




































































































































































































































































































































































































































































control rats, interstitial levels of CRH and GRP were significantly elevated above
baseline by the 2™ and 3" post-stress samples, respectively. A slight delay in the post
stress-induced increase in the availability of CRH and GRP was observed in rats
previously exposed to chronic restraint stress as levels of CRH and GRP were not
significantly elevated above baseline until the 3" and 4™ post-stress samples,
respectively. An even longer delay in the post stress-induced increase in GRP and CRH
was observed in the rats that had previously been exposed to one session of restraint as
levels of GRP and CRH were not significantly elevated above baseline until the 6™ post-
stress sample. Newman-Keuls multiple comparisons further revealed that at the 2™ and
3" post-stress samples, interstitial levels of GRP were significantly lower in rats
previously exposed to acute restraint as compared to rats previously exposed to either no
stress (controls) or chronic restraint stress. Similarily, interstitial levels of CRH were
significantly lower in rats previously exposed the either acute (at the 1%, 2" and 3" post-

stress samples) or chronic restraint (at the 1* and 2md post-stress samples) as compared to

naive rats.

ANOVA indicated significant Sample effects for interstitial concentrations of
NMB (Fs.162 = 5.092; p<0.001), AVP (F¢ 162 =4.907; p<0.0001) and corticosterone (Fs.162
= 12.377; p<0.001). Newman-Keuls comparisons of the simple effects revealed that in
response to the acute stressor challenge, interstitial levels of NMB and AVP were
significantly elevated in naive rats and in rats previously exposed to chronic restraint
stress, but not in rats previously exposed to only a single episode of restraint. Similar to

the findings with GRP and CRH, exposure to air-puffs elicited a more rapid increase in



the availability of NMB and AVP (relative to baseline levels) at the anterior pituitary in
naive controls as compared to the increase observed in rats previously exposed to chronic
restraint stress. In the naive rats, levels of NMB and AVP peptides were significantly
elevated above baseline by the 1% and 2™ post-stress samples, respectively, whereas in
rats previously exposed to chronic restraint, interstitial levels of NMB and AVP were
significantly elevated above baseline by the 3" and 4™ post-stress samples, respectively.
Newman-Keuls multiple comparisons of the simple effects further revealed that in
response to the acute stressor challenge (air-puffs), the availability of corticosterone was
~rd

significantly increased (at the 3™ post-stress sample) in naive rats and in rats previously

exposed to either chronic or acute restraint stress.
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Fig. 1a Interstitial levels of CRH (expressed as pmol/10 pl) at the anterior pituitary

under basal conditions and following air-puff stress (5 min) in the previously non-
stressed control rats and those exposed to 14 sessions of restraint (chronic) or 1 session of
restraint (acute) followed by the passage of time (14 days). * significantly different from
baseline values of control condition at p<0.05. T significantly different from baseline
values of chronic condition at p<0.05.

Fig. 16 Interstitial levels of CRH (expressed as a percentage of the baseline) at the
anterior pituitary under basal conditions and following air-puff stress (5 min) in the
previously non-stressed control rats and those exposed to 14 sessions of restraint
(chronic) or 1 session of restraint (acute) followed by the passage of time (14 days).
Solid symbols represent points that are significantly different from the last baseline
sample of respective treatment conditions. * significantly different from (sample-
matched) non-stressed control condition at p<0.05.
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Fig. 2a Interstitial levels of AVP (expressed as pmol/10 pul) at the anterior pituitary under
basal conditions and following air-puff stress (5 min) in the previously non-stressed
control rats and in those exposed to 14 sessions of restraint (chronic) or 1 session of
restraint (acute) followed by the passage of time (14 days). * significantly different from
baseline values of control condition at p<0.05.

Fig. 2b Interstitial levels of AVP (expressed as a percentage of the baseline) at the
anterior pituitary under basal conditions and following air-puff stress (5 min) in the
previously non-stressed control rats and in those exposed to 14 sessions of restraint
(chronic) or 1 session of restraint (acute) followed by the passage of time (14 days).
Solid symbols represent points that are significantly different the last baseline sample of
respective treatment conditions.
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Fig. 3a Interstitial levels of BN/GRP (expressed as pmol/10 pl) at the anterior pituitary
under basal conditions and following air-puff stress (5 min) in the previously non-
stressed control rats and in those exposed to 14 sessions of restraint (chronic) or 1 session
of restraint (acute) followed by the passage of time (14 days). * significantly different
from baseline values of control condition at p<0.05.

Fig. 36 Interstitial levels of CRH (expressed as a percentage of the baseline) at the
anterior pituitary under basal conditions and following air-puff stress (5 min) in the
previously non-stressed control rats and in those exposed to 14 sessions of restraint
(chronic) or 1 session of restraint (acute) followed by the passage of time (14 days).
Solid symbols represent points that are significantly different from the last baseline
sample of respective treatment conditions. * significantly different from (sample-
matched) non-stressed control condition at p<0.05. T significantly different from
(sample-matched) chronic condition at p<0.05.
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Fig. 4a Interstitial levels of NMB (expressed as pmol/10 pl) at the anterior pituitary
under basal conditions and following air-puff stress (5 min) in the previously non-
stressed control rats and in those exposed to 14 sessions of restraint (chronic) or 1 session
of restraint (acute) followed by the passage of time (14 days). * significantly different
from baseline values of control condition at p<0.0S.

Fig. 4b Interstitial levels of NMB (expressed as a percentage of the baseline) at the
anterior pituitary under basal conditions and following air-puff stress (5 min) in the
previously non-stressed control rats and in rats exposed to 14 sessions of restraint
(chronic) or 1 session of restraint (acute) followed by the passage of time (14 days).
Solid symbols represent points that are significantly different from the last baseline
sample of respective treatment conditions.
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Fig Sa Interstitial levels of corticosterone (Cort) (expressed as pg/ 15 pl) at the anterior
pituitary under basal conditions and following air-puff stress (5 min) in the previously
non-stressed control rats and in those exposed to 14 sessions of restraint (chronic) or 1
session of restraint (acute) followed by the passage of time (14 days).

Fig. 5b Interstitial levels of corticosterone (Cort) (expressed as a percentage of the
baseline) at the anterior pituitary under basal conditions and following air-puff stress (5
min) in the previously non-stressed control rats and in those exposed to 14 sessions of
restraint (chronic) or 1 session of restraint (acute) followed by the passage of time (14
days). Solid symbols represent points that are significantly different from the last
baseline sample of respective treatment conditions.



Discussion

In addition to the classical well characterized ACTH secretagogues, namely CRH
and AVP, it appears that the BN family of peptides may be involved in regulation of the
HPA axis.!3!33193:257313 (Jsing molecular techniques, such as peptide mRNA expression,
c-fos activation and post-mortem peptide level analyses, several previous studies have
indirectly implicated increased turnover of CRH and/or AVP following stressor
application.3‘24’66’85’93’94’'73’250’25 1254 Fyurthermore, such studies also reveal enduring
phenotypic changes in the co-expression of these typical secretagogues based on the
previous history of stressor exposure.?>**** The current study aimed to 1) assess direct in
vivo changes in interstitial levels of CRH and AVP at the anterior pituitary following
acute and chronic stressor exposure, and 2) to evaluate the potential contribution of the
BN family of peptides to HPA activation in response to acute stressor application, in
animals with differential stressor histories. Consistent with past findings, our results
demonstrated that acute or chronic stressor exposure was associated with significant
elevations in basal levels of interstitial AVP and CRH at the anterior pituitary. Similarly.
basal levels of interstitial GRP and NMB at the anterior pituitary were significantly
elevated in animals previously exposed to either chronic restraint stress or a single
session of restraint followed by the passage of time. These findings suggest that the role
of the BN family of peptides in HPA activation is indeed influenced by the prior stress
history of an organism. It appears that like AVP, GRP and NMB may take on a more
dominant role in the stress response when the system has been primed by chronic stressor

exposure or a single stressor exposure followed by adequate passage of time.



As mentioned earlier, basal levels of interstitial AVP were significantly elevated
in animals previously exposed to restraint stress, as compared to naive controls. While
the most notable enhancement in interstitial ir-AVP levels was observed in rats
previously exposed to chronic restraint, exposure to a single session of restraint also
produced a significant elevation in basal ir-AVP levels at the anterior pituitary. These
findings provide further support for the contention that both acute and chronic stressor
exposures can induce long-lasting effects on AVP release that may result in altered

composition on the signal driving ACTH secretion in favor of AVP 3%

As compared to naive rats, basal levels of interstitial CRH at the anterior pituitary
were significantly elevated in animals previously exposed to restraint stress. In
particular, exposure to a single session of restraint was associated with a dramatic rise in
interstitial levels of CRH at the anterior pituitary as compared to a more modest rise in
rats exposed to chronic restraint stress. These finding where somewhat unexpected given
that past research has shown that exposure to a variety of acute stressors followed by an
adequate passage of time (2 to 3 weeks) is associated with increased AVP stores in the
ZEME, but no changes in CRH stores.>*®**% It should be recalled however, that stressor-
induced changes in the CRH system are often unpredictable and are largely dependent

366 have shown that

upon the nature of stressor applied. Indeed, Schmidt et al. (1996)
exposure to a single 5 min session of electric footshock is associated with a significant
increase in both AVP and CRH stores in the ZEME 11 days later. A modest

enhancement in basal CRH levels was also observed in animals previously exposed to

chronic restraint stress. Consistent with this finding, repeated stressor exposure
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(including restraint), has been reported to increase both CRH and AVP mRNA at the
PVN.?%* Indirect evidence suggests that there is a correlation between CRH mRNA
levels, peptide synthesis and release into the hypophyseal portal circulation.'"?
Moreover, repeated restraint stress or hypertonic saline injections are accompanied by a
marked down regulation of pituitary CRH receptors, a finding consistent with enhanced

secretion of CRH from the ME."**>'%

Although basal levels of GRP, NMB, CRH and AVP were lowest in the naive
control group, these rats appeared most responsive to exposure to an acute novel stressor
(air-puffs) as reflected by a more rapid and in general, a more pronounced enhancement
of peptide levels at the anterior pituitary compared to those noted in the rats previously
subjected to acute or chronic restraint stress. [t should be noted however, that in the rats
with previous stressor exposure, interstitial levels of CRH, AVP, GRP and NMB were
significantly elevated above baseline by approximately 30 min post-stressor exposure.
Thus, it appears that the peptidergic release in response to an acute stress challenge was
delayed in animals with previous stress experience. It is possible that the chronically
elevated peptide levels observed in the rats with previous stressor exposure created a
‘ceiling effect’ in that peptide synthesis, utilization and/or release were functioning at a

near maximum capacity.

