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Abstract. In addition to the relatively well established
role of corticotropin-releasing hormone (CRH) and argi-
nine-vasopressin (AVP) in the mediation of the stress re-
sponse, there is reason to believe that bombesin-like pep-
tides (BN-LPs) may also contribute to the mediation or
integration of these responses and thus might be consid-
ered as putative ‘stress peptides’. This review provides
evidence supporting this contention by showing that (i)
BN-LPs are present at brain sites known to be activated
by stressors, (ii) stressor exposure alters utilization of

BN-related peptides, (iii) exogenous BN administration
mimics the endocrine, autonomic and/or behavioral ef-
fects elicited by stressors, and (iv) antagonism of BN ac-
tion attenuates the behavioral and/or neurochemical ef-
fects of stressors or of exogenously administered peptide.
The evidence presented also suggests that BN-LPs medi-
ate their stress-relevant effects through activation of CRH
and/or AVP neurons. Several hypothetical mechanisms
for such peptidergic interactions are discussed as to the
implications of considering BN-LPs as ‘stress peptides’.
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Introduction

Stressful stimuli evoke a plethora of physiological and
behavioral responses aimed at harm avoidance, blunting
of the adverse impact of the stressor, and/or restoration of
homeostasis [1—3]. The physiological stress response in-
volves, among other things, activation of two interrelated
systems, namely the sympathetic nervous system and the
hypothalamic-pituitary adrenal (HPA) axis [4—6]. Sym-
pathetic activation is reflected by the central release of
norepinephrine (from widespread projections originating
in the locus coeruleus) as well as the peripheral release of
epinephrine and norepinephrine from the adrenal medulla
[4, 7]. HPA activation is reflected by the cascading re-
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lease of various secretagogues [including CRH and AVP]
from the hypothalamus into portal circulation, ACTH
from the anterior pituitary and finally corticosterone (or
cortisol in humans) from the adrenal cortex [4, 6, 8, 9].

These systems can be activated by both systemic (e. g. in-
fections, elevated blood pressure) and processive (e.g.
psychological stimuli of emotional significance) stres-
sors [8]. It is possible that these various types of stressors
activate distinct neural circuits and/or transmitter sys-
tems, which eventually converge upon and activate CRH
and/or AVP neurons in the parvocellular division of the
paraventricular hypothalamic nucleus (PVN). Indeed, not
only might neurogenic (physical) and psychogenic (psy-
chological) stressors involve different processes, but
there is also reason to believe that various types of pro-
cessive (or systemic) stressors may also deploy distinct
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neural circuits. For instance, predator-related cues (e.g.
predator odors) and conditioned (learned) fear responses
may activate different aspects of the stress circuitry [10].
Although the role of classical neurotransmitters (e. g. nor-
epinephrine, dopamine and serotonin) and peptides (e.g.
CRH and AVP) in subserving the stress response have
been firmly established, many other neuromodulators
are also thought to contribute to the mediation and/or
integration of these responses. It is our contention
that bombesin-like peptides (BN-LPs), consisting of
bombesin’s mammalian counterparts, gastrin-releasing
peptide (GRP) and neuromedin B (NMB), represent one
class of neuromodulators that contribute to the inte-
gration and/or mediation of the stress response. This
manuscript defines a set of four testable criteria that
might serve to characterize or identify neuropeptides in-
volved in the regulation of the stress response. This re-
view will then assess experimental evidence, including
some from our own laboratory, suggesting that BN-LPs
meet the criteria defining a ‘stress peptide’, and may be
involved in the mediation and/or integration of the stress
response.

Characteristics of a stress peptide

In order to characterize a peptide as a ‘stress peptide’,
several fundamental requirements ought to be met: (i) the
putative ‘stress peptide’ should be present at brain sites
known to be activated by stressors [e.g. as reflected by c-
fos activation or 2-deoxy glucose (2-DG) accumulation
following stressor exposure], (ii) exogenous peptide ad-
ministration should mimic the endocrine, autonomic
and/or behavioral effects elicited by stressors, (iii) antag-
onism of peptide action (e.g. using peptide receptor an-
tagonists) should attenuate or block the behavioral and/or
neurochemical effects of stressors or of exogenously ad-
ministered peptide and (iv) stressor exposure should in-
fluence utilization of the peptide, as reflected by altered
release, tissue levels, turnover [e.g. altered messenger
RNA (mRNA) expression], or receptor function. These
characteristics are by no means an exhaustive summary
of all potential criteria, but rather represent a list of
testable characteristics that can serve as a first step to-
wards defining or characterizing stress peptides.

Of course, it is important to consider that the extent and
possible direction of the peptidergic alteration may also
be dependent upon the type of stressor to which an or-
ganism is exposed, as well as its intensity or duration. For
instance, it was proposed that the neural pathways or cir-
cuits that are activated would vary as a function of the
type of stressor to which an animal is exposed [8]. Stres-
sors involving an immediate physiological threat (sys-
temic stressor), such as an immune challenge or a respi-
ratory stressor, may directly activate the PVN. In contrast,
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stressors which require interpretation by higher brain
structures (processive stressor), such as psychological
challenges, seem to first activate limbic forebrain struc-
tures (including the amygdala, hippocampus and pre-
frontal cortex) before filtering and transmitting relevant
information to the PVN [8]. In addition to the type of
stressor, a peptide’s role in the stress response may
change depending upon the duration and intensity of the
stressor (acute vs. chronic; weak vs. strong) or as a func-
tion of individual organismic characteristics or experien-
tial factors (genetic differences or life experiences) [1, 4].
Whereas these other factors are certainly relevant, the fo-
cus of this review will be on the four major characteris-
tics presented earlier (see fig. 1).

