release of these peptides. as
well as plasma adrenocorticotropin-releasing hormone (ACTH) and corticosterone. were
assessed in Slow and Fast seizing rats following predator (i.e. ferret) exposure or
immobilization. Ferret exposure elicited a greater increase of plasma ACTH and
corticosterone concentrations in the Slow than in the Fast rats. In contrast.
immobilization provoked a greater rise of plasma ACTH levels in the Fast rats.
paralleling the vigorous struggling observed in this line. In Slow rats. stressor exposure
elicited increased levels of immunoreactive (ir)-BN at the anterior hypothalamus. and
increased ir-CRH at the median eminence/arcuate nucleus (Me/Arc). paraventricular
nucleus of the hypothalamus (PVN) and pituitary (Pit). whereas decreased levels of ir-BN
were found at the nucleus of the solitary tract (NTS). Fast rats likewise showed
decreased ir-BN at the NTS. but unlike the Slow rats. ir-CRH was reduced in the Me/Arc.
PVX and Pit in response to both stressors. /n vivo microdialysis experiments revealed
that in response to ferret exposure. only the Slow rats showed elevated CRH release at the
central nucleus of the amygdala (CeA). In contrast. immobilization elicited the release of
CRH in only the Fast rat line. In response to an appetitive stimulus (i.e. non-contact
exposure to a female cohort) the release of CRH at the CeA increased in the Fast rats only
in response 1o an estrous female. while in the Slow rats elevated CRH release was only

observed in response to the non-estrous females. The release pattern of CRH in response
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to the two different females did not appear to be associated with the non-discriminatory
behavioral response among the Fast rats towards the females or the greater behavioral
activation among the Slow rats in response to an estrous female. Taken together. the
results of the present study demonstrate that these two lines of rats show differential
endocrinological. neurochemical and behavioral response patterns to both aversive and
appetitive stimuli. The role of CRH at the CeA in the genesis of these rat line-dependent

responses is discussed.
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Introduction

One of the most prominent effects of stressors is the release of the 41 amino acid
peptide. CRH. as reflected by increased ir-CRH and induction of CRH messenger
ribonucleic acid (mMRNA) in various brain regions [28:83:96:201:333:451].
Parenthetically. some investigators have reported decreased ir-CRH levels shortly after
stressor exposure. particularly at the Me/Arc and medial preoptic area (MPOA).
However. this effect appears to be attributable to increased release of the peptide [83].
While the role of CRH at the HPA functioning is quintessential. there is accumulating
evidence pointing to its involvement at other brain regions and functions. Indeed. in vivo
microdialysis studies also indicated release of CRH from the CeA in response to stressors
[297:351]. Supporting the contention that this peptide may contribute to numerous
responses to stressors. central CRH administration produces endocrine. autonomic and
behavioral changes that resemble those elicited by stressors [129:326] and these effects

are blocked by pretreatment with CRH antiserum or antagonists [56:64:195:374].

In addition to CRH. it appears likely that BN-LPs are also involved in the
mediation and/or modulation of the response to stressors. In this context. acute
immobilization stressor induced site-specific alterations of endogenous levels of BN-LP.
as well as the density of BN binding sites [223]. Moreover. like stressor exposure.
central administration of BN and related peptides (gastrin-releasing peptide (GRP) and
neuromedin B (NMB)) potently activate both the HPA axis and the sympathetic division
of the autonomic nervous system [60:77:153:170:322] . Further. application of BN-LPs

directly into the brain elicits a variety of behavioral responses that resemble those



induced by stressors. including suppression of food intake. enhanced grooming.
decreased locomotor activity in a novel environment. and increased exploratory behavior

in a familiar environment [154:203:240:345].

It has been argued that HPA activation evoked by different types of stressors may
involve distinct neuroanatomical pathways. Herman and Cullinan [185] suggested that
an immediate physiological threat to survival (systemic stressor) would necessarily
require little sensory processing and therefore activate brain stem nuclei that project
directly to the PVN where activation of the HPA axis would be initiated. In contrast.
stressors requiring emotional appraisal through higher order sensory processing
(processive stressors) via imbic brain structures. such as the hippocampus. amygdala.
and pretrontal cortex. lead to indirect or “filtered” HPA activation. It is important to note
that the central effects observed might vary as a function of the specific processive
stressor to which an animal is exposed [96]. Likewise. it has been suggested that learned
and innate stressful stimuli (e.g.. fear conditioning vs. predator odors) may differentially
influence central “fear arousal™ pathways [311]. The predator odor. trimethylthiazoline
(TMT). displays a unique. stress-like pattern of dopaminergic and endocrinological

activation in the rat.

The physiological changes evoked by stressors depend not only upon the nature of
the stimuli. but also on the inherent individual differences of the organisms being

assessed [210]. Predictably. the response to stressors also varies across different strains



interest. but can also be used to identify the mechanism(s) contributing to specific
stressor-elicited neurochemical alterations and the behavioral changes engendered by the
treatment. In this context. we have assessed stressor responses in two rat lines selectively
bred for differences of amygdaloid excitability. as realized by either Fast or Slow seizure
development following mild electrical amygdaloid stimulation (kindling) [286:364]. Fast
and Slow seizing rats differ over days in the number of stimulation trials necessary to
produce a kindled state. Interestingly. these rat lines showed very different behavioral
profiles in response to ditferent aversive as well as appetitive stimuli. Upon being
immobilized. the Fast rats exhibited protracted struggling (i.e. resistance) and a more
pronounced endocrine response than did the Slow rats. which remained relatively still. In
contrast. in response to a ferret exposure. the Slow rats showed greater reactivity and a
greater endocrine response relative to the Fast rats [14:307). Likewise. we
serendipitously discovered that these rats elicit a robust rat line-dependent behavioral
response to a sexually receptive female cohort. This is marked by a robust behavioral
activation (indicative of arousal) combined with numerous audible vocalizations among
the Fast rats compared to the relatively quiescent Slow rats. Paradoxically. the Slow rats

are the more successtul breeders.

In the current study. we further characterized the endocrine and neurochemical
changes in the Fast and Slow rat lines in response to either predator exposure or to
immobilization. In particular. these studies assessed the effects of the stressors on levels
of circulating ACTH and corticosterone. and ir-CRH and ir-BN-LPs across a number of

discrete brain regions (using brain micropunch technique). One of the caveats of
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postmortem analyses is that the alterations may not reflect the dynamic changes
associated with stressor application. Accordingly. a second more direct experiment was
carried out to assess the dvnamics of in vivo release of ACTH. corticosterone and
amygdaloid CRH (through in vivo microdialysis) in response to the physical

immobilization and predator exposure stressors.

The CeA was selected for detailed examination as it plays an important role in the
animals’ response to stressors [31:162:163:192]. has been associated with in vivo CRH
release in response to stressors [297] and is a distinguishing nucleus between the Fast and
Slow rat lines in terms of kindling susceptibility [128:307]. Furthermore. in light of our
previous demonstration that an appetitive event (like food ingestion) evoked the release
of CRH at the CeA it was of interest to establish whether a vigorous appetitive event (like
exposure to a female cohort) would likewise evoke the release of CRH at the CeA in rat
lines with a different genetic backdrop than the Sprague-Dawley rats. In addition. given
the implication that amygdaloid CRH may underlie the behavioral response to stressors. it
was of particular interest to assess the extent to which the noted rat line-dependent
behavioral responses to both aversive and appetitive events was retlected in the release of

CRH at the CeA.

Materials and methods
Animals
The Fast and Slow lines of rats were selectively bred. without brother x sister

mating. from an original parent population comprising Wistar and Long-Evans Hooded
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rats. These lines were initially established at McMaster University (Hamilton. Ontario)
[364] and. after F|; generations. they were transterred to Carleton University. Institute of
Neuroscience. where their kindling differences persisted despite relaxation of the
selection procedure. The rats used in the present investigation were from the 42" and 43"
generations of the two lines. All rats were male and at least 4 months of age. and allowed
free access to food and water. Fast and Slow rats were of similar weights at 4 months
(~450-500 g). The rats were maintained on a 12-hr light-dark cycle (lights on at 0600-
hr). in a temperature (23°C) and humidity (60%) controlled room. and were housed as
pairs in standard opaque plastic cages (32 x 22 x 20 cm). All testing was conducted
between 0800-1200-hr to minimize the influence of endocrine and central
neurotransmitter variations attributable to diurnal rhythms. The experiments met the
guidelines set out by the Canadian Council of Animal Care with respect to the care and
use of animals for experimental procedures. and received ethical approval from the

Carleton University Animal Care Committee.

Experiment 1. Effects of predator exposure and immobilization on plasma ACTH and
corticosterone levels and on ir-CRH and ir-BN levels at discrete brain regions

Fast and Slow rats were randomly assigned to 3 conditions (n = 10/group) and
were subjected to no stress (control). 15-min of non-contact ferret exposure. or 15-min of
immobilization. The procedures for restraint and predator exposure have been described
elsewhere [14]. Briefly. immobilization involved placing a rat into a cone shaped plastic
bag with an opening at the narrow end to permit the rat’s snout to protrude. Once

completely inside. the bag was taped shut around the rat’s tail and the rat was placed on a
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tabletop for 15-min. The bag provided a snug fit. which restrained both lateral and
forward movements. and limited paw and head movement. The procedure for predator
exposure comprised placing a rat in a typical shoebox clear polycarbonate cage (26 x 48 x
20 cm) with a stainless steel lid. The cage containing the rat was then placed inside a
larger terret cage (60 x 60 x 75 cm) containing a single ferret. The 15-min of ferret
exposure permitted an exchange of olfactory and visual cues. but the ferret could not
make physical contact with the rat. However. the ferret could sit atop the rat cage. and
attempt to push the cage about (albeit to a limited extent). Tvpically. upon placing the rat
cage into the ferret cage. the ferret would explore the top and sides of the rat cage. and
make obvious attempits to gain access to the rat. In order to maintain a ferret’s interest in
the inaccessible rat. exposure of rats was alternated between four ferrets. and ferrets were
only exposed to two rats on any given day. Since the ferrets differed in their effort 10
gain access to the rats. the ferrets were counterbalanced between the two rat lines.
Immediately following stressor exposure. rats were transported. while in their cages. 10 a
necropsy area where they were sacrificed 1-min later by decapitation. Trunk blood was
collected for ACTH and corticosterone analysis by radioimmunoassay (RIA). while the
brains were rapidly extracted. frozen on dry ice. and stored at -80°C for subsequent

neuropeptide determinations.

Plasma ACTH. corticosterone and testosterone

Trunk blood was collected in tubes containing EDTA. centrifuged and the plasma
was frozen and stored at -80°C. Plasma ACTH and testosterone levels were determined

in duplicate using commercial RIA kits (ICN Pharmaceuticals. CA). as was
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corticosterone (R&D Biochemicals). These assays vielded intra- and inter-assay

variations of less than 10%.

Tissue Preparation for RI4

Using a cryostat. the brains were sectioned coronally (600 um thick) and the
following 135 discrete nuclei were dissected from the sections. using a modification of the
micropunch method described by Palkovits and Brownstein [334]: the median
eminence/arcuate nucleus (Me/Arc). paraventricular nucleus of the hypothalamus (PVN).
lateral (LH). anterior (AH). ventromedial (VMH) and dorsomedial (DM) hypothalamic
nuclel. central nucleus of the amygdala (CeA). hippocampus (Hipp). locus coeruleus
(LC). olfactory tubercle (OT). nucleus accumbens (nAcb). caudate (Cau). cingulate
cortex (Cg Cx). somatosensory cortex (S Cx) and motor cortex (M Cx). A 16" region.
the nucleus of the solitary tract (NTS). was micropunched from a horizontal section (600
um thick) of the brain stem. while the pituitary (Pit) was taken as a whole at the time of
brain extraction. All nuclei were derived bilaterally (Micro Punch MP-600. ASI
instruments. MI) using a 1 mm diameter punch. except for the Me/Arc. which was

obtained using a single medial 1 mm diameter punch.

Areas that have been found to be stressor-responsive as reflected by stressor-
related alterations of c-fos expression and/or other neurochemical changes (e.g. CRH.
AVP. monoamine activity) include Me/Arc. LC. DM. VMH. CeA. PVN. LH. NTS. AH.
nAcb. Hipp and Pit [96:279:290]. As a positive control. several other brain regions (OT.

M Cx. S Cx. Cg Cx and Cau) were also included.



98

The tissue punches were placed in microcentrifuge tubes containing 200 ul of 0.2
M acetic acid and heated to 80°C for 1-hr. The tissue was then homogenized (Kontes
Micro-ultrasonic Cell Disruptor. Kontes. NJ) and 40 ul of the homogenate was removed
for protein content analyvsis (BCA Protein Analysis kit: Chromatographic Specialties.
Canada) using a PC colorimeter (Model 800. Brinkmann. NY). The remainder of the
homogenate was centrifuged at 10 000 x g for 4-min and the supernatant of each region

was then divided into two 75 ul aliquots. lvophilized and stored at -20°C for 1-3 weeks.

Experiment 2. Effects of predator exposure and immobilization on the time-course of
plasma ACTH and corticosterone changes in Fast and Slow rats

In view of the rat line-specific effects of immobilization and ferret exposure on
ACTH concentrations in the preceding experiment. it was expected that in these rat lines
the ACTH secretagogues. ir-CRH and ir-BN. within loci constituting the HPA axis.
would likewise be differentially affected by the stressors. Fast and Slow rats were
anesthetized with halothane and implanted with indwelling arterial catheters (PE 50
tubing) viu the pulmonary arterv. The saline-filled catheter was passed subcutaneously to
the nape region and exteriorized. Rats were then fitted with harnesses around their front
paws. which attached to a tether (to enclose the exteriorized catheter) at the base of the
neck. Each rat was then placed individually into a cage and the catheters connected 10 a
peristaltic pump (to permit continuous infusion of saline containing heparin through the
catheter) via polvethylene tubing and a swivel. A three-way valve permitted blood

sampling on demand.
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Following a five-day recovery period. testing began with collection of a baseline
blood sample (control condition). Rats in their cages were then taken to another room
where they were exposed to the predator or were immobilized for 15-min (n = 10/group).
Immobilization stressor involved manual immobilization (technically restraint as some
movement was permitted) of the rat for 15-min. Predator exposure involved placing the
rat (in its cage) into a 4.4 x 5.2 m room containing a single ferret. As in the first
experiment. the ferret could move freely around the rat’s cage. but could not make direct
contact with the rat. Blood samples were taken at baseline. and again 3-. 15-. 30- and 60-

min afterward.

Experiment 3. Effects of predator exposure and immobilization on the in vivo release of
CRH at the CeA in Fast and Slow rats

Male Fast and Slow rats (n =13-14/group) were anesthetized (60 mg/kg
pentobarbital. i.p.) and stereotaxically implanted with unilateral 20 gauge guide cannulae
containing removable 24 gauge obturators aimed at the dorsal aspect of the CeA. The
placement coordinates [342] with level skull were A/P. -2.1 mm: D/V. -7.0 mm: and
L'M. 4.2 mm. The guide cannulae. protruding from a custom-manufactured Delrin*
pedestal. were secured to the skull with four stainless steel screws and dental cement.
After a minimum 7-day surgical recovery. animals were transferred to individual testing
chambers and allowed to acclimate for 48-hr before testing. The testing chambers
comprised of Plexiglas cages (25 x 35 x 34 cm) with stainless steel grid floors. Food

(Purina™ lab chow) and tap water were available ad libitum.
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Experiment 4a. Effects of non-contact exposure to estrous or non-estrous females on the
release of CRH at the CeA in male Fast and Slow rats

Sexually mature Male Fast and Slow rats (n = 10/rat line) weighing ~350-450 ¢
were anesthetized (60 mg/kg pentobarbital. i.p.) and stereotaxically implanted with
unilateral 20 gauge guide cannulae containing removable 24 gauge obturators aimed at
the dorsal aspect of the CeA (see above coordinates). This study was carried out during
the light cycle (0900-1300-hr). Following a minimum 7-day post-surgical recovery rats
were transterred to the testing cages that comprised the same dimensions as those above
with the addition of three 1 x 32 c¢m ventilation slits at the rear bottom of the cage. Rats
acclimatized to the testing cage for at least 48-hr prior to testing. On the day prior to
testing. one rat from each line was taken in their respective testing cages and placed in the
testing room atop a table containing a non-contact chamber used to house the females that
was comprised of Plexiglas (6 x 6 x 80 cm) with three 1 x 76 cm ventilation slits that
aligned with those in the male’s testing cages permitting the free exchange of olfactory

cues (see Figure 1).

Determination of female sexual receptivity

The females used in the this experiment were intact Fast and/or Slow (n = 8/rat
line) and deemed to be in estrous if under 40 X magnification large keratinized or
cornified epithelial cells were present. For Experiment 4b. ovariectomized Long Evans
females (Charles Rivers. Canada) were brought into estrous with a subcutaneous injection

of estradiol benzoate (20 ug) in 0.5 mi peanut oil 48-hr prior to male exposure (Loraine et



101

al.. 1997) [259]. Random vaginal smears confirmed the efficacy of the estradiol

injections to induce estrous.
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Figure |. Photographic representation of the non-contact behavioral testing paradigm. Separate testing
cages house a single Fast and Slow rat with the non-contact chamber housing two estrous or non-estrous
females (designated chambers). Note ventilation slots along the bottom of each male cage align with
matching slots in non-contact chamber to permit the exchange of olfactory cues. Behavioral observation
was made prior to during and following the presentation of the females into the non-contact chamber.



In vivo microdialysis

In all microdialysis experiments probes were implanted at least 120-min prior to
baseline collection. a time frame determined by previous experience to be more than
adequate 1o attain stable samples (see Chapter I). Rats were brieflv anesthetized with
halothane (~ 3-min). and the obturator within the guide cannula was replaced with a
microdialysis probe. which extended 2.5 mm (includes 0.5 mm glue tip) beyond the end
of the cannula. The concentric microdialyvsis probe had 2.0 mm of active membrane (250
um outer diameter) of regenerated cellulose (6000 MW cut-off: Spectrum Medical
Industries) that protruded into the CeA. Each probe was secured with a retaining screw
and connected via polyethylene tubing (Intermedic. Clay Adams. NJ) to a liquid swivel
and a 2.5 ml gas-tight infusion syringe attached to a pump (Harvard. model 22).
Microdialysis probes were perfused at 3 ul/min with filtered Kreb’s-Ringer phosphate
(KRB) solution consisting of (in mM): 2.7 K™. 145 Na". 1.35 Ca™~. 1.0 Mg™". 150 CI".
0.05% ascorbate. pH 7.4 [386]. and BSA (0.1%). On collection. each sample (90 ul) was
immediately frozen on dry ice and stored at -80°C until radioimmunoassay (RI1A)
analyses. The efficiency of the microdialysis probes was assessed in vitro (details

described in Chapter I) with the average peptide recovery for CRH being 3.3 * 0.6%.

In all microdialysis experiments. 6 baseline samples were collected prior to
treatment conditions (ferret. immobilization or female (estrous vs. non-estrous
counterbalanced presentation) followed by one sample during each treatment and 6 post-
treatment samples. Upon collection. dialysates were placed on dry ice and stored at -

80°C until RIA (~2-3 weeks).
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Experiment 4b. Behavioral response of Fast and Slow males in the presence of estrous or
non-estrous female rats

Pre-exposure 1o sexually receptive female. In the current experiment male rats (n
= 10/rat line) were exposed to a hormone-primed sexually receptive female in cages
identical to the testing cages 24-hr prior to testing. Contact with the sexually receptive
female was permitted to occur for up to 90-min. during which time the latency to mount

the female was noted.

On testing dayv we assessed the behavioral response of the sexually experienced
males (n = 10/rat line) towards non-injected and hormone-primed ovariectomized females
under three different contact conditions: baseline (i.e. no female present). non-contact
(1.e. 2 females (both estrous or non-estrous are placed in a designated (estrous or non-
estrous) non-contact chamber). and contact (i.e. 1 female is placed into a Fast and Slow
testing cage permitting direct physical contact). One hour following the removal of the
females from the male’s cages the process was repeated with the 2™ set of females (either
estrous or nonestrous) and the order of female presentation was counterbalanced
throughout the study. To permit the direct exchange of olfactory cues between the
females and the males the same procedure was followed as described in Experiment 4a.
To assess the behavioral response towards the females Fast and Slow males were

videotaped so that they could later be observed every 3-sec for 20-min intervals during

baseline. non-contact and contact conditions.



In the baseline and non-contact condition the males were monitored for the
following behaviors: resting: whereby the animal is still. possibly sleeping: rearing:
animal is standing using his rear legs: exploring: the animal actively examines an area of
the cage: face body grooming: the forelimbs are wiped over the face or ventral regions of
abdomen and thorax: genital grooming: male licks/washes his genital region: sniffing
other: the nose and head of a stationary animal vibrate non-specifically within the cage:
sniffing non-contact chamber: sniffing is directed towards the non-contact chamber.
During the contact condition males were observed for the following behaviors: sniffing
female: sniffing is directed at the female: ano-genital sniffing: male rat directs sniffing
towards the ano-genital region of the female: mounts: male rat mounts female with or
without intromission: arrempted mounts: male rat makes unsuccessful attempts to mount

female: and pursuir behavior: the male rat actively pursues female around the cage.

Histology

At the end of the experiment. the brains were extracted. rapidly frozen ondry ice.
sectioned. and stained for histological examination of the microdialysis probe
placements. Only those probes confirmed by an independent observer to be in the CeA
were used in the data analysis. At the time of sacrifice. trunk blood was collected (n =

10/rat line). for the determination of baseline morning circulating testosterone levels.

Radioimmunoassays (Rl4s)
The detection and quantification of CRH was achieved through a solid-phase high

sensitivity adaptation/modification of the double antibody liquid phase RIA originally
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described by Vale and colleagues [454]. BN-LP was detected using a similar solid-phase
RIA [297]. Briefly. protein A/G (Calbiochem-Novabiochem Corp.. La Jolla. CA) coated
Immulon®-4 wells (Dynatech Laboratories. Inc.. Chantillv. VA) were incubated with
anti-CRH serum (rC70 kindly provided by W. Vale) or anti-BN serum (a-BN. kindiy
provided by Dr. T. Moody) for 2-hr at 20°C. Samples. standards (reconstituted in the
KRB solution. ranging from 0.05 to 250 fmol/well) or blanks were incubated for 24-hr at
4°C. Next. 25 ul assay buffer containing 5000 - 6000 CPM ['**[-Tyr°|rCRF (Amersham
Canada Ltd.. Oakville. ON) or ['*I-Tvr*]BN (iodinated in house. as per [386]) was added
to each well and incubated for an additional 24-hr period at 4°C. Finally. the wells were
rinsed. separated and their residual radioactivity counted in a gamma-counter (Cobra® [I
Auto-gamma. Meriden. CT). A four-parameter logistic curve fit model was used for
interpolation of the standard curves. Sensitivity of the assay was typically about 0.1 and

2 tmol/well for CRH and BN. respectively.

The specific anti-CRH serum used in the study recognized CRH,.;; and displayed
negligable cross-reactivity with other related peptides including urotensin 1 and urocortin
[465]. The BN antibody used in the RIAs recognized the C-terminal fragment of BN and
has been demonstrated to strongly cross-react with amphibian BN (100%) and certain
mammalian BN-LPs including gastrin releasing peptide (GRP),.>7 (110%). and GRP, 5.+
(i.e. NMC (82%)). but only weakly with GRP,_;s. neuromedin B (NMB)-10. NMB-32 or
substance P (<0.1%) [309]. We have shown in the past that the major source of BN-like

immunoreactivity from the hypothalamus is attributable to GRP [294]. also see Chapter I.
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Statistical analyses

All results are expressed as means + S.E.M. In Experiment 1. the effects of the
stressor treatments on plasma ACTH or corticosterone. as well as ir-CRH and ir-BN at
the various brain regions. were analyzed by two factor (Rat line x Treatment) analyses of
variance (ANOV As) followed by t-tests with Bonferroni correction. For the purpose of
the Bonferroni correction. family-wise error was defined independently for each brain
region. as specific predictions had been made concerning those regions in which stressor
effects had been predicted. namely the nuclei constituting the HPA axis (PVN. Me/Arc.
pituitary) as well as the CeA. In Experiment 2. the effects of ferret exposure on plasma
ACTH and corticosterone values were analyzed separately by mixed measures ANOVA
(Rat line x Time). Post hoc comparisons were again conducted using t-tests with
Bonferroni correction in which post-stressor hormone levels were compared relative to
non-stressed animals and between the rat lines. Microdialysis data from the ferret
exposure and immobilization stressor in Experiment 3 were analyzed by first averaging
the baseline samples (denoted as 100%) with subsequent samples expressed as a
percentage of that baseline. The changes of ir-CRH levels in the ferret and
immobilization studies were analyzed using mixed measures ANOV As with Rat lines as
the between-groups factor (Fast vs. Slow) and Time (two baseline samples and four post
stressor samples) as the within-subjects factor. Similarly. in Experiment 4a the changes
in ir-CRH release were analyzed using mixed measures ANOV As with Rat lines (Fast vs.
Slow) and female condition (estrous vs. non-estrous) as the between-groups factors and
Time (two baseline samples and 6 post-female samples) as the within-subjects factor. In

each of the experiments analyzed by repeated measures ANOV As the rat lines were
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considered independently in determining family-wise error for the Bonferroni

corrections. Moming plasma testosterone levels were compared between the two rat lines

using a pair-wise t-test.