Although data is limited, it has previously been shown that manipulations that
increase AVP and/or CRH content in the ZEME (e.g. repeated stressor exposure,

adrenalecotomy or early postnatal maternal separation) are often associated with
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enhanced secretion of AVP and/or CRH in response to a subsequent acute stressor
challenge %% Although these findings are not concordant with the present data,
measurement of peptidergic release in these previous examples was estimated using
indirect techniques, which assessed peptide depletion by way of blockade of fast axonal
transport with colchicine. It is therefore difficult to compare these previous findings with
ours, which were obtained using push-pull perfusion, a technique that provides a direct
measurement of in vivo peptide release over time. Some inconsistencies might also be
attributable to the fact that previous studies examined AVP and/or CRH secretion from
the ME, whereas we chose to measure interstitial peptide availability at the target site,
namely the anterior pituitary, which is located downstream of the ME. Although we have
previously shown a tight temporal association between peptide release at the ME and
availability of those peptides at the anterior pituitary (unpublished findings), we can not
say for certain whether our “pick up” at the anterior pituitary reflects peptide release
upstream (at the ME) or peptide released locally at the anterior pituitary or a combination
of both. Indeed, evidence suggests that BN-like peptides (including GRP and NMB),
AVP and CRH are produced locally at the anterior pituitary and may be involved in the

paracrine control of anterior pituitary functions'37-169346394

The corticosterone responses (as measured in the perfusates) to the acute stressor
challenge were virtually identical for all three groups. Moreover, there were no basal
differences in corticosterone levels between the naive control group and rats previously
exposed to restraint stress. These findings were somewhat unexpected given the large

basal difference in interstitial levels of peptidergic ACTH secretagogues between the
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naive rats and those with previous restraint stress exposure. However, it is worth noting
that such discrepancies between CRH and AVP systems and ACTH and corticostercne
levels have also been noted under other conditions, suggesting that increased CRH or
AVP availability does not always produce a corresponding elevation in the end
hormones.” 40136230408 1546 mretation of our corticosterone findings is further
complicated by the fact that concomitant ACTH levels could not be assessed in the
present investigation (due to limited sample size). It is noteworthy, however, that
consistent with our findings, there are several reports indicating that repeated stressor
exposure, including restraint, had little or no effect on basal corticosterone or ACTH
levels, despite significant changes in CRH and/or AVP mRNA expression.ggls 1262
Previous stressor exposure might alter pituitary and/or adrenal responsiveness leading to
a normalization of the ACTH and/or corticosterone response in the face of hypersecretion
of ACTH secretagogues from the hypothalamus. Indeed, it is well documented that
chronic stress exposure is associated with a down regulation of CRH receptors at the
pituitary, which is thought to be a consequence of CRH hypersecretion into the portal
system.*713%153:190 A lternatively, other mechanisms, apart from peptide-mediated ACTH
release may be involved in the control of glucocorticoid secretion. Such mechanisms
may include splanchnic innervation of the adrenals involving the local release of CRH or
the stressor-induced release of other peptides into the blood which are able to stimulate

corticosterone release,®!!3147.163.389

Although our results demonstrate enhanced interstitial levels of CRH, AVP, GRP

and NMB at the anterior pituitary in rats with previous stress experience, the neural



mechanism(s) underlying such actions as well as their significance remains speculative at
the present time, particularly with respect to GRP and NMB. There is some indication
that AVP is more sensitive than CRH to glucocorticoid negative feedback and that
enhanced AVP production in CRH neurons may involve a reduced glucocorticoid
sensitivity of CRH neurons.>*®**** In support of this hypothesis, it has been demonstrated
that exposure of rats to repeated immobilization stress elicits a corticosterone surge.
which serves to down-regulate glucocorticoid receptors in the hippocampus and
PVN.?*2! This may in turn serve to temporarily impair glucocorticoid negative
feedback and thus facilitate AVP expression. In addition, stressor-related differences
between CRH and AVP are also apparent at the level of the pituitary receptors. In this
context, repeated stressor exposure is associated with a marked down-regulation and
desensitization of pituitary CRH receptors (even in the presence of sustained ACTH
responses).'’ 3199 On the other hand, repeated immobilization stress increased AVP-
binding affinity and AVP V1b receptor mRNA expression at the pituitary, suggesting that
previous stress experience may result in a more dominant role for the AVP receptor in
determining corticotroph responsiveness.>** With respect to GRP and NMB, little is
known about their relative sensitivities to glucocorticoid negative feedback or whether
previous stressor exposure up- or down-regulates GRP and/or NMB receptors at the
pituitary. It is of interest to note that in vitro, BN-like peptide receptors in Swiss 3T3
cells respond to agonist exposure by desensitization, internalization, and down-
regulation.”® In contrast, we have shown that immobilization stress (2 hours) is
associated with an up-regulation of BN binding sites at the nucleus of the solitary tract,

PVN and arcuate nucleus.'®” Further investigation is needed to determine what effects
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stressor exposure (both acute and chronic) has on GRP and NMB receptors at the anterior

pituitary.

In conclusion, there is mounting evidence suggesting that hypersecretion of
hypothalamic CRH and/or AVP may be involved in the pathogenesis of certain stress-
related psychiatric disorders such as major depression and posttraumatic stress
disorder.'****? In the present study, our results showed that rats chronically exposed to
restraint or even a single stressor episode followed by the passage of time, showed
enhanced interstitial basal levels of GRP, NMB, CRH and AVP at the anterior pituitary.
Although changes in the CRH and AVP systems following previous stress experience
have been postulated using indirect markers, our results are the first to directly show that
the availability of these secretagogues is altered by the prior stress history of an
organism, and that the stress history also differentially impacts on the GRP and NMB
systems as well. Moreover, in response to a subsequent acute stressor challenge (air-
puffs), rats with previous stress experience (and high basal peptide levels) showed a
somewhat delayed and less pronounced increase in interstitial levels of GRP. NMB. AVP
and CRH as compared to the naive controls. Although further research is needed to
determine the significance of these findings, it seems clear that the BN family of peptides
function in a similar manner to that of other stress relevant peptides in the mediation/and
or modulation of the response to stress and may be in involved in the pathogenesis of
stress-related disorders. In keeping with this contention, we have recently noted that the
levels of GRP or BN-related peptides are altered in the brains of suicide victims as

compared to brains of subjects who died of other causes (manuscript in preparation).
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Preface to Chapter IV

In light of similarities between BN-like peptides and CRH in terms of their
anatomical distributions, behavioral and endocrine effects, we wanted to clarify whether
BN-like peptides act directly or indirectly via activation of CRH neurons. Thus, in the
first part of this experiment we characterized the endocrine and autonomic effects of
central BN administration in order to ascertain whether they mimic the effects of CRH.
In the second part of this experiment we addressed the question of whether BN mediates
its effects through activation of CRH neurons. This was accomplished by assessing

whether blockade of CRH receptors attenuated the BN-elicited endocrine and autonomic

responses.
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CHAPTER IV

Blockade of central corticotropin-releasing hormone receptors attenuates bombesin-

elicited hypothalamic-pituitary-adrenal axis and sympathetic activation
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Abstract

Bombesin (BN)-like peptides activate the hypothalamic-pituitary-adrenal
(HPA) axis and sympathetic nervous system. There is evidence to suggest that
BN-like peptides may mediate their effects via corticotropin-releasing hormone
(CRH) neurons. The initial study revealed that central BN increased plasma
ACTH, corticosterone, epinephrine, norepinephrine and glucose levels. Blockade
of CRH receptors with ah-CRF (10 pg) attenuated the BN (0.25 pg)-induced rise
in plasma ACTH, epinephrine, norepinephrine and blood glucose levels, but had
no effect on plasma corticosterone levels, seen 30 min after BN administration.
The subsequent time-course study revealed that central BN (0.2 pg) increased
corticosterone and glucose concentrations above baseline levels at 15, 30, 60 and
120 min relative to vehicle administration. Pretreatment with och-CRF (10 pg)
attenuated the BN-induced rise in corticosterone and glucose levels at all time
points. These findings support the notion that BN-induced HPA axis and

sympathetic activation is mediated, at least in part, via CRH neurons.
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Introduction

While originally discovered in the skin of the European frog bombina bombina,
bombesin (BN)-like peptides have been shown to be widely distributed throughout the
mammalian central nervous system and gastrointestinal tract.>%>?°72%8322 When
introduced into animals, the BN-related peptides produce a wide spectrum of biological
effects including thermoregulation, satiety, smooth muscle contraction and
chemotaxis.''®127260-267357 Nfore recent evidence suggests that BN-like peptides may also
influence the activity of the hypothalamic-pituitary-adrenal (HPA) axis as well as the
sympathetic division of the autonomic nervous system. In this context, it has been
reported that exogenous administration of BN, or its mammalian counterparts, gastrin-
releasing peptide (GRP) and neuromedin B (NMB), can potently stimulate the release of
ACTH from the anterior pituitary and/or corticosterone from the adrenal
medulla.'?*1%927313 Moreover, BN-related peptides appear to activate the autonomic
nervous system, as i.c.v. injection of BN dose-dependently increases plasma epinephrine,
norepinephrine and glucose levels.’>33-3!!333

While the neuronal mechanisms underlying these BN-elicited effects remain
unclear, it appears that BN-like peptides may mediate some of these effects by acting
through ACTH secretagogues, in particular corticotropin-releasing hormone (CRH).
Indeed, BN-like peptides share many similarities with CRH in terms of anatomical

195

distribution, endocrine, autonomic and behavioral effects.””> Moreover, our laboratory

has recently shown that pretreatment with the CRH antagonist, cch-CRF, blocked BN-
induced behavioral effects (suppression of food intake and enhanced grooming

behavior).>*> While not extensively investigated, there is also some indication that BN-
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like peptides may act via CRH neurons to produce some of their endocrine effects, as BN
and GRP potentiate CRH-induced ACTH release.'*''"*'? In addition, intravenous
infusion of CRH antiserum or central administration of ah-CRH attenuates GRP-

stimulated plasma ACTH and corticosterone release.'**”"?

The aim of the present study was to characterize the role of CRH in the mediation
of BN-induced activation of both the HPA axis and sympathetic nervous system. Thus.
in an initial study, we assessed whether 1) central administration of BN would affect
plasma ACTH, corticosterone, norepinephrine, epinephrine and glucose levels and 2)
whether blockade of CRH receptors (with oth-CRF) could attenuate these BN-induced
effects. While pretreatment with och-CRF blocked or attenuated the BN-induced
increases in plasma ACTH, norepinephrine, epinephrine and blood glucose levels, it
failed to alter the rise in plasma corticosterone levels at the 30 min interval. Itis
conceivable that the failure of ch-CRF to attenuate the BN-induced increases in plasma
corticosterone levels may be due to 1) direct effects of exogenous BN administration on
the adrenal cortex or 2) an inability to detect the attenuation that may have preceded or
followed the 30 min time point selected. In order to test the latter possibility, a second
more dynamic experiment was performed where blood samples were collected at
different time points to assess the effects of drug administration on blood corticosterone

and glucose levels.



Materials and Methods
Animals

Male Sprague-Dawley rats (weighing between 325 and 400 g), obtained from
Charles River (St. Constant, Quebec) were used in both experiments. All animals were
individually housed and maintained on a 12-h light/dark cycle (with lights on at 6:00

a.m.), in a temperature (23°C) and humidity (60%) controlled room. Animals had free

access to food and water.

Surgical procedure
All rats were anesthetized with pentobarbital (60 mg/kg; i.p.) and stereotaxically
implanted with permanent guide cannulae (22 gauge) aimed at the 3 ventricle. The

32y were 4.4 mm posterior to

placement coordinates (obtained from Paxinos and Watson
bregma, 0 mm lateral, and 4.4 mm ventral to the skull surface. The cannulae were
anchored to the skull surface using 4 stainless steel screws and acrylic dental cement and

plugged with removable stainless steel stylettes. During the recovery period, animals

were acclimated to handling as well as mock central injections.

Experimental Protocol

Experiment la. Effects of central BN administration on plasma ACTH, corticosterone,

norepinephrine, epinephrine and glucose levels
All experiments were performed between 9:00 and 12:00 A.M. On test day, rats

were randomly divided into 3 groups (n = 7-10/group) and were microinjected with either

vehicle (saline), or one of two doses of BN (0.25 pg or 0.5 pg; i.c.v.). Bombesin
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(Bachem, California) was freshly dissolved in 0.9% saline prior to administration. The
microinjections were delivered in a 3 pl volume infused over 60 s via an injection
cannula (0.5mm longer than the guide cannula) connected by polyethylene tubing to an
infusion pump (Harvard Apparatus, Canada). Rats were sacrificed 30 min post injection
and trunk blood was collected in tubes containing EDTA, centrifuged and the plasma was
frozen at —70°C. Blood glucose levels were determined (from the whole trunk blood)
using a portable glucometer Elite™ (Ames, Miles Canada) as previously described by
Messier and Kent.?** Plasma ACTH and corticosterone levels were measured using
commercial radioimmunassay (RIA) kits (ICN Pharmaceuticals, Canada). Plasma
epinephrine and norepinephrine levels were determined by HPLC using a modification of

the method of Seegal et al.>™

Experiment 1b. Effects of CRH receptor blockade on BN-induced increases in plasma
ACTH, corticosterone, norepinephrine, epinephrine and glucose levels

The design of this experiment was identical to that of experiment la except that
rats were randomly divided into 4 groups (n = 7-10/group) and were microinjected with
either vehicle (saline), ch-CRF (10 pg/kg), saline followed 20 min later with BN (0.25

pg; i.c.v.) (saline + BN) or ah-CRF (10 pg /kg) followed 20 min later with BN (0.25

png/kg) (ah-CRF + BN).
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Experiment 2. Effects of CRH receptor blockade on BN-induced increases in

corticosterone and glucose as a function of time

The design of this experiment was identical to that of Experiment | except that
the dose of BN used was 0.2 pg (i.c.v.) and blood samples were collected at 0, 15, 30, 60
and 120 min (following drug or saline injection). Blood samples were collected by
lancing the rat’s tail close to the tip with a razor blade and then wiping the first droplet of
blood away. Blood droplets were then blotted onto preprinted circles on S&S filter paper
(Schleicher & Schuell, Mandel Scientific), allowed to dry at room temperature and stored
at—20° C. On the day prior to RIA procedure, blood was eluted from the filter paper by
placing one 2.5 mm punch (per time interval) of filter paper in a 12 x 75 culture tube
containing 100 pl of dulbecco’s phosphate buffered saline (Sigma, U.S.A.), covered with
parafilm and left to rotate on an automatic shaker (50 rpm) for 1 hr at room temperature.
Following an overnight incubation (at 4°C) tubes were again rotated on an automatic
shaker for 1 hr at room temperature. Corticosterone levels were then determined from

the eluted blood sample using a commercial RIA kit (ICN Pharmaceuticals, Canada).