BN-LPs

BN is a tetradecapeptide originally isolated from the skin
of the European frog Bombina bombina [11]. Since its
discovery, many BN-LPs have been isolated and subse-
quently divided into three subfamilies based on their car-
boxy-terminal tripeptide sequences. The three subfami-
lies include Bombesin, Ranatensin and Phyllolitorin.
Currently, only two mammalian BN homologues have
been identified. One is gastrin-releasing peptide (GRP), ,,
(a 27-amino acid peptide sometimes referred to as mam-
malian BN), and the second is its decapeptide form,
GRP,¢,, [often referred to as neuromedin C (NMC)] [12].
Neuromedin B (NMB) (in both its molecular forms,
NMB,;,, and NMB,;;,) belongs to the second or
Ranatensin subfamily [13]. Receptors for BN-LPs have
also been isolated and were subsequently localized in
mammalian tissue. The first two receptors discovered
were defined by their differential affinities for three BN
agonists of mammalian origin. Thus, BB, receptors bind
NMB with greater affinity than GRP, whereas BB, recep-
tors bind GRP with higher affinity than NMB. More re-
cently, new BN receptor subtypes (BB;, and BB,) have
been identified; however, information pertaining to their
functions is currently limited, as no known natural lig-
ands have been shown to interact with high affinity to
these receptors [3, 14].

Are BN-LPs present at stressor-responsive

brain sites?

Mammalian BN-LPs are widely distributed throughout
the CNS, as well as in peripheral structures, which are
known to be responsive to stressful stimuli. Of the many
brain regions activated by stressors, the parvocellular di-
vision of the PVN and the anterior and intermediate lobes
of the pituitary (and hence the adrenal gland) appear to be
particularly reactive in response to stressors, as reflected
by marked increases of c-fos mRNA expression [15—19].
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Figure 1. Factors that influence the neurochemical stress response. The response(s) to stressors are regulated by the central nervous sys-
tem (CNS), and are influenced by a variety of factors including (i) the characteristics of the stressor (e. g. its controllability, predictability,
chronicity and intermittence), (ii) the type of stressor [e.g. whether it is a perceived stressor (processive type; facing a predator, threaten-
ing environment) or whether it is a direct physiological insult (systemic type; loss of blood, infection) to the body], (iii) organismic factors
(e.g. age, gender, genetic loading, species), (iv) experiential variables (e. g. early life experiences, particularly their history of stressor ex-
posure) and (v) status of the immune system (whether it is activated and has released various cytokines). The CNS can promote physio-
logical as well as behavioral responses which will allow the organism to deal with the actual or perceived threat to the organism. Such re-
sponses include the activation of the HPA axis (eventually leading to the release of glucocorticoids from the adrenal cortex) and/or the ac-
tivation of the sympatho-adrenal system that leads to the release of catecholamines into the circulation. These types of responses can
facilitate some of the other responses coordinated by the CNS, such as enabling the flight-or-fight response, increasing energy availability
and ensuring adequate blood flow. However, when such responses become protracted, they can lead to pathology, such as hippocampal cell

loss, ulceration of the gastrointestinal tract and so on.

As would be expected of stress-relevant peptides, im-
munoreactive (ir)-BN is present in all of these key ele-
ments of the HPA axis [20—23]. More specifically, GRP
mRNA predominates within hypothalamic structures,
including the parvocellular PVN, suprachiasmatic,
supraoptic, preoptic and mammillary nuclei (as well,
NMB mRNA has also been identified in some hypothal-
amic regions including the arcuate and supraoptic nuclei)
[24, 25]. In contrast, NMB mRNA is more prominent
than GRP mRNA at the anterior pituitary [26]. With re-
spect to receptor distribution, high-to-moderate densities
of BN-LP receptors are located at the PVN, anterior and
arcuate hypothalamic nuclei, median eminence (ME) and
anterior pituitary [27-30]. In situ hybridization studies
have further revealed that BB, mRNA predominates
within the hypothalamic nuclei, whereas both BB, and
BB, receptor mRNAs are present at the anterior pituitary
[25, 26, 31].

In addition to the elements of the HPA axis, ir-BN and
BN-LP receptors are present in other CNS structures,
which have been implicated in the stress response. For ex-
ample, high levels of ir-BN are present in several caudal
brainstem nuclei, including the nucleus of the solitary
tract (NTS) and the parabrachial nucleus, as well as in
several limbic structures, such as the bed nucleus of the
stria terminalis (BNST), cortical and central amygdaloid
nuclei (CeA), and the hippocampus, all of which have
been associated with the stress response [20, 32, 33]. As
would be expected from a stress peptide, GRP mRNA is
prominent at all of the regions cited [24, 25]. In terms of
BN-LP receptors, high-to-moderate densities are found
within the amygdala, hippocampus, locus coeruleus,
parabrachial nucleus and NTS [27-30]. Specifically,
BB, receptor mRNA predominates in limbic structures,
such as the amygdala and hippocampus, whereas both
BB, and BB, receptor mRNAs are present in brainstem
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structures such as the NTS [25, 31]. It is of interest that
BB, receptors are also prominent at the dorsal raphé, and
seem to regulate the release of serotonin at various fore-
brain regions [34]. Taken together, it appears that ir-BN
mRNA expression and receptor density have been local-
ized in many stress-relevant brain regions and might thus
potentially contribute to both HPA and autonomic activ-

ity.

Does stressor exposure alter BN-LP release,

levels and/or turnover, mRNA expression,

and/or receptor function?