Results
Experiment |
Effects of predator exposure and immobilization on plasma ACTH and corticosterone
levels

Plasma ACTH and corticosterone levels in Fast and Slow rats as a function of the
stressor treatment are shown in Figure 2. The concentrations of ACTH varied as a
function of the Stressor treatment x Rat line interaction. F - ;> = 8.00. p<0.01.
Subsequent t-tests with Bonferroni correction revealed that in the absence of a stressor.
levels of ACTH were comparable in the two rat lines. Relative to non-stressed rats. both
ferret exposure and immobilization significantly increased ACTH in the two lines.
However. in response to ferret exposure. the increase was greater in the Slow rats.
exceeding that evident in the Fast line. Although following immobilization the ACTH
increase among the Slow rats was comparable to that elicited by ferret exposure. the
increase was considerably greater in Fast rats. and hence the hormone levels significantly

exceeded that of Slow rats.

Like ACTH. plasma corticosterone levels were altered by the stressor
manipulation. F 2 s> =25.89. p<0.01. but the interaction between the Stressor and the Rat

lines was not statistically significant. The multiple comparisons indicated that ferret
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exposure and immobilization increased corticosterone levels to a comparable extent in

both rat lines.

Effects of predator exposure and immobilization on regional ir-CRH levels

Figure 3 shows ir-CRH concentrations at the PVN. Me/Arc and Pit in Fast and
Slow rats in each of the treatment conditions. In each of these brain regions. the
concentrations of ir-CRH varied as a function of the Rat line x Stressor treatment
interactions. F > 53 =6.22.6.12 and 4.4. p’s<0.01. respectively. Given the strain- and
stressor-dependent changes in corticosterone and ACTH responses. post hoc comparisons
at the regions comprising the HPA axis (PVN. Me/Arc. Pit) and CeA that influence HPA
activities were assessed using t-tests with Bonferroni correction. In the absence of any
stressor treatment the concentrations of ir-CRH were comparable in the two rat lines in
each of these three regions (see Table 1). By contrast. following stressor exposure. the
peptide concentrations within the PVN. Me/Arc and Pit were moderately reduced in the
Fast rats. but were increased in the Slow line. In this respect. the increase of ir-CRH
relative to control levels was increased by immobilization in the PVN of Slow rats and by
ferret exposure in the Me/Arc of this line. As a result. the post-stressor levels of ir-CRH
were significantly higher in Slow rats than in their Fast counterparts. The effects
observed in other brain regions. including several hypothalamic nuclei. were less
dramatic. Within the LH. the Slow rats displayed a small but statistically significant
elevation of ir-CRH. F | 5, = 6.89. p<0.01. However. neither the Stressor main effect nor
the Rat line x Stressor interaction reached significance. Likewise. within the VMH and

AH. the ir-CRH levels were not altered as a function of any of the variables. The ir-CRH
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Figure 2. Effects of ferret exposure and restraint on circulating ACTH (left panel) and corticosterone (right
panel) in Slow (solid bars) and Fast (shaded bars) rat lines. Values are expressed as means = S.E.M.. under
control condition and following [5-min of stressor exposure. Adrenocorticotropin-releasing hormone
(ACTH). * Significantly different from non-stressed (within-rat line) control values. p<0.05. *
Significantly different from Fast (between-rat line) treatment-matched values, p<0.05.
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concentrations at the Hipp among Slow rats exceeded that of Fast rats. F | 45 = 14.08.
p<0.01. but the Stressor treatment was without effect. At the CeA. the levels of ir-CRH
did not vary as a function of either the Rat line or the Rat line x Stressor interaction. As
the two rat lines were selected based on amygdaloid excitability. it was expected that they
might be differentially affected at this site. Given this a priori hypothesis. Bonferroni
corrected t-tests were conducted for the simple effects comprising this interaction. These
comparisons confirmed that the stressors did not affect ir-CRH at the CeA of Slow rats.
However. a significant rise of ir-CRH was induced by immobilization in the Fast rat line
as compared to controls. The ferret exposure did not significantly increase the level from
that of control rats. The concentrations of ir-CRH within the Cg Cx and S Cx were
unaffected by the Stressor treatment or the line of rats. Likewise. in the M Cx. the
peptide levels were unaffected by the stressor. whereas concentrations of ir-CRH in Fast
rats were lower than those seen in Slow rats. F | 5o =4.25. p<0.05. Finally. striatal sites
(nAcb. Cau and OT) were unaffected by the treatments and. similarly. brainstem sites.
such as the LC and NTS. were comparable between the two rat lines and were unaffected

by the stressor treatments.

Effects of predator exposure and immobilization on regional ir-BN levels

In contrast to the well-defined ir-CRH variations observed in response to the
stressor treatments. few differences of ir-BN were observed between the Fast and Slow
rats either at baseline or as a function of the stressor treatments. In neither the PVN nor

the Pit were appreciable differences observed as a function of the treatments. whereas at



the Me/Arc. the levels of ir-BN of Fast rats exceeded those of the Slow line following
stressor treatments although control levels were comparable between the two rat lines.

F | 32 =5.59. p<0.05. Within the AH. the ir-BN levels of Fast rats appreciably exceeded
that of Slow rats (see Table 2). Relative to non-stressed rats. the concentrations of the
peptide in Slow rats were elevated by ferret exposure and by immobilization. F | 53 =
4.40. p<0.05. but remained relatively unchanged in Fast rats. In the remaining
hyvpothalamic nuclei (VMH. LH and DM). treatment effects were not evident. Likewise.
in neither the Hipp nor the CeA were there differences as a function of the stressor
treatment or the line of rats. a pattern also evident in both the M Cx and S Cx.
Differences of ir-BN were not apparent as a function of the treatments within striatal
regions (Cau. nAcb and OT) or within the LC. Within the NTS. however. the ir-BN
levels in Fast rats exceeded that of Slow rats. F | s, = 6.56. p<0.05 (mean = 0.335 £ 0.051
and 0.274 £ 0.02 pmol/mg protein. respectively). and relative to non-stressed rats. the
concentrations of the peptide were significantly reduced by ferret exposure in both Fast
(mean = 0.212 + 0.026 pmol/mg protein) and Slow rats (mean = 0.176 = 0.021 pmol/mg
protein) and by immobilization in Fast rats (mean = 0.256 = 0.028 pmol/mg protein).

F s =12.36.p<0.01. Similarly. a slight but statistically non-significant decrease in

post-immobilization levels of ir-BN was also observed in Slow rats (mean =0.215 £ 0.019

pmol/mg protein).
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CONTROL FERRET RESTRAINT

Regions Fast Slow Fast Slow Fast Slow
Me/Arc 6.478 + 0.349 5928 = 1.030 4.052 = 0.925¢ 10.27 + 1.366* 3.729 £+ 0976t 8.691 £1.293
LC 0.418 £ 0.050 0.389 +0.02] 0.305 = 0.038 0.432+£0.091 0323 = 0.056 0.361 +0.038
DM 0.363 =002 0406 = 0.028 0385 = 0.034 0472 £0.055 0477 =0.057 04753 =0.071
VMH 0.206 +£0.022 02360017 0.208 = 0.021 0.222+0017 0214+0028 0.206 +0.019
CeA 0.209 £ 0.008 0219+0011 0227+0.022 0.230+0.019 0289 =0.021 0.223 +0.016
PVN 0.180 £0.012 0.186=0.010 0.143 = 0.009* 0.204 £ 0.016%t 0.141 +0.014 0.236 + 0.015¢+
oT 0.185=0.026 0.167 =0.019 0.178 =0.023 0.131 £0.020 0.143 = 0.011 0.170 £ 0.009
LH 012420012 0.136 =0.013t 0.125 £ 0.009 0.140 = 0.008 0.119 = 0.006 0.138 =0.010
M Cx 0107 =0.012 0.137 £0.012¢ 0.123 £ 0.010 0.134+£0.012 0.109 = 0.008 0.122+0.010
NTS 0.1 20008 0.127+0012 0.104 = 0.008 0.106 = 0.011 0.109 = 0.011 0.130 £0.012
AH 0116+0010 0.126 = 0.012 0.116 = 0.008 0.137=0.012 0.120 = 0.008 0.115 £ 0.007
nAcb 0097 = 0.006 0.112=0009 0.112+0.093 0.116 £0.011 0.113 =0.007 0.100 = 0.006
SCx 0.097 = 0.008 0.106 20014 0.128 = 0.007 0.120=0.009 0.114=0.013 0.117 =0.009
Ce Cx 0094 = 0009 0.085 =0.008 0.101 =0.099 0.086 £0.011 0.093 = 0.010 0.094 £ 0.010
Cau 0083 =0.008 0.071 =0 006 0.082 =0.010 0.063 = 0.006 0.074 =0.010 0.082 =0.010
Hipp 0048 = 0.004 0.075 = 0.008t 0.048 = 0.068 0.059 £ 0.006 0.034 = 0.006 0.057 = 0.007
Pit 0.053 = 0.004 0.053 = 0.004 0.044 = 0.001 0.058 = 0.003t 0.045 £ 0.002 0.062 + 0.003t

Note. Each cell represents the mean + S.E.M. (pmol/mg protein) under non-stressed control condition and
following 15 min of ferret exposure or restraint in the following brain regions: median eminence/arcuate
nucleus (Me/Arc), locus coeruleus (LC), dorsomedial (DM) and ventromedial hypothalamic (VMH) nuclei,
central amygdaloid nucleus (CeA). paraventricular hypothalamic nucleus (PVN), olfactory tubercle (OT),
lateral hypothalamus (L), motor cortex (M Cx), nucleus of the solitary tract (NTS), anterior hypothalamus
(AH), nucleus accumbens (nAcb), somatosensory cortex (S Cx), cingulate cortex (Cg Cx), caudate (Cau),
hippocampus (Hipp) and pituitary (Pit).
* Significantly different from non-stressed (within-rat line) control values at p<0.05.

T Significantly different from Fast (between-rat line) treatment-matched values at p<0.05.




Experiment 2
Effects of predator exposure and immobilization on the time-course of plasma ACTH and

corticosterone changes in Fast and Slow rats

The time-course for the predator-elicited release of ACTH and corticosterone in
Fast and Slow rats are depicted in Figure 4. The ANOVA revealed that release of ACTH
varied as a function of the Rat line x Time interaction. F ;43 = 5.24. p<0.01. The
subsequent Bonferroni corrected t-tests of specific comparisons within the simple eftects
comprising this interaction revealed that in Fast rats. ferret exposure elicited a relatively
modest. but significant rise of ACTH at the 5-min interval. which persisted to the 30-min
post-stress period. The extent of the increase was much greater in Slow rats. even at the
3-min interval. peaking at 13-min. and still elevated above baseline at the 30-min post-
stressor period. Although baseline ACTH levels were comparabie for both rat lines. in
response to ferret exposure the Slow rats had significantly higher ACTH levels than the

Fast rats at the 15- and 50-min intervals.

The analysis of plasma corticosterone levels vielded significant main effects of
the Rat line (F ; ;= 6.98. p<0.05). indicating that corticosterone levels were higher in the
Slow than in the Fast line. As well. a significant effect was found for the Time after
treatment (F 5 43 = 13.35. p<0.001). and the t-tests indicated that corticosterone levels
were elevated at each of the post-stressor periods relative to baseline values in Slow rats.
but only at the 30-min post-stressor period in Fast rats. Although the interaction between
the Stressor Treatment and Rat line was not significant. this experiment was specifically

conducted to ascertain whether. in fact. in vivo corticosterone changes would mirror the
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CONTROL FERRET RESTRAINT

Regions Fast Slow Fast Slow Fast Slow
DM 1.125 + 1.834 0.879 = 0.095 0.815+0.099 0.793 = 0.095 0936 =0.138 0.781 = 0.133
LC 0.366 = 0.056 0.356 = 0.042 0.370 = 0.040 0.397 £ 0.068 0.319+0.025 0.465 = 0.032
NTS 0.355 = 0.031 0.274 = 0.020% 0212 x0.026* 0.176 = 0.021* 0.256 + 0.028° 0215+ 0.019
VMH 0.189 £0.031 0.308 = 0 061 02310025 0.228 +0.034 02340036 0.207 = 0.025
nAcb 0.220 = 0.025 0.259 £ 0.039 0.289 £ 0.044 0238 +0.040 0.280 + 0.032 0.199 + 0.024
oT 0.203 = 0.027 0.186 £0.018 0.175+0.028 0214 £0.036 0.198 = 0.023 0270+ 0.041
AH 0.196 = 0.017 0.145=0016t 0.199+0018 0211 =0016* 02280018 0211+ 0017
Me/Arc 0.110=0.035 0.105 £0.029 0.180 = 0.064 0.068 = 0.020 0.111£0.035 0.017= 0010
CeA 0.178 =0.011 0.160 £0.015 0.226 = 0.030 0.179 = 0.019 0.190 £ 0.014 0.190 = 0.025
CaCx 0.184 0010 0.130=0013¢ 0.193 =0.020 0.130 = 0.015¢ 0.195+£0.014 0.142+ 0.021¢
MCx 0.155 0023 0.132 0011 0.126 =0.019 0.136 = 0.025 01750014 0.148 + 0.013
PVN 0121 =0011 0.146 = 00153 0139=0019 0135+0012 0.131 =0.016 0152= 0013
LH 0113=0020 0.131 =0.017 0.123=0.014 0.149 = 0.024 0.092+0.011 0.110= 0016
SCx 0.140 £ 0.026 0.140 = 0.019 0.123=0.019 0.103£0.010 0.129 =0.014 0.101 = 0.01!
Cau 009920017 0.101 =0 017 0.111 =0.012 0.102 £ 0.009 0.095+0.013 0.102= 0017
Hipp 0.028 =0.003 0.033 = 0 00% 0049 =001t 0.062 = 0011 0.063 =0.017 0.052+ 0012
Pit 0.024 = 0.002 0.023 = 0.001 0023 =0.001 0.023 £0.001 0.025 = 0.001 0.022 = 0.001

Note. Each cell represents the mean + S.E.M. (pmol/mg protein) under non-stressed control condition and
following 15 min of ferret exposure or restraint in the following brain regions: median eminence/arcuate
nucleus (Me/Arc), locus coeruleus (LC), dorsomedial (DM) and ventromedial hypothalamic (VMH) nuclei,
central amygdaloid nucleus (CeA), paraventricular hypothalamic nucleus (PVN), olfactory tubercle (OT),
lateral hypothalamus (LH), motor cortex (M Cx), nucleus of the solitary tract (NTS), anterior hypothalamus
(AH). nucleus accumbens (nAcb), somatosensory cortex (S Cx), cingulate cortex (Cg Cx), caudate (Cau).
hippocampus (Hipp) and pituitary (Pit).
* Significantly different from non-stressed (within-rat line) control values at p<0.05.

T Significantly different from Fast (between-rat line) treatment-matched values at p<0.05.
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ACTH variations induced by stressors in Experiment 1. Accordingly. Bonferroni
corrected t-tests were conducted between specific means of the simple effects comprising
the Rat line x Time interaction. These comparisons indicated that at baseline the rat lines
displaved comparable levels of plasma corticosterone. In response to ferret exposure. a
rise of plasma corticosterone levels was evident in both lines; however. among the Slow
rats this increase was apparent as early as 5-min following stressor exposure. and at 13-
min corticosterone levels exceeded that of the Fast rats. In both lines. the corticosterone
levels continued to rise. peaking at the 30-min time point (i.e. 15-min after stressor

termination). after which the levels began to decline.

Figure 5 illustrates the time-course of immobilization-induced release of plasma
ACTH and corticosterone in Fast and Slow rats. Generally. in both rat lines
immobilization provoked a substantially greater rise of ACTH than did ferret exposure
(contrast Figure 4 and 5). For instance. while the peak ACTH level in response to the
ferret was less than 180 pg/ml (in the more reactive Fast rat line). the peak ACTH level in
response to immobilization exceeded 750 pg/ml in the Fast line and 350 pg/ml in the less

reactive Slow line.

ANOVA revealed that plasma ACTH levels varied as a function of the Rat line x
Time interaction. F ; 4; = 4.986. p<0.01. The t-tests of the means of the simple effects
revealed that immobilization produced an increase of plasma ACTH in both rat lines.
which was significantly elevated above baseline levels at the 5-. 15-. and 30-min time

points for Fast rats and at the 5- and 15-min time points for Slow rats. While baseline
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Figure 4. The in vivo release of plasma ACTH and corticosterone (Cort) (mean + S.E.M.) over 60-min in
Fast and Slow rats under basal (non-stressed) conditions and following 15-min of ferret exposure.
*Significantly different from (within-rat line) baseline values (0 min time point) at p<0.05. 1Significantly
different Fast (between-rat line) time-matched values at p<0.05.
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plasma ACTH levels were comparable for both rat lines. Fast rats appeared more
responsive to the immobilization stressor as indicated by significantly higher plasma

levels of ACTH at the 5-. 15-. and 30-min time points.

The rise of plasma corticosterone in response to immobilization was more rapid
than that observed in response to the ferret. In particular. the peak corticosterone
response to the ferret did not appear until the 30-min time point. whereas the peak
response to immobilization was apparent at 15-min and was relatively high within 5-min
of stressor onset. The ANOVA indicated that corticosterone levels varied over time.

(F 5 33 =13.50. p<0.01). In both rat lines. immobilization increased plasma
corticosterone levels as early as the 5-min time point and were still markedly elevated at
the 60-min time point. Unlike the rise of ACTH levels. the immobilization-induced rise

of corticosterone was comparable in the two rat lines.

Experiment 3
Effects of predator exposure and immobilization on the in vivo release of ir-CRH at the
CeA in Fast and Slow rats

Figure 6 shows interstitial ir-CRH levels at the CeA. as a percent of baseline. in
response to ferret exposure. The ANOVA indicated that among animals with correctly
positioned probes (Fast n = 10: Slow n = 9). ferret exposure influenced ir-CRH release at
the CeA. F 4 102 = 6.84. p<0.001. Although the interaction between Rat line x Samples
was not significant. a priori predictions had been made concerning the effects in the two

lines. since the CeA was shown in Experiment 1 to be sensitive to stressor effects.
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Figure 5. The in vivo release of plasma ACTH and corticosterone (cort) (mean + S.E.M.) over
60-min in Fast and Slow rats under basal (non-stressed) conditions and following 15-min of restraint.
* Significantly different from (within-rat line) baseline values (0-min time point) at p<0.05.

+ Significantly different Fast (between-rat line) time-matched values at p<0.05.
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Accordingly. separate ANOV As were performed for each of the strains. These analyses
revealed that in both the Fast and the Slow rats CRH levels varied over the course of the
test session. F ¢ s;and ¢ 35 = 2.97 and 4.01. p's< 0.01. The t-tests revealed that relative to
baseline. predator exposure produced a pronounced. but delayed increase of ir-CRH
release. In the Slow rats this increase was significant by the third post-stressor sample
and remained significant until the fourth post-stress sample. whereas in the Fast rats the
increase did not reach statistical significance after the Bonferroni correction. In rats with
off-target CeA placements (Fast n = 4. Slow n = 4). ferret exposure had no effect on CRH

levels in either the Fast or Slow rats (data not shown).

Figure 7 shows interstitial ir-CRH levels at the CeA as a function of the
immobilization treatment. Among animals with correctly positioned probes (Fast n = 8.
Slow n = 7). the in vivo ir-CRH release at the CeA varied across samples. F , -» = 4.67.
p<0.001. Once again. separate analyses were conducted for the two strains over the
course of the sampling periods. These analyses indicated that in Fast rats ir-CRH varied
over the course of the session. F ¢ 36 = 3.91. p<0.01. Despite the marked struggling
displayved by the Fast rats upon being immobilized. the t-tests indicated that ir-CRH
elevations did not increase until the fifth post-stressor sample. In contrast to the effects
seen in the Fast rats. among the Slow animals only a small rise of ir-CRH was apparent.
and this effect did not reach significance. F ¢ 3 = 1.60. p=0.17. In rats with off-target
CeA placements (Fast n = 6. Slow n = 7). immobilization failed to alter ir-CRH levels in

either the Fast and Slow rats (data not shown).
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Figure 6. Levels of ir-CRH at the central nucleus of the amygdala as measured by in vivo microdialysis
under baseline condition and following 15-min of non-contact ferret exposure in Fast and Slow rats. The
baseline samples from each subject were averaged and defined as 100%. All values were expressed as a
percentage of that baseline. with the actual values being 2.56 = 0.57 and 4.04 = 1.18 fmol 'sample. for the
Slow and Fast rats. respectively. * Significantly different from (within-rat line) baseline condition at

p<0.05.
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Figure 7. Levels of ir-CRH at the central nucleus of the amygdala as measured by in vivo microdialysis
under baseline conditions and following 15-min of restraint in Fast and Slow rats. The baseline samples
from each subject were averaged and defined as 100%. All values were then expressed as a percent of that
baseline. Actual basal values were 2.56 = 0.57 and 4.04 = 1.18 fmol/sample. for the Slow and Fast rats.
respectively. * Significantly different from (within-rat line) baseline condition at p<0.05.

~
LI



124

Experiment 4
Effects of non-contact exposure 10 estrous or non-estrous females on the release of
ir-CRH at the CeA in male Fast and Slow rats

The overall ANOV As on the Fast and Slow rats with correctly positioned probes
(Fast = 8. Slow = 8) revealed that the concentration of ir-CRH levels did not differ as a
function of Rat line or Female status. however thev did vary over Time (F | ; = 10.833
and 10.593. p's < 0.0001. respectively). Once again. separate analyses were conducted
for the two strains over the course of the sampling periods. Individual t-tests indicated
that in the Fast rats the concentration of ir-CRH increased at several samples following
exposure 1o an estrous female. while no such increased occurred in response to the non-
estrous female (see Figure 8. panel A). In contrast to the Fast rats. the concentration of
ir-CRH increased in a time-dependent manner in the Slow rats exposed to non-estrous

females with no such change occurring in the estrous condition (see Figure 8. panel B).

Behavioral response of Fast and Slow males in the presence of estrous or non-estrous
temale rats

The overall ANOV A revealed that ano-genital grooming was effected by
interactions between Female Status and Rat Line (F, ; = 6.763. p< 0.03) and Rat line and
Contact condition (F; > = 3.388. p< 0.05). The multiple t-tests indicated that ano-genital
grooming increased in both rat lines when contact was permitted with an estrous female
however the magnitude of this increase was greater in the Fast rats (see Figure 9. panel
A). The overall ANOVA for exploratory behavior revealed a significant Rat line x

Contact condition x Female status interaction (F | ; = 3.819. p<0.05). It was later
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Figure 8. Levels of ir-CRH release observed at the central nucieus of the amygdala, as measured by in vivo
microdialysis under baseline and following a 20-min non-contact exposure to either an estrous or non-
estrous female among Fast (Panel. A) and Slow (Panel, B) rat lines. The baseline values from each rat were
averaged and defined as 100%. All values were then expressed as a percent of that baseline (actual basal
values fell between 2.5 and 4.5 fmol/sample for both rat lines). Immunoreactive-corticotropin-releasing
hormone (ir-CRH). * Significantly different from average baseline, p<0.01.
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confirmed with multiple t-tests that this interaction was owing to a very large increase in
exploratory behavior among the Fast rats during non-contact exposure with an estrous
female (see Figure 9. panel B). The frequency of rearing behavior varied in a Rat line x
Contact condition manner (F ; > = 12.994. p<0.0001). Both rat lines displayed similar
elevations in rearing during non-contact with a non-estrous female. but the magnitude of
this behavior increased to a greater extent only among the Fast rats when estrous females
were in the non-contact chamber. Furthermore. while no change in this behavior
occurred during contact with a non-estrous female. both rat lines displayed elevated
levels of rearing in the presence of an estrous female. however the frequency was higher
among the Fast rats (see Figure 9. panel C). Sniffing the non-contact chamber was
monitored to indicate the level of interest the females could attract from the males. This
form of sniffing varied in a Rat line x Contact condition x Female status manner (F ; » =
4.418. p< 0.022). The follow-up t-tests indicated that although this behavior increased
similarly in both strains during non-contact with a non-estrous female. the magnitude of
this increase was much greater among the Fast rats when the non-contact chamber housed
estrous females (see Figure 9. panel D). We also monitored the male's frequency of non-
specific sniffing and found that this behavior also varied in a Rat line x Contact condition
x Female status manner (F | 1 =4.052. p< 0.03). This interaction appeared to be due to
elevated non-directed sniffing among the Fast rats when an estrous female was housed in
the non-contact chamber and continued when she was introduced into the testing cage.
During this time (i.e. contact) the frequency of non-directed sniffing did increase among
the Slow rats to a level exceeding that observed among the Fast rats (see Figure 9. panel

E).
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Figure 9. Several behaviors were monitored during baseline, non-contact and contract with female rats that
were determined to be either non-estrous (left side) or estrous (right side). Anogenital grooming (panel A),

Exploration (panel B), Rearing (panel C), Sniffing non-contact chamber (panel D) and General Sniffing
(panel E). *, ** Significantly different from within rat line baseline condition at p < 0.05 and p <0.001,
respectively. t. ¥+ Significantly different from non-contact condition at p < 0.05 and p < 0.001,
respectively. f Significantly different from within rat line Non-estrous female condition at p<00]1.

§, §§ Significantly different from Slow (between rat line) condition for matched behavior at p<0.05and

p<0.001.