Statistical Analysis

All results are expressed as means + S.E.M. In experiments la and 15, blood
glucose, plasma ACTH, corticosterone, epinephrine and norepinephrine values were
analyzed separately by one factor (Treatment) analyses of variance (ANOVA) followed
by Newman-Keuls multiple comparisons. In experiment 2, blood corticosterone and
glucose levels were analyzed separately using two factor repeated measures ANOV As.

The between-groups factor was Treatment condition (saline, ch-CRH, saline + BN and



ah-CRH + BN) and the within-subjects factor was Time (0, 15, 30, 60 and 120 min).
Post hoc comparisons were conducted using Newman-Keuls multiple comparisons. A

value of p<0.05 was considered statistically significant.

Results

Experiment la. Effects of central BN administration on plasma ACTH, corticosterone,
norepinephrine, epinephrine and glucose levels

Figure 1 shows plasma ACTH, corticosterone, norepinephrine, epinephrine and
glucose levels in rats centrally injected with saline, or one of two doses of BN (0.25 or
0.5 ng). ANOVA revealed significant effects of BN treatment on plasma levels of
ACTH (F221=20.30; p<0.0001), corticosterone (F>,=27.29; p<0.0001), norepinephrine
(F2,19= 6.23; p<0.01), epinephrine (F, 19 = 7.66; p<0.005) and glucose (F3 ;7 = 17.44;
p<0.0002). Newman-Keuls multiple comparisons of the simple effects revealed
significant elevations in plasma concentrations of ACTH following administration of the
higher dose of BN (0.5 pg) and significant increases in plasma corticosterone,

norepinephrine, epinephrine and blood glucose levels following administration of both

doses of BN (0.25 and 0.5 pg).

Experiment 1b. Effects of CRH receptor blockade on BN-induced increases in plasma
ACTH, corticosterone, norepinephrine, epinephrine and glucose levels

Plasma ACTH, corticosterone, norepinephrine, epinephrine and glucose levels in
rats centrally injected with either vehicle (saline), ah-CRF (10 pg/kg), saline + BN (0.25

ug; i.c.v.) or ah-CRF (10 pg/kg) + BN (0.25 pug; i.c.v.) are depicted in Figure 2.



Individual ANOV As revealed significant Treatment effects on plasma levels of ACTH
(F328=3.66; p<0.025), corticosterone (F327 = 6.067; p<0.003), norepinephrine (F3,3 =
4.65; p<0.012), epinephrine (F; 55 = 14.50; p<0.0001) and blood glucose levels (F; 3=
17.07; p<0.0001). Newman-Keuls comparisons of the simple effects revealed that saline
+ BN administration significantly increased plasma levels of ACTH, corticosterone,
norepinephrine, epinephrine and blood glucose levels. Whereas, ach-CRF was without
effect on its own, when administered prior to BN injection, it significantly blocked the
BN-induced increase in plasma epinephrine and ACTH levels and attenuated the BN-
induced increases in plasma norepinephrine levels and blood glucose levels.

Pretreatment with oth~CRF had no effect on plasma corticosterone levels.
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Fig. 1 Plasma levels of ACTH, corticosterone, norepinephrine, epinephrine and glucose
(mean + S.E.M.) following central BN administration. The open columns represent
control animals injected with vehicle (saline, 3 pl; i.c.v.) whereas the hatched and solid
columns represent animals injects with BN at 0.25 pg and 0.5 pg (i.c.v.), respectively.

* significantly different from saline values at p<0.05. T significantly different from low
dose BN (0.25 ug) values at p<0.03.
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Fig. 2 Plasma levels of ACTH, corticosterone, norepinephrine, epinephrine and glucose
(mean *+ S.E.M.) in rats that received central injections of either saline, ah-CRF (10
ng/kg), saline + BN (0.25 pg; i.c.v.) or ch-CRF (10 pg/kg) + BN (0.25 pg; i.c.v.).

* significantly different from saline values at p<0.05. 7 significantly different from
saline + BN values at p<0.05.



157

Experiment 2. Effects of CRH receptor blockade on BN-induced increases in
corticosterone and glucose as a function of time

Figure 3 and 4 illustrates blood corticosterone and glucose levels respectively, at
0, 15, 30, 60 and 120 min relative to drug administration in rats that received central
injections of either saline, ah-CRF (10 pg/kg), saline + BN (0.2 pg; i.c.v.) or cch-CRF
(10 png/kg) + BN (0.2 pg; i.c.v.). The overall two factor repeated measures ANOVA
revealed that blood corticosterone levels varied as a function of Treatment X Time
interaction (F2,124 = 9.66; p<0.0001). Newman-Keuls multiple comparisons of the
simple effects for this interaction revealed that blood corticosterone levels were
significantly elevated above baseline following all treatment conditions, however the rise
in corticosterone levels was more pronounced and protracted following administration of
saline + BN or oth-CRF + BN as compared to the rise observed following administration
of either saline or oth-CRF alone. For the saline + BN and ah-CRF + BN treatment
conditions, levels of corticosterone were significantly elevated above baseline values by
15 min post drug injection and remained elevated throughout the 120 min testing period.
In contrast, administration of saline or ch-CRF was associated with a rise in
corticosterone levels above baseline values by 15 min post drug administration which
only remained significantly elevated until 30 min post injection for ch-CRF and 60 min
post injection for saline. Newman-Keuls comparisons further revealed that in the
absence of drug administration, levels of corticosterone were comparable for all treatment
conditions. At the 15 min interval, levels of corticosterone were significantly elevated
above the saline condition following saline + BN administration, and ah-CRF attenuated

the BN-induced rise in blood corticosterone levels as indicated by the significant



difference in blood corticosterone concentrations between the saline + BN and ah-CRF +
BN conditions. At the 30, 60 and 120 min intervals, plasma corticosterone levels were
significantly elevated above the saline condition following both saline + BN and «h-CRF
+ BN administration, and oh-CRF attenuated the BN-induced rise in blood corticosterone
levels as indicated by the significant difference in blood corticosterone concentrations

between the saline + BN and ah-CRF + BN conditions.

The overall two factor repeated measures ANOVA revealed that blood glucose
levels also varied as a function of the Treatment x Sample interaction (Fy3,124= 5.31;
p<0.0001). Newman-Keuls multiple comparisons of the simple effects for this
interaction indicated that under all drug treatment conditions, blood glucose levels were
significantly elevated above baseline levels and peaked at the 30 min time interval. In the
absence of drug administration, glucose levels were comparable for all drug treatment
conditions. At the 15, 30, 60 and 120 min time intervals, blood glucose levels were
significantly elevated from the saline condition following saline + BN administration.
Pretreatment with ah-CRF attenuated the BN-induced rise in blood glucose levels (at the
15, 30 60 and 120 min time intervals) as indicated by the significant difference in blood

glucose levels between the saline + BN and th-CRF + BN conditions.
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Fig. 3 Blood concentrations o-f corticosterone (mean = S.E.M.) at the 0, 15, 30, 60 and
120 min time intervals (followving drug administration) in rats that received central
injections of either vehicle (salline), ah-CRF (10 pg/kg), saline + BN (0.2 pg; i.c.v.) or
oh-CRF (10 pg/kg) + BN (0.2. pg; i.c.v.). Closed symbols represent points that are
significantly different from (w-ithin-treatment condition) baseline values at p<0.05.

* significantly different from (between-treatment condition) time-point matched saline
values at p<0.05. T significanttly different from (between-treatment condition) time-point
matched saline + BN values at p<0.05.
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Fig 4. Blood glucose levels (mean £ S.E.M.) at the 0, 15, 30, 60 and 120 min time
intervals in rats that received central injections of either vehicle (saline), ah-CRF (10
ung/kg), saline + BN (0.2 pg; i.c.v.) or ch-CRF (10 pg/kg) + BN (0.2 pg; i.c.v.). Closed
symbols represent points that are significantly different from (within-treatment condition)
baseline values at p<0.05. * significantly different from (between-treatment condition)
time-point matched saline values at p<0.05. 1 significantly different from (between-
treatment condition) time-point matched saline + BN values at p<0.05.



Discussion

CRH is well established as the primary endogenous regulator of ACTH secretion
from the anterior pituitary.'?~°**% There is also considerable evidence demonstrating
the involvement of CRH in autonomic activation.”>?'® It is known that many different
stimuli elicit CRH release including systemic (infections) and processive (psychological)
type stressors, changes in blood pressure as well as appetitive events, however, the
neurochemical mechanism(s) mediating this peptidergic release remain largely
unknown.?’®*3**% Given the considerable functional and anatomical overlap between
BN and CRH, the present study aimed to elucidate whether BN-induced pituitary-
adrenocortical and autonomic activation are mediated via CRH neurons. In support of
this contention, results from the present set of investigations demonstrated that 1) central
BN administration elicited a significant dose-dependent increase in plasma levels of
ACTH, corticosterone, norepinephrine, epinephrine and blood glucose levels and that 2)
pretreatment with ah-CRF blocked or attenuated the BN-induced increases in plasma

levels of ACTH, norepinephrine, epinephrine and blood glucose levels.

Since in the initial experiment ch-CRF attenuated a variety of effects with the
exception of the BN-induced elevation of plasma corticosterone levels (measured at 30
min post BN injection), we decided to explore the possibility that this may have been due
to the time-course of the effect. Specifically, it is possible that ah-CRF did exert an
effect, however, it may have preceded or followed the 30 min time point selected. Thus,
in the second experiment, blood samples were collected at different time points to assess

the effects of drug administration on blood corticosterone and glucose levels. Results
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revealed that following all drug injections (saline, ch-CRF, saline + BN and ah-CRF +
BN). levels of corticosterone and glucose where significantly elevated. It is likely that

the rises in blood corticosterone and glucose levels observed following the control
injections (saline or ah-CRF) were attributable to the stress associated with the tail lance
procedure. It should be noted however, that the elevations in corticosterone levels
observed following both saline + BN and och-CRF + BN administrations were
significantly higher than those observed following the control injections. Similarly,
blood glucose levels were significantly greater following saline + BN condition than
following all other treatment injections. These findings suggest that the stress associated
with the tail lance did not mask the drug-induced effects. Finally, in contrast to the result
in our first experiment, when blood samples were taken at various time points relative to
drug administration, oth-CRF significantly attenuated the stimulatory effect that BN (0.2
g) had on corticosterone secretion. Similarly, ah-CRH attenuated the BN-elicited rise
in blood glucose levels. This observation is consistent with results from our first
experiment demonstrating that pretreatment with ah-CRF significantly attenuated the

BN-induced rise in blood glucose levels at 30 min post injection.

Garrido et al. 1998'* recently demonstrated that central ch-CRF administration
completely blocked the stimulatory effect that GRP had on plasma ACTH and
corticosterone levels (at 30 min post injection). Although we found a similar effect with
ACTH, the ability of ah-CREF to attenuate the BN-induced rise in plasma corticosterone
levels was only demonstrable in our second experiment using a slightly lower dose of BN

than what was used in our first experiment (0.2 pg instead or 0.25 pg). A likely



explanation for this discrepancy is that Garrido and his colleagues used a much lower
dose of GRP (0.01 pg) as compared to thc doses of BN (0.2 or 0.25 pg) that we used in
our experiments. Although BN and GRP share an almost identical active C-terminal
decapeptide region (differing in only 1 amino acid), GRP is in fact less potent than BN.>*?
Not only does BN stimulate both GRP (BB;) and neuromedin B (BB,) receptors (whereas
GRP is active almost exclusively at BB, receptors), but BN is also thought to be more

resistant than GRP to enzymatic degradation.?>>""*!?