One approach to ascertain an association between BN-
LPs and the stress response would be to assess whether
stressor exposure functionally affected the endogenous
system(s) utilizing BN-LPs. Specifically, does stressor
exposure alter (i) the release of BN-related peptides, (ii)
the tissue levels and/or turnover of these peptides, (iii)
their mRNA expression and/or (iv) the receptor function
of these peptides? Several experiments from our labora-
tory attempted to address such questions. Initially,
we found that acute immobilization stress (10, 30 and
120 min) was associated with site-specific alterations of
endogenous levels of BN-LPs at the hypothalamus and
medulla and that the density of BN binding sites at the
NTS, arcuate nucleus and PVN was altered in parallel
(see figs. 2, 3) [35]. Next, we assessed whether the stress-
related peptidergic alterations were dependent upon (i)
the nature of the stressor, or (ii) genetic differences in
stressor vulnerability. In two lines of rats that differed in
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anxiety response (comorbid with their differential seizure
proneness; Fast and Slow seizing lines), acute exposure to
a predator (i.e. ferret) or restraint induced alterations of
ir-BN levels at the anterior hypothalamus and NTS, sug-
gesting a functional relationship between this family of
peptides and the stress response. Significantly, despite
differences in the genetic makeup of the rat lines and the
nature of the stressors employed, the regionally specific
pattern of stress-related changes in the content of BN-LPs
and the density of BN binding sites was quite similar. As
will be discussed shortly, postmortem analyses for neu-
ropeptide levels are likely not an adequate index of neu-
ropeptide utilization. Thus, although these data do not
provide an index of relative BN-LP activity in the two rat
lines, the data are consistent with the view that stressors
influence BN-LP activity at stressor-sensitive brain re-
gions [36].

Several studies with higher anatomical resolution, using
receptor autoradiography and brain micropunch, 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 [35]. These results are
consistent with in 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 [15, 37, 38]. It
is notable that the brain micropunch and autoradiographic
experiments did not reveal any stressor-induced alter-
ations of ir-BN or BN binding sites at limbic structures,
such as the amygdala or hippocampus. The stressors em-
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Figure 2. Content of ir-BN (mean + SEM) in brain regions under nonstressed control condition and following exposure to 10, 30 and
120 min of immobilization. Brain regions include hypothalamus (hyp), medulla (med), pituitary (pit), midbrain (mb), pons, striatum (str)
and hippocampus (hipp). *,** Significantly different from nonstressed control values at P < 0.05 and P <0.01, respectively.
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Figure 3. Density of BN binding sites in various brain regions under nonstressed control condition and following exposure to 30 and
120 min of immobilization. Brain regions assessed included the following: nucleus accumbens (nAcb), central amygdaloid nucleus (CeA),
paraventricular thalamic nucleus (PV), paraventricular hypothalamic nucleus (PVN), arcuate nucleus (Arc), nucleus of the solitary tract
(NTS) and hippocampus (Hipp). Results are expressed in DPM/mg as mean + SEM *, ** Significantly different from non-stressed con-

trol values at P <0.05 and P <0.01, respectively.

ployed in these experiments (immobilization/restraint
and ferret exposure) are considered psychological or
‘processive’ in nature, and are thought to require signifi-
cant sensory processing by the limbic structures in the
brain in order to take on physiologic meaning [8]. It is
possible that BN-LPs are involved with generalized reac-
tivity to stressors (involving direct HPA axis activation)
as opposed to higher-order interpretation of the stressor
(which would involve activation of limbic brain struc-
tures). In contrast to the absence of altered BN-LPs at the
limbic structures, we observed significant fluctuations of
ir-CRH content and the endogenous release of CRH at the
CeA following restraint stress and ferret exposure [36].
Based on these results, it would seem that BN-LPs and
CRH play distinctive roles in the stress response, with
CRH being more involved with higher-order sensory pro-
cessing in addition to direct HPA activation. This inter-
pretation, however, was considered to be highly provi-
sional, particularly as the in vivo release of BN-LPs from
the CeA was not assessed. Although no change of ir-BN
at the CeA was observed, it is conceivable that this ‘snap
shot’ assessment of postmortem tissue peptide levels may
have failed to detect changes of turnover, if for instance
the alterations of peptide utilization were offset by com-
pensatory changes in peptide synthesis or degradation.
Indeed, in an in vivo microdialysis study, we observed
that acute restraint stress elicited the release of both CRH
and BN-LPs from the CeA [39]. Thus, it appears that
these peptides may be involved in the physiological man-
ifestation of the stress response and that the lack of
change in the tissue level of peptide (post-mortem) does

not necessarily reflect lack of effect on the peptide uti-
lization [40].

Taken together, it appears that exposure to a variety of
different stressors can elicit site-specific changes of en-
dogenous levels of BN-LPs. Although these results pro-
vide some indication of key structures where BN-LPs
might be acting to mediate, or modulate the stress re-
sponse, they do not provide insight into the underlying
mechanism(s) of action. This is especially true since al-
terations in postmortem tissue content (or lack thereof)
are difficult to interpret. For example, increased tissue
peptide levels of ir-BN may reflect (i) an increased syn-
thesis of the peptide and/or (ii) decreased release of the
peptide or (iii) increased peptide release accompanied by
even greater rate of its synthesis. Similarly, decreased tis-
sue levels of ir-BN may indicate (i) decreased synthesis
and/or (ii) increased release, or (iii) increased synthesis
accompanied by an even greater rate of release. The fail-
ure to detect fluctuations in tissue peptide levels may be
similarly ambiguous, as it could reflect either no change
in the rate of synthesis and/or release or, alternatively, a
rate of release that is matched by an increased rate of pep-
tide synthesis. Due to limitations in the interpretation of
regional peptide level changes, we attempted to assess the
dynamic in vivo release of BN-LPs (GRP and NMB)
from the anterior pituitary in response to stressor expo-
sure, using the push-pull perfusion technique [40]. In ad-
dition, release of other stress-relevant peptides, including
CRH and AVP, were monitored. We assessed the anterior
pituitary in these studies because it is an integral compo-
nent of the HPA axis, being the primary target of peptides
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Figure 4. Interstitial levels of GRP and NMB (expressed as a per-
centage of the baseline) at the anterior pituitary, following exposure
to an acute stressor (air puff). Solid symbols represent points that
are significantly different from the last baseline sample of respec-
tive treatment conditions.