Some behaviors could only occur during contact with the female and so they were
analyzed using a two way ANOVA with Rat line (Fast vs. Slow) and Female status
(estrous vs. nonestrous) serving as the main effects. Although very few male rats (30 %)
actually mounted the females during the 30-min contact session it should be noted that
behavior occurred only among the Fast rats. Similarly. the frequency of mount attempts
varied as a function of Rat line (F, ; =22.067. p<0.001) and this was due to an increase
in this behavior among the Fast rats. irrespective of the female's sexual status. An overall
ANOVA on the frequency of female pursuit revealed a main effect of Rat line (F, | =
20.798. p< 0.001). Subsequent t-tests revealed that this behavior increased to a similar
extent during contact with both females among the Fast rats. while no such change was
noted in the Slow rats. When the frequency of female sniffing was analvzed it was
similar between both rat lines and across both females. However. when the frequency of
sniffing directed towards the female's ano-genital region was subjected to an ANOVA a
main effect of Rat line was apparent (F, | = 16.21. p< 0.001). Post-hoc comparisons
revealed that this behavior was highest among the Fast rats when the female was in

estrous (see Figure 10).

At the end of the experiment we compared the morning levels of circulating
testosterone between the Fast (n = 10) and Slow (n = 10) rats. We were surprised to find
that the levels of this hormone were significantly greater in the Slow rats (mean = 1.354 +
0.287 pg/ml) compared to the Fast rats (mean = 0.627 + 0.097) (p < 0.05) (Data not

shown).
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Figure 10. Several behaviors were monitored during contact with a non-estrous female (left panel) or an
estrous female (right panel) in Fast and Slow rats. §,§§ Significantly different from Slow (between-rat line)
matched behavior at p < 0.05, and p< 0.0001, respectively.



Discussion

The major aim of the present investigation was to further characterize endocrine
and neurochemical differences between Fast and Slow rats in response to ferret exposure
and immobilization. These particular stressors were selected since the two rat lines were
shown to display markedly different behavioral responses to these stressors. Upon
immobilization. Fast rats display vigorous and sustained struggling. whereas Slow rats
adopt an immobility posture. Conversely. in response to a ferret. Fast rats become
immobile while Slow rats emit active avoidance responses [14:287]. As well. it has been
suggested that the Slow rats may be more likely to exhibit anxiogenic responses across a

variety of situations relative to the Fast rats [307].

Paralleling the behavioral effects of the two stressors. the neuroendocrine profile
in response to immobilization in the rat lines was distinguishable from that associated
with predator exposure. Consistent with our previous findings [14:287]. ferret exposure
elicited a more pronounced increase of plasma ACTH concentrations in the Slow than in
the Fast rats. This effect was evident both when blood was collected immediately after
stressor exposure (at a single time point) as well as when blood samples were collected in
vivo (at several time points) through indwelling pulmonary arterial cannulation.

Similarly. ferret exposure elicited a more pronounced rise of plasma corticosterone levels
in the Slow rats than in the Fast rats. so that the corticosterone levels rose more quickly

and were more pronounced in the Slow rats as compared to the Fast rats.



Unlike the effects of ferret exposure. immobilization elicited a more pronounced
rise of plasma ACTH levels among Fast than Slow rats. This was evident both in blood
taken at a single 135-min post-stressor time point. and in serially collected samples.
However. in contrast to the between rat line difference in the ACTH response. the
immobilization-elicited corticosterone rise was comparable in the two rat lines. Clearly.
the changes of ACTH are not necessarily proportional to the variations of corticosterone.
Such discrepancies between ACTH and corticosterone levels have been noted by other
investigators [352:462]. and may be attributable to altered adrenal sensitivity and/or the
potential influence of other secretagogues on adrenal responses [11:167:190]. As well.
given the very rapid rise of corticosterone levels in response to immobilization. it is
possible that a ceiling effect precluded detection of differences of corticosterone between

the Fast and Slow rats.

Both predator exposure and immobilization elicited brain region-specific
variations of both ir-CRH and ir-BN. To a considerable degree. these effects were
dependent upon the rat line being examined. Specifically. while the stressors provoked
elevations of ir-CRH at the key elements of the HPA axis (PVN. Me/Arc and to a
moderate extent at the Pit) among the more emotional Slow rats. the ir-CRH levels in
Fast rats were moderately reduced at these sites. While the ir-CRH data cannot be
directly related to HPA patterns of activity. the elevated levels of ir-CRH at the PVN.
Me/Arc and Pit in Slow rats could be interpreted as either increased peptide svnthesis
possibly coupled with increased release. or alternatively. could reflect decreased peptide

release. Given that the release of CRH from the median eminence has frequently been



shown in response to stressors [27:204:472-474]. it is likely that the alterations of ir-CRH
content (at least at the Me/Arc) in both Fast and Slow rats reflects enhanced peptide

release. accompanied by enhanced peptide synthesis in Slow rats.

In contrast to the effects at hypothalamic-pituitary sites. at the CeA.
immobilization increased ir-CRH levels among Fast rats. but had no effect in the Slow
rats. There is considerable evidence for the involvement of the CeA in HPA activation
[30:75:130:136:163:461]. and it was previously shown that stressors give rise to ir-CRH
release from the CeA [297:351:370]. Given that the rat lines were selected on the basis
of amygdaloid excitability [364]. it was somewhat surprising that alterations of ir-CRH
content at the CeA in response to immobilization were not more pronounced in Slow rats.
This is particularly the case given that the ACTH response in Slow rats was considerably

more pronounced than in the Fast rats.

[t is well established that analyses of neurotransmitters in post-mortem tissue
collected at a single time point may not provide an adequate reflection of the dvnamic
changes that may occur over the course of a treatment regimen. particularly in response to
stressors. This is certainly the case with respect to CRH variations. where synthesis of
the peptide is particularly rapid {45] and hence changes of level may not reflect ongoing
variations of activity. Post-mortem analyses are useful in that they permit the
determination of proteins at a wide range of brain regions: however. the absence of an
effect does not necessarily imply that variations of the neurotransmitter are not occurring

as a result of the treatment [15]. In fact. using in vivo microdialysis. ir-CRH variations



within the CeA were detected in response to stressors. To a modest degree. these effects
were dependent on the line of rat and on the specific stressor to which the animals had
been exposed. Specifically. while ferret exposure elicited release of ir-CRH in both lines.
the effect was apparent earlier in the Slow line. In contrast. such an effect was not
apparent in response to immobilization. Indeed. the ir-CRH release elicited by
immobilization was only apparent in the Fast rats. and did not reach statistical
significance in the Slow line. This profile generally parallels the variations of ACTH.
wherein immobilization provoked greater changes in Fast rats. whereas ferret exposure

more profoundly affected ACTH in the Slow rats.

In both rat lines the stressor-¢licited release of ir-CRH at the CeA was somewhat
delaved. depending on the nature of the stressor (being observable between the 34or st
sample post-stressor exposure). Although these findings are not concordant with our past
results showing a more pronounced and rapid restraint-elicited increase in ir-CRH release
at the CeA (observable by the 2" sample post-stressor exposure) [297]. there are several
possible explanations for this discrepancy. In this respect. it is possible that the Fast and
Slow rat lines in the present experiment differ in levels of ir-CRH and/or mRNA
expression. or in the rate of synthesis. turnover and/or release of this peptide as compared
to other rat strains (including Sprague Dawley rats which were employed in Chapter I).
Indeed. other investigators [176] have previously observed inter-strain differences in
many of these parameters [176:418]. Inter-strain differences. have also been reported in

how animals respond to manipulation of CRH binding protein (CRH-BP) within the brain

[353]. Since CRH-BP binds this peptide with high affinity. and the protein-bound CRH



may not cross the active membrane of the microdialysis probe. the portion of the released
peptide sequestered by this binding protein may be masked. Indeed. high levels of CRH-
BP are present in limbic structures such as the CeA [258]. where it increases in responses
to stressors and could therefore affect the dynamics of CRH release and its bioavailability
[258:284:353]. At present. these explanations are speculative and efforts will be needed

to determine more precisely the underlying mechanisms in these rat lines that contribute

to their differential response to stressors.

[t will be recalled that stressors ordinarily elicit the release of BN-LPs. as
reflected by increased ir-BN [223]. In the present investigation. the stressor treatments
provoked elevations of ir-BN at the AH in Slow rats. whereas a decrease of ir-BN was
observed at the NTS in both rat lines. There is considerable evidence suggesting that
certain brain stem nuclei. like the NTS. play a pivotal role in HPA activation
[96:247:234:402]. The NTS serves as a primary relay station for information traveling
via the glossopharvngeal and vagus nerve [366]. Moreover. this nucleus gives rise to
noradrenergic projections that extend to the parvocellular division of the PVN as well as
to other brain stem nuclei. which. in turn innervate the PVN [98]. BN-LPs are thought to
mediate sympathetic activation via the NTS. as administration of BN into this nucleus
elevates the circulating levels of epinephrine and norepinephrine [77]. Moreover. ir-BN
fibers extend from the parvocellular PVN to the NTS/dorsal vagal complex. leading to
the possibility that BN-LPs released at the NTS modulate HPA activity (either directly or
through CRH neurons) [91:268]. The AH has been associated with fear/anxiety

responses associated with stressors [115]. and as such. the finding that stressor-provoked



BN-LP levels at the AH were only elevated in Slow rats is consistent with the behavioral

evidence suggestive of greater fear and anxiety in the Slow line.

Aside from site-specific alterations in ir-BN and ir-CRH following stressor
exposure. these two rat lines also showed brain-region specific basal differences in
peptidergic concentrations. In particular. relative to Fast rats. the Slow line had higher
basal levels of ir-CRH at the Hipp and LH and lower basal levels of ir-BN at the AH and
NTS. These regions have all been implicated in HPA activation. leading to the
possibility that pre-existing differences in the basal concentrations of stress-relevant
peptides. such as CRH and/or BN-LPs. at these sites may contribute to the endocrine and
behavioral differences observed between Fast and Slow rats in response to stressor

exposure [96:125:333] .

In this experiment we also wanted to assess the extent to which these rat lines may
differ in their neurochemical response towards a vigorous appetitive event. namely
exposure to a sexually receptive female. Indeed. we have previously demonstrated that
both ir-CRH and ir-BN-LPs are released at the CeA in response to food ingestion in
Sprague-Dawley rats (see Chapter [). This raises the possibility that CRH and BN-LPs
might likewise be responsive to other appetitive events (in this case exposure to a female
cohort). We have previously noted that these rat lines elicit a robust differential
behavioral activation and vocalization patterns in response to sexually receptive females.
Therefore. it was of interest to assess the extent to which neuropeptides released at the

CeA might underscore these rat line-dependent behaviors. In the current study the



recovery of ir-BN-LPs was below the level of detection in the RIA (i.e. <0.25 fmol/45ul
sample). However. in both strains extracellular ir-CRH was increased following the
placement of a female cohort into the non-contact chamber. Upon close examination of
the data. this release of ir-CRH appeared to be modestly dependent upon the rat line and
sexual status of the female. Specifically. extracellular ir-CRH only increased
significantly among the Fast rats when the female was in estrous. while ir-CRH release
only increased among the Slow rats in response to a nonestrous female. These results do
sustain the contention that CRH at the CeA likely responds to the salience of a stimulus.
as opposed to simply its positive or negative attributes. It should be mentioned however
that because the temales were inaccessible to the males there may have been an element
of frustration experienced by the males that might impart changes in the release of ir-
CRH at the CeA [377]. Still. both rat lines eagerly attempted to gain access to the
females and this contrasts the behavioral avoidance that occurs in response to typical
stressors (such as ferret and immobilization). While the rat line differences in ir-CRH
release at the CeA were relatively modest. they elicited striking behavioral differences in

response to the different temales.

In general. the Fast rats reacted with heightened arousal in a non-discriminatory
fashion towards the females regardless of their sexual receptiveness. In contrast. the
Slow rats” behavior appeared to be dictated by the sexual status of the female (the typical
response) [3]. These rat line-dependent behavioral responses are in accordance with our
carlier observations that these rats elicit differential behavioral activation and

vocalization patterns in response to sexually receptive female cohorts. It is of particular



interest that despite these robust behavioral differences the release of ir-CRH at the CeA
was relatively similar between both rat lines. This suggests that CRH at the CeA may not
be involved in the genesis of behavioral activation in general. or in response to natural

appetitive stimuli. in particular.

At first glance the Fast rats appear to have a hypersexual drive. however there
may be an alternative explanation for their behavior. These rats may be
hyvperactive/impulsive in general and not necessarily in response to sexual cues in
particular. Indeed. the Fast rats do not breed as successfully as their Slow counterparts.
which may be. in part. due to their lower plasma testosterone levels and/or non-
discriminatory response to the different females. Successful mating requires that the
male is able to focus attention towards cues that arise from the female that indicate her
sexual status (e.g. ear wiggling. lordosis) [449]. Itis possible that a tendency towards
impulsivity among the Fast rats impairs their ability to recognize some of these cues. The
observation that the Fast rats display less behavioral avoidance in response to a predator
(i.e. ferret) supports the contention that they may be impaired at recognizing meaningful
environmental cues. Unfortunately we were unable to acquire sufficient samples to
assess the release of ir-CRH before. during and following contact with a female. so we
cannot ascribe the behavioral patterns during contact to changes that might have occurred

in CRH release at the CeA.

In summary. it is well established that the physiological changes evoked by

stressor exposure are influenced by a multitude of variables including the severity.



duration. and quality of the stressor as well as individual (or organismic) factors (e.g.
species. genetics. age or gender) [210:429]. Given that a response to a stressor will vary
depending on the complex interplay between these various factors underscores the need
for more elaborate experiments that consider the interactions between at least some of
these different variables. In the present study we demonstrated that in addition to
previously reported behavioral. endocrine. and immunological differences [14:307]. the
Fast and Slow rat lines can also be distinguished from each other in terms of their
neurochemical changes (alterations in ir-CRH and ir-BN) in response to two different
stressors. Moreover. the nature of the response observed was dependent on the
characteristics of the stimulus (or the behavioral changes elicited by these stressors).
Furthermore. this study adds to the possibility that CRH at the CeA is involved the
attribution of emotional salience to a stimulus. rather then simply responding to its
positive or negative attributes. At the same time. these results are at odds with the widely
held assertion that CRH at the CeA is involved in the genesis of the behavioral response
associated with heightened arousal [160:255:379:403:436]. Together. the findings
suggest that the Fast and Slow rat lines may provide a valuable tool to assess the
mechanisms underlving the individual differences in endocrine. neurochemical and/or

behavioral responses to aversive and appetitive stimuli.



Preface to Chapter 111

There is sufficient evidence in both humans and experimental animal studies to
sustain the notion that a response to stressors is influenced by a several factors that
include the stressor regimen (acute. chronic. intermittent). stressor type (processive.
systemic) as well as organismic variables. such as gender. age. and hard-wired genetic
differences. As mentioned earlier. a comprehensive understanding of the stress response
requires. as much as possible. a consideration of how these factors might act alone. or in
combination with each other. to influence an organism’s response to stressors. In the
current thesis we made a concerted effort to explore the response across animals with
different genetic underpinnings in response to a variety of processive stressors. It is
important to stress that our intention was 7o to compare the stress response between the
different rats. but rather to select out rats that display unique responses to stressors. In so
doing. we then were able to assess the extent to which CRH and BN-LPs contributed to
the genesis of the differential stress responses. This reasoning underscores our use of the

Lewis and Fischer rats in the current study.

The Lewis and Fischer rats have a variety ot well-characterized strain-dependent
differences including neuroendocrine (HPA activation). immunological and behavioral
responses o various stressors [120:122:169:418). Their differences have provided the
basis for many comparative studies investigating the underlying mechanisms mediating
the stress response. In this respect. these strains provide a unique opportunity to further

assess the contribution of CRH and BN-LPs in the mediation or modulation of behavioral
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vs. neuroendocrine responses to stressors. Furthermore. they may also shed some light

on mechanism(s) that contribute to the individual differences in responsivity to stressors.

In our previous experiments the application of a stressor was typically
administered in the presence of the experimenter. which may have influenced the stress
response. Specifically. it could be argued that the presence of the experimenter during
stressor application (e.g. during administration of restraint or immobilization) may
become paired with the stressor and hence every subsequent encounter with that
experimenter might re-trigger a stress response. In this experiment. we decided to use
noise as a stressor. as it not only represents a different stressor modality. but it can also be
administered remotely (in the absence of the experimenter). providing one solution to this
caveat. In the current series of experiments we assessed the effects of noise exposure on
neuroendocrine and neuropeptide functioning in Fischer and Lewis rats. We examined
whether their differential sensitivity to stressors would be restricted to hypothalamic-
pituitary-adrenal factors or extend to certain extra-hypothalamic sites. In addition to the
immediate effects. we also examined whether noise exposure would induce enduring
changes on neuroendocrine and neuropeptide activity in these strains. and whether such
etfects would be influenced by the environmental context in which the stressor was

applied.

In recognition of the inherent interpretive problems associated with the
assessment of tissue peptide levels through post-mortem analyses (as discussed above).

we complimented these experiments with those that more directly assessed interstitial
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peptide levels using in vivo microdialysis and push-pull perfusion. providing more

dvnamic and less ambiguous mechanistic perspective(s).
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CHAPTER 111

Differential impact of audiogenic stressors on Lewis and Fischer rats: Behavioral,

neurochemical and endocrine variations
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Abstract

Exposure to intense noise can trigger a cascade of neuroendocrine events
reminiscent of a stress response. including an activation of the hypothalamic-pituitary
adrenocortical (HPA) axis. Using male Fischer and Lewis rats. which exhibit differences
in their corticosterone response to stressors. this investigation assessed effects of acute
noise exposure on neurochemical and neuroendocrine responses. In response to the noise
exposure. Fischer rats displayed greater plasma adrenocorticotropin-releasing hormone
(ACTH) and corticosterone responses than their Lewis counterparts. However. both
strains responded with similar increases of plasma prolactin. suggesting that strain
differences in the HPA response were not likely due to differences in noise perception.
Post-mortem analyses revealed that noise exposure induced strain-dependent variations of
corticotropin-releasing hormone (CRH) and gastrin-releasing peptide (GRP) across
several brain regions. These effects were evident whether the rats were noise-exposed in
a familiar (home-cage) or unfamiliar environment. /n vivo. dynamic assessment of CRH
at the pituitary revealed that noise exposure elicited an immediate rise in CRH among
Fischer rats. relative to the delayed response in Lewis rats. Similarly. the rise in local
interstitial corticosterone was more rapid and pronounced in Fischer rats. In contrast to
these differences. CRH released at the central nucleus of the amygdala (CeA) was
gradual and protracted following noise exposure in both strains. Behaviorally. the
Fischer rats displayved an active response whereas the Lewis strain adopted a defensive
coping strategy. The role of CRH in the genesis of the overall strain-dependent response

to stressors is discussed.
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Introduction

Despite its ubiquitous and intrusive nature. community noise has vet to be firmly
established as a significant risk factor for the development of stress-related disease [39].
Nevertheless. intense audio signals provoke neuroendocrine variations in humans and
experimental animals reminiscent of those associated with stressor exposure. including
increased circulating levels of ACTH. glucocorticoids. and enhanced secretion of
catecholamines. reflecting autonomic activation [464:486]. As hypothalamic CRH is the
primary secretagogue for pituitary ACTH. which in turn evokes the release of adrenal
glucocorticoids. it seems likely that CRH contributes to the neuroendocrine effects of
noise. More recentlv. GRP has been identified as fundamental to the stress response as
aversive stimuli trigger its release in several stress-relevant regions of the brain. including
the amygdala [153:223:297:299]. Moreover. GRP increases the release of pituitary
ACTH. an effect antagonized by the CRH antagonist. a-helical CRF. attesting to the

possible interplay between GRP and CRH [299].

Several studies have demonstrated marked strain differences in response to
physical and’or psychological stressors [13:121:418]. In this respect. the Lewis rat has
been extensively studied as a unique strain demonstrating susceptibility to various
inflammatory conditions. including streptococcal cell wall-induced arthritis [122:420]
and encephalomyelitis [282]. In contrast. the histocompatible Fischer strain is relatively
resistant to the deleterious effects of stressor exposure [120:308:419]. In the current
study we assessed the neuroendocrine. neurochemical and behavioral responses to an

acute audiogenic stressor in these two rat strains.



In addition to hypothalamic control over the activation of the HPA axis.
considerable evidence sustains the notion that extra-hypothalamic structures. such as the
amygdala. may also regulate the activation of the HPA axis. Indeed. lesions to the CeA
block the HPA responses to acoustic stimuli [136] and restraint stressors [461].
Furthermore. the stressor-induced increase in CRH mRNA and release at the CeA
[197:297:351:370] suggests that previously observed [158:418:420] HPA. autonomic and
behavioral responses to stressors in the Fischer and Lewis rats might be associated with
differences in the release dynamics of CRH at the CeA. In the present investigation we
determined whether their differential sensitivity would be restricted to hypothalamic-
pituitary-adrenal factors and/or include extra-hypothalamic sites. In addition to
immediate effects. we also examined whether noise exposure would induce relatively
protracted changes on neuroendocrine and neuropeptide activity in these strains. and
whether such effects would be influenced by the environmental context in which the
stressor was applied. Although stressor effects are usually transient [496]. the duration of
these effects can be influenced by contextual cues. in this instance administering the
stressor in an animal’s home-cage. as opposed to in a distinct environment for noise

exposure.

In the present investigation we assessed CRH and GRP in differential postmortem
brain punches of Lewis and Fischer rats that had been exposed to noise. Although micro-
punch results provide useful information regarding which brain regions may be involved
in the stress response. they preclude conclusive interpretations regarding the temporal

dyvnamics associated with the challenge. Therefore. we complemented the postmortem
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studies with experiments that assessed interstitial levels using in vivo microdialysis and
push-pull perfusion. hence providing a more dynamic and clearer mechanistic

perspective.

Materials and methods
Experiment la: Effect of noise exposure on brain ir-CRH. ir-GRP and plasma hormone
levels
Animals and procedure

Male Lewis and Fischer rats (Charles River. Canada). weighing 300-350 g were
used. The animals were housed individually in standard rodent cages (36 x 31 x 17 cm)
with a 12:12-h reversed light-dark cycle (lights off 07:00-hr) and temperature maintained
at 23-24°C with 60% relative humidity. Animals had ad libitum access to Purina’ rat
chow and tap water. All experimental procedures met the guidelines on the ethical
treatment of animal subjects in experimental research set forth by the University of

Ottawa and Health Canada.

Noise exposure and blood collection

To minimize the effects of transporting animals from the housing room to the test
area. rats were acclimated to the regimen of daily transportation for 3 weeks prior to the
experiment being initiated. On test days. animals were transported in pairs (in their home
cages). from the housing room to a separate room where they were immediately exposed
to a 15-min burst of 90 dB continuous white noise. band-limited from 80 Hz to 20 kHz.

and equalized in 1/3 octave bands. Sound pressure level varied slightly. depending on the
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position in the cage and the arrangement of bedding chips. Based on measurements from

10 positions within the cage and variations in bedding distribution. overall the standard
deviation for the unweighted average sound level was = 2 dB. and in individual 1/3-

oclave bands it was + 4 dB.

In the initial experiment. animals were sacrificed (by decapitation) either
immediately after the stressor session (i.e.. 15-min after noise/no noise onset. n =
9/strain/condition) or were returned to their home cages. and then sacrificed 1-hr later (n
= 9/strain-noise: n = 7/strain-no noise). Control rats were treated identically. except that
the noise exposure was not administered. Brains and trunk blood were collected for

radioimmunoassay (RIA) of peptide and hormone content [334].

Experiment 1b: The impact of environmental cues on protracted changes of brain ir-
CRH. ir-GRP and plasma hormone levels 24-hr after noise exposure
Animals and procedure

Rats of each strain were brought to the test room. where half of the rats remained
in their home cages (n = 10/strain). while the remaining rats were placed in a similar cage
that contained fresh bedding (novel cage. n = 10/strain). The rats were then exposed to
the noise stressor as described earlier. Animals exposed to noise in a novel cage were
returned to their home cages immediately after noise exposure and all rats were returned
to the vivarium. Thus. some rats were maintained in the same environment as that in
which they were ordinarily housed. while the remaining rats were exposed to noise in a

novel environment and then returned to their home cages before returning to the housing



148

room. The following day (24-hr after noise termination) rats were transported to the
necropsy area where they were sacrificed immediately and brains and trunk blood taken

for later neurochemical and neuroendocrine determinations.