Not only was ach-CRF able to attenuate the stimulatory effect that BN had on
pituitary-adrenocortical activity, but pretreatment with this CRH antagonist significantly
inhibited the autonomic activation induced by BN injection. To our knowledge. there is
only one other study which has investigated the effects of ah-CRF on the BN-induced
rise in plasma concentrations of norepinephrine, epinephrine and glucose.’® Contrary to
our results, they found that pretreatment with cch-CRF had no effect on the BN-induced
elevations in plasma concentrations of norepinephrine, epinephrine and glucose. It
should be noted however that the doses of BN and ah-CRH used in that experiment were
substantially larger, 1 pg and 50 pg respectively, than the doses used in the present
experiment. Indeed, the BN-induced increases in plasma levels of norepinephrine,
epinephrine and glucose in that study were more than double to those observed in the

present investigation.

While our results suggest that BN may be mediating its effects, at least in part, via

activation of central CRH neurons, they do not reveal the site(s) of action for these
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peptidergic interactions. It is well established that CRH produced in the paravocellular
division of the PVN is released from the median eminence (ME) to regulate ACTH
secretion from the anterior pituitary.“m’l85 It is possible that BN activates the HPA axis
by interacting with receptors located on CRH-expressing neurons at the PVN. This
nucleus contains high levels of both immunoreactivity as well as binding sites for both
BN-like peptides and CRH.”>882%322 Moreover, microinjection of BN into the PVN (but
not other hypothalamic sites) elicits the release of plasma corticosterone.'”® In addition,
we have recently shown using in vivo push-pull perfusion that central BN administration

elicits the release of CRH from the ME (unpublished findings).

In terms of autonomic activation, it has previously been observed that direct
microinjection of BN into the NTS, (but not other brain structures) elicits a dramatic
increase in plasma catecholamine levels.”*** It is possible that BN mediates these effects
by interacting with receptors located on CRH neurons at the NTS or other brain stem
structures. Indeed, high levels of both BN-like peptide and CRH immunoreactivity as
well as high densities of binding sites for both of these peptides have been observed at the
NTS.798829532 Noreover, we have recently shown that central BN administration elicits
a significant reduction in levels of immunoreactive CRH at the NTS (unpublished

findings).

Conclusion

In summary, results from the present investigation demonstrate that pretreatment

with a CRH receptor antagonist (a¢h-CRF) can block or attenuate BN-induced HPA axis
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and sympathetic activation. These findings provide further support for the contention
that BN-like peptides mediate their effects, at least in part, through activation of CRH
neurons. In conjunction with our previous studies where we have demonstrated the
release of both BN-like peptides and CRH, in response to appetitive as well as stressful
events”’®, it would appear that these two peptidergic systems may act in concert to

prepare organisms to deal with biologically significant events.
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Preface to Chapter V

In the previous chapter, we presented clear evidence supporting the notion that
BN-like peptides mediate their endocrine and autonomic effects, at least in part, through
the activation of CRH-sensitive circuits. In this chapter, we will focus on experiments
aimed at identifying the potential locus (or loci) where such peptidergic interactions
occur. To attain this objective, we injected exogenous BN into the brain (via 3"
ventricular infusion) and monitored regional changes in the endogenous levels of ir-CRH

(and ir-AVP). In addition, at suspected target sites, we also monitored the in vivo release

of these peptides, following BN administration.
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CHAPTER YV

Central Bombesin Activates the Hypothalamic-Pituitary-Adrenal Axis: Effects on
regional levels and release of corticotropin-releasing hormone and arginine-

vasopressin.
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Abstract

While corticotropin releasing hormone (CRH) is a primary regulator of the
hypothalamic-pituitary-adrenal (HPA) axis, the mechanism(s) triggering its release
remain unknown. Stressful and appetitive events evoke the release of not only CRH but
also of bombesin (BN)-like peptides. Furthermore, CRH antagonists attenuated the
endocrine and behavioral effects of BN, suggesting that BN-like peptides may mediate
their effects via CRH release. The initial (mapping) study revealed that central BN (0.25
or 0.5 pug; i.c.v.) administration increased circulating corticosterone and ACTH levels and
decreased immunoreactive (ir)-CRH at the nucleus of the solitary tract, ventromedial
(VMH) and anterior hypothalamic nuclei, and the central amygdaloid nucleus. Whereas
BN treatment decreased ir-vasopressin (AVP) at the VMH, it elevated levels of this
peptide at the hypothalamic paraventricular and median eminence/arcuate (Me/Arc)
regions. Subsequent, more direct release experiments (using push-pull perfusion)
revealed that the availability of ir-CRH and ir-AVP were markedly enhanced at the
Me/Arc and at the anterior pituitary. These results suggest that BN-like peptides may
regulate certain hypothalamic and extrahypothalamic circuits, including the HPA axis, as
they influence tissue levels of ir-CRH and ir-AVP at discrete nuclei and stimulate the
release of CRH and/or AVP at the Me/Arc and iheir availability downstream at the

anterior pituitary, resulting in elevated circulating corticosterone levels.
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Introduction

While CRH is a primary regulator of the hypothalamic-pituitary-adrenal (HPA)
axis, the mechanism(s) modulating the release of this secretagogue remain obscure.
Release of CRH is evoked not only by a wide variety of stressors including systemic (e.g.
infections) and processive (e.g. psychological) stressors, but also by appetitive events.>’®
It is possible that these differing stimuli activate different neural circuits and/or
transmitter systems, eventually converging upon and modulating the relevant PVN
neurons containing CRH.'® In addition to the relatively well established role of classical

217

neurotransmitters, such as norepinephrine, in the mediation of the stress response™ ', there

is reason to believe that the bombesin (BN) family of peptides also contribute to the
integration and/or mediation of these responses. Like stressors, BN and related peptides,
including gastrin-releasing peptide (GRP) and neuromedin B (NMB), are capable of
eliciting the coincident activation of the hypothalamic-pituitary adrenal (HPA)

axis® %13 and the sympathetic division of the autonomic nervous system.” As well,
central BN administration produces many of the behavioral effects typically associated
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with the stress response, such as suppression of food intake, increased grooming~", and

elicitation of anxiety-like behaviors (such as decreased exploration in a novel
environment and increased locomotor activation in a familiar environment). 130 Recently,
we demonstrated that acute immobilization stress induced brain-region specific
alterations of endogenous levels of BN-like peptide as well as in the density of BN
binding sites.'”” While the neural mechanism(s) through which BN-like peptides come to
affect the HPA activity remain largely unknown, it appears likely that stress-relevant

neuropeptides, including CRH and/or AVP, may be involved in the mediation of these
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effects. Indeed, CRH, AVP and BN-like peptides share considerable anatomical overlap,
and are present in significant concentrations within various aspects of the HPA axis, as
well as in other stress-relevant extrahypothalamic nuclei, including the hippocampus,
central amygdaloid nucleus (CeA) and the nucleus of the solitary tract
(NTS).!0-79:138:133,183.232.238.322.377.394_ Girilarities also extend to the distribution of receptors
for CRH, AVP and BN-like peptides. The binding sites for all three peptides being
present at the arcuate nucleus (Arc), the anterior pituitary, NTS and CeA .>88.168.182.295
Functional interactions between these peptides have also been noted. Thus, GRP
potentiated both CRH- and AVP-stimulated ACTH release®!3, whereas pretreatment with
either CRH or AVP antiserum attenuated GRP-induced ACTH secretion. Furthermore,
the combination of CRH and A VP antisera completely blocked this effect.’'® Likewise,
pretreatment with the CRH antagonist, ah-CRF, attenuated BN-induced endocrine
(increased circulating ACTH, norepinephrine, epinephrine and glucose levels) and

behavioral effects (suppression of food intake and increased grooming behavior).?*?

While evidence suggests that BN-like peptides may mediate their stress-relevant
effects through activation of CRH and/or AVP neurons, the anatomical locus (or loci) for
these interactions remain unknown. Thus, in the initial mapping study, we used brain
micropunch technique followed by measurement of ir-CRH and ir-AVP levels in order to
identify some of the brain sites where such peptidergic interactions might occur. Central
BN microinjections did indeed elicit site-specific changes in concentrations of ir-CRH
and ir-AVP at various elements of the HPA axis as well as at a variety of other stress-
relevant nuclei. However, the nature of such interactions remained obscure owing to the

fact that tissue stores can be influenced by a variety of factors including the rates of
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synthesis, release and degradation. In order to assess the functional relevance of the
observed tissue level alterations, more direct push-pull perfusion experiments were
performed to assess the dynamics of the in vivo release of CRH and AVP from selected
brain sites following central BN administration. Thus, the release of CRH and AVP from
the median eminence/arcuate nucleus region (Me/Arc) (given the pivotal role this region
plays in HPA activation) as well as the availability of these secretagogues downstream at

the anterior pituitary, were assessed in the second set of experiments.

Materials and Methods
Animals -

Male Sprague-Dawley rats (weighing between 325 and 400 g), obtained from
Charles River (St. Constant, Quebec), were used in all experiments. Animals were
individually housed and maintained on a 12-h light/dark cycle (with lights on at 6:00
a.m.), in a temperature (23°C) and humidity (60%) controlled room. Animals had free

access to food and water.

Experiment 1. Effect of central BN on regional ir-CRH and ir-AVP levels

Surgical procedure
All rats were anesthetized with pentobarbital (60 mg/kg; i.p.), and stereotaxically
implanted with permanent guide cannulae (Plastics One, VA, U.S.A.) aimed at the 3™

324 were 4.4 mm posterior to bregma, 0 mm lateral,

ventricle. The placement coordinates
and 4.4 mm ventral to the skull surface. After a 7 day recovery period, rats were
randomly divided into 3 groups (n = 7-10/group) which received microinjections of either

vehicle (saline) or one of two doses of BN (0.25 or 0.5 pg; i.c.v.). Bombesin (Bachem,
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California) was freshly dissolved in saline prior to administration. The microinjections
were delivered in a volume of 3 pl infused over 60 s via an injection cannula (0.5 mm
longer than the guide cannula) connected by polyethylene tubing to an infusion pump
(Harvard Apparatus, Canada). Rats were sacrificed 20 min post injection, trunk blood
was collected for corticosterone and ACTH analysis and the brains were rapidly excised

and processed for radioimmunoassay (RIA).

Plasma ACTH and Corticosterone
Trunk blood was collected in tubes containing EDTA, centrifuged and the plasma
was frozen at -70°C. Plasma ACTH and corticosterone levels were determined using

commercial RIA kits (ICN Pharmaceuticals, Canada).

Tissue Preparation for RIA

Rats were sacrificed by decapitation and their brains rapidly extracted and frozen
in a rat stainless steel brain matrix (ASI instruments, MI, U.S.A.) resting on dry ice.
Prior to freezing, a razor blade was inserted through the brain to separate the cerebrum
from the cerebellum and more caudal brain regions, and sectioned coronally (600 um
thick sections). The following 9 discrete nuclei were dissected, using a modification of
the micropunch method described by Palkovits and Brownstein**’: the median
eminence/arcuate nucleus (Me/Arc), paraventricular hypothalamic nucleus (PVN), lateral
(LH), anterior (AH), ventromedial (VMH) and dorsomedial (DM) hypothalamic nucleli,

central amygdaloid nucleus (CeA), hippocampus (Hipp) and frontal cortex (Fc). The

final (10™) region, the nucleus of the solitary tract (NTS), was micropunched from a



horizontal section (600 pm thick) of the brain stem. All nuclei were derived bilaterally
(Micro Punch MP-600, ASI instruments, U.S.A.) using a Imm diameter punch, except
for the Me/Arc, which was obtained using a single medial | mm diameter micropunch.
The tissue punches were placed in microcentrifuge tubes containing 200 pl 0of 0.2 M
acetic acid and heated to 80°C for 1 h. The tissue was then sonicated (Kontes Micro-
ultrasonic Cell Disruptor, Kontes, NJ, U.S.A.) and 40 pl of the homogenate was removed
for protein content determination, using a BCA Protein Analysis kit (Chromatographic
Specialties, Canada) and a PC colorimeter (Brinkmann, Canada). 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, lyophilized and stored at -20°C.

Experiment 2. Effect of central BN on the in vivo release of CRH, AVP and
corticosterone at the Me/Arc region.

Animals were anesthetized (60 mg/kg pentobarbital; i.p.) and placed in a
stereotaxic apparatus to implant guide cannulae (20 gauge) aimed at the Me/Arc (for
push-pull assembly) and at the 4™ ventricle (for microinjection cannula). In contrast to
the preceding experiment, the ventricular cannula was positioned into the 4" rather than
the 3™ ventricle, as the latter placement would have interfered (physically) with
concomitant implantation of the push-pull cannula. The coordinates for the 4™ ventricle
were 2.5 mm anterior to the occipital crest, 0 mm lateral to the midline and 5.5 mm
ventral from the dura. The coordinates for the Me/Arc were 2 mm posterior to bregma,

0.4 mm lateral to the midline and 9.5 mm ventral from the dura. The guide cannulae for

push-pull perfusion (custom made Derelin™ pedestals) and microinjections (Plastics
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One, VA, U.S.A.) were anchored to the skull surface using 4 stainless steel screws and
acrylic dental cement and plugged with removable stainless steel stylettes. After a 7 day
recovery period, animals were transferred to individual test cages 48 h prior to the

experiment, to acclimate subjects to the test environment.