released from the median eminence-arcuate complex
(Me/Arc), and the source of ACTH secretion during the
stress response. In addition, in a recent micropunch ex-
periment, we found striking alterations of ir-BN at the pi-
tuitary in response to audiogenic stressor exposure (un-
published observations). It was observed that exposure to
an air-puff stressor (over a 5-min period; 1 pulse/min)
significantly increased interstitial levels of both GRP and
NMB (as well as CRH and AVP) at the anterior pituitary
(see fig. 4). Although the stressor-induced increase of
peptidergic levels at the anterior pituitary may reflect lo-
cal release (at the anterior pituitary), it is more likely that
it represents peptide release upstream (at the Me/Arc). In-
deed, we have recently shown a tight temporal association
between peptidergic release from the Me/Arc and avail-
ability of those peptides at the anterior pituitary [40].
These findings suggest that like CRH and AVP, BN-LPs
are released from the Me/Arc in response to stressor ex-
posure.

Does exogenous administration of BN mimic the
endocrine, autonomic and behavioral effects

elicited by stressors, and are these effects

blocked or attenuated by the blockade of

BB,, or BB, receptors?

Several laboratories, including ours, have shown that BN,
along with its mammalian counterparts, GRP and NMB,
can potently stimulate the release of ACTH from the an-
terior pituitary and corticosterone from the adrenal cortex
[41—47]. It is apparent that the ability of GRP to stimu-
late ACTH and corticosterone release is mediated via BB,
receptors, as central administration of a competitive and
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specific BB, receptor antagonist completely blocked the
GRP-induced increases in plasma ACTH and corticos-
terone levels [43]. The available data have been somewhat
less consistent with respect to BN-induced endocrine ef-
fects following peripheral administration of the agonists.
For instance, both Olsen et al. [44] and Garrido et al. [43]
found that intravenous injection of GRP did not affect
plasma ACTH or corticosterone levels in rats. In contrast,
others reported that intravenous infusion or intraperi-
toneal administration of GRP or BN significantly ele-
vated plasma ACTH and corticosterone levels in rats and
dogs [48—50]. In addition, in normal men intravenous in-
fusion of GRP stimulated the release of ACTH, p-endor-
phin and cortisol [51]. It has been suggested that the dis-
crepancies concerning the endocrine results following
peripheral administration of BN-LPs may be related to
species-dependent differences in sensitivities to BN-LPs,
or differences in the dosages of BN-LPs utilized [44]. In-
deed, in most studies where systemically administered
BN-LPs have been found to stimulate ACTH and corti-
costerone (or cortisol) levels, the doses of the peptide(s)
have typically been higher (>2100 pmol) than in the stud-
ies where such a stimulatory effect was not seen (typi-
cally <700 pmol) [43, 44, 48]. The inconsistent results
obtained with systemic BN administration, as well as the
need for relatively high doses of the peptide in order to
provoke a stimulatory effect on ACTH or corticosterone
secretion, has led to the suggestion that BN-LPs may be
acting predominantly through central mechanisms at
suprapituitary sites, such as the PVN or ME, to stimulate
the HPA axis. In support of this contention, Gunion et al.
[45] demonstrated that infusion of BN into the PVN sig-
nificantly increased blood corticosterone levels. In addi-
tion, Garrido et al. [42] demonstrated that low-to-moder-
ate concentrations of GRP (1 and 10 nM) stimulated the
release of CRH-like material from the hypothalamus,
whereas high concentrations of the peptide (100 and
1000 nM) were needed to stimulate the release of ACTH
and corticosterone from the anterior pituitary and adrenal
cortex, respectively. The effects of GRP at the hypothala-
mus, anterior pituitary and adrenals appear to be medi-
ated via BB, receptors, as the BB, receptor antagonist
(Leu-yp-CH,-NH-LEU") BN blocked GRP’s efforts on
hormone secretion from these sites [42]. However, firm
conclusions await the availability of highly selective and
specific BB, receptor antagonists.

As mentioned earlier, BN-LPs effectively influence sym-
pathetic activity. In particular, central BN administration
dose-dependently increased plasma levels of epinephrine
and norepinephrine [52—55] and increased plasma glu-
cose levels [52, 56—58]. The ability of BN to increase lev-
els of plasma glucose is dependent on adrenal epine-
phrine secretion, which diminishes plasma insulin levels
and increases plasma glucagon levels [52]. Although the
underlying mechanisms mediating BN’s sympathoad-
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renomedullary functions are currently not known, direct
electrophysiological evidence indicated that centrally ap-
plied BN elevates the activity of both sympathetic and
adrenal branches of splanchnic nerves, suggesting that
BN has a direct effect on sympathetic outflow [59]. Fur-
thermore, hypophysectomy did not prevent BN-induced
hyperglycemia, and adrenalectomy did not prevent the
BN-induced rise in plasma concentrations of norepineph-
rine [52, 53]. These findings suggest that BN’s involve-
ment in autonomic activation is centrally mediated and
independent of the HPA axis. Moreover, BN-induced el-
evations of plasma epinephrine levels are not blocked by
central administration of dopaminergic, adrenergic and
cholinergic antagonists [53]. To determine the relevant
central site(s) of action, this peptide was microinjected
into various brain sites of unanesthetized rats [53, 54]. In-
jection of BN into the NTS produced a dramatic elevation
of circulating plasma catecholamine levels relative to its
effects at other brain sites. Iguchi et al. [57] also found
that microinjection of BN into the ventromedial and lat-
eral hypothalamic nuclei resulted in a marked increase of
plasma glucose levels, raising the possibility that these
sites also play a role in mediating BN-induced hyper-
glycemia. Additional support for a role for BN-LPs in au-
tonomic activation is provided by the finding that central
BN administration significantly increased mean arterial
pressure [54, 60]. It has been suggested that this action is
secondary to the increase of plasma epinephrine levels.
Consistent with this contention, acute adrenalectomy or
pretreatment with the a-adrenergic receptor antagonist
phentolamine blocked the increase of mean arterial pres-
sure induced by BN injection [60].