Tissue collection

Following decapitation. brains were rapidly removed and placed into a brain
matrix (Mclntyre. Carleton University. ON) with coronal planes corresponding to the rat
brain atlas of Paxinos and Watson (1986) [342]. Senal coronal sections (1.5-2.0 mm)
were obtained and placed in ice cold 0.1sm phosphate buffered saline and a total of 11
discrete brain nuclei known to be sensitive to the effects of stressors were identified and
micropunched/dissected. The selected hyvpothalamic areas included the paraventricular
nucleus of the hypothalamus (PVN). and the median eminence-arcuate complex
(Me’/Arc). In addition. the following extra-hypothalamic regions were taken:
paraventricular thalamic nucleus (PV). prefrontal cortex (PFC). nucleus accumbens
(nAcb). caudate (Cau). dorsal hippocampus (dHipp). central nucleus of the amygdala
(CeA). basal lateral nucleus of the amygdala (BLA). medial nucleus of the amygdala
(MeA). and locus coeruleus (LC). All nuclei were bilaterally micropunched using a
customized 1 mm punch. except for the Me/Arc and PV. which were removed with a
single punch. while the dHipp. and PFC were microdissected free-hand. Brain tissue was
placed in clean 1.5 ml centrifuge tubes on dry ice and stored at -80°C until processing

(within 4 weeks). All samples were collected between 07:00-13:00-hr.
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Tissue processing

Tissue punches were sonicated (VirSonic 60. Virtus U.S.A.) in 0.5-1.0 ml of
Iscove’s moditied Dulbecco’s buffer (GIBCO) containing 0.5% fetal calf serum and a
cocktail enzyme inhibitors (in mM: 100 amino-n-caproic acid. 10 EDTA. 5 benzamidine-
HCL. and 0.2 phenylmethylsulfonyl fluoride) for 10-sec. A portion of the homogenate
(25 ul) was then withdrawn for protein determination. and the remainder of the
homogenate was centrifuged at 13000 rpm at room temperature for 9-min. Supernatant
was aliquoted into 0.6 ml vials and stored at -80°C for subsequent peptide level
determination. Protein assays were performed using bicinchoninic acid with a protein

analysis kit (Pierce Scientific. Brockville. ON) using the microtiter plate method.

Plasma ACTH. corticosterone and prolactin detection

Trunk blood was collected into 5.0 ml glass tubes containing EDTA (Fischer
Scientific Lid.. ON). centrifuged at 1500 rpm. and the plasma aliquoted into 1.5 ml vials
and stored at -80°C. Plasma ACTH. corticosterone and prolactin levels were determined.
in duplicate. using commercial RIA kits (ICN Pharmaceuticals Inc.. Costa Mesa. CA).
These assays vielded intra- and inter-assay variations of less than 10%. The
quantification of corticosterone in the perfusates from Experiment 2 was accomplished
using a modification of the commercially available corticosterone RIA protocol designed

to enhance the sensitivity of the assay [53].



Experiment 2a: The effect of noise exposure on the release of CRH at the CeA
Animals and procedure

Male Lewis and Fischer (n = 10/strain) rats were maintained as in Experiment 1.
Rats were anesthetized (60 mg/kg i.p. pentobarbital) and stereotaxically implanted with a
20 gauge stainless steel guide cannula containing a removable 24 gauge stainless steel
obturator aimed at the dorsal aspect of the CeA. The placement coordinates [342] with
skull level were A/P. -2.3 mm: D/V. -7.0 mm: and L/M. = 4.2 mm. The guide cannula
protruding from a custom-manufactured Delrin”* pedestal was secured to the skull with
four stainless steel screws and dental cement. After surgical recovery (at least 7 days).
animals were transferred to individual testing chambers and allowed to acclimate for 48-
hr before testing. The testing chambers comprised Plexiglas cages (25 x 35 x 34 cm)

with a stainless steel grid floor.

Microdialysis

Approximately 24-hr prior to testing. rais were briefly restrained (~ 3-min). and
the obturator within the guide cannula was replaced with a concentric microdialysis
probe. consisting of a 2.0 mm regenerated cellulose active membrane (250 um outer
diameter: 6000 molecular weight cutoff: Spectrum Laboratories. CA). The probe was
partially inserted so that the active membrane remained within the guide cannula shaft.
On the following day. the anchor securing the probe was loosened and the probe was
gently inserted into the CeA of the freely behaving animals. Each probe was re-secured
with the anchor screw and connected via polyethylene tubing (Intermedic. Clay Adams.

\J) to a liquid swivel (Instech Laboratories. PA) and a 2.5 ml gas-tight infusion syringe



attached to a pump (model 22. Harvard Apparatus. MA). Microdialysis probes were
perfused at 3 ul/min with filtered Kreb's-Ringer phosphate (KRB) solution consisting of
(inmM): 2.7 K™. 145 Na™. 1.35 Ca®™. 1.0 Mg™". 150 CI". 0.05 ascorbate. pH 7.4 [306]. and
BSA (0.1%). After the probe insertion. a 60-min stabilization period was allowed (a time
interval previously demonstrated to permit stabilization of peptide release) [296].
Subsequently. dialysates were collected every 20-min (~60 ul) and immediately frozen

on dry ice and stored at -80°C for 2 weeks until RIA analyses. The efficiency of in virro
peptide recovery by the microdialysis probes averaged 3.3 * 0.6% (details previously

described [297]. see also Chapter 1).

Noise exposure

Following the collection of 6 baseline dialysate samples. a single 15-min burst of
90 dB continuous white noise (as described for Experiment 1) was delivered via speakers
(Voxtek 83S. 80 0.5W) affixed to the top of the testing cage. Following noise exposure.

12 post-noise dialysate samples were collected.

Experiment 2b: The effect of noise exposure on CRH and corticosterone availability at
the anterior pituitary
Animals and procedure

Male Lewis (n =9) and Fischer (n = 12) rats. maintained as previously described.
were anesthetized with pentobarbital (60 mg/kg: i.p.) and stereotaxically implanted with a
sterile 20 gauge custom made stainless steel guide cannula containing a removable 24

gauge stainless steel obturator aimed at the anterior lobe of the pituitary gland. The



placement coordinates [342] with skull level were A/P. -5.3 mm: D/V. -11.0 mm: and
L'M. = 0.9 mm. The guide cannula was secured to the skull with four stainless steel
screws and dental cement. After surgical recovery (at least 7 days). animals were
transferred to individual testing chambers and allowed to acclimate for 24-hr before being
placed individually in the noise room were they remained for another 24-hr prior to
testing. Rats were tested individually in test chambers identical to those used in the

microdialysis experiments.

Push-pull perfusion

Push-pull probes were custom manufactured using a 24 gauge stainless steel outer
cannula as the "pull” aspect of the probe. while a concentric silica tubing (75 um ID x
130 um OD. Polymicro Technologies. AZ) protruding 0.4 mm bevond the outer cannula.
constituted the "push” element of the probe. On the morning of testing the probes were
calibrated for 20-min ex vivo to ensure the stability of the push-pull dynamics. The
obturator was then carefully removed from the guide cannula of freely moving rats and
replaced with the probe so that the silica tubing entered into the anterior lobe of the
pituitary gland (permitting a free exchange between the KRB and interstitial fluid). Push-
pull probes were secured with polyethylene tubing to a dual channel liquid swivel
(Instech Laboratories. PA) and then connected to separate peristaltic pumps (Minipulse 3.
Gilson. W) that where used to perfuse the probes with KRB (as described in Experiment
2a). Typically. the 5-min sampling interval yielded 110 ul of perfusate. which was

aliquoted into two separate sample vials. These were immediately placed on drv ice and



later stored at -80°C until CRH and corticosterone assays were conducted. 2-3 weeks

later.

Noise exposure

Following the insertion of the probe 12 baseline samples were collected (overa I-
hr period) followed by a 15-min burst of 90 dB continuous white noise identical to that
described in the previous experiments. Three 5-min samples were collected during noise

exposure tollowed by an additional 12 post noise samples.

Experiment 2c: Strain-dependent behavioral response to noise exposure

During the push-pull experiment. the occurrence of various behaviors was
assessed using a time-sampling procedure [295]. Prior to noise onset. during noise
exposure. and following noise termination the frequency of the following behaviors was
noted every five seconds: Sleeping resting: lving still with eves completely or partially
closed: Exploration: actively moving about the cage: Sniffing: vibrissae movements
accompanied by head movements directed toward the floor or walls of the chamber:
Reuring: torelimbs off the cage floor in the absence of grooming: Grooming: forelimbs
are wiped over the face or ventral regions of abdomen and thorax: Freezing: rigid
posture. complete absence of visible movement. including vibrissae. with rapid
respiration [160:193]. This procedure. in our laboratory. had previously been found to

vield better than 90% agreement between raters [293].



Histology

At the end of the microdialysis and push-pull experiments. animals were briefly
anesthetized with halothane and then sacrificed so that their brains/pituitary glands could
be extracted. sectioned. and stained for histological verification of probe placement. The
correct placement of the push-pull probe into the anterior lobe of the pituitary gland was
readily verified under low magnification without staining. Only data from correctly

placed probes were used for statistical analyses.

Radioimmunoassay (RI4)

The detection and quantification of immunoreactive (ir)-CRH was achieved using
a solid-phase high-sensitivity adaptation or modification [270] of the double-antibody
liquid phase RIA originally described by Vale et al. (1983) [454]. Immunoreactive-GRP
was detected using a similar solid-phase RIA [356]. Briefly. protein A/G- (Calbiochem
Corp.. CA) coated Immunilon-4 wells (Dynatec Laboratories Inc.. VA) were incubated
with anti-CRH serum (rC70. kindly provided by W. Vale. The Salk Institute. La Jolla.
CA) or anti-BN serum (a-BN2. kindly provided by T.W. Moody. NCI. Rockville. MD)
for 2-hr at 20°C. Samples. standards (diluted in tissue processing medium. ranging from
0.05 10 250 fmol/well). and blanks were incubated for 24-hr at 4°C. Next. 25 ul of assay
buffer containing 5000-6000 cpms of '*I-[ Tyvr’]-rCRF (Amersham. ON). or '*I-[T+r']
BN (iodinated using the method of Salacinski et al. (1981) [386] was added to each well
and incubated for an additional 18-hr at 4°C. Finally. the wells were rinsed and
separated. and their residual radioactivity was counted in a gamma counter (Cobra II

Auto gamma. Model D3002. Packard Instrument Company. CT). A four-parameter



logistic curve fit model was used for interpolation of the standard curves. Sensitivity of

the assay was typically ~0.1 and 2.0 fmol/well for CRH and BN. respectively.

Statistical analyses

All results are expressed as means + S.E.M. The neuroendocrine and
neuropeptide data from Experiment 1a were analyzed by a series of 2 (Strain) x 2 (Noise
condition) x 2 (Time (post noise termination): 0-min vs. 1-hr) analvses of variance
(ANOVA). Similarly. the data from Experiment 1b were analyzed by a 2 (Strain: Fischer
vs. Lewis) x 2 (Stressor condition: home cage vs. novel environment) ANOVA.
Subsequent comparisons of means of significant main effects or simple effects of
significant interactions were analvzed using Bonferroni corrected t tests. At times the

degrees of freedom varied because of missing samples.

For the analysis of the in vivo CRH and corticosterone release (i.e. Experiment 2a
& b). the 3 baseline values preceding noise exposure from each animal were averaged and
detined as 100%. All values were then expressed as a percentage of that baseline value.
A significant main effect of Sample was followed-up with Bonferroni corrected t tests at
relevant sample points. For the behavioral data obtained in Experiment 2c. separate
mixed measures ANOV As with Sample blocks (baseline. noise. and post-noise) as the
within group variable. were performed for each behavior with Strain (Fischer vs. Lewis)

serving as the between group factor.
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Results
Experiment la: Effect of noise exposure on brain CRH/GRP and plasma hormone levels
Figure 1 (panel A) depicts the changes of plasma ACTH associated with noise
exposure. The ANOVA revealed that ACTH levels varied as a function of the Noise x
Time and the Noise x Strain interactions. F | 0 = 4.37 and 5.96. p’s<0.03. respectively.
The comparisons of the means comprising the simple effects of these interactions
confirmed that immediately after noise exposure the ACTH concentrations were elevated.
but returned to control values within 1-hr of noise termination. The comparisons of the
simple effects comprising the Strain x Time interaction indicated that in the Fischer rats
the levels of ACTH immediately after noise exposure were elevated relative to those seen
in Lewis rats. but returned to control levels 1-hr later. The etfects of the noise exposure
on plasma corticosterone levels essentially paralleled the ACTH changes (see Figure 1.
panel B). The ANOVA revealed a significant Strain x Noise x Time interaction. F | 0 =
11.36. p<0.01. The multiple t-tests indicated that corticosterone levels were elevated in
Fischer rats immediately after noise exposure. but not at the 1-hr interval. In the Lewis

rats. in contrast. the noise stressor failed to significantly alter corticosterone levels.

Figure 1 (panel C) shows that basal plasma prolactin in Lewis rats were slightly.
but significantly. higher than in Fischer rats. F ; o = 4.57. p<0.05. As well. prolactin
levels varied as a function of the Noise x Time interaction. F | ¢ = 45.89. p<0.01. Unlike
the ACTH and corticosterone. the level of prolactin was comparably elevated in both
strains immediately after the noise exposure. In plasma taken 1-hr later prolactin had

returned 1o basal levels.
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Figure 1. Variations of plasma hormone levels at 0-min and 1-hr after 15-min of noise exposure are
depicted as means (+ SEM) for ACTH (panel A), corticosterone (panel B) and prolactin (panel C).
Adrenocorticotropin-releasing hormone (ACTH). Control group (C), Noise exposed animals (N). *
Significant within strain difference from matched time control group, p<0.0001. + Significant between
strain difference at matched time, p<0.05.



Hypothalamic-pituitary CRH and GRP variations following noise exposure

Figure 2 shows the changes of ir-CRH (left panel) and ir-GRP (right panel) within
the PVN (upper panel) and Me-Arc (lower panel). At the PVN the levels of ir-CRH
varied as a function of the Noise x Time interaction. F | so = 16.14. p<0.001.
Immediately after the noise exposure. ir-CRH was slightly elevated in both strains. while
in noise-exposed rats sacrificed 1-hr later. ir-CRH levels were lower than among non-
stressed controls. The latter effect was due to a significant increase of ir-CRH in control
animals sacrificed at the 1-hr interval. relative to control groups sacrificed at the earlier
time point (see Figure 2. panel A). There was a tendency for the ir-CRH levels at the
Me’Arc to be higher in the Fischer rats: however. due to the high variability. these effects

failed to reach statistical significance (see Figure 2. panel B).
g g p

At the PVN the levels of ir-GRP varied over time following noise exposure. F | s3
=6.16. p<0.01. Immediately after noise exposure. the levels of ir-GRP in noise-exposed
rats did not differ from control levels. However. 1-hr following noise exposure. levels
were lower relative to control conditions. Similar to ir-CRH. the latter effect stemmed
from a significant increase of ir-GRP in control animals sacrificed at the 1-hr interval.
relative to control groups sacrificed at the earlier times (see Figure 2. panel C). The noise
stressor also provoked a modest reduction of ir-GRP within the Me/Arc. F | 56 = 4.35.

p<0.05 (see Figure 2. panel D).
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Figure 2. The two panels on the left represent the mean concentrations (+ SEM) of ir-CRH at 0-min and 1-

hr after 15-min of noise exposure at the PVN (panel A), and Me/Arc (panel B). The panels on the right

represent the mean concentration (+ SEM) of ir-BN at the PVN (panel C) and Me/Arc (panel D), at 0-min

and 1-hr after 15-min of noise exposure. Corticotropin-releasing hormone (CRH), Bombesin (BN),
Paraventricular nucleus of the hypothalamus (PVN), Median eminence/Arcuate complex (Me/Arc),
Immunoreactive (ir). Control group (C), Noise exposed animals (N). *, ** Significant difference from
matched time control group, p<0.05 and p<0.01, respectively. + Significant difference from 1-hr time

point. p<0.05.
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I'ariations of CRH and GRP at amygdaloid nuclei following noise exposure

Figure 3 represents changes in the content of ir-CRH and ir-GRP at the amygdala.
The ir-CRH changes at the CeA varied as a function of a significant Noise x Time
interaction. F | ;3 = 21.18. p<0.01. In both strains. the level of ir-CRH immediately after
stressor exposure did not differ from that of controls. However. 1-hr after noise exposure
the levels of ir-CRH in non-stressed animals was reduced relative to that of rats that had

been exposed to noise or to control conditions 1-hr earlier (see Figure 3. panel A).

At the MeA. ir-CRH varied as a function of the Strain x Noise interaction. F | g =
5.93. p<0.03. As seen in Figure 3 (panel B) the levels of ir-CRH were comparable in the
two strains in the absence of noise. The level of ir-CRH in Fischer rats was elevated both
immediately and 1-hr following exposure to noise. Among the Lewis rats the increase of
ir-CRH elicited by the stressor was less pronounced. Immediately after noise exposure
ir-CRH was increased in the MeA of Lewis rats. but this elevation was not evident 1-hr
after noise exposure. Finally. in the BLA the level of ir-CRH was greater in Lewis than
in Fischer rats. F | <9 = 8.06. p<0.01. However. the noise treatment had no effect on the

peptide level (see Figure 3. panel C).

At the CeA ir-GRP levels were modestly reduced immediately after the noise
exposure. and further reduced 1-hr thereafter. leading to a significant Noise x Time
interaction. F | s = 13.23. p<0.01 (Figure 3. panel D). In contrast. the noise did not

affect the concentration of ir-GRP at the MeA or the BLA (see Figure 3. panels E-F).
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Figure 3. The three panels on the left represent the mean concentrations (+ SEM) cf ir-CRH at 0-min and 1-
hr after |5-min of noise exposure at the CeA (panel A), MeA (panel B), and BLA (panel C). The panels on
the right represent the mean concentration (+ SEM) of ir-BN at the CeA (panel D), MeA (panel E), and
BLA (panel F) at 0-min and I-hr after 15-min of noise exposure. Corticotropin-releasing hormone (CRH),
Bombesin (BN), Immunoreactivity (ir), Central nucleus of the amygdala (CeA), Medial nucleus of the
amygdala (MeA), Basal lateral nucleus of the amygdala (BLA), Control group (C), Noise exposed animals
(N). *, ** Significant within strain difference from matched time control group, p<0.02 and p<0.01,
respectively. ¥, ¥+ Significant within strain difference from 0-min time point, p<0.02 and p<0.001,
respectively.
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Variations of CRH and GRP in other stressor-sensitive brain regions following noise
exposure

The levels of ir-CRH within the LC varied as a function of the Strain x Noise
interaction. F | 50 = 8.54. p<0.01. The t-tests confirmed that there was no change of ir-
CRH in the Lewis rats. However. while the measured levels of ir-CRH increased
appreciably at both time points in the Fischer rats. they only reached statistical
significance 1-hr after noise exposure (Figure 4. panel A). Immunoreactive-GRP levels
at the LC were reduced in rats exposed to noise. F | sg = 7.30. p<0.01. At 1-hr noise
exposure was associated with significantly lower levels of ir-GRP compared to control
levels (see Figure 4. panel B). Contrary to the effects at the LC. noise slightly reduced
the level of ir-CRH within the dHipp. F | s¢ = 8.13. p<0.01. however ir-GRP levels were

not effected by noise exposure at this site (data not shown).

In other brain regions. including the PFC. nAcb. Cau. and PV the noise stressor

did not affect either ir-CRH or ir-GRP at the designated sampling times (see Table 1).

Experiment 1b: The impact of environmental cues on protracted changes in brain CRH
and GRP and plasma hormone levels 24-hrs following noise exposure

Plasma ACTH. corticosterone. and prolactin levels were unaffected by noise
exposure administered 24-hr earlier. irrespective of whether the stressor was administered
to rats in their home cages or in novel (distinct) environments (data not shown).
Similarly. ir-CRH levels within the PVN and Me-Arc at 24-hr were unaffected by the

environment in which the noise had been applied (data not shown). Within the CeA the
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Figure 4. Variations of peptide concentration 0-min and 1-hr after 15-min of noise exposure are depicted as
means (+ SEM) for ir-CRH (panel A), ir-BN (panel B). Corticotropin-releasing hormone (CRH),
Bombesin (BN), Locus coeruleus (LC), Immunoreactive (ir), Control group (C), Noise exposed animals
(N). * Significant within strain difference from matched time control group. p<0.05. t Significant
difference from matched time control condition, p<0.01.
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Table 1 Content of ir-CRH & ir-BN at various brain sites in Fischer and Lewis rats

Time after noise termination

0-min 1-hr
Strain Peptide Region Control | Noise Control | Noise
nAcb 51.4+9.1 94.8+19.2 62.9 189 1308 +19.4%
Cau 578+45 459+35 462+27+ 523+49
ir-CRH  ["dHipp 136.5 + 13.9 126.0+11.9 165.0 £12.5 1380+ 10
PFC 668.3 +31.9 7172844 4206 £6761tt 314.4+559++
Fischer PV 173.8 £ 16.4 1498 + 11.1 147.7£9.6 163.1 £ 12.1
nAcb 104+77 362+78 67.5+6.7 383+ 7.7
Cau 63.2+9.1 682+11.5 58.3+108 76.5+11.7
ir-BN " dHipp 19.8+18 18.5+6.0 162 +2.0 149+ 1.5
PFC 61.0 5.1 55.4+60 57.5+6.2 320+54
PV 162.3 £ 15.7 155.0+14.8 194.8 + 16.4 187.6 +24.2
nAcb 134.1£28.1§§ 856+183 709 +11.7 7222105§
Cau 39.4+29§§ 41.0+5.7 525+52+ 419249
ir-CRH  ["dHipp 170.5 = 19.5 1282+78 145.1 £ 14.7 119.4+78
) PFC 528.8 +62.9 52154492 400.5 £ 25.1 5158433+
Lewis PV 1244+ 110 1643 %93 148.0 £ 11.0 158.8 £ 5.1
nAcb 445+62 60.5+11.6 66.7+5.6% 64.5+11.6
Cau 61.4+82 54.1£62 92.5+14.5 71.6 + 10.0
ir-BN [ dHipp 173+ 1.7 13513 113+1.5 138425
PFC 55.2+4.7 61.5+38 49.7+£3.0 59.5+32
PV 172.2£30.8 143.0 + 10.0 190.1 +33.8 128.0 +25.1

Table 1. Each cell represents the mean = S.E.M. (fmol/mg protein) 0- and 1-hr following exposure to 15-
min of noise or no noise (control) in the following brain regions. Caudate (Cau), paraventricular thalamic
nucleus (PV). nucleus accumbens (nAcb), prefrontal cortex (PFC) and dorsal hippocampus (dHipp). *. **
Significant within strain difference from same time control condition. +,1+ Significant within strain
difference from 0-min after noise termination. §. §§ Significant between strain difference. All effects are. p
< 0.05 and p < 0.02. respectively.
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level of ir-CRH 24-hr after noise exposure varied as a function of the interaction between
the Strain and the environment in which the noise was administered. F ;| 29 = 22.51.
p<0.01. Noise applied to Lewis rats while in the home cage resulted in ir-CRH levels at
the CeA exceeding that of similarly treated Fischer rats (respective means: 325 + 33 vs.

199 = 12: p<0.05) or Lewis rats exposed to noise in the novel environment (mean

difference = 133 + 21: p<0.03).

In the remaining brain regions (MeA. BLA. dHipp. PFC. nAcb. Cau. and PV) the
exposure environment had no effect on the levels of ir-CRH 24-hr after the noise
exposure (data not shown). Similarly. the exposure environment had no eftect on the
levels of ir-GRP at any of the brain regions examined 24-hr after noise exposure (data not

shown).

Experiment 2a: The effect of noise exposure on the release of CRH from the CeA

An initial comparison of the raw ir-CRH values from the dialysates constituting
the baselines from animals with correctly positioned probes (n = 5/Fischer: n = 4/Lewis)
revealed a significant difference between the two strains (respective means: 19.2 £ 5.2
and 217.3 £ 17.5 pg/45ul. p<0.0001). An ANOVA of the percent change from baseline
revealed that interstitial ir-CRH varied as a function of Sample. F |2 g3 = 14.95. p<0.001.
Post-hoc analyses revealed that noise exposure was associated with an immediate (during
noise exposure) rise of ir-CRH concentration in the dialysates collected from the Fischer
rats. which persisted until the end of the collection period (see Figure 5). In the Lewis

rats ir-CRH levels increased during noise exposure but did not reach statistical
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significance (p = 0.06) until the 3" post-noise sample. Thereafier ir-CRH concentrations

were significantly higher than baseline values until the end of the experiment (see Figure

3).

Experiment 2b: The effect of noise exposure on CRH and corticosterone availabilin: at
the arnterior pituitary

Figure 6 (top panel insert) depicts the typical probe placement within the anterior
pituitary. An initial comparison of the raw ir-CRH values from the perfusates
constituting the baselines from animals with correctly positioned probes (n = 11/Fischer:
n = 9/Lewis) revealed no strain differences (respective means: 29.9 £ 4.3 and 21.5 2.5
pg/45ul. p=0.4). An ANOVA of the percent change from baseline revealed a significant
Sample x Strain interaction. F |- :2;=2.92. p<0.001. Post-hoc analyvses indicated that
during the first 10-min of the 15-min notse exposure. ir-CRH concentrations were
significantly elevated above baseline in the Fischer rats (p's<0.03) and decreased
thereafter to basal levels (see Figure 6. top panel). In the Lewis rats. noise was associated
with a more delaved rise of ir-CRH concentrations. beginning at 25-min following noise
onset. and reaching a statistically significant increase above baseline by 30-min (p<0.01).
The ir-CRH rematined elevated until about 45-min following stressor onset. and then

declined. (see Figure 6. top panel).

An initial comparison of the means constituting the baselines for both strains
revealed that corticosterone levels in the perfusates collected from the Fischer rats were

significantly higher than those of the Lewis rats (respective means: 3.0 £ 0.3 and 1.4 +
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Figure 5. Levels of ir-CRH at the central nucleus of the amygdala as measured by in vivo microdialysis
under baseline condition and following 15-min of noise exposure in Fischer (solid squares) and Lewis
(open squares) rats. The baseline samples from each subject were averaged and defined as 100%. All
values were then expressed as a percent of that baseline (basal values were 4.04 + 1.1 and 45.7 + 3.7
fmol/sample. for Fischer and Lewis strains, respectively). Insert depicts typical probe placement at the
central amygdala. * Significant difference from baseline condition at p<0.05.
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0.2 pg/45ul. p<0.05). The levels of corticosterone varied as a function of the Sample. F
17272 = 3.83. p<0.0001. During the last 5-min of the 15-min noise exposure
corticosterone levels were significantly elevated in the Fischer rats and remained so for
an additional 9 samples (45-min) (see Figure 6. bottom panel). In the Lewis strain noise
exposure failed to significantly increase corticosterone levels in the perfusates. However.
by the g post noise sample (40-min post onset). corticosterone levels were elevated and

approached statistical significance (p = 0.07) (see Figure 6. bottom panel).