Pull-Pull Perfusion

On the test day, the stylet within the guide cannula was replaced with a push-pull
probe aimed at the Me/Arc. The push-pull probe consisted of an outer (or pull) stainless
steel cannula (protruding 0.7 mm beyond the end of the permanent guide cannula) and an
inner (or push) cannula (glass silica) protruding 0.3 mm beyond the end of the pull
cannula and into the Me/Arc. Probes were connected by polyethylene tubing (PE-20 and
PE-10) to two independent, pre-equilibrated peristaltic pumps (Minipuls 3, Gilson, WI,
U.S.A)), via a dual channel swivel assembly (Instech Laboratories, Horsham, PA).
Kreb’s ringer phosphate (KRB) solution (consisting of (in mM): 145 Na*,2.7K", 1.35
Ca’, 1.0 Mg?*, CI" and 0.1% BSA) was perfused through the push cannula at the rate of
10 pl/min. Samples were collected every 15 min between 9:00 and 15:00 h. Five
sequential samples were collected after each of the following manipulations: baseline (no
treatment), central saline (control injection), and central BN injection (0.1 pg/3 pul). Each
sample (150 pl) was immediately frozen on dry ice and stored at —-80°C until RIA

analysis.
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Experiment 3. Effect of central BN on interstitial CRH, AVP and corticosterone levels
at the anterior pituitary.

The design of this experiment was identical to that of experiment 2, with the
exception that the guide cannula for push-pull perfusion was aimed at the anterior
pituitary (placement coordinates: 5.0 mm posterior to bregma, 0.9 mm lateral to the
midline and 0.5 mm dorsal to the sphenoid bone). The probe length was also slightly
modified to reach the anterior pituitary with the outer (pull) cannula measuring 0.4 mm
beyond the end of the permanent guide cannula and the inner (push) cannula measuring

0.2 mm beyond the end of the pull cannula.

Histology

Following completion of the experimental procedures, rats received an overdose
of pentobarbitol and India ink (1 pl) was delivered through the push-pull probe (into the
perfusion site) and the injection cannula (into the 4" ventricle for experiments 2 and 3).
for verification of probe or cannula placements. Brains were removed and frozen in a rat
stainless steel brain matrix (ASI instruments, MI, U.S.A.) resting on dry ice, and
subsequently sectioned using a cryostat and stained with thionine for histological
identification and verification. For experiment 3, the pituitary gland was removed and
visually inspected under a dissecting microscope, to verify that the tip of push-pull

cannulae was correctly positioned within the anterior pituitary.

Radioimmunoassay (RIA)
A solid-phase RIA procedure was employed for the detection and quantification

of CRH and AVP.?3?" Corticosterone was measured in the perfusates using a micro-
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adaptation39 of the commercial RIA kit (ICN pharmaceuticals, Canada). Briefly (for
CRH and A VP detection), well plates (Immulon-4, Dynatec Laboratories Inc., Chantilly.
VA) were coated with protein A/G (Calbiochem Corp; La Jolla) at least 24 h before use
and stored at 0-4°C. On the day of the RIA, the plates were rinsed with wash buffer (0.15
M phosphate buffered saline pH 7.4) and then with RIA buffer (0.15 M phosphate
buffered saline with 0.1 % gelatin). The plates were then coated with either CRH or AVP
antibody (1:100,000 final dilution) for 2 h at room temperature, and rinsed with wash
buffer. The standards (reconstituted in KRB solution; ranging from 0.61 to 625 pg for
CRH and 0.075 to 156 pg for AVP), blanks and samples were then pipetted into the
designated wells and incubated for 24 h at 0-4°C. Next, '*’I-labelled CRH or AVP
(Amersham, Canada; 5000 cpm) was added. Following a 24 h incubation period (at 0-
4°C), the plates were rinsed with wash buffer and the individual wells counted for
residual radioactivity using a gamma-counter (Canberra Packard, Cobra II Autogamma,

model D5002).

The specific anti-CRH serum (rC70, kindly provided by W. Vale) recognizes
CRF, 4 and has been shown to cross-react negligibly with other related peptides
including urotesin 1 and urocortin.*®® The specific anti-AVP serum (Pheonix
Pharmaceuticals, U.S.A) used in this study recognizes [Arg®]-Vasopressin and cross-
reacts 100% with [Args]-vasotocin, 38% with [Lyss]-vasopressin, and negligibly with

other peptides.
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Statistical Analysis

All results are expressed as means + S.E.M. In the first experiment, plasma
ACTH and corticosterone values were analyzed independently using a one factor (BN
dose) ANOVA followed by Tukey post hoc comparisons. CRH and AVP concentrations
were analyzed independently by one factor (BN dose) ANOVAs for individual brain
regions followed by Tukey post hoc comparisons. A probability of less than 5% was
considered statistically significant. In the second experiment, the basal CRH, AVP and
corticosterone values for each subject were averaged individually, over the 5 baseline
samples and defined as 100%. Values were then expressed as a percentage of that
baseline. CRH, AVP and corticosterone values were analyzed independently for each
experiment using a repeated measures ANOVA with treatment blocks (baseline, saline
and BN (0.1 pg)) and samples nested within each block, treated as within measures. Post
hoc comparisons were conducted using Tukey's test. A value of p<0.05 was considered

statistically significant.

Results
Experiment 1. Effect of central BN on plasma ACTH and corticosterone levels and on
regional ir-CRH and ir-AVP levels.

Plasma ACTH and corticosterone levels in rats that received central injections of
either saline, or one of two BN doses (0.25 or 0.5 pg; i.c.v.) are depicted in Figure 1.
ANOVA revealed a significant effect of BN Treatment on plasma levels of ACTH
(F221=20.42; p<0.0001). Post-hoc analyses revealed that the effects of BN on circulating

levels of ACTH were dose-dependent. Similarly, BN significantly affected circulating
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corticosterone levels (F221=49.62; p<0.0001). Tukey post hoc comparisons indicated that
the lower dose of BN significantly elevated plasma corticosterone levels and BN-elicited

rise was significantly greater with the higher dose of BN.

As illustrated in Figure 2, central BN administration altered the levels of ir-CRH
in a regionally specific manner. Concentrations of ir-CRH for the 10 brain regions are
depicted in a descending order (from left to right). In agreement with previously
published immunohistochemical findings, the highest concentration of ir-CRH was
detected at the Me/Arc.”” This finding is also concordant with the established role of
CRH as the principal mediator of the HPA axis.'*®®! Moderate levels of ir-CRH were
detected at the majority of the other brain regions sampled including other hypothalamic
nuclei, the CeA and the NTS. Analyses of individual brain regions revealed significant
effects of BN Treatment at the NTS (F22; = 3.69; p<0.044), VMH (F> 0= 13.45;
p<0.000), AH (F32,=6.18; p<0.008) and CeA (F222 =5.64; p<0.011). Tukey’s post hoc
comparisons revealed that both doses of BN (0.25 and 0.5 pg) decreased ir-CRH at the
NTS (p<0.05) and the VMH (p<0.01). At the higher dose, BN also reduced ir-CRH
levels at the AH (P<0.01) and at the lower dose, BN reduced ir-CRH at the CeA

(p<0.01). In contrast, central BN administration failed to affect ir-CRH at several other

regions including the PVN, LH, DM, Hipp and Fc.

As illustrated in Fig. 3, central BN administration altered ir-AVP levelsina
regionally specific manner. Regional concentrations of ir-AVP are depicted in a

descending order (from left to right). The highest levels of ir-AVP were observed at the
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ME/Arc and the PVN. This is consistent with the literature suggesting that the principal
site of AVP synthesis is within the cell bodies of the PVN (both the magnocellular and
parvocelluar divisions) which project to the ME (both the internal and external

laminae).' 3377 Moderate concentrations of ir-AVP were observed at several other
hypothalamic regions including; the AH, VMH and LH. Relatively low levels of ir-AVP
were observed at the DM as well as certain extra-hypothalamic sites. ANOVA revealed a
significant effect of BN Treatment at the Me/Arc (F22: = 5.30; p<0.014), the PVN (F22: =
4.65; p<0.021) and the VMH (F, 21 = 7.15; p<0.004). Tukey’s post hoc comparisons
revealed that at the higher dose, BN significantly increased ir-AVP at the Me/Arc
(p<0.01) and the PVN (p<0.01) but reduced levels of his peptide at the VMH (at the 0.25

and 0.5 pg doses; p<0.01). No significant alterations in ir-AVP were noted at the other

brain regions sampled.
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Fig. | Plasma levels of ACTH and corticosterone (mean + S.E.M.) following central BN
administration. The left panel represents ACTH levels expressed as pg/ml (mean +
S.E.M.). Whereas the right panel represents the circulating corticosterone levels
expressed as pg/100 ml. The open columns represent control animals injected with
vehicle (saline, 3 pl; i.c.v.) whereas the hatched and the solid columns represent animals
injected with BN at 0.25 and 0.5 pg (i.c.v.), respectively. *,** significantly different from
saline values at p<0.05 and p<0.01, respectively. T, t1 significantly different from low
dose BN (0.25 pg) values at p<0.05 and p<0.01, respectively.
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Experiment 2. Effect of central BN on the in vivo release of CRH, AVP and
corticosterone at the ME/Arc region.

Figures 4, 5, and 6 show BN (0.1 pg)-elicited changes in the interstitial levels of
CRH, AVP and corticosterone, respectively, at the Me/Arc. All values are expressed as a
percent of their respective baselines. ANOVA indicated that interstitial concentrations of
both CRH and AVP varied as a function of the interaction between Treatment (Saline vs.
BN) x Sample (5 repeated samples), Fg 45 =3.34; p<0.004 and Fg 40 = 7.81; p<0.000,
respectively. Tukey’s post hoc comparisons revealed that these interactions were
attributable to the differential effect of the treatments on the release of both CRH and
AVP. Tukey’s post hoc comparison’s further revealed that BN elicited a significant
increase in the release of both CRH and AVP at the Me/Arc as compared to both
baseline- and saline-control conditions. The release of CRH and AVP occurred soon
after BN administration, being evident within the first 2 samples post-BN sampling
intervals, and peaked at the 3 sample. ANOVA also revealed a significant Treatment
effect for corticosterone levels (F 1o = 18.26; p<0.0004). Tukey’s post hoc comparisons
indicated that BN administration significantly increased interstitial levels of
corticosterone at the Me/Arc as compared to both the non-injected and saline-injected
control conditions. Again, the corticosterone rise occurred rapidly and was still climbing
at the 5™ sample. In animals with off- target 4™ ventricular placements (n=5), BN failed

to alter the levels of CRH, AVP or corticosterone, compared to their respective baseline

levels (data not shown).
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Fig. 4 Levels of CRH at the Me/Arc under baseline condition, and following central
administration of saline and BN (0.1 pg). The basal values for each subject were
averaged over the 5 baseline samples and defined as 100%. All values were then
expressed as a percentage of that baseline. *, ** significantly different from baseline
condition at p<0.05 and p<0.01 respectively.
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Fig. 5 Levels of AVP at the Me/Arc under baseline condition, and following central
administration of saline and BN (0.1 pg). The basal values for each subject were
averaged over the 5 baseline samples and defined as 100%. All values were then
expressed as a percentage of that baseline. *, ** significantly different from baseline
condition at p<0.05 and p<0.01 respectively.
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Fig. 6 Levels of corticosterone (CORT) at the Me/Arc following central administration
of saline and BN (0.1 pg). The 5 baseline sample values were averaged and defined as
100%. All values are expressed as a percentage of that baseline. *, ** significantly
different from baseline condition at p<0.05 and p<0.01 respectively.
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Experiment 3. Effect of central BN on interstitial CRH, AVP and corticosterone levels
at the anterior pituitary.