In addition to the neurochemical and endocrine findings,
there is also behavioral support for the notion that BN-
LPs might qualify as stress peptides. Unfortunately, as
the potential involvement of BN-LPs in the stress re-
sponse is a relatively new formulation, the behavioral
data supporting this contention are limited. For instance,
data are not available regarding the effects of BN or its
antagonists on several traditional tests of anxiety, such as
the elevated plus maze, light-dark box test, or the startle
and fear-potentiated-startle responses. However, in be-
havioral tests that have been conducted, central or sys-
temic administration of BN-LPs induced behavioral ef-
fects resembling those elicited by stressor exposure, or
central CRH administration [61—65].

One of the characteristic behavioral responses to stressors
is to reduce food consumption, coupled with weight loss
[66]. In a similar fashion, both peripheral and central ad-
ministration of BN and its mammalian counterparts
(GRP and NMB) dose-dependently suppress food intake
in a variety of species [62, 67—69]. Indeed, the literature
is replete with evidence supporting the notion that BN-
LPs may represent physiologically relevant mediators of
satiety. However, the current tenet suggesting that these
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peptides mediate stress response is not mutually exclu-
sive of that suggesting that these peptides mediate satiety.
Indeed, it is possible that stressor-induced suppression of
food intake may recruit the very same circuitry or signal-
ing mechanism(s) that mediates satiety. In other words,
under normal physiological conditions, the satiety-sig-
naling system utilizing BN-LPs may operate indepen-
dently; however, stressor-associated suppression of food
intake would require activation of that system. Although
direct evidence supporting this contention is lacking, we
have shown that pretreatment with the CRH receptor an-
tagonist ah-CRF, which inhibits stressor-induced sup-
pression of ingestion [66], blocked BN-induced suppres-
sion of food intake [70]. It is of interest that many of the
brain regions activated during food ingestion are also ac-
tivated upon stressor or BN exposure [71], including sev-
eral hypothalamic nuclei (paraventricular, arcuate and
dorsomedial nuclei). Furthermore, in vivo or physiologi-
cal release of BN-LPs from the PVN has been shown to
occur in a meal-dependent manner [72, 73]. In addition,
microinjection of exquisitely low doses of BN-like pep-
tides into the NTS suppressed food intake [63] and le-
sions to the area postrema and NTS blocked the ability of
either central or systemic BN to inhibit feeding [74, 75].
Thus, like stressor exposure, it appears that BN-LPs sup-
press food intake, and the possibility exists that stressor-
induced suppression of ingestion is induced by the stim-
ulation of endogenous BN-related system(s) involved in
the physiological regulation of food intake.

Animals, particularly rodents, often engage in grooming
behavior when confronted with stressful conditions. It is
thought that this ‘displacement’ behavior may be a coping
style aimed at dealing with the stressor [76—78]. As such,
it is interesting that centrally administered BN or GRP in-
creases grooming behavior [61, 63, 79, 80]. Since pe-
ripheral BN injection was without such effect, central
mechanisms are implicated in the mediation of this BN-
elicited behavior. Although the central mechanisms are
currently not known, there is evidence of involvement of
both the dopaminergic and cholinergic systems, as pre-
treatment with either a selective D, receptor antagonist or
a muscarinic receptor antagonist can attenuate BN-in-
duced grooming [81, 82]. Interestingly, Van Wimersma et
al. [83] examined in detail the elements that comprise
BN-induced grooming (of which the main component is
scratching) and found that pretreatment with haloperidol
induced a general reduction of BN-induced grooming,
whereas pretreatment with naloxone suppressed the
scratching element of BN-induced grooming behavior.
These findings suggest that the opioid system may be
involved in the display of the scratching element of BN-
induced grooming, whereas the dopaminergic system ap-
pears to be involved in other elements of BN-induced
grooming. Parenthetically, neither adrenalectomy nor hy-
pophysectomy prevented the excessive grooming induced
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by BN administration, suggesting that these BN-induced
effects are independent of the HPA axis [79].

In addition to grooming, a characteristic behavioral re-
sponse to stressors among rodents is that of reduced ex-
ploration in a novel environment. In a familiar environ-
ment, however, mild stressors may provoke increased ex-
ploration. Once again, BN-LPs influence exploratory
behavior in a situation-specific fashion. Several investi-
gators have shown that central administration of BN
dose-dependently enhanced locomotor activity in rats
tested in a familiar environment [28, 84, 85]. In contrast,
reduced exploration is apparent when BN-LPs are ad-
ministered in a novel (presumably stressful) environment.
In this context, Itoh et al. [64] demonstrated that central
administration of BN, NMB, GRP and other related pep-
tides induced a marked reduction of locomotion and rear-
ing in rats placed in a novel open field. Again, these BN-
induced behavioral effects are consistent with those ob-
served in response to stressors. There is evidence that the
ability of BN to enhance locomotor activity is mediated,
at least in part, via dopaminergic neurons, as pretreatment
with dopamine receptor antagonists attenuated this BN-
induced effect [84, 85].