Experiment 2c: Strain-dependent behavioral responses 10 noise exposure

Individual ANOV As of the frequency of sniffing. grooming. and exploration
revealed significant Strain x Sample Blocks interactions. F's 5 ;3 = 11.41. 8.95. and 9.91.
p's<0.001. respectively. Post-hoc analyses revealed that sniffing. grooming and
exploration were significantly elevated from baseline during noise exposure in the

Fischer. but not in the Lewis rats (see Figure 7. panel A-C).

Freezing was influenced by an interaction between Strain and Sample blocks. F .
38 = 14.15. p<0.001. that was due to a robust increase during noise exposure in the Lewis
rats (see Figure 7. panel D). Strain x Sample blocks interactions were also evident for
rearing. F - 35 = 14.28. p< 0.0001 and resting. F » ;5 = 3.33. p<0.05. Post-hoc analyses
showed that while both strains showed almost no rearing during baseline. this behavior
increased significantly with noise exposure only in the Fischer rats (see Figure 7. panel

E). The Strain x Sample blocks interaction for resting stemmed from a slightly higher
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amount of resting following noise exposure among the Fischer rats (see Figure 7. panel

F).
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Figure 6. Levels of ir-CRH (top panel) and ir-corticosterone (bottom panel) availability at the anterior
pituitary gland as measured by in vivo push-pull perfusion under baseline condition and following 15-min
of noise exposure in Fischer (solid squares) and Lewis (open squares) rats. The baseline samples from each
subject were averaged and defined as 100%. All values were then expressed as a percent of that baseline
(basal ir-CRH values were 6.3 + 0.9 and 4.5 + 0.5 fmol/sample, for Fischer and Lewis rats, respectively and
basal ir-corticosterone values were 8.7 + 0.9 and 4.0 + 0.6 fmol/sample, respectively). Insert depicts typical
probe placement at the anterior pituitary gland * Significant difference from baseline condition at p<0.05.



B Fischer
CJlLewis
25.- A Shniffing Grooming B 15
20- 1 T -12
15- -9
2 10- -6
o
g ¥ -
£ ol -0
0 )
T 155C Exploring Freezing D55
é‘ 124 *t T -44
g 9_ 'T F‘33
3 o 22
L—L 3_I "11
% 9-E Rearing Resting F -60
o
)]
-45
@ ¢, *t
. - 30
3- L 15
04

Base Noise P-Noise Base Noise P-Noise

Observation Interval

171

Figure 7. The frequency of sniffing (panel A), grooming (panel B), exploring (panel C), freezing (panel D),
rearing (panel E) and resting (panel F) was observed before noise exposure (base) during noise exposure
(noise) and following 15-min of noise exposure (P-noise) in Fischer (solid bars) and Lewis (open bars) rats.

* Significant within strain difference from baseline condition, p<0.05. + Significant between strain

difference from matched time observation period, p<0.05.
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Discussion

The present study demonstrated that relative to male Lewis rats. male Fischer rats
exhibited a more robust corticosterone and ACTH response to noise exposure. This is
concordant with earlier reports using female rats [487] and suggests that enhanced HPA
reactivity of the Fischer rat (as compared to Lewis) is gender independent. As expected.
local interstitial levels of corticosterone at the pituitary paralleled the noise-induced
increase in the circulating levels of this corticoid: increases being evident in the Fischer.
but not in the Lewis rats. Since corticosterone at the anterior pituitary provides a
feedback inhibitory signal to dampen further activation of the HPA response [269:481]. it

would appear that the feedback system of the Fischer rats is down regulated.

In contrast to the strain-dependent effects of the stressor on ACTH and
corticosterone. noise exposure elicited a comparable increase of plasma prolactin in both
strains. Most stressors inhibit the activity of tuberoinfundibular dopamine neurons in the
arcuate nucleus. disinhibiting the release of prolactin from the anterior pituitary [147].
Thus. the blunted ACTH and corticosterone responses in Lewis rats are not attributable to

strain-specific differences of stressor perception or sensitivity.

As seen in Experiment 1. noise exposure was also associated with site-specific
alterations of tissue ir-CRH concentrations at the PVN and Me/Arc as well as in other
related limbic structures. such as the amygdala. In both strains the content of ir-CRH at
the PVN 135-min following noise onset was elevated compared to control conditions. By

1-hr following noise exposure ir-CRH levels were lower in both strains compared to the



173

control levels: however. at this time control levels of ir-CRH were greater than that seen
in control animals 1-hr earlier. This pattern of change suggests that both the noise
exposure and control manipulations (i.e. transportation to the test room) imparted changes
in PVN ir-CRH content despite efforts to minimize these effects (i.e. exposing animals to
daily transportation to and from the experimental test room. for over 3 weeks).
Predictably. however. when peptidergic changes were noted they were more pronounced

and enduring in rats exposed to noise.

It is quite possible for peptide release to change without altered tissue peptide
levels being altered [293:370]. For instance. if increased release is accompanied by an
equally enhanced rate of synthesis. then such effects would not be reflected in post-
mortem analvses of tissue peptide levels. Thus. the use of in vivo sampling techniques
has distinct advantages in detecting potential strain differences with respect to the impact
of various challenges. The current study represents the only direct assessment of noise-
associated alterations in the availability of ir-CRH at the anterior pituitary in the Fischer
and Lewis rats. Push-pull perfusion at the anterior pituitary revealed that while noise
exposure provoked a rapid rise of interstitial ir-CRH levels in Fischer rats. this change

was delaved in Lewis rats.

It might have been expected that since ir-CRH availability increased at all in
Lewis rats. plasma corticosterone should likewise have increased. In fact. the observed
rise of corticosterone availability in the Lewis rats appeared to follow the delayed rise in

ir-CRH: however. this blunted increase failed to reach statistical significance.
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Accordingly. other factors that might influence the stimulatory effect of CRH on ACTH
release should be considered. Lewis rats have been reported to be more sensitive to the
suppressive effects of dexamethasone on CRH- or cocaine-induced ACTH secretion
[408:498]. suggesting that corticosterone availability at the anterior pituitary in Lewis rats

need not reach the same level as in the Fischer rats. to inhibit the HPA response.

Several stressors. including noise. increase the neuronal firing rate and
neurotransmitter release at the LC [409:410]. To date. the release of CRH at the LC has
been alluded to. but never directly measured. Nevertheless. several indirect approaches
suggest that CRH may serve as an excitatory neurotransmitter at this site [435:457-4359].
In the current study we report that noise exposure elevated ir-CRH levels at the LC of the
Fischer but not the Lewis strain. If lower tissue peptide levels in the Lewis rats reflect
enhanced release. then it would be consistent with the greater in vitro firing rate of LC
neurons observed by others in the Lewis as compared to the Fischer rats [169].
Ultimately. it will be necessary to assess stressor provoked in vivo CRH release at the LC

in the two rat strains.

Considerable efforts have been made towards characterizing the role of the
amygdala in the cognitive. behavioral and physiological responses to emotionally salient
stimuli [136:215:432]. including noise [151]. The current micropunch data (i.e.
Experiment 1) suggests nucleus- and peptide-specific alterations at the amygdaloid
complex. Immediately after noise exposure. a marked elevation of ir-CRH was evident at

the MeA in both strains. while no differences were noted at either the CeA or the BLA.
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These data appear to support the proposition that the MeA is more closely aligned with
the genesis of the neuroendocrine response to emotional stressors. relative to either the
CeA or the BLA [113]. The caveat. as pointed out earlier. is that the lack of change in
tissue peptide levels does not necessarily indicate a lack of effect on peptide release.
However. tissue ir-CRH levels at the CeA 1-hr following control manipulations (which
included transport to and from the test room) was markedly reduced in comparison to the
control group sacrificed at the earliest time interval. Furthermore. levels of ir-CRH at the
CeA of animals sacrificed at 1-hr post stressor exposure were similar to both control and
noise-exposed groups sacrificed at the 15-min sampling time. Together. these results
provisionally suggest that the transportation of the rats to the test area was sufficient to
increase amygdaloid ir-CRH at the earliest sampling time. and that levels of the peptide
declined to pre-stress levels 1-hr later in the control groups. but remained elevated in rats
exposed to the more potent noise stressor. The results from the microdialysis study
support the notion that the CeA is involved in noise stressor reactivity [151]. as the

release of ir-CRH at the CeA occurred following noise exposure in both strains.

Although CRH. particularly at the amygdala. has been implicated in the mediation
or expression of the behavioral responses to stressors. this investigation suggests that
there mav be a mismatch between noise-related CRH alterations and the behavioral
responses mounted by the two strains. The Fischer rats displaved a more active coping
stvle (increased exploration and grooming). whereas the Lewis strain adopted a more
defensive coping strategy (freezing). However. the two strains showed a rather similar

rise in the release of CRH at the CeA. Likewise. Lahmame et al. (1997) [245] concluded
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that there was dissociation between CRH activity (based on tissue content) and the
expression of depression-like behavior in the forced swim test. This apparent mismatch
suggests that either CRH at the CeA is not a contributing factor in the behavioral
response to noise stressor. or that the sensitivity to CRH varies between the two strains.
The latter possibility is supported by the finding that the Fischer and Lewis rats show
behavioral differences in response to centrally applied CRH [158]. such that exogenously
administered CRH makes the Fischer rats behaviorally similar to non-CRH exposed
Lewis rats. Finally. in response to a startle stimulus. the Lewis rats appear to be more
behaviorally sensitive. but it is the Fischer rats that show a more pronounced
corticosterone rise [157]. Together. these observations suggest that in the Lewis rats. the
brain circuits mediating the behavioral response to stressors (CRH-dependent or —
independent) are up-regulated. whereas their HPA responses are either down-regulated
(due 10 previous state of activation) or regulated by an up-regulated feedback inhibitory
svstem. These observations are suggestive of those noted in the human condition of post-
traumatic stress disorder where an individual exposed to chronic stress or a traumatic
event develops. over time. exaggerated autonomic and behavioral responses to stressors.
Paradoxically. the individual fails to show the predicted stressor-evoked cortisol rise.
although there is a heightened response to the suppressive effects of dexamethasone
[494]. Thus the Lewis rat may provide an opportunity to assess some of the
neurochemical underpinnings of altered behavioral and neuroendocrine responses

observed in some pathological states like post-traumatic stress disorder.
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We recently reported that bombesin-related peptides (namely GRP) might
contribute to some endocrine and behavioral responses to stressors. in part through the
activation of CRH systems [53]. In Experiment 1. noise exposure was associated with
altered ir-GRP at the PVN. Me-Arc. CeA. Cau and nAcb. The finding that both strains
displayed similar changes of ir-GRP at the PVN and Me/Arec. and vet the Lewis rats still
failed to show elevated ACTH and corticosterone response. suggests that these rats may
have down-regulated CRH receptors. Commensurate with this suggestion. it has been
shown that following stressor exposure CRH receptor binding in some brain regions is

higher in Fischer compared to Lewis rats [243].

In summary. the current neurochemical. neuroendocrine and behavioral data
provide evidence that the apparent hypo-adrenal response in the Lewis rats exposed to
stressors (noise in this instance) is not simply a function of altered CRH release. but may
have more to do with altered sensitivity (at the receptor and post receptor level). In this
regard. the strain differences reported here as well as by others [158:161:487] may be
reflective of strain differences in the number and/or sensitivity of pituitary corticotrophs
to endogenous CRH and/or glucocorticoids. as suggested by in virro findings [498]. Our
results also make it tempting to suggest that noise exposure might have protracted effects
on ir-CRH changes related to the exposure environment and that Lewis rats might be
more sensitive to these cues compared to Fischer rats. However. it is likely that the
impact of such events may be dependent on individual characteristics. including genetic
disposition. And finally. we would like to suggest that the blunted corticosterone

response and enhanced behavioral responses in the Lewis rats may be a reflection of
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enhanced sensitivity of the negative feedback circuit (rather than diminished sensitivity of
the pituitary corticotrophs) and increased sensitivity to extra-hypothalamic sites (such as
the CeA). respectively: a state reminiscent to that of post-traumatic stress disorder. where

behavioral hyper-reactivity to stressors is accompanied with a blunted cortisol response.
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Preface to Chapter IV

The data presented thus far suggests that contrary to the current dogma. CRH (at
least at the CeA) does not appear to be involved in the genesis of the behavioral response
1o aversive or appetitive events. More precisely. the animal’s behavioral response to
different tyvpes of stressors (i.e. processive vs. systemic) might differentially utilize CRH-
ergic svstems. Indeed. we reported that despite the robust differences in behavioral
response towards a female cohort. these rats had similar release patterns of CRH at the
CeA. This dissociation between behavioral output on the one hand. and release of CRH
on the other. was also evident following noise exposure. In this case. the Lewis and
Fischer rats had distinct behavioral reactions to noise. whereas their pattern of CRH
release at the CeA was remarkably similar in both strains. To further assess the role of
CRH at the CeA in context of stress and anxiety. we developed a paradigm where the
release of CRH could be monitored concurrently with their behavior. as the animals

transitioned from their home milieu to a more anxiogenic (novel) one.

This “novel cage paradigm™ is based on the fact that a novel environment
engenders anxiety-like state in rodents. because of the conflict between the need to
explore the new environment for food on the one hand. and the need to be vigilant for
potential threats in the unfamiliar environment. In their home cage. non-food deprived
rats readily approach and consume a familiar palatable snack. However. when the same
snack is presented in a novel environment. the latency to approach it gets longer and the
amount consumed declines [226]. As previously observed in our laboratory. diazepam (a

prototypical anxiolytic) fails to affect snack consumption in the home cage. but
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completely blocks the effects of the novel environment on snack intake. This suggests
that diazepam increases food intake in the novel environment by attenuating the anxiety-
like effects engendered by the novel milieu. So this paradigm was selected for the next
experiment. However. prior to its usage. several logistic and technical challenges had to
be surmounted. Once established. this paradigm afforded us the ability to continuously
assess the release of neurochemicals at the CeA (using in vivo microdialysis). Samples
could be collected in the home cage environment and then and continued being monitored

during and after their transter into novel (presumably stressful) environment.

In the current study we assessed the impact of the novelty-stressor on the release
dvnamics of neuropeptides. including CRH. at the CeA. We went into the study with the
hypothesis that if the novel environment was indeed a stressor. it should increase the
release of ir-CRH at the CeA. Likewise. if the effects of the novel cage on behavior were
mediated through CRH at the CeA. then diazepam. that prevents anxiogenic-type
behavioral responses should also attenuate the release of ir-CRH at the CeA. Finally. if
this stressor engendered changes in central CRH apart from that which we directly
observed at the CeA. then ICV pretreatment with CRH receptor antagonists should

attenuate or block the effects of the novel cage on behavior.
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CHAPTERIV

Diazepam reverses the behavioral effects of novel environment stressor but fails to
block novelty-elicited release of corticotropin-releasing hormone at the central

nucleus of the amygdala



Abstract

The corticotropin-releasing hormone (CRH) system(s) within the brain is (are)
activated by stressful stimuli and may contribute to behavioral and emotional responses.
The present investigation assessed anxiety-like responses and neurochemical alterations
at the central nucleus of the amygdala (CeA) evoked by exposure to an unfamiliar
environment. Placement into an unfamiliar environment (new cage) markedly suppressed
ingestion of a palatable snack. and this effect was antagonized in a dose-dependent
manner with diazepam pretreatment. As such. this behavioral change was utilized as an
index of anxiety in the rodent. This stressor also stimulated the release of
immunoreactive-CRH (ir-CRH) and glutamate at the CeA. However. various CRH
antagonists (e.g. ah-CRF. CP-154. 526. antisauvagine-30. preproTRH75.199) did not
attenuate the behavioral effects elicited by the stressor. As well. central infusions of
CRH (2 pg. ICV) failed to suppress the amount of snack consumed in the home cage.
Despite the potent anxiolytic effect of diazepam in this paradigm. it tailed to prevent the
stressor-associated release of ir-CRH and glutamate at the CeA. Thus. although exposure
to an untamiliar environment may be interpreted as being “stressful” by neural circuits
involving CRH and/or glutamatergic receptors at the CeA. the data do not support the
view that activation of CRH and/or glutamate receptors is necessary for the expression of
anxiety-like behavioral responses. Rather than provoking anxiety. it is suggested that
these systems might serve to draw attention to events or cues of biological significance.

including those posing a threat to survival.



Introduction

Stressors provoke neurochemical. behavioral. and emotional alterations that may
be essential for adequate defensive functioning [93:388:475]. In this respect. it is thought
that the CeA contributes to emotional responses. including the acquisition and expression
of tear or anxiety [107:248:475] or may influence processes by which sensory stimuli
gain motivational and emotional significance [173:248:340]. Consistent with the view
that CRH within the amygdala contributes to the promotion or expression of anxiety
[108:248:412]. stressors increased CRH mRNA expression [216] and in vivo ir-CRH
release [351:369:370] and amygdaloid CRH manipulations influenced anxiety-related

behaviors [129:437].

Like CRH. the GABA-ergic system(s) may also influence anxiety.
Benzodiazepine infusion into the amygdala produces anxiolytic effects [288]. and the
anxiolyvtic action of systemically administered benzodiazepines can be blocked by intra-
amygdaloid injections of GABA receptor antagonists [108]. In addition. glutamate. an
excitatory transmitter at the amygdala [432]. when microinfused locally. stimulates the
release of ir-CRH at the median eminence [149]. Thus. glutamate at the amygdala may
contribute to stress responses by affecting CRH release at the amygdala and the median

eminence [149:384].

The development of “ethologically-relevant™ animal models has contributed
significantly to the behavioral and neurochemical characterization of anxiety. particularly

as such approaches are not confounded by the effects of painful stimuli often used to
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elicit anxiety. Moderately threatening situations (e.g. placement in an unfamiliar
environment) induce behavioral patterns like those elicited by predator scent. including
inhibition of non-defensive behaviors (e.g.. reluctance to ingest food) [48]. and such
effects are antagonized by anxiolytic agents [51:365:428]. Although assessing food
intake in an unfamiliar environment is practical. its use has been limited by
methodological problems. For instance. food or water deprivation (concurrent systemic
stressors) or presentation of a novel food (which may produce neophobia) can confound
the anxiogenic attributes ot the unfamiliar environment. As well. presentation of regular
chow vields low basal feeding levels (floor effect) making further reductions of food
intake less discernible. We observed that offering animals highly palatable. familiar
snack in a novel environment circumvents these problems. allowing for an unadulterated

appraisal of anxiety [314].

Using this procedure. the present investigation established whether 1) the anxiety-
like behavioral and neurochemical responses elicited by the novel environment would be
attenuated by benzodiazepine pretreatment: 2) antagonism of CRH action(s) attenuated
the ettfects of the novel environment on snack consumption: 3) dynamic. in vivo.
fluctuations in the release of ir-CRH. GABA and glutamate at the CeA were elicited by
the novel environment. and 4) attenuation of behavioral signs of anxiety by
benzodiazepine treatment would concurrently influence the stressor-elicited release of ir-

CRH. GABA. and glutamate.



Materials and methods
Animals and procedures

Adult male Sprague-Dawley rats (400-550 g) obtained from Charles River
Laboratories (Canada). were used in all experiments. Subjects were individually housed
and maintained on a 12-hr light/dark cycle (lights on at 07:00-hr). with free access to
water and standard Purina™ rat chow. The room temperature was maintained at 21-23°C
with 60% relative humidity. All procedures were approved by the University of Ottawa
animal care committee and met the guidelines set out by the Canadian council on animal

care.

Test environment (home vs. novel cage)

The animals® home cage consisted of a standard shoebox-style clear Plexiglas
container (24 x 30 x 18 cm) with the bottom lined with bedding material (beta chips
about | cm deep). The lid of the home cage was made of a removable. stainless steel grill
with a triangular indentation (about 10 cm deep) to hold rat chow pellets and the water
bottle. The novel environment (test cage) consisted of a clear Plexiglas box with
dimensions different from those of the home cage (i.e. 48 x 30 x 40 cm). The front of the
box comprised a double-hinged door. The floor consisted of an elevated (3 cm from the
Plexiglas bottom) stainless steel grid. Both the home and the test cages were located in
the same room. where the testing took place. To achieve in vivo microdialysis in both the
home cage and test cage. an adaptation of the removable stainless steel lid was made to
incorporate a removable sliding microdialysis assembly consisting of a liquid swivel

tethered to the animal using a flexible spring (~12 ¢m in length). This approach allowed
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us to remove the animal from the housing cage (with swivel connected) to a novel cage
that incorporated the microdialysis set up. Thus. in vivo sampling was possible during

the home cage and upon transferring the animal to a novel cage (see Figure 1).

All surgeries were carried out in rats anaesthetised with pentobarbital (65 mg/kg:
i.p.). Animals were placed in a stereotaxic instrument with level skull. For the
microdialysis studies. rats were implanted with a 22 gauge guide cannula containing a
removable 24 gauge obturator aimed at the dorsal aspect of the CeA using the following
coordinates: A/P -2.1 mm. L/M = 4.2 mm. and D/V -7.35 mm. For the ICV studies.
guide cannulae (22 gauge) with removable 24 gauge obturator was implanted into the 3¢
ventricle using the following coordinates: A/P -4.3 mm. midline. and D/V -4.3 mm. All

co-ordinates were derived from the rat brain stereotaxic atlas [342]. All guide cannulae

were anchored to the skull using 3 stainless steel screws and acryvlic cement.

In vivo microdialysis

[n all microdialysis experiments probes were implanted at least 120-min prior to
baseline collection. a time frame determined by previous experience to be more than
adequate 10 attain stable samples (see Chapter [). Rats were briefly anesthetized with
halothane (~ 3-min). and the obturator within the guide cannula was replaced with a
microdialysis probe. which extended 2.5 mm (includes 0.5 mm glue tip) beyond the end
of the cannula. The concentric microdialysis probe had 2.0 mm of active membrane

(250um outer diameter) of regenerated cellulose (6000 MW cut-off: Spectrum Medical
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Industries) that protruded into the CeA. Each probe was secured with a retaining screw

and connected via polyethylene tubing (Intermedic. Clay Adams. NJ) to a liquid swivel
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{Figure 1. Photographic representation of the novel-cage paradigm. /n vivo microdialysis is used to assess
the release of neurochemicals in rats housed in typical “shoe-box™ stvle cages. Rats are connected to a
custom designed removable swivel which slides freely on two stainless steel rods fitted to the cage top.
When removed. the rat can be transported with the swivel to a novel cage without any interruption in

sampling.
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and a 2.5 ml gas-tight infusion syringe attached to a pump (Harvard. model 22).
Microdialysis probes were perfused at 3 ul/min with filtered Kreb’s-Ringer phosphate
(KRB) solution consisting of (in mM): 2.7 K™. 145 Na™. 1.35 Ca™~. 1.0 Mg*". 150 CI".
0.05% ascorbate. pH 7.4 [386]. and BSA (0.1%). On collection. each sample (90 pl) was
immediately frozen on dry ice and stored at -80°C until radioimmunoassay (RIA)
analyses. The efficiency of the microdialysis probes was assessed in vitro (details

described in Chapter I) with the average peptide recovery for CRH being 3.3 £ 0.6%.

Drugs and peptides

Diazepam (Sabex. Boucherville. QC) was dissolved in a vehicle of 50%
propylene glyeol. 40% distilled H-0 and 10% ethanol and injected subcutaneously (s.c..
0.1 ml/100 g body weight). PreproTRH3s.199. CRH. CRH-type2 receptor antagonist.
antisauvagine-30 (antiSvg-30) (Phoenix Pharmaceutical. Belmont. CA) were dissolved in
saline. whereas a-helical CRFq.;; (Phoenix Pharmaceutical. Belmont. CA) was dissolved
in saline containing 0.05% acetic acid. The CRH-tvpe! non-peptide receptor antagonist.
CP-154. 526. was kindly donated by Pfizer Inc. (Gorton. Conn.. USA). and was dissolved

in vehicle of saline containing 5% ethanol and 5% Tween 80.

Rudioimmunoassayv and Capillary Electrophoresis

The detection and quantification of ir-CRH was achieved using a highly sensitive
solid-phase RIA [297]. Briefly. Protein A/G (Calbiochem. La Jolla. CA)-coated
Immunilon-4 wells (Dyvnatech. Chantilly. VA) were incubated with anti-CRH serum

(rC70 kindly provided by W.Vale. the Salk Institute. La Jolla. CA) for 2-hr at room
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temperature. Samples. standards (reconstituted in the KRB solution. ranging from 0.61 to
1250 fmol/well). or blanks were incubated for 24-hr at 4°C. Next. 25 ul of assay buffer
containing 4500-5000 CPM of ['*I-Tyr’] rCRH (Amersham. Oakville. ON) was added to
each well and incubated for an additional 24-hr period at 4°C. Finally. the wells were
rinsed. separated. and their residual radioactivity counted using a gamma counter (Cobra
I1 Auto-gamma). A four-parameter logistic curve fit model was used for interpolation of

the standard curves. Sensitivity of the assay was typically ~0.1 fmol/well.