The influence of central BN on interstitial levels of CRH, AVP and corticosterone
at the anterior pituitary are illustrated in figures 7, 8 and 9, respectively. The values are
depicted as a percent of non-injected baseline condition following the control (saline)
injection, and then following BN (0.1 pg) administration. The analysis revealed that BN
administration significantly elevated CRH levels in comparison to control (saline)
injection (F_14 = 8.76; p<0.003). Furthermore, AVP levels varied as a function of the
Treatment x Samples interaction (Fggo=2.26; p<0.03). Tukey’s post hoc comparisons
revealed that BN administration elicited a significant increase in the availability of CRH
and AVP at the anterior pituitary as compared to the saline injection condition. Relative
to the saline controls, the increase of interstitial CRH and AVP levels was evident by the
2" sample following BN injection, and peaked at the 4" sample. It was further observed
that corticosterone levels varied as a function of the Treatment x Sample interaction (Fg 72
=3.57; p<0.001). Tukey’s multiple comparison’s revealed that BN administration
significantly increased the availability of corticosterone at the pituitary as compared to
both baseline conditions (non-injected and saline-injection). The increase of
corticosterone availability occurred rapidly, being evident by the 2" sample post BN

injection, and was still increasing at the 5™ sample.
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Fig. 7 Effects of central BN (0.1 pug) administration on interstitial CRH levels at the
anterior pituitary. The 5 baseline values for each subject were averaged and defined as
100%. All values are expressed as a percentage of that baseline. *, ** significantly
different from baseline condition at p<(0.05 and p<0.01 respectively.
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Fig. 8 Effects of central BN (0.1 pg) administration on interstitial levels of AVP at the
anterior pituitary. The 5 baseline values for each subject were averaged and defined as
100%. All values are expressed as a percentage of that baseline. *, ** significantly
different from baseline condition at p<0.05 and p<0.01 respectively.
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Fig. 9 Interstitial levels of anterior pituitary corticosterone (CORT) following central BN
(0.1 pg) administration. The 5 baseline values were averaged and defined as 100%. All
values are expressed as a percentage of that baseline. *, ** significantly different from
baseline condition at p<0.05 and p<0.01 respectively.
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Discussion

The HPA axis plays a critical role in preparing the body to deal with actual as
well as anticipated homeostatic perturbances. Amongst the most potent activators of this
axis are stressors of various sorts including systemic and processive-type stressors. '
Although it is well established that the activation of CRH and/or AVP neurons,
emanating from the PVN hypothalamic neurons and terminating at the ME, represent one
of the key events in the activation of the HPA cascade!'602!1-2313%9 the mechanism(s)
triggering CRH activation remain less well characterized. Furthermore, although the
actions of CRH are known to be potentiated by AVP'>'*¢ (which may be co-released with
CRH), the potential role of other peptides in such synergistic or additive actions needs to
be explored. We have recently proposed a working hypothesis suggesting that BN and
related peptide(s) may contribute to the activation of the HPA axis by promoting the
release of CRH and/or AVP. [f BN related peptides do indeed affect the activity of CRH
and/or AVP containing neurons, then exogenous administration of such ligands might be
expected to influence the endogencus levels CRH and/or AVP. The initial mapping
study (using brain micropunch approach) revealed that BN administration did indeed
influence the levels of ir-CRH and ir-AVP at various hypothalamic and
extrahypothalamic brain regions, many of which are thought to play a role in the stress
response. Within the hypothalamus, both doses of BN (0.25 and 0.5 pg) significantly
decreased ir-CRH and ir-AVP at the VMH. At the higher dose, BN decreased ir-CRH at
the AH and increased ir-A VP at the Me/Arc and PVN. These findings are consistent with
other lines of evidence indicating that hypothalamic nuclei are likely sites for interactions

between BN and CRH and/or AVP. For instance, high levels of immunoreactivity as
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well as receptor density for all three peptides were found within many of the

hypothalamic nuclei.?>7*#2%5377 1 addition, while CRH and AVP are co-localization

397422 ir-BN has also been reported to

within some PVN neurons terminating at the ME
be co-localized with ir-CRH within the external zone of the ME.'*® Recent studies have
also revealed strong c-Fos activation at the PVN following central administration of
BN.2* Microinfusions of BN at the PVN dose-dependently increased blood
corticosterone.'”® In addition, we have recently demonstrated that acute immobilization
stress is associated with fluctuations in ir-BN levels within the hypothalamus as well as
alterations in the density of BN binding sites at specific hypothalamic nuclei including
the PVN and Arc.'”> Given that much of this evidence points towards the PVN and/or
ME as likely sites for possible interactions between BN-like peptides, CRH and/or AVP,
the lack of fluctuations in ir-CRH at these regions in response to BN infusion was
somewhat surprising. It is conceivable that post-mortem peptide content may remain
unchanged despite increased release or utilization of the peptide, in cases where the rate
of release is matched by increased rate of peptide synthesis. Although a significant
increase in ir-AVP was noted at the PVN and Me/Arc, similar ambiguity exists for
interpretation of these results, as underlying processes are not revealed from alterations in
the tissue peptide content. Thus, a second set of experiments was performed using a
more dynamic assessment of CRH and AVP release (in contrast to “snap shot™ tissue
level assessment) at selected sites. Since the Me/Arc plays a pivotal role in HPA activity
(being the primary source of CRH release), push-pull perfusion was performed at this
region and also downstream at the anterior pituitary, where these peptidergic messages

influence ACTH release.
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Push-pull perfusion revealed that central administration of BN elicited the release
of CRH and AVP from the Me/Arc and increased the availability of these peptides
downstream at the anterior pituitary. It should be noted that a lower dose of BN was used
in this experiment (0.1pg) as compared to the doses used in the initial study (0.25 and 0.5
pg) because BN effects have previously been shown to be more potent at the 4" ventricle
as compared to the 3" or lateral ventricles.'??*° The time-line for the increase of
interstitial levels of CRH and AVP at the Me/Arc and anterior pituitary were very similar,
supporting the view that there was a tight temporal and anatomical association regarding
the BN effects on these peptides. This finding is consistent with the contention that AVP
is co-secreted with CRH from nerve terminals in the external zone of the ME, to affect
ACTH secretion. There is significant co-localization of CRH and AVP within the nerve
terminals at the ME.**? In fact, some studies have shown that AVP in the external zone
of the ME is located primarily in CRH-containing nerve terminals, and that AVP and
CRH are co-released from this region.**® Using a different stimulus, namely
intrahypothalamic infusion of interleukin-1p, Watanoboe & Takebe (1993)*'® observed
the coincident release of CRH and AVP at the PVN and the ME, not unlike those elicited
by BN at the Me/Arc and the pituitary, in the present investigation. Although it is
commonly assumed that CRH and AVP act conjointly (or synergistically) at the pituitary,
the concomitant release of these two peptides at the anterior pituitary have, to our
knowledge, never been assessed directly. Given the intimate relationship between the
ME and anterior pituitary, a similar temporal profile would be expected at these two sites
with respect to CRH and AVP availability. As the ME is the main site of CRH and AVP

release, it is possible that our peptide ‘pick up’ at the anterior pituitary reflects CRH and
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AVP released upstream. However, NMB and GRP receptor mRNA have been
demonstrated in the anterior pituitarymg, and BN has been shown to potentiate CRH-
induced ACTH secretion in mixed anterior pituitary cell cultures.'" These findings

suggest that BN is capable of eliciting the local release of ACTH from the anterior

pituitary.

It is now technologically feasible to measure interstitial levels of corticosterone
within various brain structures, using in vivo microdialysis.* Using push-pull perfusion
technique in the current study, we demonstrated that central BN administration markedly
increased interstitial levels of corticosterone at the ME/Arc and the anterior pituitary.
Likewise, central BN administration increased plasma corticosterone and ACTH levels.
These findings are concordant with past research reporting BN-elicited increases in
circulating corticosterone levels. "% [n the current study, perfusates were collected at
15 min intervals, and hence the temporal resolution was inadequate to determine whether
the CRH and AVP variations preceded the rise of corticosterone. However, the decline in

the levels of the CRH and AVP did precede those of corticosterone.

In addition to the changes at the hypothalamic level, the tissue-punch study
revealed that BN induced a marked reduction in ir-CRH at the NTS. Certain brainstem
nuclei are known to play a prominent role in the regulation of the HPA axis.'?! 160
Mapping studies have shown that the NTS receives direct sensory input from the vagal

and glossopharyngeal nerves and gives rise to noradrenergic projections that extend to the

parvocellular division of the PVN as well as other basal forebrain nuclei.*’ In addition
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to peptidergic interaction within the HPA axis, other findings also suggest BN-like
peptide-CRH interactions at the NTS. For instance, like certain hypothalamic nuclei, the
NTS contains both ir-CRH and ir-BN as well as CRH and BN binding sites.’”>%2%32 n
addition, both BN and CRH have been shown to stimulate neuronal activity at the NTS,
as induction of c-fos mRNA expression is noted following central administration of either
of these peptides.”é'240 Moreover, we have recently reported that acute immobilization
stress is associated with significant alterations in the density of BN binding sites at the

NTS.IgS

Finally, central BN administration (0.25 pg) also decreased ir-CRH levels at the
CeA. This is particularly interesting, as the CeA is believed to be involved in the stress
response, and may influence HPA axis activity through direct or indirect projections to
the PVN_'*"'%" As in the case of other sites where BN affected ir-CRH level alteration,
the CeA is also rich in ir-BN and ir-CRH and is endowed with receptors for BN-like
peptides and CRH, making this nucleus another likely site for functionally important BN-
like peptide-CRH interactions.”>®%*322 [ndeed, the CeA was recently implicated in the
mediation of BN’s stress-like effects as exposure to restraint stimulated the release of ir-
BN from the CeA.>"® It was somewhat surprising however, that only the lower dose of
BN altered ir-CRH content. This anomaly might be related to greater release with the
higher dose and a greater compensatory increase in synthesis at the time of sampling. i.e.
these changes may have occurred faster and returned to normal levels at the time of
sacrifice. Alternatively, this may have been due to other phenomena, such as an inverted-

U dose response at this nucleus. Indeed, previous findings have shown that
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microinjection of increasing doses of BN (50 to 150 ng/rat) into various hypothalamic
nuclei had varying effects on serum free fatty acids (i.e. stimulatory or inhibitory),

depending on the site or dose of peptide administration. ">

It is conceivable that the peptidergic changes noted after BN administration may
have been indirect rather than direct (or pharmacological) effects. For instance, central
BN is known to elicit behavioral changes, which may indirectly influence other
peptidergic systems. The doses utilized have varied widely (0.01 to 3 ug; i.c.v.),
however, the more commonly used doses have ranged between 0.01 — 1 pg of BN
(i.c.v.).!33219279329 A g the doses of BN used in the present study exceed the minimum
necessary to induce a behavioral change, the observed BN-elicited central peptidergic
alterations may have been secondary to BN-elicited behavioral alterations. Furthermore,
although stressors promote peptidergic changes similar to those evoked by central BN
administration, it is possible that these doses may be in a pharmacological (rather than a
physiological) range, and might not necessarily simulate endogenous fluctuations
normally associated with environmental challenges. Finally, it can be argued that some
of the BN-elicited regional changes in CRH and/or AVP may have occurred due to
diffusion of BN from the ventricular system to brain regions not typically affected under
physiological conditions, or for that matter, from leakage of the peptide into systemic
circulation. Although the former possibility can not be refuted, the latter possibility
appears unlikely given that systemic administration of BN at even higher doses (up to 4

ng/kg; i.p.), failed to engender endocrine variations (unpublished results). This is also
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congruent with the observation that central blockade of GRP receptors attenuates

stressor-elicited rise in ACTH and corticosterone. '*?