Just as locomotor activity is situation dependent, we have
observed that the consumption of a highly palatable snack
(granulated sucrose) also varies as a function of the envi-
ronmental context. When these snacks are offered to rats
in a familiar environment (e.g. home cage), they readily
consume the snack. In an unfamiliar environment (e.g.
when the cage, or the bedding is changed) latency to ini-
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tiate consumption is markedly increased, whereas the
amount consumed is reduced [86, 87]. It is of particular
interest that anxiolytic treatments resulted in an increase
of snack consumption in the novel cage but not in the
home-cage environment, suggesting that novelty-induced
suppression of food intake is related to anxiety generated
by the new environment. As would be expected, the neu-
romedin B antagonist (PD 176252) was found to attenu-
ate the effects of the novel environment, but not in the
home cage (see fig. 5). Although this effect may be at-
tributible to neuromedin B receptor (BB,) blockade, this
conclusion remains tenuous, as PD 176252 also has affin-
ity (although about an order of magnitude lower) for GRP
(or BB,) receptors [88, 89]

Finally, just as stressor exposure induces an antinocicep-
tive effect [90, 91], exogenous BN administration has
also been shown to produce antinocioception in rats. Pert
et al. [28] demonstrated that microinjection of BN into
the periaqueductal gray matter produced an antinocio-
ceptive reaction in both the hot plate and tail flick tests.
These effects were not blocked by naloxone administra-
tion, suggesting that the opioid system is not involved in
mediating this effect of BN.

Central mechanisms mediating stress-related

effects of BN-LPs

Although the neuronal mechanisms underlying the stress-
relevant BN-induced effects remain to be fully elucidated,
there is evidence that BN-LPs stimulate the HPA axis by

—O— Control
—o— NMBA

j/,
*

Test Day

Figure 5. Anxiolytic effect of BB,/BB, receptor antagonist: attenuation of novel environment induced increase in latency to initiate snack
consumption (mean + SEM) in rats that received central injections of either the antagonist or vehicle (control). *, ** Significantly differ-

ent from saline values at P <0.05 or <0.01, respectively.
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acting through other ACTH secretagogues, in particular
CRH and/or AVP. In support of this contention, we have
shown that blockade of central CRH receptors with ah-
CRF attenuated BN-induced endocrine (elevations in
plasma ACTH and corticosterone levels) and autonomic
(elevations in plasma norepinephrine, epinephrine and
glucose levels) effects [92] (see fig. 6). In an initial exper-
iment the central administration of CRH antagonist, ah-
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Figure 6. Plasma levels of ACTH, corticosterone, norepinephrine,
epinephrine and glucose (mean + SEM) in rats that received cen-
tral injections of either saline, ah-CRF (10 ng; icv), saline + BN
(0.25 pg; icv) or ah-CRF (10 pg; icv) + BN (0.25 pg; icv). * Sig-
nificantly different from saline values at P <0.05. { Significantly
different from saline + BN values at P <0.05.
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CRE, attenuated a variety of effects elicited by BN, in-
cluding circulating levels of glucose and epinephrine.
However, this treatment did not affect the BN-induced el-
evation of plasma corticosterone levels (measured at a sin-
gle 30-min time point). The possibility was considered,
however, that the absence of an effect on corticosterone
might have been due to the doses used or the time of sam-
pling. Thus, in a second experiment, a slightly lower dose
of BN was used (0.2 pg; icv), and blood samples were col-
lected at different time points to assess the time-dependent
changes in blood corticosterone levels (see fig. 7). Using
these parameters, pretreatment with ah-CRF attenuated
the BN-induced rise in blood corticosterone levels [92]. In
a similar fashion, Olsen et al. [44] previously demon-
strated that central GRP administration dose-dependently
stimulated ACTH release and potentiated the ACTH-stim-
ulating effects of CRH and AVP. In addition, pretreatment
with either CRH or AVP antisera blocked GRP-induced
ACTH release by 60%, whereas pretreatment with com-
bined antisera completely blocked this effect. It has also
been shown that central administration of ah-CRF
blocked the GRP-induced increase of ACTH and corticos-
terone [43]. In addition, in vitro evidence indicated that
BN-LPs may be acting via CRH neurons. For example, us-
ing isolated perfused anterior pituitary cells, either BN or
GRP enhanced the CRH-induced ACTH release [93].
Moreover, Au et al. [41] showed that administration of
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GRP or BN dose-dependently potentiated CRH-induced
ACTH release from mixed anterior pituitary cell cultures.
This effect was completely blocked by the BB, receptor
antagonist D-Tyr® BN(6—13) propylamide, suggesting
that BN-LPs exert their effects by binding to BB, recep-
tors on anterior pituitary cells.