The interstitial levels of glutamate. and GABA were also measured at the CeA.
All ex-vivo analyses were performed on the Beckman P/ACE 5010 capillary
electrophoresis system (Fullerton. CA). equipped with a laser-induced fluorescence (LIF)
detector (488 nm Beckman P/ACE System Laser Module). Separations of analytes were
achieved using fused silica capillary (Polymicro Technologies Inc.. Phoenix. AZ) with 30
um i.d. and 47 cm length. The run buffer consisted of a 100 mM boric acid adjusted with
NaOH 1o the final pH of 9.5. Between runs. there were 30-sec and 90-sec rinses of 1 M
NaOH and run buffer. respectively. The 2-sec pressure injection sample plugs were

assaved at a separation voltage of 30 kV.

The amino acids GABA and glutamate were assaved in 5 ul aliquots from each
sample reacted with 1.3 ul of 1.0 mM fluorescein-3-isothiocyanate (FITC) (Molecular
Probes Inc.. Eugene. OR) in acetone. The reaction was allowed to proceed for 16- to 18-
hr before dilution in 100 ul of run buffer. Each sample was analyzed in triplicate. and

peak heights were averaged and quantified from the working curves of respective amino
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acid standards (Sigma. St. Louis. MO). All samples from an individual subject were
assaved during the same day. Unless otherwise stated. chemicals were purchased from

VWR (Ville Mont-Roval. QC).

Histology

At the end of the microdialysis and ICV experiments. animals were briefly
anesthetized with halothane and then sacrificed so that their brains could be extracted.
sectioned. and stained for histological verification of probe placement. The correct
placement of the 3" ventricular guide cannulae was readily observable without staining

under low magnification. Only data from correctly placed probes were used for statistical

analyses.

Experiment 1. Effect of an unfamiliar environment on snack intake

While in their home cages. ad libitum fed animals (n = 6) were given pre-weighed
quantities (approximately 7-10 g) of graham crumbs (70.6% carbohydrate. 10.6% fat.
7.1% protein) in a round dish (10 cm diameter). once daily for a 15-min period. After 6
successive davs. the snack intake reached a plateau such that the intake over the last 3
day's did not vary by more that = 0.5 g (denoted baseline). On the 7 day. rats were
placed in the novel cage. and presented with the now familiar palatable graham crumbs.
The intake over 15-min period was determined. after which the rats were returned to their
home cages. To ascertain that the snack maintained its palatability under stress-free

conditions. following 6 consecutive days of snack presentation in the novel cage. the rats
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were again presented with that snack in their home cage (once daily for 15-min) for 2

days.

Experiment 2. Effect of diazepam pretreatrment on novelty-induced suppression of snack
intake

Subjects (n = 6) were injected with various doses of diazepam (0 (vehicle). 0.5.
1.0. 2.0 or 3.0 mg/kg: s.c.. in a randomised order). and placed in either the home cage or
the novel cage. The snack was presented 20-min later. As in Experiment 1. the food was
removed after 15-min and the total amount consumed was noted. The home cage
represented a familiar or non-stressful environment. If diazepam increased food intake
due to non-anxiolytic or non-specific (e.g. enhanced palatability or orexigenic actions)
effects. then it was expected that this would be reflected by altered snack consumption in
the home cage as well as in a novel environment. It ought to be underscored that we have
found that repeated tests are possible using this procedure. so long as the “unfamiliar™
environment contains novel bedding or no bedding. Thus. it is possible to evaluate the
same rats repeatedly for at least 6 consecutive days. using different compounds or

different doses of a single compound [314].

Although both control and diazepam-pretreated rats consumed a similar amount
of snack in the home cage during the 15-min test interval. the possibility that diazepam
may have increased consumption further during a longer test interval was assessed in a

separate group of animals. In this case. the effects of diazepam (2.0 mg/kg: s.c. a dose
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deemed most effective from the earlier experiment) were reassessed in a separate group

of rats (n = 8) given access to the snack in their home cage for 25- and 40-min.

Experiment 3a. Effect of CRH receptor antagonists on novelty-induced suppression of
snack intake

In rats that had habituated to the snack in the home cage (see procedure above) the
effects of pre-treatment with various CRH antagonists on snack consumption in the home
and novel cage was assessed. Rats (n = 6-8 per group) were injected ICV with the non-
selective CRH receptor antagonist. a-helical CRH (20 & 50 ug). In a separate group of
animals (n = 6-8). CP-154. 526 (10 or 40 mg/kg. i.p.) and antiSvg-30 (2 or 10 ug. ICV)

were injected in animals 20-min before being transferred to the novel cage.

Experiment 3b. Effect of CRH and BN pretreatment on snack consumption in the home
cage

In this experiment we assessed the effects of CRH and BN pretreatment on snack
consumption in the home cage to determine whether these compounds would elicit an
anxiety-like effect similar to that observed in the novel cage. To assess whether CRH
induced an anxiety-like state. the effects of this peptide (2 ug/rat: ICV) were assessed
under the home cage condition at 30- or 90-min following its administration. Finally. the
effects of BN (0.5 pg: ICV) were tested under the home cage condition. 30-min following

treatment.



194

For Experiments 3a&b. rats were removed from their home cages and peptides
were injected in a volume of 3 ul of saline (or 0.05% acetic acid-saline solution in the
case of a-helical CRH). delivered over 1-min interval. using a 1.0 ml Hamilton syringe
controlled an infusion pump (Harvard Apparatus. MA). The Hamilton syringe was
connected via PE 20 tubing to a stainless steel injector that protruded 0.5-0.75 mm below
the cannula tip. into the 3 ventricle. Following injections. subjects were returned to
their respective home cages for 20-min (and 90-min for CRH). They were then presented
with the graham crumbs either in their home-cage or immediately after being transferred
to the novel cage. The snack was presented for 20-min. as described in the preceding

experiments.

Experiment 4. Effects of novel cage exposure on interstitial levels of CRH. GABA and
glutamate at the CeAd

Rats (n = 8-10/ group) equipped with permanent guide cannulae aimed at the
dorsal aspect of the CeA. were briefly anaesthetised with halothane (~ 3-min) and the
obturator within the guide cannula was replaced with a microdialysis probe. Rats were
then placed in their home cage were sample collection began 90-min later. Following
this stabilization period. 5 baseline samples (60 ul each) were collected every 20-min.
After the 4™ baseline sample was collected. rats were injected with either vehicle or
diazepam (2.0 mg/kg: s.c.) and one more sample was collected in the home cage. Then
rats were gently transferred into the novel cage where microdialysis samples continued to

be collected for 5 additional samples. Upon collection. cll dialysates were frozen
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immediately on dry ice and stored at -80°C immediately until neurochemical analyses (~

2-3 weeks later).

Statistical analyvses

The amount of food consumed was analyzed by either one- or two-factor within-
group analyvses of variance (ANOVA). In cases where each animal was repeatedly tested
within the home-cage or the novel cage condition. or each animal was tested under the
vehicle or drug condition. these variables (i.e. cage and drug condition) were considered
to be within-group factors. When these variables were assessed in separate groups of
animals they were treated as between-group factors. The concentration of the baseline
levels of ir-CRH. GABA and glutamate observed were averaged for individual rats and
defined as 100%. All values were then expressed as a percent of that baseline. and
analvzed by a mixed measures ANOVA with Drug treatment (vehicle vs. diazepam) as a
between-groups factor and Cage (Home vs. Novel). and Sample (5 home cage and 3
novel cage) serving as the within-group factors. Post-hoc analyses of significant main
effects or simple effects of significant interactions were conducted using Newman-Keuis
multiple comparisons. or Bonferonni adjusted t tests in the case of the in vivo

microdialysis data.

Results
Experiment 1. The effect of a novel environment on snack intake
The amount of snack consumed in the 15-min test session varied significantly

across dayvs. F 13 52 = 17.93. p<0.01. Subsequent post-hoc analyses indicated that the
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consumption of the graham crumbs in the home cage was initially low but increased
steadily and stabilized over days 4-6. When the rats were then presented with this now
familiar palatable snack within the novel cage. consumption dropped precipitously (Day
7) relative to that seen on the final baseline day (Day 6). This suppression was evident on
each of the 6 consecutive test days in the novel cage. When the rats were once again
presented with the snack in their home cage. (Days 13 and 14). the intake increased

sharply to levels comparable to those of the original baseline (Day 6) (see Figure 2).

Experiment 2. Effect of diazepam pretreatment on novelty-induced suppression of
snack intake

The ANOVA revealed a significant main effect of Cage and Diazepam dose
pretreatment on snack intake (F | 3 =22.66: and F 4 16 = 5.78. p's<0.01. respectively).
Likewise. snack intake was influenced in a Cage x Diazepam dose interaction. F 1 16 =
5.38.p<0.01. The analyses of the simple effects comprising the interaction revealed that
under the novel cage condition. diazepam dose-dependently increased snack
consumption. with the drug effects reaching significance at the higher doses (2 and 3
mg/kg: s.c.). In the home cage condition. only a slight increase of snack consumption
was noted and in contrast to the novel cage condition. it occurred at the lower (0.5 and 1

mg/kg: s.c.) but not the higher (2 and 3 mg/kg: s.c.) doses (see Figure 3).

The modest effect of diazepam (2 mg/kg: s.c.) in the home cage was not
attributable to the lack of adequate time to ingest differential amounts of the snack.

Specifically. in separate groups of rats (n = 6-8/group) that had been provided with the
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snack in their home cage for 15-. 25- or 40-min consumption (as expected) varied with
Time (F 2.1, = 45.05. p<0.0001). However. no effect of Drug treatment or interaction

between Drug treatment and Time was observed (data not shown).
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Figure 2. Rats were presented with a palatable snack (graham crumbs) over a period of 6 days in their
home cage and the total amount consumed was noted. Snack intake rapidly increased with repeated
exposure so that intake was stable over days 4-6. Rats were then presented with the snack for 15-min
immediately after being transferred to a novel environment and the amount consumed was noted.
Following 6 test sessions in the novel cage (days 7-12). rats were presented again with the snack in their
home cage for 15-min on two successive days (13 & 14) and the amount consumed was noted.

* Significantly different from the average amount consumed on Day 6 in home cage, p<0.0001.
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Figure 3. Effects of diazepam pretreatment on total snack (graham crumbs) intake over a 15-min test
period. Rat were injected subcutaneously with various doses of diazepam 20-min prior to being presented
with graham crumbs in either the home (dark bars) or novel (shaded bars) cage. * Significantly different
from vehicle injection. p<0.01. * Significantly different from home cage condition. p<0.01.
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Experiment 3a. Effect of CRH receptor antagonists on novelty-induced
suppression of snack intake

The analysis of the effects of a-helical CRH at both 20 & 50 pg (ICV) indicated
that the treatment did not affect snack consumption. F | 7 =0.440.and F ; 4 =0.037.p’s >
0.05. respectively. Likewise. snack intake observed in rats pretreated with the CRH
release inhibiting factor (prepro-TRH,73.195 6 pg: ICV). was not different from control
conditions in either the home or novel cage F > o = 1.28. p = 0.32. In rats pretreated with
CP-134. 526 (10 or 40 mg/kg: i.p.) the novel cage reduced snack intake similar to vehicle
injected rats so that a main effect of Cage remained F 4 13 = 20.61. p<0.001. with no
effect of Drug treatment (see Table 1). In rats injected with (antiSvg-30: 2 and 10 pg:
ICV) the novel cage still suppressed the consumption of a palatable snack so that a main

effect of Cage remained F ; ¢ = 8.55. p<0.001 (see Table 2).

Experiment 3b. Effect of CRH and BN pretreatment on snack consumption in the home
cage

Finally. the effects of CRH (2 ug: ICV) and BN (0.5 pg: ICV) were tested under
the home cage condition at 30-min or 90-min following microinjection. CRH failed to
alter the latency to approach the snack. or reduce the amount of snack consumed at either
time point. while BN reduced the amount of snack consumed (F;_; = 15.8. p<0.005) and

increased the latency to initiate consumption. F, ; = 6.98. p < 0.03 (see Table 2).
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Table 1. Effects of CP-154526 (CRH-type! receptor antagonist) on novel-environment
induced suppression of snack consumption.

Treament | Test Amount consumed (g) |
j ;  Condition Control Treated
- Vehicle Home cage 7.14 £ 0.66 6.53+0.79
~ Vehicle 1.63 +£0.58 2.12+0.59
40 mg . Novelcage | 3.02+0.59 1.35+£0.28
10 mg i i 233+048 | 243%0.55

Each value represents the group mean + SEM. CP-154626 was administered
svstemically (i.p.) 20-min prior to placement in the novel environment and snack
presentation.

Table 2. Effects of anti Sauvagine-30 (CRH-type2 receptor antagonist) and CRH on snack
consumption in a novel cage and home cage. respectively.

Amount consumed (g) |

Treatment (ICV) Test Condition -
, Baseline [ Treated f
AntiSav-30 (10 pg) Novel cage 1.30£0.23 0.94 =0.03
. AntiSav-30 (2 pg) ' ) = 1.44 £0.25 1.18+0.24
! CRH (2 ug) 30-min ' Home cage 2358+0.28 2.92+0.38
* CRH (2 ug) 90-min 2 = 222+£0.20 2.62=0.38

Each value represents the group mean + S.E.M. Anti sauvagine-30 (AntiSvg-30 2 or 10
pg/rat: ICV) was administered 20-min prior placement in the novel environment and
snack presentation. CRH (2 pg/rat; I[CV) was administered either 30- or 90-min before
presentation of the snack in the home cage.
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Experiment 4. Effects of novel cage exposure on interstitial levels of CRH, GABA and
glutamate at the CeA

The ANOVA of the interstitial ir-CRH levels as a percentage of baseline revealed
a significant effect of Cage x Sample interaction (F 5 45 = 4.45. p<0.01). Multiple
comparisons of the simple effects for the interaction revealed that ir-CRH levels
remained relatively stable within the home cage but increased significantly in the novel
environment in both diazepam- and vehicle-injected rats. As seen in Figure 4 and
confirmed by the multiple comparisons. interstitial ir-CRH levels increased progressively
over the course of the collection period in both the vehicle- and diazepam-pretreated

animals (see Figure 4).

The analysis of the extracellular glutamate concentrations revealed a significant
effect of Sample (F ;13 =4.27. p<0.01). marked by a progressive rise of glutamate that
was most notable following transfer to the novel cage. The effects of diazepam on
glutamate concentrations were variable and non-significant. In fact. if anything. the
levels of glutamate were slightly higher in the diazepam than vehicle treated rats.
Finally. the fluctuations in observed GABA levels were similar to those of glutamate.
Thus. relative to the home cage. the release of GABA increased following placement in
the novel cage to a similar extent in both vehicle- and diazepam-pretreated rats. F | |, =

18.78. p<0.001 (data not shown).
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Figure 4. Effect of novel vs home cage environment on the in vivo release of corticotropin-releasing
hormone (CRH) at the CeA. The ordinate represents CRH levels, expressed as a percentage of baseline.
Dialysate samples were collected every 20-min. in the home cage and novel cage. Following collection of
the fourth sample in the home cage, rats (n = 8-10 per group) were injected with either vehicle (hatched
columns) or diazepam (2 mg/kg) (solid columns). In the home cage, interstitial CRH levels remained stable
(first 5 samples). In the novel cage, levels of interstitial CRH increased progressively in both vehicle- and
diazepam-treated rats over the course of 5 samples. Treatment with diazepam did not affect the novel
environment-induced release of CRH. * Significantly different from home cage at p <0.01.



Discussion

When placed in an unfamiliar environment. rats were reluctant to approach and
consume a palatable snack. but this effect was attenuated by benzodiazepine pre-
treatment. As consumption necessarily involved the initiation of an active response. this
outcome could not be attributed to motor side effects or lethargy elicited by the
anxiolytic. Using this paradigm. we previously observed the behavior to be modifiable
by other known anxiolytic agents. whereas treatment with psychotropic agents without
anxiolytic properties (e.g. acute antidepressant. neuroleptic or caffeine treatment) did not
affect performance {314]. Furthermore. although benzodiazepines may have orexigenic
effects. this did not account for the observed outcome. as the etfects of diazepam were
restricted to the novel environment. Thus. it seems that snack consumption in an
unfamiliar environment is a sensitive and reliable index of anxiety. and because of its
simplicity. this paradigm permits the concurrent assessment of dynamic neurotransmitter

changes under conditions of high ethological validity.

The amygdaloid complex. and the CeA in particular. may be fundamental in the
mediation and/or coordination of the stress response. Manipulation of this structure (i.e.
lesions or stimulation) influenced the emotional and HPA response to psychological
stressors in a predictable fashion [10:24:129:185:430]. Commensurate with the finding
that stressors increase CRH mRNA and CRH levels [129]. and the release of ir-CRH
within the amygdala [351:370]. the present investigation demonstrated that the anxiety
associated with a novel environment was accompanied by a marked increase of ir-CRH

release at the CeA.
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While anxiety associated with an unfamiliar environment was attenuated by
diazepam. the elevated ir-CRH release persisted. Furthermore. administration of CRH (2
ug: ICV) tailed to suppress home cage snack consumption. and pre-treatment with
various CRH antagonists failed to attenuate the anxiety associated with an unfamiliar
environment. This was the case in response to a—helical CRH. prepro-TRH (inhibitor of
CRH release). as well as the more selective CRH-typel (CP-154. 526) or CRH-type2
(antiSvg-30) receptor antagonists. Evidently. while stressful events induce amygdaloid
CRH changes. CRH availability does not appear to be necessary for the expression of
anxiety-like responses engendered in the unfamiliar environment. As amygdaloid ir-
CRH release not only occurs in response to a stressor. but also in response to appetitive
stimuli (see Chapter 1). CRH changes may represent a response to biologically salient

stimuli. irrespective of their valence.

The effects of CRH antagonists in other anxiety models involving
exploration/novelty have been inconsistent. For instance. while CRH antagonists have
been reported to attenuate anxiety-like responses in the elevated plus-maze [182:415].
other investigators have failed to detect such an effect [25:44:166]. In contrast. under
conditions that are more threatening or painful than placement in an unfamiliar
environment. including conditioned fear {189]. shock-induced freezing [437]. conflict-
models [235]. conditioned defeat. or defensive withdrawal [208]. CRH antagonists were
more effective. As well. in instances where CRH antagonists attenuated anxiety in
exploratory situations this occurred under conditions where animals had previously been

exposed to a stressor [182]. or had received central administration of CRH [415]. Thus. it
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may be that with increased stressor intensity. or in highly anxious organisms. CRH
svstems become more relevant in the behavioral manifestation of anxiety. and hence

CRH antagonists are more effective.

If amygdaloid CRH release is increased in response to the naturalistic stressor of
being placed in an unfamiliar environment. but does not mediate anxiety. the question
emerges as to what it’s functional role might be? There are. of course. several
possibilities in this respect. For instance. the elevated amygdala CRH release may reflect
arousal. rather than fear or anxiety [181:272]. It is possible. as indicated earlier. that
amygdala CRH may be released in response to salient or emotionally significant stimuli.
regardless of whether they are positive or negative. In effect. amygdala neurons mediate
processes by which sensory stimuli gain emotional and motivational significance
[10:248]. Thus. it is possible that emotional changes (hyperactivity or vigilance).
independent of anxiety per se. are associated with being transferred to a novel

environment and these changes contribute to the ir-CRH release observed in this study.

A second possibility. which is not independent of an arousal hypothesis. is that
CRH is fundamental in priming or preparing the organism for action. Part of the eftect of
increasing CRH activity. particularly at the level of the pituitary. is to increase release of
adrenal glucocorticoids. A move to an unfamiliar environment may engage preparatory
responses owing to the potential threat imposed. However. such a release would not
necessarily occur only under stressful conditions. as positive changes to homeostasis.

such as rewarding [350] or appetitive stimuli [297] also stimulate glucocorticoid secretion
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[350]. Incidentally. such a multifaceted response is not unique to HPA functioning. as
catecholaminergic activity at the prefrontal cortex or nucleus accumbens is also affected

by both stressful and rewarding stimuli [438:477].

It is unclear to what degree the effects of CRH released in response to stressors
involve CRF-nypel or CRF-npe2 receptors. Both receptor subtypes are present in stress-
relevant regions such as the amygdala. PVN. and ventromedial hypothalamus [133].
Inasmuch as CRF-nvpel deficient mice exhibit diminished anxiety [413:446] and CRH
antagonists reduce anxiety associated with stressors [119:172]. particularly in highly
anxious rats [221]. it was suggested that CRF-typel receptors contribute to stressor-related
anxiety [417]. The role of CRF-tvpe2 receptors is less clear. as stressor exposure or
corticosterone administration may not increase CRF-tvpe2 receptor mRNA expression
[273:367]. Yet. in mice lacking the CRF-type2 receptor. the stressor-elicited HPA
response terminated early. suggesting that this receptor subtype may be involved in
regulation of the HPA response [90]. Furthermore. mutant mice deficient in CRF-type2
receptors are hypersensitive to stressors and display increased anxiety-like behavior [26].
This may be attributable to the reported increase of CRH mRNA at the CeA or increased

mRNA for urocortin in these mice.

It has been suggested that while CRF-typel receptors are key to mediating the
anxiety introduced by stressors. CRF-type2 may be involved in other stressor-related
behaviors. including the suppression of feeding elicited by CRH-like peptides [235].

Like CRH. urocortin is also released in response to stressors. has a higher affinity for the
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both CRH receptors. and has potent effects on food consumption. Thus. the possibility
exists that when urocortin is released preferentially to CRH. the anxiogenic actions of the
stressor will be more notable with respect to behaviors such as feeding. The CRF-typel
receptors. which may contribute to processes related to executive functions (appraisal of
emotions. attention. learning and memory processes related to emotion) {417]. may be
more apparent in response to relatively intense stressors which have more pronounced
effects on CRH relative to urocortin. and may bring into play interactions between CRH
and norepinephrine activity in other brain regions [235]. This notion is of course. highly
speculative as data are not available regarding the differential release rates of urocortin

and CRH in response to stressors of graded severity.

The role of glutamate is of particular interest as activation of glutamatergic
projections to the amygdala facilitated CRH released at the median eminence and
provoked the activation of the HPA axis [149]. Consistent with an NMDA receptor-
driven event. glutamate-stimulated CRH release was blocked by an NMDA
antagonist[92]. implicating glutamatergic mechanism(s) in regulating amygdaloid CRH
release. The present investigation confirmed that along with ir-CRH release. interstitial
glutamate concentrations at the CeA were increased when rats were transferred to the
unfamiliar cage. However. as with ir-CRH. the glutamate elevation was not attenuated
by diazepam pretreatment. Thus. it seems that glutamate changes at the amygdala do not
underlie the anxiogenic effects of the stressor. although may play some other role with

respect to the overall stress response.



209

The contribution of CRH in mediating the anxiogenic effects of stressors is of
considerable interest. particularly as it has figured in the development of therapeutic
strategies for anxiety-related disorders. as well as those where anxiety is a poignant
comorbid feature (e.g.. depression). The results of the present investigation indicate that

psvchogenic stressors increase the in vivo release of ir-CRH. but the precise ro.c of this

peptide in sub-serving anxiety requires reconsideration.

Alternatively. psychogenic stressors of different categories (natural or unlearned
vs. conditioned responses elicited by cues paired with neurogenic stressors) may evoke
anxiety using distinct neural substrates (CRH-dependent vs. CRH-independent).
Alternatively. it is possible that different stressors activate distinct neural circuits. which
may differentially. impact on anxiety. In particular. the presently available data are
consistent with the view that while neurogenic stressors (or psychogenic stressors
previously paired with neurogenic stressors) elicit a CRH mediated anxiety which is
reversible by CRH antagonists. In contrast. unlearned (naturalistic) stressors activate pre-
wired neural circuits. including CRH and as vet undetermined substrates. While CRH
may potentially reflect the presence of anxiety. it does not mediate the response to these

naturalistic stressors.



Preface to Chapter V

Although CRH has been firmly established as the primary ACTH secretagogue
released in response to stressors. there is accumulating evidence supporting the notion
that CRH may also act as a neurotransmitter within brain circuits [457-459]. In
particular. several indirect approaches have suggested that CRH may be released onto
dendrites that form synaptic connections at the locus coeruleus [457] to provoke
autonomic activation during stressor exposure. However. to date. the release of CRH at
the peri-locus coeruleus region has never been explicitly demonstrated. Anterograde and
retrograde track tracing experiments have suggested the source (soma) of the CRH
terminals at the locus coeruleus might be located at the CeA (precisely the lateral CeA)
[455:458:459]. Valentino and colleagues have elegantly demonstrated that axons
projecting from the lateral CeA form primarily excitatory mono-synaptic connections on

dendrites emanating from locus coeruleus neurons [459:460].

The objective of the next experiment was to attempt to directly assess whether this
functional connection between the amygdala and the locus coeruleus was chemically
bridged by CRH. Specifically. we attempted to 1) demonstrate unequivocally that CRH
is released at the locus coeruleus during stressor exposure. and 2) demonstrate that the
release of CRH at the locus coeruleus is affected by direct electrical stimulation of the

CeA neurons.