In conclusion, results from the present study demonstrate that central BN
administration induces site-specific alterations in the turnover of CRH and AVP at
several brain sites associated with the HPA axis. Specifically, these experiments are the
first to demonstrate 1) BN-induced fluctuations in tissue levels of ir-CRH and ir-AVP at
discrete brain nuclei and 2) BN’s stimulatory action on in vivo release of CRH and AVP
at the Me/Arc and the consequent increased availability of these ACTH secretagogues at
the anterior pituitary. These findings support our contention that BN-like peptides are
important in the mediation or modulation of the HPA activity observed in response to

stressful or appetitive stimuli, and may involve circuits releasing CRH and/or AVP.
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General Discussion

In preparation to deal with actual (or anticipated) homeostatic disturbances, the
body responds by initially activating the sympathetic nervous system (reflected by the
release of epinephrine and norepinephrine from the adrenal medulla) and the activation of
the HPA axis (reflected by sequential release of CRH from the hypothalamus (into the
portal circulation), ACTH from the anterior pituitary and finally corticosterone (or
cortisol) from the adrenal cortex). Amongst the most potent activators of these systems
are stressors of various sorts including systemic (infections)-type and processive
(psychological)-type stressors.'®® It is possible that these differing stimuli activate
different neural circuits and/or transmitter systems, eventually converging upon and
activating CRH and/or AVP neurons in the parvocellular division of the PVN. In
addition to the relatively well established role of classical neurotransmitters, such as
norepinephrine, in the mediation of the stress response, there is reason to believe that the
BN family of peptides may also contribute to the integration and/or mediation of these
responses. Indeed, BN-like peptides share an anatomical distribution pattern that is
similar to that of other stress relevant peptides including CRH and AVP.”*?°7377 [
addition, central BN administration produces endocrine, autonomic and behavioral
effects which resemble those elicited by stressor exposure as well as by exogenously
administered CRH or AVP 33133.134180213275313 The striking similarities between BN-like
peptides, CRH, AVP and stressor exposure in terms of their anatomical distributions,
endocrine, autonomic and behavioral effects led us to hypothesize that i) BN-like
peptides may be important in the mediation and/or integration of the stress response and

ii) that BN-like peptides may in part, mediate their stress-relevant effects through
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activation of CRH and/or AVP circuits. The overall objective of this research project
was to test these working hypotheses from a set of 5 major studies addressing specific

questions from both physiological and pharmacological perspectives.

The thrust of the physiological approach was based on the contention that stressor
exposure should evoke endogenous fluctuations in the utilization of stress relevant
neurochemicals. Thus, techniques such as gross brain dissection, receptor
autoradiography, brain micropunch, in vivo microdialysis and push-pull perfusion, were
employed to determine if exposure to stressors was associated with alternations in the
endogenous system(s) utilizing BN-like peptides. Using such an approach, we
demonstrated that stressor exposure did indeed evoke changes in post-mortem tissue
levels of BN-like peptides, the density of BN binding sites (chapters [ and II) and in the
availability of these peptides at the anterior pituitary (chapter III). Another approach to
test our working hypotheses was to utilize pharmacological tools. From this perspective,
we investigated whether BN-like peptides mediated their stress relevant effects through
activation of CRH and/or AVP neurons. Specifically, we assessed whether the blockade
of CRH receptors attenuated BN-induced autonomic and endocrine activation. Next, we
examined the effects of centrally administrated BN on endogenous system(s) utilizing
CRH and/or AVP (using brain micropunch and iz vivo push-pull perfusion). Our results
showed that blockade of CRH receptors with ah-CRF significantly attenuated BN-
induced HPA and autonomic activation (chapter IV), and that exogenously administered
BN elicited site-specific alterations in both ir-CRH and ir-A VP, as well as the release of

CRH and AVP from the Me/Arc translating into an increased availability of these ACTH
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secretagogues at the anterior pituitary (chapter V). Together, these data provide evidence
for the involvement of BN-like peptides in the mediation and/or modulation of the stress
response and suggest that BN-like peptides may mediate their stress relevant effects, at

least in part, via CRH- and/or AVP-sensitive circuits.

Physiological Approach

Prior to the initiation of this thesis project, evidence supporting the involvement
of BN-like peptides in the mediation and/or modulation of the stress response was
minimal and indirect. In particular, there were a few studies demonstrating that
exogenous administration of BN or related peptides (GRP or NMB) elicited endocrine,
autonomic and behavioral effects, some of which resembled those induced by stressor
exposure or CRH administration,>*-!33134180.215275313 \yhat was lacking, however, was
direct evidence functionally linking the BN family of peptides to the mediation and/or
modulation of the stress response. One approach to establish an association between BN-
like peptides and stress response would be to assess whether stressor exposure
functionally affected the endogenous system(s) utilizing BN-like peptides. For instance,
does stressor exposure alter a) the release of BN-related peptides, b) the tissue levels
and/or turnover of these peptides, c) their mRNA expression, and/or d) the receptor
function of these peptides? A large portion of this thesis was devoted to addressing
questions of this nature. In chapter I, we reported that acute immobilization stress was
associated with site-specific alterations in endogenous levels of BN-like peptides at the
hypothalamus and medulla and that the density of BN binding sites at the NTS, arcuate

nucleus and PVN was altered in parallel. We were then interested in exploring whether



the stress-related peptidergic alterations were dependent upon a) the nature of the
stressor, and b) genetic differences in stressor vulnerability. Subsequently. in chapter II,
we observed that in 2 lines of rats with differential sensitivities to stressors (Fast and
Slow seizing). acute exposure to a natural predator (i.e. ferret) or restraint induced
alterations in ir-BN levels at the anterior hypothalamus and NTS. Collectively, these
findings provided the first accounts of alterations in the BN-like peptide system in
response to stressor exposure, confirming a functional relationship between this family of
peptides and the stress response. It is interesting to note that despite differences in the
genetic makeup and the nature of the stressors, the regionally specific pattern of stress-
related changes in the content of BN-like peptide and the density of BN binding sites was
quite similar. In particular, alterations in the BN-like peptide system(s) were observed
within the hypothalamus and medulla. Unfortunately, in the earlier studies (chapter I),
the gross dissection procedure was used which precluded identification of the specific
nuclei within the hypothalamus and medulla, that may have been responsive to stressor
exposure. The higher anatomical resolution provided by receptor autoradiography
(chapter I) and the subsequent brain micropunch studies (chapter II) revealed that specific
sites within the hypothalamus (such as the arcuate, paraventricular, and anterior nuclei)
and within the medulla (such as the NTS), may be involved in BN’s mediation of the
stress response. These results are consistent with ix situ hybridization findings showing a
strong induction of immediate early gene expression at the NTS and numerous
hypothalamic nuclei following exposure to a variety of different stressors.®>7""? It is

notable that the brain micropunch and autoradiographic experiments did not reveal any

stressor-induced alterations in ir-BN or BN binding sites at limbic structures such as the



amygdala or hippocampus. The stressors employed in chapters [ and II
(immobilization/restraint stress and ferret exposure) are considered psychological or
“processive” in nature, and are thought to require significant sensory processing by the
limbic structures in the brain in order to take on physiologic meaning.'®® It is possible
that the BN family of peptides is involved with generalized reactivity to stressors
(involving direct HPA axis activation) as opposed to higher order interpretation of the
stressor (which would involve activation of limbic brain structures). In contrast to the
lack of peptidergic alterations at limbic structures for BN-like peptides, we observed (in
chapter IT) significant fluctuations in ir-CRH content and the endogenous release of CRH
at the CeA following restraint stress and ferret exposure. Based on these results, it would
secem that BN-like peptides and CRH play distinctive roles in the stress response, with
CRH being more involved with higher order sensory processing in addition to direct HPA
activation. This interpretation, is however, quite tentative particularly as the in vivo
release of BN-like peptides from the CeA was not assessed in experiments presented in
chapter [I. Although no change in ir-BN at the CeA was observed, it is conceivable that
this “snap shot” assessment of post-mortem tissue peptide levels may has missed
detecting changes in turnover, if for instance, the alterations in peptide utilization were
offset by compensatory changes in peptide synthesis or degradation. Indeed, in a
subsequent in vivo microdialysis study, we observed that acute restraint stress elicited the
release of both CRH and BN-like peptide from the CeA.?’® This demonstrates that these
peptides may be involved in the physiological manifestation of the stress response and
that the lack of peptide level changes (post-mortem) does not necessarily reflect lack of

effect on the peptide utilization.
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Taken together, these studies demonstrate that exposure to a variety of different
stressors induced site-specific changes in the endogenous levels of BN-like peptides.
While these results give some indication of key structures where BN-related peptides
might be acting to mediate and/or modulate the stress response, they do not give any
insight into the underlying mechanism(s) of action. This is especially true because
alterations in post-mortem tissue content (or lack there of) are difficult to interpret. For
example, increased tissue peptide levels of ir~-BN may reflect a) an increased synthesis of
the peptide and/or b) decreased release of the peptide, or c) increased peptide release
accompanied by even greater rate of its synthesis. Similarly, decreased tissue levels of ir-
BN may indicate a) decreased synthesis and/or b) increased release or ¢) increased
synthesis accompanied by an even greater rate of release. Moreover, a lack of
fluctuations in tissue peptide levels may be ambiguous as this could reflect either a) no
change in the rate of synthesis and/or release or b) a rate of release matched by increased
rate of peptide synthesis. Due to the limitations in the interpretation of regional peptide
level changes, in chapter III, we set out to monitor, using push-pull perfusion technique,
the dynamics of the in vivo release of BN-like peptides (GRP and NMB), in addition to
other stress-relevant peptides including CRH and AVP, from the anterior pituitary in
response to stressor exposure. We selected the anterior pituitary as the target site for
these studies because it is an integral component of the HPA axis as the primary target of
peptides released from the Me/Arc and the source of ACTH secretion during the stress
response. In addition, in a recent micropunch experiment, we found striking alterations
in ir-BN at the pituitary in response to audiogenic stressor exposure (data not shown). In

that experiment the peptidergic alterations were protracted, as changes in ir-BN were
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observable 24 h after exposure to the noise stress. To further explore the role of the BN
family of peptides in long-term stressor-related changes, a second objective of chapter I1I
was to assess whether prior stressor exposure had any long-lasting effects on the GRP
and/or NMB systems (as well as on the CRH and AVP systems). Thus, animals were
exposed to either no stressor, 14 sessions of daily restraint (chronic), or one session of
restraint followed by the passage of time (14 days; acute) and then the in vivo release of
GRP, NMB, CRH and AVP was assessed at the anterior pituitary. We observed that
basal interstitial levels of GRP, NMB, CRH and AVP at the anterior pituitary were
significantly elevated in animals previously exposed to either chronic or acute restraint
stress as compared to naive controls. In response to a subsequent novel stressor (air-
puffs) exposure, the naive rats showed a rapid and pronounced increase in the availability
of ir-GRP, ir-NMB, ir-CRH and ir-A VP at the anterior pituitary. Although rats with
previous stress experience also showed enhanced interstitial levels of GRP, NMB, CRH
and AVP following air-puff exposure, the rise was more delayed and less pronounced as
compared to the rise observed in the naive control rats. These findings have several
important implications. To begin with, although changes in the CRH and AVP systems
following previous stressor experience have been documented in the past, using indirect
measures, our results are the first to directly show that the availability of these
secretagogues is altered by the prior stress history of an organism and that the stress
history also differentially influences the GRP and NMB systems. The fact that basal
levels of GRP and NMB were enhanced in rats previously exposed to acute or chronic
restraint as compared to naive rats suggests that these peptidergic systems may become

up-regulated following conditions of prior stress experience. Thus, it is possible that BN-



like peptides may serve a permissive or modulatory role in the stress response over the
short-term, which may change to a more dominant one, if the system has been primed by
previous chronic or acute stressor exposure with adequate passage of time. More
research is needed, however, to further explore this contention. Our results also
demonstrated an increased availability of interstitial GRP, NMB, AVP and CRH levels at
the anterior pituitary in response to an acute stress challenge. It was hoped that by
measuring both GRP and NMB we might get some indication if individual members of
the BN family of peptides are differentially activated in response to stressor exposure.
Indeed, the expression of the mRNA for GRP or its receptors is more prominent than that
of mRNA for NMB or its receptors at the hypothalamic structures (including the
PVN).2%222 In contrast, NMB mRNA expression predominates in the anterior pituitary
whereas both NMB and GRP receptor mRNA expression are present at this structure. '’
Based on our findings however, it is difficult to draw any conclusions with respect to the
relative contributions of GRP and NMB to the stress response. Although, it is notable
that the stressor-induced rise in interstitial levels of NMB was slightly more rapid
reaching statistical significance by the 1* post-stress sample (as compared to the 2™ post-
stress sample for GRP). Thus, both of these BN-related peptides may be important from

the perspective of the stress response.