As it appeared that BN-LPs might be mediating their ef-
fects through central CRH and/or AVP neurons, it was of
interest to determine the anatomical locus (loci) for these
peptidergic interactions. An initial mapping study in our
laboratory (using brain micropunch approach) revealed
that central BN administration (0.25 and 0.5 pg; icv) in-
fluenced the levels of CRH and AVP at various hypothal-
amic and extrahypothalamic brain regions, many of
which are thought to play a role in the stress response.
Specifically, central BN administration significantly de-
creased endogenous levels of CRH at the ventromedial
and anterior hypothalamic nuclei (VMH, AH), NTS and
CeA. In contrast, BN administration was associated with
a significant increase in the endogenous levels of AVP at
the PVN and Me/Arc and a significant decrease at the
VMH [94]. In order to assess the functional relevance of
these 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 the
Me/Arc (being the primary source of CRH release during
HPA activation) and downstream at the anterior pituitary
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Figure 7. Plasma concentrations of corticosterone (mean + SEM) at the 0, 15, 30, 60 and 120 min time intervals (following drug admin-
istration) in rats that received central injections of either vehicle (saline), ah-CRF (10 ng; icv), saline + BN (0.2 pg; icv) or ah-CRF
(10 pg; icv) + BN (0.2 pg; icv). 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 Signifi-
cantly different from (between-treatment condition) time-point matched saline + BN values at P <0.05.
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(where these peptidergic messages influence ACTH re-
lease). It was observed that central BN administration
stimulated the release of CRH and AVP from the Me/Arc,
translating into an increased availability of these ACTH
secretagogues at the anterior pituitary (see figs. 8 and 9).

Potential sites and mechanism(s) of action

Collectively, the available data provide support for the
contention that BN-LPs mediate their effects, at least in
part, via site-specific CRH and/or AVP neurons. Many
questions remain unanswered with respect to the precise
nature of these peptidergic interactions. In fact, several
potential sites of action could be proposed to explain our
pharmacological findings. These potential modalities of
action are not mutually exclusive. In fact, it has become
increasingly more apparent that peptides often function in
an overlapping and redundant manner [95]. Just as there
appear to be multiple peptides capable of performing
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Figure 8. Levels of CRH and AVP at the Me/Arc under baseline
condition, and following central administration of saline and BN
(0.1 pg; icv). The basal values for each subject were averaged over
the five baseline samples and defined as 100%. All values were
then expressed as a percentage of that baseline. ** Significantly dif-
ferent from baseline condition at 2 <0.01.
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similar tasks, it is plausible that a single peptide is able to
perform its functions through multiple neuronal mecha-
nisms. This kind of overlap and redundancy would help to
ensure the functioning of a psychological fail-safe sys-
tem.

The first and probably most obvious mechanism by
which CRH- and/or AVP-expressing neurons are affected
is via BN-LP receptors (BB, and/or BB,) located on the
cell bodies and/or dendrites of CRH and/or AVP neurons.
Following stressor exposure (or exogenous BN or related
peptide administration), BN-LPs would bind to these spe-
cific receptors to provoke the release of CRH and/or AVP.
It is well established that CRH-containing neurons in the
parvocellular division of the PVN (that coexpress AVP)
comprise the final common pathway controlling the ac-
tivity of the HPA axis [8]. Given that central BN admin-
istration elicits the release of CRH and AVP from the
Me/Arc, a region where CRH neurons originating from
the PVN terminate, it is likely that BN-LPs exert an effect
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Figure 9. Levels of CRH and AVP at the anterior pituitary under
baseline condition, and following central administration of saline
and BN (0.1 pg; icv). The basal values for each subject were aver-
aged over the five baseline samples and defined as 100 %. All val-
ues were then expressed as a percentage of that baseline. ** Signif-
icantly different from baseline condition at P <0.01.
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on the CRH-containing neurons at the PVN. This interac-
tion could occur directly, through local release of BN-LPs
at the PVN, or through release originating from more dis-
tal BN-LP projections. Indeed, diverse sets of inputs arise
from brainstem, limbic and/or hypothalamic pathways to
converge on the parvocellular CRH-expressing neurons
[8, 96]. 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 [97,
98], BN-LP neurons may also extend from brainstem
structures such as the NTS to the PVN. Although tract-
tracing studies have revealed BN-LP fibers projecting
from the PVN to the dorsal vagal complex (which is en-
compassed within the boundaries of the NTS), BN-LP
neurons extending in the opposite direction have not yet
been identified [99, 100]. Interestingly, BN-LPs are co-
localized with tyrosine hydroxylase (the rate-limiting en-
zyme in the biosynthesis of norepinephrine) at the NTS
[99]. This might indicate that BN-LPs may be cosecreted
with norepinephrine and/or epinephrine at the PVN to
stimulate CRH release.

As an alternative to the aforementioned hypothesis, it is
possible that BN-LPs may activate CRH neurons in the
PVN via indirect routes. Consistent with this notion, di-
rect microinjection of BN into the NTS stimulates an in-
crease of circulating plasma norepinephrine and epineph-
rine levels [54]. Thus, it remains likely that BN-LP neu-
rons may synapse on catecholaminergic neurons of the
NTS that project to the PVN. This does not exclude the
possibility that BN-LP neurons synapse on CRH- and/or
AVP-expressing neurons directly at the NTS. The obser-
vation that central BN administration significantly de-
creases ir-CRH content at the NTS 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 noradrener-
gic or adrenergic fibers. Aside from the NTS, it is possi-
ble that BN-LP neurons projecting from other stress-rel-
evant limbic structures such as the CeA, hippocampus
and/or BNST or hypothalamic nuclei (ventromedial, an-
terior and/or arcuate nuclei) synapse with parvocellular
CRH-expressing neurons in the PVN. Although there is
only limited information with respect to the location of
BN-LP projections, moderate to high levels of ir-BN and
BN binding sites are present at most of the aforemen-
tioned limbic and hypothalamic structures [20, 27, 32]. It
is also possible that BN-LP neurons may synapse directly
on CRH- and/or AVP-expressing neurons (or on neurons
expressing other stress-relevant neurotransmitters or neu-
romodulators) at these various limbic and/or hypothala-
mic sites. This notion is consistent with our findings of
decreased ir-CRH content at the CeA and anterior hypo-
thalamus and a decrease in both ir-CRH and ir-AVP con-
tent at the ventromedial hypothalamus following central
BN administration [40]. Moreover, as indicated earlier,
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we have demonstrated that exposure to restraint stress
produced a pronounced increase of CRH and BN-LP re-
lease at the CeA [39]. Irrespective of where BN-LPs bind
to specific receptors on CRH and/or AVP neurons, elec-
tron-microscopic studies are needed to analyze possible
synaptic contacts between BN-LP axons and CRH-posi-
tive dendrites.