CHAPTERYV

Stressor exposure elicits the release of corticotropin-releasing hormone at the peri-
locus coeruleus: Possible activation through neurons arising from the central

nucleus of the amygdala
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Abstract

The locus coeruleus represents the largest source of norepinephrine in the brain and plays
a major role in orchestrating the sympathetic arm of the stress response. Several
forebrain structures that have been studied in the context of the stress response have been
shown to have both direct and indirect anatomical connections to and from the locus
coeruleus. These structures include the paraventricular nucleus (PVN). bed nucleus of
the stria terminalis (BNST). medial prefrontal cortex (mPFC). hippocampus and the
amygdala. It is therefore likely that these structures. together with brain stem regions like
the locus coeruleus function in concert during the stress response. Of late. the
neuroanatomical connections between the central nucleus of the amygdala (CeA) and the
peri-locus coeruleus have been delineated using tract-tracing techniques combined with
electron microscopy. These findings. together with those showing that corticotropin-
releasing hormone (CRH) receptors are situated on dendrites originating from the peri-
locus coeruleus and the observations that CRH manipulations at the peri-locus coeruleus
influence the stress response suggest 1) that endogenous CRH may be released in the
vicinity of the locus coeruleus during stressor exposure and 2) the cell bodies producing
this release might reside at the CeA. Both of these contentions were assessed using in
vivo microdialysis in freely behaving animals in the first experiment and the combination

of electrical stimulation and in vivo push-pull perfusion in a second experiment.

The results of the first experiment demonstrate for the first time that stressor
exposure elicits a rapid and sustained release of CRH at the peri-locus coeruleus in freely

behaving animals. The second experiment sought to investigate if the neuroanatomical
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connections between the CeA and the peri-locus coeruleus were chemically bridged by
CRH. We applied a range of electrical stimulation to the lateral aspect of the CeA while
collecting the concurrent release of CRH at the ipsilateral peri-locus coeruleus in sodium
pentobarbital-anesthetized animals. Unexpectedly. this experiment failed to demonstrate
a clear association between the release of CRH at the peri-locus coeruleus and activation
of the CeA. Although we observed a clear stimulation-dependent change in the release of
CRH in some animals this response was not observed consistently across all subjects. It
is suggested that slight variability in stimulation and collection sites. in addition to
different levels of anesthesia among the animals might have contributed to the large
variability observed in this experiment. Presently. we are able to confirm that
endogenous CRH is released at the peri-locus coeruleus during stressor exposure.

however we are uncertain as to the source of this release.



Introduction

The prototypical stress response includes a simultaneous activation of the
hypothalamic-pituitary adrenal (HPA) axis and sympathetic nervous system [321:452].
These responses serve to mobilize the energy resources and facilitate the execution of the
coping responses (e.g. fight or flight response) [15]. That stressors-elicit activation of the
PVN CRH neurons and the consequent release of ACTH from the anterior pituitary is
firmly accepted [50:202]. In addition. stressors activate behavioral systems (including
cognitive vigilance) and evoke an activation of the sympathetic nervous system
[299:444]. In this regard. the locus coeruleus (which is the major source of
norepinephrine in the brain) [143] is considered a primary brain site in modulating both
an animal’s heightened mental alertness (i.e. vigilance). and increased sympathetic

outflow during stressor exposure [143:442].

In addition to the role of CRH in the endocrine arm of the stress response. several
lines of evidence sustain the notion that CRH also mediates the sympathetic etfector
svstem of the stress response [457:458]. In this capacity. centrally injected CRH has
been shown to elicit a dose-dependent activation of the sympathetic nervous system
[63:411:483]. Of note. however. the effects of CRH are 200 times more potent when it is
directly infused into the locus coeruleus [99] (as compared to ICV administration). where
it activates discharge of locus coeruleus neurons and evokes the release of norepinephrine
at the hippocampus and frontal cortex [99]. Several stressors. including hypotension.
restraint. noise. air puff. and predator odor have been shown to increase the neuronal

excitability and release of neurochemicals at the locus coeruleus [100:410]. Many of
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these effects are likely mediated through an activation of CRH-type!l receptors. which
have been localized at the locus coeruleus and/or on dendrites emanating from the locus
coeruleus [458:459]. since CRH receptor antagonists injected into the locus coeruleus
and/or peri-locus coeruleus region attenuate or block these effects [411:459]. Indeed.
Van Bockstaele et al. (1998) have reported that immunoreactive (ir)-CRH neurons
primarily form the excitatory synapses on dendrites arising from the rostral lateral locus

coeruleus [459].

Anterograde and retrograde neuronal tract tracers injected into the CeA and the
rostral lateral peri-locus coeruleus. respectively. combined with electron microscopic
examination has revealed that a large proportion of the CRH axons emanating from the
CeA form synaptic connections at the rostral lateral peri-locus coeruleus (where ir-CRH
fibers are dense) [458-460]. These studies. taken together with those discussed above.
provide a neuroanatomical and physiological basis through which CRH at the Ce A might

influence the brain’s noradrenergic system during stressor exposure.

The objective of the current study was to use in vivo microdialysis to directly
assess the release of ir-CRH at the peri-locus coeruleus in freely behaving animals before.
during and following exposure to a processive stressor. In a subsequent experiment we
attempted to determine whether electrical stimulation of the CeA resulted in the release of

ir-CRH at the peri-locus coeruleus.



Materials and methods
Experiment 1: Effect of stressor exposure on the release of ir-CRH at the peri-locus
coeruleus
Animals and procedure

Male Sprague-Dawley rats (n = 16) were individuvally housed in standard clear
plastic cages. and were maintained on a 12-hr light-dark cycle (light phase: 06:30-18:30-
hr). Animals had free access to Purina™ lab chow and tap water. The rats were
anesthetized with pentobarbital (60 mg/kg: i.p.) and stereotaxically implanted with a 20
gauge guide cannula containing a removable 24 gauge obturator. aimed dorsal to the peri-
locus coeruleus. The coordinates. according to the atlas of Paxinos and Watson (1986)
[342] were (with skull positioned 15° nose down) 3.5-3.7 mm caudal to lambda. + 1.1
mm to the midline. and 7.0 mm ventral to the top of the skull. After a minimum of 7 days
post surgical recovery. animals were transferred to individual testing chambers comprised
of Plexiglas (25 x 35 x 34 cm) with a stainless steel grid floor and allowed to acclimate

for at least 48-hr prior to testing.

Microdialysis

On test day (09:00-15:00-hr). the rats were restrained gently to replace the
obturator with a concentric microdialysis probe. consisting of a 2.0 mm regenerated
cellulose active membrane (250 um outer diameter: 6000 molecular weight cutoff:
Spectrum Laboratories. CA). Each probe was secured to the pedestal with the anchor
screw and connected via polyethylene tubing (Intermedic. Clay Adams. NJ) to a liquid

swivel (Instech Laboratories. PA) and a 2.5 ml gas-tight infusion syringe attached to a



pump (model 22. Harvard Apparatus. MA). Microdialysis probes were perfused at 3
ul/min with filtered Kreb’s-Ringer phosphate (KRB) solution consisting of (in mM): 2.7
K™. 145 Na™. 1.35 Ca*™. 1.0 Mg”". 150 CI". 0.05 ascorbate. pH 7.4 [306]. and BSA
(0.1%). Afier the probe insertion. a 60-min stabilization period was allowed (a time
interval previously deemed adequate to achieve stabilized basal rate of peptide release)
[296]. Subsequently. dialysates were collected every 20-min (vielding ~60 ul samples)
and immediately frozen on dry ice and stored at -80°C for 2 weeks until RIA analyses.
The efficiency of in vitro peptide recovery by the microdialysis probes averaged 3.3 +

0.6% (details previously described [297]. see also Chapter 1).

The collection of 6 baseline samples began 1-hr after the insertion of the probe.
Six additional samples were collected after a 10-min restraint stressor. An assistant. not
involved in the sample collection. administered the restraint stressor. This was done to

minimize the potential conditioned stress effects associated with the experimenter.

Experiment 2: Effect of electrical stimulation of the lateral CeA on the release of ir-CRH
at the peri-locus coeruleus
Animals and procedure

Male Sprague-Dawley rats (n = 28) were individually housed in standard clear
plastic cages. and were maintained on a 12-hr light-dark cycle (light phase: 06:30-18:30-
hr). Animals had free access to Purina™ lab chow and tap water. On test day (09:00-
15:00-hr) a single rat was injected with pentobarbital (60 mg/kg: i.p.) and placed in a

stereotaxic frame. An enamel-coated stimulating electrode (250 um OD) with a 0.25 mm



enamel-free tip (angled to a 45° point) connected to an in-house designed electronic
stimulator was tested ex vivo in albumin to verify the extent of the stimulation field. This
enabled us to estimate the range of the stimulation field in the brain at the four different
stimulation levels. In albumin. the stimulation field was spherical in shape. and increased
slightly in accordance with the level of stimulation so that the lowest level (i.e. 125 uA)
was restricted to the tip of the stimulator. while the 1000 uA level would likely activate

the entire CeA (~ Imm spread).

In vivo we aimed at the stimulator at the lateral CeA (a region previously
determined to contain dense ir-CRH neurons that project to the peri-locus coeruleus
[459]) using the coordinates of Paxinos and Watson [342] A/P - 2.8. D/V -8.0. L'M +
4.6. Once implanted. a second custom manufactured "side-window" push-pull probe (see
Figure 1) was lowered into the ipsilateral peri-locus coeruleus region to collect the release
of ir-CRH. The window of the probe (i.e. collection area) was always directed away
from the 4™ ventricle. The animal was grounded from the tail using water-saturated
cotton swabs. Samples were collected every 10-min vielding volumes of ~200 ul. After
a 90-min stabilization period. 3 baseline samples were collected followed by a single 0.1-
msec bi-phasic rectangular pulse stimulation of (125. 250. 500 or 1000 pA @ 50-Hz)
delivered in a latin-square design every 30-min. Thus. on every third perfusate sample.
one of the four levels of electrical stimulation was applied. The average value of ir-CRH
observed for each stimulation level was compared to the sample immediately preceding
it. In order to assess the effects of the anesthesia alone. a separate group of rats. (n = 10)

were implanted as described above. however no stimulation was applied. To maintain a
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steady state of anesthesia. rats were injected subcutaneously every hour with 10% of the

original pentobarbital dose (i.e. ~ 0.6 mg/kg: s.c.).

Histology
At the end of the experiment. brains were sectioned. and stained for histological
verification of the probe placements. Only data from animals with both probes correctly

positioned in the lateral CeA and peri-locus coeruleus were used for the statistical

analyses.

Radioimmunoassay (RI4)

The detection and quantification of ir-CRH was achieved using a solid-phase
high-sensitivity adaptation or modification [270] of the double-antibody liquid phase RIA
originally described by Vale et al. (1983) [454]. Briefly. protein A/G- (Calbiochem
Corp.. CA) coated Immunilon-4 wells (Dynatec Laboratories Inc.. VA) were incubated
with anti-CRH serum (rC70. kindly provided by W. Vale. The Salk Institute. La Jolla.
CA) for 2-hr at 20°C. Samples. standards (diluted in tissue processing medium. ranging
from 0.05 to 250 fmol/well). and blanks were incubated for 24-hr at 4°C. Next. 25 ul of
assay buffer containing 5000 cpms of 'I-[ Tvr’}-rCRF (Amersham. ON) was added to
each well and incubated for an additional 18-hr at 4°C. Finally. the wells were rinsed and
separated. and their residual radioactivity was counted in a gamma counter (Cobra II
Auto gamma. Model D5002. Packard Instrument Company. CT). A four-parameter
logistic curve fit model was used for interpolation of the standard curves. Sensitivity of

the assay was typically ~0.1 for CRH.



Statistical analyses

The data from Experiments 1 and 2 (CRH release) was analyzed using repeated
measures analysis of variance (ANOVA). All values were expressed as a percent of
baseline (defined as 100%). In Experiment 2. stimulation level (125. 250. 500. and 1000
uA) served as the within subjects factor. A significant main effect or simple effects of

significant interactions were followed-up with Bonferroni corrected t tests at relevant

sample points.

Results

An ANOVA on the changes observed in ir-CRH extracellular levels at the peri-
locus coeruleus in rats with correctly positioned probes (n = 9) showed a signitficant
effect of Sample (F |, gg = 2.323. p<0.015). The ir-CRH levels increased significantly
above baseline immediately following restraint and remained elevated until the end of the
experiment (see Figure 2). In Experiment 2. only animals with probes correctly
positioned in both the peri-locus coeruleus and lateral CeA were selected for analyses (n
= 20). For each of the four stimulation levels. the average concentration of ir-CRH was
compared against the average baseline. Repeated measures ANOVA revealed no
significant effect of amygdaloid electrical stimulation on the release of ir-CRH at the
peri-locus coeruleus. F 5 s7 = 0.365. p=0.78 (data not shown). In the control group (sham
stimulated). ir-CRH levels did not vary consistently over time. F ;s 120 = 1.45. p=0.14

(data not shown).
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Figure 1. A schematic representation of the novel “side-window™ push-pull probe used to collect the
release of ir-CRH from the peri-locus coeruleus during electrical stimulation of the central nucleus of the
amygdala. The diamond cut side window allowed the probe to be inserted so that the active sampling area
was away from the 4™ ventricle. while the glue-tip plug prevented any flow blockage during implantation.
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Figure 2. Levels of ir-CRH release observed at the peri-locus coeruleus, as measured by in vivo
microdialysis under baseline and following 10-min restraint in Sprague-Dawley rats (n = 9). The baseline
values from each rat were averaged and defined as 100%. All values were then expressed as a percent of
that baseline (basal ir-CRH levels were 4.7 = 0.7 fmol/sample). Immunoreactive-corticotropin-releasing
hormone (ir-CRH). * Significantly different from average baseline, p<0.008.
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Discussion

The prototypical stress response includes an activation of the HPA axis as well as
an increase in sympathetic outflow [321:452]. The role of CRH neurons at the PVN in
the activation of the endocrine arm of the stress response is well-delineated
[394:453:473]. In addition. it has been suggested that CRH might also influence
sympathetic response to stressors. The precise brain locus where CRH might serve this
function remains elusive. however the distribution of CRH receptors and the localization

of ir-CRH at the locus coeruleus suggests that this may be one of the targets {458:439].

Neuropeptides. like classical neurotransmitters. are synthesized and stored in
terminal vesicles. Once released. neuropeptides can function as neurohormones
(traveling through the blood to act upon distant organs/tissues). neuromodulators
(released into the extracellular fluid in the brain to influence a wide range of neurons) or
as neurotransmitters (released from axon terminals to act on receptors within close
vicinity) [222]. In response to stressors. the ability of CRH to act as a neurohormone is
well documented. However. technical difficulties have limited our ability to directly
assess CRH dynamics or function in this capacity. Indirect approaches provide strong
evidence to support the idea that endogenous CRH is released in the vicinity of the locus
coeruleus where it likely modulates noradrenergic transmission in the brain and

svmpathetic outflow during stressor exposure by influencing the excitability of locus

coeruleus neurons [99].



The current study represents the first direct assessment of stressor-elicited in vivo
release of ir-CRH at the peri-locus coeruleus in freely behaving animals. Restraint was
associated with an immediate rise of extracellular ir-CRH at the peri-locus coeruleus as
measured by in vivo microdialysis. This is consistent with the finding that pretreatment
with CRH receptor antagonists in the vicinity of the locus coeruleus attenuate or block
stressor-¢licited changes in the firing rate of locus coeruleus neurons and the release of
neurotransmitters at this region [99:331:411]. Our findings verify what several

laboratories have to this point speculated.

It is of interest to note that the duration stressor-elicited rise in the interstitial
levels of CRH was rather protracted—well beyvond the termination of the short stressor
episode. This suggests that CRH at this region may have functional implications beyond
the immediate stressor responses: it may for instance be involved in maintaining
hypervigilant state following stressor termination. Heightened vigilance following
stressor exposure might help in the detection of subsequent threatening stimuli and
prepare the organism to cope with such encounters. Increased CRH release may not only
mediate such protracted effects directly. but might also serve to sensitize the locus
coeruleus neurons to subsequent stressors. This is a distinct possibility because not only
can exogenously administered CRH induced behavioral sensitization (e.g. to startle
response) but previous stressors also sensitize the firing rate of locus coeruleus neurons to
exogenously applied CRH [100:101]. Alternatively. it ought to be considered that a
single stressor might have provoked long-lasting changes in an animal’s perception of the

environment in which the stressor was applied. Although we attempted to minimize the
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after-effects of restraint (having an assistant apply the stressor). other unknown factors
may have served to prolong the effects of the stressor. One such variable might be the
actual testing cage. That is. restraint may have altered the animal’s perception of the
previously “safe” environment to one that is perceived as threatening. Indeed. such
phenomenon might even explain the more transient rise of ir-CRH reported by Pich et al.
(1995) [351]: these authors applied the stressor in a distinct (outside the test cage)
environment. In any case. these resuits support the notion that CRH may act as a
neurotransmitter at this brain region and play a role in activating the svmpathetic arm of

the stress response.

Retrograde and anterograde tract tracing experiments have revealed that a
substantial number of efferent axons emanating from the CeA synapse onto dendrites of
the locus coeruleus neurons [458]. Indeed. many of the behavioral and autonomic effects
which result from electrical/chemical stimulation of the locus coeruleus are very similar
to those observed following stimulation to the CeA [65:171:421]. Insofar as the changes
evoked by amygdaloid stimulation are delayed relative to locus coeruleus stimulation. it
appears as though amygdaloid excitability exerts behavioral and physiological changes
via the locus coeruleus [422]. It has been suggested that the functional interplay between
the amyvgdala and the locus coeruleus may be chemically bridged by CRH [458:459].
Similarly. noradrenergic fibers from the locus coeruleus project to the CeA where
norepinephrine is thought to increase the output of the CeA that in turn feeds back to the

locus coeruleus. further increasing locus coeruleus neuronal discharge [234]. In this way.



stressors that elicit changes in the neuronal output at the locus coeruleus. like restraint.

are believed to provoke activation of the CeA neurons [234].

In the current experiment we attempted to test this hypothesis by directly
stimulating the CeA with graded electrical stimulation. while simultaneously monitoring
the release of ir-CRH at the peri-locus coeruleus. Using the current methodology we
could not unequivocally demonstrate an association between electrical stimulation of the
CeA and the release of ir-CRH at the peri-locus coeruleus. Several possible explanations
may account for what appears to be at odds with the pharmacological and
neuroanatomical expectations [422:458]. First. our tests were conducted under anesthesia
and there is evidence suggesting that electrical stimulation of the amygdala under
anesthesia may not evoke the type of changes observed in freely moving animals [162].
Furthermore. in this experiment we used a novel push-pull probe that had a rather small
collection area that we attempted to direct towards the rostral lateral peri-locus coeruleus.
the area identified by others as containing the majority of ir-CRH terminals {460]. Itis
possible that we failed to correctly align our probes in this area. and missed the release of
CRH. This possibility is supported on two levels. One the one hand. we have previously
demonstrated that restraint increased the release of ir-CRH at the CeA (an effect that
presumably would follow augmented neuronal activation [422]): and secondly. restraint
elicited a rapid rise in ir-CRH levels at the peri-locus coeruleus as observed using a
microdialysis probe. which samples from a larger surface area. Indeed. subtle differences
in probe placement had profound impact on the release of ir-CRH at the peri-locus

coeruleus upon electrical stimulation of the CeA. Taken together. these possibilities



suggest that the lack of response observed following electrical stimulation of the CeA
may not necessarily reflect the lack of effect. but rather we may have missed picking up
such changes owing to technical considerations. Similarly, although we diligently
attempted to place the stimulating electrode in the lateral aspect of the CeA. it is possible
that slight errors in this regard may have accounted for the lack of affect on ir-CRH
release. In the same way. our stimulation parameters might not have been optimally
tuned for the activation of the CeA neurons. In sum. additional experiments are
necessary before conclusions regarding the impact of electrical stimulation of the CeA

upon release of ir-CRH at the peri-locus coeruleus region can be made unequivocally.

In conclusion. restraint elicited a rapid and sustained rise in ir-CRH at the peri-
locus coeruleus in freely behaving animals. This finding suggests that in addition to its
well-documented neuroendocrine role. endogenous CRH is released at the locus
coeruleus where it likely contributes to heightened arousal. in response to stressor

exposure.



General Discussion

A critical determinant of survival is often the way an organism responds to
stressors (coping strategies). Thus. there has been continued interest in determining the
neurochemical underpinnings of the stress response. Whereas the initial efforts were
focused on the role of monoamines. more recent efforts have been directed towards the
potential role of neuropeptides in the mediation or modulation of the stress response. Of
all the peptides. CRH has probably received the most attention. mainly because it
regulates the release of ACTH from the pituitary. and the consequently that of cortisol (or
corticosterone) from the adrenal cortex. in response to stressors. However. it has become
clear over the past few vears that the effects of CRH may not be restricted to its endocrine
action. but may also influence other stressor-related CNS responses as well. This is
consistent with extensive distribution of CRH. beyond the endocrine regions. particularly

within various limbic regions [362:451:463].

Since its discovery more then 20 vears ago. CRH (primarily of hypothalamic
origin) has gained the reputation as being the quintessential neuropeptide involved in the
mediation and/or modulation of the stress response [129:321:453]. This includes the
integration of the endocrine. autonomic and behavioral responses that enable an organism
to cope efficiently and effectively with stressor exposure. As suggested on several
occasions in this dissertation. many of the experimental approaches in this regard have
relied on indirect post-mortem measurements of CRH utilization. such as in situ
hybridization. immunohistochemistry and/or tissue content assessment obtained from

micropunch [23:272:435]. Thus. central to this thesis was a direct assessment of the role



of central CRH in the coordination of the stress response. using a more dynamic
assessment of peptide release before. during and following exposure to stimuli that
potentially threaten the animal’s internal milieu. Similarly. more recent data from our lab
[223:225] and others [58:62:63:274] suggests that central BN-LPs may likewise be
characterized as stressor-responsive neuropeptides. To further explore this contention we
utilized a double-antibody RIA that permits the assessment of both CRH and BN-LPs
within the same sample. It should be noted however that low concentrations of BN-LPs

in the dialvsates often precluded our ability to detect changes in this system and so our

major tindings are often restricted to CRH.

This general discussion begins first with a brief overview of the major goals set
forth in this body of work. beginning with the technical validation of in vivo
microdialvsis as a viable tool for neuropeptide research. We then discuss and integrate
some of the major findings from the course of the experiments. Outlined first. is the
observation that both CRH and BN-LPs are released at the CeA. in response to stimuli of
salience. be they aversive or appetitive in nature. As such. the role of the CeA in general.
and the functional role of these peptides at this region in particular. are discussed. An
unexpected vet recurrent finding was the observation that CRH utilization at the CeA
might not be seminal to the behavioral response to stressors. On many different levels
this contrasts the widely held assertion that CRH is a primary regulator of the endocrine
as well as the behavioral response to stressors. Hence. a significant portion of the
discussion is devoted to this finding. A second finding of some significance was the

observation that not only did stressors evoke the release of CRH (and BN-LPs) at the
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CeA. but so did stimuli that were appetitive in nature. Also of interest was the
observation that once released. CRH (and when detectable. BN-LPs) at the CeA was
quite protracted--far surpassing the duration of the stimulus. This finding might serve to
provide an insight into the role of this (these) system(s) that must include processes
beyond immediate stressor exposure. Thus. the possible significance of a sustained
response is discussed in detail prior to concluding the general discussion with suggestions

for future research.

The majority of studies to date assessing the roles of peptides have primarily
relied upon indirect techniques that infer altered peptide utilization. More recently. some
studies have attempted to address this issue more directly by employing in vivo
microdialysis in freely behaving animals. However, very few studies have done so. and
those that have. have resorted to [351:369:370] using CRH antibody within the perfusing
medium to augment peptide recovery and detection: which may have confounded the
results. Thus. our initial set of studies attempted to setup and validate an in vivo
microdialysis technique to measure the release of CRH and BN-LPs in freelv behaving
animals. using an anti-body free perfusion medium. This objective was achieved through

two sets of experiments discussed below.

In the initial set of experiments we implanted microdialysis probes at the CeA and
collected dialysates every 30-min over the course of several hours in order to determine
whether basal (in absence of stressor exposure) release of CRH and BN-LPs could be

detected. This also afforded us the ability to address concerns that peptide release
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observed in treatment conditions may be 1) an after-effect brought on by acute tissue
damage following the implantation of the probe: 2) an effect associated with random
behavior and not the application of the stressor per se or 3) an effect attributable to

naturally occurring ultradian fluctuations. as has been noted with the release of other

transmitters within the brain [205:206:217].

These experiments confirmed that the release of CRH and BN-LPs at the CeA
was specifically triggered by the application of the treatment. and that the release of
either peptide did not fluctuate significantly in undisturbed freely behaving animals.
Thus. the release of CRH and BN-LPs did not appear to be a non-specific response to the
implantation of the probe. nor could it be attributed to non-specific behaviors. Finally.
potential ultradian rhythm related fluctuations did not appear to be a factor of concern. as
basal release was fairly stable over the sampling periods. Taken together. these early
experiments established that in vivo microdialysis. without the inclusion of antiserum in
the perfusion medium. could be used as a tool to assess the release of endogenous
neuropeptides in freely behaving animals. These experiments however did not permit
conclusive statements regarding the authenticity of the collected peptides. Thus. the
second approach to substantiating in vivo microdialysis as a viable tool required that we

address concerns related to the authenticity of the peptides measured.