Pharmacological Approach

While the above-mentioned physiological findings suggest a functional role for
BN-like peptides in the mediation and/or modulation of the stress response, they provide

little insight into the neural mechanism(s) by which this family of peptides comes to



affect HPA activity. Thus, the main objective of the experiments comprising the
pharmacological approach was to investigate potential interactions between BN-like
peptides and other stress relevant peptides. The similarities between BN-like peptides,
CRH and AVP in terms of anatomical distribution, endocrine, autonomic and behavioral
effects led us to hypothesize that BN-like peptides may mediate their effects at least in
part via activation of CRH and /or AVP neurons. In chapter IV, we demonstrated that
central blockade of CRH receptors significantly attenuated BN-induced increases in
plasma ACTH, corticosterone, norepinephrine, epinephrine and glucose levels. While
these findings support the contention that BN-like peptides may be mediating their effects
through central CRH neurons, the anatomical locus (loci) for these peptidergic
interactions remained unknown. Thus in chapter V, an initial mapping study revealed
that central BN administration elicited a significant decrease in endogenous levels of
CRH at the ventromedial and anterior hypothalamic nuclei, NTS and CeA. In contrast,
central BN administration was associated with a significant increase in the endogenous
levels of AVP at the PVN, Me/Arc and a significant decrease at the ventromedial
hypothalamic nucleus. In order to assess the functional relevance of these tissue level
alterations, more direct push-pull perfusion experiments (see chapter V) were performed
to assess the dynamics of the in vivo release of CRH and AVP from the Me/Arc and
downstream at the anterior pituitary, in response to central BN administration. Results
showed that central administration of BN stimulated the release of CRH and AVP from
the Me/Arc translating into an increased availability of these ACTH secretagogues at the

anterior pituitary.



Collectively, the findings from Chapter IV and V provide support for the
contention that BN-like peptides mediate their effects, at least in part via site-specific
CRH and/or AVP neurons. Many questions, however, remain unanswered particularly
with respect to the exact nature of these peptidergic interactions. In fact, several possible
models could provide a framework to explain our pharmacological findings. Before
describing these models, it should be emphasized that they are not mutually exclusive;
that is, if one is correct, the others are not necessarily wrong. In fact, it has become
increasingly clear that peptides often function in an overlapping and redundant manner.*%°
Just as there appears to be multiple peptides capable of performing similar tasks, it would
make good sense for a single peptide to be able to perform its functions through multiple

neuronal mechanisms. This kind of overlap and redundancy would help to ensure the

functioning of a psychological fail-safe system.

The first and probably most obvious model is that BN-like peptide receptors (BB,
and/or BB,) are located on the cell bodies and/or dendrites of CRH and/or AVP
expressing neurons. Following stressor exposure (or exogenous BN or related peptide
administration), BN-like peptides would bind to these specific receptors to provoke the
release of CRH and/or AVP. [t is well established that CRH-contairing neurons in the
parvocellular division of the PVN (that co-express AVP) comprise the final common
pathway controlling the activity of the HPA axis.'®® Given that central BN administration
elicits the release of CRH and AVP from the Me/Arc, a region where CRH neurons
originating from the PVN, terminate (chapter V), it is likely that BN-like peptides exert

an effect on the CRH containing neurons at the PVN. This interaction could occur



208

directly, through local BN-like peptide release at the PVN or through release originating
from more distal BN-like peptide projections. Indeed, it is well established that a diverse
set of inputs arise from brainstem, limbic and/or hypothalamic pathways to converge on
the parvocellular CRH expressing neurons.”®'%’ Like noradrenergic and adrenergic
neurons that project from the NTS to synapse on the cell bodies and dendrites of CRH-
containing neurons at the PVN®"%! BN-like peptide neurons may also extend from
brainstem structures such as the NTS to the PVN. Although tract tracing studies have
revealed BN-like peptide fibers projecting from the PVN to the dorsal vagal complex
(which in encompassed within the boundaries of the NTS), BN-like peptide neurons
extending in the opposite direction have not yet been identified.”*** Interestingly, BN-
like peptides are co-localized with tyrosine hydroxylase (the rate-limiting enzyme in the

S.** This observation opens up the possibility

biosynthesis of norepinephrine) at the NT
that BN-like peptides may be co-secreted with norepinephrine and/or epinephrine at the
PVN to stimulate CRH release. Alternatively, BN-like peptides may activate CRH
neurons in the PVN via indirect routes. Consistent with this notion, direct microinjection
of BN into the NTS stimulates an increase in circulating plasma norepinephrine and
epinephrine levels.®* These findings lead to the possibility that BN-like peptide neurons
may synapse on catecholaminergic neurons of the NTS, projecting to the PVN.
Alternatively BN-like peptide neurons may synapse on CRH and/or AVP expressing
neurons directly at the NTS. The observation that central BN administration elicited a
significant decrease in ir-CRH content at the NTS (chapter V) is in keeping with this

notion. Activation of CRH neurons at the NTS may then stimulate the HPA axis, either

directly through their own projections to the PVN or indirectly, through noradrenergic or
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adrenergic fibers. Aside from the NTS, BN-like peptide neurons projecting from other
stress-relevant limbic structures (CeA, hippocampus, BNST) or hypothalamic nuclei
(ventromedial, anterior, and/or arcuate nuclei) may synapse with parvocellular CRH
expressing neurons in the PVN. Although at the present time information is limited with
respect to the location of BN-like peptide projections, moderate to high levels of ir-BN
and BN binding sites are present at most of the above mentioned limbic and
hypothalamic structures.??*>*9732 Alternatively, BN-like peptide neurons may synapse
directly on CRH and/or AVP expressing neurons (or on neurons expressing other stress
relevant neurotransmitters/neuromodulators) at these various limbic and/or hypothalamic
sites. This notion is consistent with our findings from chapter V demonstrating a
decrease in ir-CRH content at the CeA and anterior hypothalamus and a decrease in both
ir-CRH and ir-AVP content at the ventromedial hypothalamus following central BN
administration. Moreover, we have recently demonstrated in our laboratory that exposure
to restraint stress produced a pronounced increase in CRH and BN-like peptide release at
the CeA.>’® Irrespective of where BN-like peptides may be binding to specific receptors
on CRH and/or AVP neurons, in order to validate this model, electron-microscopic
studies are needed to analyze possible synaptic contacts between BN-like peptide axons

and CRH-positive dendrites.

One of the assumptions made by this first model is that the relationship between
BN-like peptides, CRH and AVP is unidirectional; i.e. BN-like peptides cause the release
of CRH and/or AVP and not vice-versa. While this assumption needs to be further

investigated it is not in keeping with the contention that peptides generally function in an
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overlapping and redundant capacity. This being said, it is more likely that the
relationship between BN-like peptides, CRH and AVP is bi-directional. The next two
models that I will briefly discuss incorporate this concept. The first is modeled after the
relationship between CRH and AVP. It is well established that most if not all
immunodectable AVP in the ZEME is found in CRH containing terminals, implying that
AVP is co-produced in the CRH-expressing neurons of the PVN.*** Like AVP, BN-like
peptides may also be co-produced in parvocellular CRH-expressing neurons and co-
stored with CRH in the nerve terminals of the ZEME. Indeed there is some evidence that
this in fact is the case, as co-localization of BN-like peptides and CRH has been observed
in the ovine ME.'*® Although, the basic principle of the first model, namely that BN-like
peptide receptors are located on CRH neurons, would still hold true for this second
model, the difference is that when BN-like peptides bind to their receptors, CRH, AVP
and/or BN-like peptides would be released. Similarly, if CRH binds to specific receptors
on CRH neurons co-storing AVP and/or BN-like peptides, then CRH, AVP and/or BN-
like peptides would be released. Evidence for or against this model could be provided by
further characterization of the extent of co-localization of CRH and BN-like peptides at
the ME (as well as in other regions) in species other than sheep. In addition, further
studies characterizing the in vivo (or in vitro) peptidergic release from the ME are
needed. Interestingly, in chapter III we demonstrated an increased availability of CRH,
AVP, GRP and NMB at the anterior pituitary (Iocated downstream from the ME) in
response to air-puff exposure. Unfortunately, the temporal resolution in this method is
not sensitive enough to provide a clear indication as to whether or not these four peptides

could have been co-released from the external zone of the ME.
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Finally, the third model suggested is that BN-like peptides and CRH (and/or
AVP) function as cooperative and interdependent parallel systems. This model may be
similar to one proposed by Cooper and Dourish (1990)"! to explain pharmacological
interactions between cholecystokinin (CCK) and 5-HT in the regulation of satiety. In this
model, the relationship between CCK and 5-HT is cooperative in that the release of one
would enhance the release of the other and vice-versa. Moreover, the model further
suggests that CCK and 5-HT act as parallel systems, in that they perform separate actions
at distinct receptor sites. However, the systems are interdependent as they both are
necessary for the full expression of satiety as their respective receptors are interfaced
through a common gate. Thus, blockade of one system will affect the ability of the other
to induce satiety. Although we have shown that BN-like peptides cause the release of
CRH (chapter V), we have not assessed whether CRH can elicit the release of BN-like
peptides. This observation would be necessary in order to satisfy the assumption that the
relationship between BN-like peptides and CRH is cooperative. Moreover, although we
have shown that blockade of central CRH receptors attenuates BN-induced HPA and
sympathetic activation (chapter IV), as well as BN-induced behavioral effects®*’, studies
on the effects of BN receptor blockade on CRH-induced endocrine, autonomic and
behavioral effects are currently lacking. Again, observations such as these would be

necessary to satisfy the interdependence assumption.

In summary, although our findings from the pharmacological perspective provide
evidence that BN-like peptides mediate their stress-relevant effects, at least in part, via

activation of CRH and/or AVP neurons, the underlying neuronal mechanism(s) mediating
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these peptidergic interactions is (are) currently not known. While the three models
previously discussed may provide a framework to explore these peptidergic interactions,
more research is needed to determine if any (or all) of these models are applicable to our

findings.
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Fig. 1 Three schematic models illustrating potential mechanisms through which BN-like
peptides might interact with CRH (AVP not shown). Model a. depicts a scenario where
receptors for BN-related peptides are located on the cell bodies and/or dendrites of CRH-
expressing neurons. Model b. is similar to model a. with the added possibility that BN-
like peptides are co-localized in CRH-expressing neurons. Model c. illustrates a situation
where BN-like peptides and CRH may function in cooperative and interdependent
paralle] systems.



Implications

The present findings that a) BN-like peptides may be involved in the mediation
and/or modulation of response to stress and b) that BN-like peptides may mediate their
effects at least in part via activation of CRH and/or AVP neurons, have several potential
neuroscientific and heuristic implications. In recent years, a large body of evidence has
emerged linking stressful life events with an increased vulnerability to pathological
conditions such as depression and anxiety disorders*>® For example, stressful life events

3058192 1p addition, stressful events in childhood

often precede the onset of depression.
such as abuse, neglect, or loss of a parent are identified as predictors for depression,
generalized anxiety disorder or posttraumatic stress disorder.**"'%*1% These and other
studies have spawned research into elucidating the underlying mechanisms mediating
stress-related psychopathology. Much of this research has focused on CRH, the primary
mediator of the stress response. Indeed, there is considerable evidence suggesting that
CRH is hypersecreted from hypothalamic and extrahypothalamic neurons in depression.
For example, increased concentrations of ir-CRH have been reported in the CSF of
depressed patients and in suicide victims (who presumably suffered from

21305 . . . .
1721395 Moreover, an increase in CRH expressing neurons in post-mortem

depression).
PVN tissue of depressed patients and a down regulation of CRH receptors in the frontal

. .« . 3
cortex of suicide victims have been observed.3%34

More recently, the role of other stress relevant peptides, such as AVP, in stress-
related psychopathology has begun to be explored. Much of the interest in AVP was

generated from animal findings demonstrating that exposure to repeated stressors or a
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single stressor exposure followed by an adequate passage of time, caused an increase in
the co-expression of AVP in CRH neurons at the external zone of the ME.?>%43663% Thig
action appears to lead to a shift in the composition of the signal driving ACTH secretion
from predominantly CRH-driven to predominantly AVP-driven, suggesting that AVP
may play an important role in the maintenance of a strong stress response following

3% Although human data is limited, consistent with

exposure to certain types of stressors.
these animal findings, Purba et al. ( 1996)342, observed an increased number of AVP-

expressing neurons in post-mortem PVN tissue of depressed patients. Taken together,

these findings are suggestive of an up-regulation of the AVP system in depression.

The present data from this thesis suggest that along with CRH and AVP, the BN
family of peptides are also involved in the integration of the stress response and deserve
to be recognized as ‘stress peptides’. As such, it is quite likely that the BN family of
peptides play a role in the pathophysiology of stress-related disorders. In support of this
contention, we have recently shown that in the brains of human suicide victims, there are
site-specific alterations in the endogenous levels of CRH, AVP and BN-like peptides
(manuscript in preparation). Expansion of the realm of ‘stress peptides’ to include the
BN family of peptides could open up new avenues for therapeutic intervention of stress-
related disorders. Just as CRH neurons and/or receptors are targets for prevention and
therapy for depression and anxiety related disorder, GRP and/or NMB neurons and/or

their respective receptors may also be considered potential therapeutic targets.
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