In competitive RIAs. there is a competition between the “hot” (or labeled) the
"cold” (non-labeled) peptides for the binding sites on the antibody: thus the level of

radioactivity of the bound peptide is inversely related to the concentration of the “cold’
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peptide within the sample (see Figure 3. Introduction). If the sample (or brain extract)
happens to contain structurally related neurochemical(s) that share affinity for the
antibody being used. the specificity of the assay becomes compromised. This potential
confound is exemplified in the quantification of BN-LPs inasmuch as our BN antibody
has an affinity for more than one form of the mammalian BN-LPs. the strongest of which
is GRP|.2- (110%). and GRP 5.27 (82%) [309]. In order to verify the authenticity of CRH
and BN-LPs detected in the RIAs. pooled dialysates collected from the CeA. and
svnthetic standard peptides were subjected to HPLC separation and their specific elution
times determined. The dialysate samples thus fractionated. are then individually
subjected to RIAs. Based upon the fraction number(s) (i.e. retention time) where
immunoreactivity is detected and the retention times of the known reference peptides. one
can determine what specific peptides are in the unknown samples. This procedure
enabled us to establish early in the course of this thesis research. that immunoreactive
CRH and BN-LPs correspond respectively to authentic CRH and GRP. Thus one of the
novel contributions of this work was the validation of in vivo microdialysis. combined
with a highly sensitive RIA as a methodological approach to assess the release of CRH
and BN-LPs in freely behaving animals. We were then able to exploit this methodology
to explore the role of central CRH and BN-LPs in freely moving animals exposed to a
variety of environmental manipulations. Moreover. this allowed dynamic assessment of
specific peptides released under various behavioral states (a within subjects design).
which has the added advantage of reducing the number of animals needed per

experiment.
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The next major objective that was set forth in this thesis included an assessment
of role of central CRH in the manifestation of behavioral changes brought on by exposure
to biologically salient stimuli. In this regard we focused our efforts on changes in CRH
release at the CeA. Based on evidence accumulated from our lab [12:13:223] and those
of others [197:378:379). there is a consensus developing that the CeA may orchestrate the
behavioral. autonomic and endocrine changes that occur during stressor exposure. In
terms of the behavioral responses. the CeA is thought to be critical in ascribing emotional
salience to specific events [211:414:502]. In this context. it is thought to mediate some of
the flight or fight as well as anxiety-like responses to specific stressors. In terms of the
autonomic responses. the CeA has been shown to be the key amygdaloid structure
projecting to brainstem autonomic regions where it modulates stressor-evoked increases
in heart rate. blood pressure. respiration. pupillary dilation. and pallor [160:162:177].
Finallv. in the context of endocrine changes. it has been suspected that the CeA may play
a role in stressor-induced activation of the HPA axis. via its connection to the PVN (both
direct and indirect via the BNST) [113:163]. Indeed. manipulations of this area induce
autonomic. endocrine and behavioral changes similar to those seen following stressor
exposure. It is thought that such changes may permit the 6rganism to effectively cope
with the challenge at hand [40:130:347:378:483]. In accordance with animal findings.
neuroimaging studies reveal amygdaloid activation during fear acquisition [244]. viewing
films with positive and negative emotional attributes [70]. subjective drug cravings [84]
or recollection of unpleasant words [439]: supporting the notion that this limbic structure
plavs a critical role during emotional states characterized by enhanced arousal/anxiety

[107-109]. More precisely. the CeA appears to play a central role in the brain’s
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deciphering of processive stressors: that is. stressors that require higher-order cognitive
interpretation [185]. However. the neurochemical substratum at the CeA responsible for

the genesis of these changes remains largely unknown.

¢ observation that exogenously administered CRH dose-dependently stimulates
HPA activity in addition to evoking behavioral changes that resemble those noted
following stressor exposure. supports the notion that central CRH might be involved in
siressor-induced endocrine as well as behavioral changes [26:129:385]. The modulating
role that CRH has on the release of ACTH from the anterior pituitary gland is firmly
established [129:362:433]. However. it has been more difficult to define the precise role
of CRH in the context of stressor-induced behavioral output. It is of interest to note that
the ability of CRH antagonists to exert behavioral changes in traditional anxiety
paradigms might depend on the animal’s pre-test level of arousal [221]. and at times the
anxiolyvtic effects reported by diazepam pretreatment are not observed in animals
pretreated with CRH antagonists [35]. Furthermore. blocking CRH-BP with CRF¢_;:. an
effect that would presumably augment the bioavailability of endogenous CRH. does not
produce anxiogenic behavioral responses. but does increase general locomotion [181].
Likewise. centrally administered CRH potentiates the startle amplitude. however this

affect only occurs at least 90-min following central injection of CRH [251].

The observation that CRH neurons and CRH receptors are heavily represented at
the CeA. in part. underscores the notion that this peptide may be one of the key chemical

signals influencing the output of this brain region [434:435:463]. especially during
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stressor exposure. However. the views regarding the role of CRH remain controversial
[181:207:328]. Furthermore. there is only limited information regarding the actual
utilization of CRH during exposure to environmental challenges: most studies have

studied the effects of CRH only indirectly. which may account for some of the discrepant

results.

To address this issue directly. we first exposed animals to stimuli that were
inherently differed in their emotional qualities. Specifically. we monitored the release of
CRH and BN-LPs in animals prior to. during and following exposure to a conventional
stressor (i.e. restraint) or other biologically salient stimuli (e.g. meal consumption). The
two stimuli can be characterized as being. aversive and appetitive. respectively. as with
each evoking very different behavioral responses. Whereas exposure to an aversive event
should promote natural avoidance. the meal presentation should evoke behavioral
approach. Contrary 1o the current opinions. the results obtained from these initial
experiments suggest that CRH and BN-LPs at the CeA are released both in response to
aversive as well as appetitive events. As suggested in the opening chapter. the attribution
of emotional significance/salience to a stimulus likely involves the CeA [414:436:502].
That both types of stimuli (aversive and appetitive) evoke a similar release in CRH and
BN-LPs provides a strong basis for the contention that the neurochemical basis for this
attribution of salience might involve two or more neuropeptides. These findings
therefore require that we broaden our interpretation of both CRH and BN-LPs to include
mechanisms beyvond stressor exposure. Alternatively. it might be argued that the

consumption of food constitutes a form of stressor insofar as the animal is more
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vulnerable to predatory attack. or that food in itself (due to its foreign nature) evokes a
stress response [175]. albeit there is no doubt that the behavioral responses engendered by
restraint and food consumption are very different. These data therefore challenges the
notion that CRH or BN-LPs at the CeA mediate an animal’s behavioral response to

stressors and/or other biologically relevant stimuli (in this case food consumption).

Subsequent experiments further validated that CRH (BN-LPs were often not
detectable) might not be the mediator of the immediate behavioral response to stressors or
appetitive stimuli. We exposed Fast and Slow rat lines to sexually receptive/non-
receptive female cohorts and noted that among the Fast rats a robust behavioral arousal
was evident in response to both types of females. while CRH release was only
significantly elevated in response to an estrous female. In contrast. the Slow rats’
behavior was dictated more so by the sexual status of the female (more active in response
to an estrous female). However. in these rats. CRH release was elevated only in response
to a non-estrous female. Thus. in both rat lines. behavioral output did not correspond

with changes in the release of CRH at the CeA.

Additional convincing data challenging the view that CRH at the CeA mediates
the behavioral output during stressor exposure was derived from Fischer and Lewis rat
strains. These rats displayed marked strain-dependent behavioral differences in response
to noise exposure. which is in keeping with previous observations in other stressor
paradigms including open field exposure [418:425]. forced swim test [418]. elevated plus

maze and acoustic startle response [426]. Despite these differences in behavioral output.
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both strains responded with similar increases in the release of CRH at the CeA in our
experiments. Of note however. the basal release rates were much higher in the Lewis
strain. which adopts a more defensive coping style in contrast to an active response
displaved by their Fischer counterparts. Although our data clearly demonstrate a lack
strain differences in stressor-elicited rise in CRH release (relative to their basal release
rates). there were strain differences in the basal levels. Thus we cannot rule out the
possibility that the elevated basal release rates of CRH at the CeA in the Lewis rats may
underlie some of the strain-dependent behavioral differences observed in different

paradigms.

The hypothesis put forth here that CRH might not be the mediator of the
behavioral changes evoked by stressor exposure is supported by some recent observations
in transgenic models. Recentlv. Muglia and colleagues (2001) have noted that mice
completely devoid of CRH display a behavioral response to stressors that is similar to
their wild-type cohorts [313]. In both the knock-out and wild-type mice. pretreatment
with a-helical CRHy.y; or CP-154. 526 (a non-peptide CRH-type1 specific receptor
antagonist). blocked stressor-induced behavioral changes suggesting that an unknown
CRH-typel receptor ligand may mediate the behavioral changes observed during stressor
exposure that are traditionally ascribed to CRH [313]. These findings are in line with
those of by Weninger et al. (1999) demonstrating that stressor-induced behavioral change
required CRH receptors. but not CRH [475]. It is tempting to speculate that this
“unknown™ ligand might actually be urocortin. given its high affinity to both CRH-typel

and CRH-nvpe2 receptors. and the observed up-regulation of urocortin in CRH knock out
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mice [3835:476]. However. the distribution of urocortin is primarily restricted to the
Edinger-Westphal nucleus in the midbrain making it doubtful that this peptide drives
behavioral changes during stressor exposure in mice lacking CRH or in normal controls
[313]. It is possible that future research might reveal an as vet unidentified CRH-like
neuropeptide that may be mediating some of these effects. These findings. taken together
with our research. strongly challenge the notion that CRH per se is necessary for

orchestrating an animal’s behavioral response to stressors.

It is important to note that many animal stressor paradigms used to assess the
biological and behavioral processes involved. seem to rely on the expression of punished
and/or avoidant behaviors. Such is the case with the elevated plus maze. open-field
exploration. light-dark box. punished drinking/feeding. In humans. stress-related
disorders like anxiety. agoraphobia and panic are troublesome because they impede
behaviors that the person would normally engage in. Animal models in this regard are
scarce and when available do not readily lend themselves to ongoing neurochemical

assessment using in vivo microdialysis.

In one of the experiments. we fine-tuned a stressor paradigm that would allow us
to directly assess the release of CRH during behavioral responses to a naturalistic stressor
exposure. In this particular study we exposed animals to a novel environment while
monitoring the release of CRH at the CeA. The transfer of the animals from the home
cage (familiar environment) to a novel cage (unfamiliar environment) was associated

with a robust elevation in the release of CRH at the CeA. supporting the view that



processive stressors activate CRH at this area [272]. In addition. relative to the home
cage “stress-free” condition. placing animals in a novel environment was accompanied
with a significant decline in the consumption of a palatable snack as well as an increase
in the latency to approach the snack. These behavioral effects were completely reversed
by diazepam (a prototypical anxiolytic) [51:365]. Of particular interest however was the
observation that the anxiolytic effects of diazepam pretreatment occurred in spite of a
concurrent rise in CRH release at the CeA. This study. taken together with those already
discussed. supports the position that CRH at the CeA is not involved in the genesis of the
behavioral responses to stressors. Furthermore. central pretreatment with various CRH
receptor antagonists failed to alter the behavioral effects of the novel cage. suggesting
that amygdaloid or extra-amygdaloid CRH does not appear to be involved in the

behavioral changes associated with stressor exposure.

To summarize. the results presented in this dissertation contribute novel
information in this field of research. Specificallv. we 1) demonstrated the viability of
using in vivo microdialysis combined with a highly sensitive RIA. to monitor the release
of CRH and BN-LPs in freely behaving rats. during exposure to various environmental
challenges: 2) revealed that the concurrent detection of CRH and BN-LPs in the RIAs
corresponds. respectively. to authentic CRH and GRP: 3) re-affirmed that the CeA is
responsive to a range of stimuli that fall on a continuum from aversive on the one end. to
appetitive on the other: 4) demonstrated that the release of CRH at the CeA. did not

correspond to the behavioral responses to stressors. and S) under conditions whereby



240

behavioral output is altered by the environment. CRH is not the neurochemical mediator

of stressor-induced behavioral changes.

Finding meaning in the pattern of response: Possible function of a sustained release
The prototypical stress response. as discussed in detail in the Introduction. is
influenced by several factors. including the history of stressor exposure [15]. and the
current results should be interpreted in the framework of the experimental design utilized
herein. In this context. it is important to recall that contact with the stressors represented
the first exposure to these particular stressful events. As such. one must consider the
possibility that neurochemical signals mobilized at this time may serve several functions.
including 1) coping with the immediate threat imposed by the stimulus: 2) processing
specific cues associated with the stressor: 3) maintaining a heightened state of vigilance
even in the absence of the stressor. and/or 4) initiating memory traces that will serve to
associate those cues with their salience. The initial rise in CRH release at the CeA likely
plays a key role in mobilizing the organism’s endocrine and autonomic responses that
occur within a very short time following stressor onset. Both of these functions have
been ascribed to this region and CRH in the past [171:255:362]. However. the more
protracted rise that was noted across all experiments suggests that elevated CRH levels
constitute a neurochemical signal involved in processes that persist well after stressor

termination.

It is conceivable that survival depends to a large extent on the animal’s ability to

predict danger and/or to generalize from one stimulus to another. Indeed. many of these
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processes likely represent hard-wired neurocircuitry. especially in the case of predator
recognition and avoidance. For example. predator odor alone has been reported to elicit
changes in behavior and in the activation of the HPA axis. which resemble those elicited
in response to the actual predator exposure [311:312]. It has been well documented that
acute stressor exposure enhances memory consolidation and recall {405] and that
centrally injected CRH and BN-LPs have similar effects on memory processes
[95:142:250]. Thus. the protracted rise in the release of either CRH or BN-LPs at the
CeA might be related to the relevant memory processes. This possibility could be
addressed in future experiments that compare the release of peptides in animals with and
without a history of exposure to the stressful stimulus. If the sustained release of CRH or
BN-LPs is involved in processing and storing cues associated with the stimulus. one
might expect the release to return to baseline more quickly in animals with prior stressor

exposure.

Some researchers have recently suggested that central CRH. like stressor
exposure. might sensitize brain mechanisms to subsequent stressors [101:411].
Specifically. pretreatment with CRH has been shown to augment the electrophysiological
output of the locus coeruleus during stressor exposure [99:411], in effect priming the
brain to respond to external stimuli. If endogenous CRH serves a similar role, the
sustained release observed at the CeA might sensitize the brain to subsequent stressors.
Again. this might be especially important during the animal’s initial encounter with
biologically salient stimuli insofar as ensuing stressors might then prompt a more

biologically efficient response. On the other hand. it is reasonable to suggest that what
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constitutes an adaptive coping mechanism would be the termination of an organism’s
response (i.e. ensuring conservation of resources) once the stressor has been terminated
or removed. Indeed. many systems within the brain display habituation to sustained
activation [188:290]. In this context. it is of interest that the neuronal activity of the locus
coeruleus displays abrupt habituation following multiple exposures to the same type of

stimulus. but increases rapidly in response to novel or heterotypic stressors [22:320].

Our attempts to directly assessing the release of CRH at the locus coeruleus in
freely moving animals appear to be the only one of its kind. These experiments revealed
a rapid and sustained rise in CRH levels at the locus coeruleus in response to acute
restraint. The sustained release makes it tempting to suggest that elevated CRH release
contributes to the habituation processes at this region. Although restraint in this case was
applied as a single episode (i.e. 20-min) the length of exposure far exceeds that which an
animal might encounter in the wild. This is especially true in experiments where CRH
release at the CeA was monitored during predator exposure. which continued for a
relatively lengthy 30-min interval. In their natural environment one might expect that
survival is contingent upon limiting predator exposure to seconds! We should therefore
consider the possibility that lengthy stressor exposure might evoke the activation of
mechanisms involved in habituation. which might include sustained release of CRH
and’or BN-LPs. It would therefore be of interest to assess the release of CRH and/or

other neuropeptides in response to stressors applied for different intervals.
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A final explanation that may account for the protracted rise in peptide release is
based on the suggestion that endogenously released CRH and related peptides may serve
a neuroprotective role at certain brain regions [146:253:343]. It has been well
documented that stressor-associated cognitive disorders such as Alzheimer's.
Huntington’s. and Parkinson’s disease are correlated with progressive decreases in CRH
levels within the brain [137:263:363]. changes in the morphology of CRH-expressing
neurons [116] and decreased memory capability [74:302] (a possible side-effect of
blunted CRH levels: see above discussion). These observations have lead investigators to
assess the possibility that decreased CRH levels in the brain might underscore a
susceptibility to the onset of disorders such as Alzheimer's disease. By extension. it
follows that a certain optimal level of endogenous CRH might likewise prevent such

disorders.

Fox et al. (1993) [146] determined that CRH delivered in virro to hippocampal
brain sections damaged by hypoxia resulted in a marked recovery of synaptic function.
More recently. Lezoualc'h et al. (2000) [253] confirmed that CRH. acting through CRH-
typel receplors. was neuroprotective against oxidative stress by way of its ability to inhibit
the activity of NF-kB. which is considered to be among the transcription factors
responsible for neuronal degeneration observed in Alzheimer’s patients [253]. It should
be noted that others have detected neuronal protection in animals pretreated with a-
helical CRHo.y; [146:253:343]. which is seemingly inconsistent with the notion that CRH
may be neuroprotactive. On the other hand. a-helical CRHq.y; is a non-selective CRH

receptor antagonist that has been demonstrated to have partial agonistic effects as well
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[253:292]. Thus. more research is required before a firm position can be taken one way
or the other regarding the role of CRH in processes related to cognitive disorders.

Having said this. the proposal that CRH is neuroprotective does provide an intriguing
explanation as to why stressor exposure would result in a sustained rise in the release of
CRH. It is also of interest that while glucocorticoids have been repeatedly demonstrated
to inhibit the activation of CRH at the PVN. they appear to exert the opposite effect at the

CeA [272]. Elevated CRH mRNA levels at the CeA have been observed for up to 2-hr

of the brain respond differently to stressor-induced increases in central glucocorticoid
concentrations to ensure 1) that the activation of the HPA axis is maintained within a
stable range and 2) that CRH levels continue to rise to counteract neuronal degenerative
effects associated with stressors in general and glucocorticoids in particular [194:266].
This contention could be directly assessed using in vivo microdialysis in animal models

of global or focal ischemia.

The above arguments appear to be difficult to reconcile with the finding that food
consumption (an appetitive event). which the rats are accustomed to. also evokes a
sustained release of CRH and BN-LPs (see Chapter 1). A sustained response in this
regard might reflect post-ingestion processes related to memory formation as to the
nature of the food (i.e. that it is something non-aversive and safe to consume in the
future). Alternatively. these peptides might represent neurochemical signals mediating
the characteristics specific to food ingestion. such as. the onset/termination of 2 meal. as

well as inter-meal interval. Indeed. both of these peptides (but especially BN-LPs) have
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received a great deal of attention as satiety signals [155:298:354:355]. These contentions

could be addressed further in free-feeding animals across multiple meals.

Conclusions and future directions

It is highly probable that CRH acts as a neurotransmitter in the brain. based on the
localization and distribution of this peptide (or related peptides) and its (their) receptors
throughout the brain [45]. During the last decade. the development and use of in vivo
microdialysis has substantially furthered our knowledge about the role of various
classical transmitters (such as dopamine. serotonin and norepinephrine) in central
processes. However. until recently. such an approach could not readily be applied to the
assessment of neuropeptide function. mainly due to their larger size. microdialysis
membrane permeability and relatively insensitive assays. One of the major contributions
to come from the current body of work was the validation of in vivo microdialysis paired
with a highly sensitive ex vivo RIA. in the assessment of neuropeptide release in freely
behaving animals. As scientific advancements are often tightly linked to methodological
or technological advancements. we hope that this research will serve to advance our
knowledge of the role of neuropeptides in behavioral expression and underlying
biological processes. In this vein. we have for instance. successfully used this technique
to clearly demonstrated that CRH is released at the CeA and around the vicinity of the
locus coeruleus. supporting the notion that this peptide mediates several aspects of both
the acute and protracted phases of the stress response. This technique will therefore be an
invaluable approach to elucidate the role of neuropeptides in both normal and

pathophysiological conditions. Since this approach can be extended to other
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neuropeptides it can be used in combination with HPLC separation to collect and identity
as vet unknown compounds that may be important in the stress response. In this way we
may glean a more comprehensive understanding of the neuropeptides that have been
shown to respond to stressors. including orexin [200:243]. NPY [135]. substance P [440].
and somatostatin [59:186]. Similarly. we have recently validated the use of in vivo
microdialysis combined with ELISA to assess the release of cytokines in the brain

following systemic cytokine loading.

The experiments in this dissertation confirm that a wide range of processive
stressors evoke the immediate rise of CRH and in some cases. that of BN-LPs
(specifically GRP). Furthermore. the changes in CRH and BN-LPs were not restricted to
conventional stressors (as previously thought) but were evident in response to
biologically salient stimuli including those of appetitive nature. This observation not
only extends the role of these peptides bevond stressor responsivity but also challenges
the contention that CRH released at the CeA mediates the behavioral aspect of the stress
response. This concept was investigated using a range of stressors in animals with
different genetic and behavioral backdrops. Although we consistently observed increased
utilization of CRH (and BN-LPs) across a variety of stressful conditions. we were unable
to ascribe any clear relationship between the utilization of either CRH or BN-LPs at the
CeA and the behavioral output during exposure to aversive or appetitive events. Thus.
although the neuropeptides at the CeA respond to biologically meaningful stimuli. our
data do not support the position that either of these peptides orchestrates the behavioral

elements of this response.
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With respect to the specific pattern of change. we noted that across all
experiments the response was protracted suggesting that CRH and/or BN-LPs at the CeA
may also sub-serve functions that go beyond the immediate stress response. These could
possibly be related to 1) processing and storing relevant information: 2) enhancing
cognitive vigilance: 3) sensitization and/or habituation of the brain’s neurocircuitry and
4) protecting against stressor-induced neuronal degeneration. Our initial findings provide

the impetus to investigate such possibilities.

This research also makes a significant contribution to our understanding of the
dynamic relationship between CRH and BN-LPs (likely GRP). In all cases where both
peptides could be detected. differential release patterns were readily observed in
comparison to one another and in response to a range of stressors. In general. the
response of BN-LPs tended to follow changes in CRH release. which on the one hand
supports the notion that these peptides might interact at some level. but questions the
purported notion that BN-LPs act through the activation of the CRH system(s) [225:355].
One interesting concept might be that elevated BN-LPs might play a role in maintaining
the functions of CRH. either by directly sustaining the release of CRH. or by indirectly
influencing other systems that in turn influence CRHergic processes. These hypotheses
remain speculative. and future research in this area will profit from assessing the specific
relationship between not only CRH and BN-LPs. but also that of other

peptides/transmitters.
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Although it was clearly not our intention to make direct comparisons between the
different strains used in these studies. it is worth noting that certain patterns were
apparent. that might warrant future research in this area. Of particular note was the
observation that although restraint evoked the release of CRH at the CeA in Sprague-
Dawley. Fast as well as the Slow rats. the profiles of peptidergic change were different
across these strains/lines. The onset of release was most robust in Sprague-Dawley rats
and least responsive in Slow rats with the Fast rat line falling in between. Therefore. it
would be of interest to study these strains within the same experiment so that one may
glean a better understanding of the genetic contributions to the strain/line differences and

possibly to individual differences.

Future directions

Most of the studies reported here have focused on the release of CRH and BN-

LPs at the CeA and we feel they have provided a strong basis for future research that

might include the following:

1. Determine the source of CRH and/or BN-LPs collected at the CeA. It is apparent
that the release of peptides at the CeA may reflect local changes and/or more
distal changes in the cell bodies that produce these peptides whose efferents
svnapse on neurons at the CeA. Therefore. additional studies are needed to focus
on brain regions that are anatomically positioned to influence peptide release at
the CeA with therapeutic targets directed towards not only these particular

peptidergic systems but also those co-expressed with them. We have recently
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devised a multi-probe pedestal that permits the simultaneous assessment of
neurochemical changes at two different brain regions. Since compounds can also
be delivered through the microdialysis membrane (reverse microdialysis). future
studies may protit by administering antagonists/agonists at one region while

collecting the release at another.

As mentioned earlier. the duration of stressor exposure was relatively lengthy.
compared to that which might be expected under "normal” situations. Exposure
times are to a large extent based on the time required to collect a sufficient
amount of the peptide so that it is detectable in the RIA. Future research in this
area will undoubtedly benefit from the improved detection methods that are
currently being developed that include HPLC combined with mass spectrometry.
More recently. Dr. Cook (2001) and colleagues have been developing an
immunosensor based electrochemical methodology that might permit close to rea/
time assessment of CRH release in freely behaving animals [88]. Of note. in
Cook’s trial experiments he exposed animals to restraint and observed changes in
the release of CRH at the CeA consistent with our results. Specifically. stressor
exposure provoked a transient rise in the release of CRH that increased again well

after stressor termination [88].

Of course. it would be very useful to extend these findings to other stress-relevant
brain regions (prefrontal cortex. hippocampus. BNST. locus coeruleus. as well as

other CRH-expressing brain stem nuclei. like Barrington's nucleus). Such
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experiments would help characterize the neural circuits involved in stress

responses.

As future research builds upon the work presented here. we can only hope that
this research will represent pieces of the puzzle depicting a more comprehensive
understanding of the neuronal systems involved in the mediation of various aspects of the
stress response. including endocrine and behavioral changes. In this way. the identity of
the neurochemical mediators. as well as their loci of action. will facilitate the
development of effective treatments for various conditions impacting on human health

and well-being.
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