Simplistically, it might be assumed that the relationship
between BN-LPs, CRH and AVP is unidirectional; i.e.
BN-LPs cause the release of CRH and/or AVP and not
vice versa. Although this assumption needs to be further
investigated, it is not in keeping with the contention that
peptides generally function in an overlapping and redun-
dant capacity. This said, it is more likely that the relation-
ship between BN-LPs, CRH and AVP is bidirectional.
The next two models proposed incorporate this concept.
The first is based on the relationship between CRH and
AVP. It is well established that most immunodetectable
AVP in the external zone of the ME is found in CRH-con-
taining terminals, implying that AVP is coproduced in the
CRH-expressing neurons of the PVN [101]. Like AVP,
BN-LPs could potentially be coproduced in parvocellular
CRH-expressing neurons and costored with CRH in the
nerve terminals of the external zone of the ME. Indeed,
there is some evidence that this in fact is the case, as co-
localization of BN-LPs and CRH has been observed in
the ovine ME [21]. Although the basic principle of the
first model, namely that BN-LP receptors are located on
CRH neurons, would still hold true for this second model,
the difference is that when BN-LPs bind to their recep-
tors, CRH, AVP or BN-LPs would be released. Similarly,
if CRH binds to specific receptors on CRH neurons co-
storing AVP and/or BN-LPs, then CRH, AVP and/or BN-
LPs would be released. Evidence for or against this model
could be provided by further characterization of the ex-
tent of colocalization of CRH and BN-LPs at the ME (as
well as in other regions) across species. In addition, fur-
ther studies characterizing the in vivo (or in vitro) pep-
tidergic release from the ME are needed. Although we
demonstrated (using push-pull perfusion) increased
availability of CRH, AVP, GRP and NMB at the anterior
pituitary (located downstream from the ME) in response
to air-puff exposure, the temporal resolution in this
method is not sensitive enough to provide a clear indica-
tion as to which of the peptides are coreleased from the
external zone of the ME.

Finally, the possibility should be considered, as indicated
earlier, that BN-LPs and CRH (and/or AVP) function as
cooperative and interdependent parallel systems. This
model is similar to one proposed by Cooper and Dourish
to explain pharmacological interactions between chole-
cystokinin (CCK) and 5-HT in the regulation of satiety
[102]. In this model, the relationship between CCK and
5-HT is cooperative in nature, as the release of one would
enhance the release of the other and vice versa. Moreover,
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according to this model, CCK and 5-HT can act in paral-
lel (i.e. they perform separate actions at distinct receptor
sites) or interdependently (i. e. both systems are necessary
for the full expression of their effects, because the recep-
tors are interfaced through a common gate). Thus, block-
ade of one system will affect the ability of the other to
produce its effect. Although we have shown that BN-LPs
cause the release of CRH, we have not assessed whether
CRH can elicit the release of BN-LPs. This observation
would be necessary in order to satisfy the assumption that
the relationship between BN-LPs and CRH is coopera-
tive. Moreover, although we have shown that blockade of
central CRH receptors attenuates BN-induced HPA and
sympathetic activation, as well as BN-induced behavioral
effects [70], studies on the effects of BN receptor block-
ade on CRH-induced endocrine, autonomic and behav-
ioral effects are currently lacking. Again, observations
along these lines are necessary to satisfy the interdepen-
dence assumption.

Implications

The present review suggests that the BN family of pep-
tides ought to be recognized as ‘stress peptides’. This des-
ignation for BN-LPs has several potential neuroscientific
and heuristic implications. Although a normal stress re-
sponse is largely viewed as adaptive and crucial for the
maintenance of mental and physical well being, dysregu-
lation of the stress response system(s) is thought to cul-
minate in pathophysiology. In this respect, a large body of
evidence has emerged linking HPA axis overactivity to a
host of pathological conditions including psychiatric dis-
orders (i.e. major depression and anxiety disorders), car-
diovascular disease, gastrointestinal dysfunction, sup-
pression of growth, immune system dysfunction and se-
lective brain cell damage as well as in eating disorders
like anorexia nervosa [103, 104]. This may be particularly
pertinent to the situations where stressors impact on in-
gestive behavior. As we saw earlier, the peptidergic alter-
ations as well as responses to exogenously administered
peptides is often situation specific and influenced by
stress history, factors currently being implicated in cer-
tain forms of eating disorders [1, 4, 9]. Thus, as in the
case of CRH and AVP [105—-110], it is likely that BN-re-
lated peptides may also be associated with stress-related
pathology. Indeed, we have recently obtained evidence
from two additional lines of inquiry further affirming the
importance of this family of peptides in stress-response:
(i) in a study of brains from suicide victims and matched
controls, we observed site-specific alterations in the en-
dogenous levels of CRH, AVP and BN-LPs [unpublished
observations], and (ii) in rodents, a mixed BB,/BB, re-
ceptor antagonist was shown to have potent antianxiety
effects, which may be associated with suppression of
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serotonin release at forebrain sites [Andrews et al., per-
sonal communication]. Thus the expansion of the sphere
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 de-
pression and anxiety-related disorders, GRP and/or NMB
neurons and/or their respective receptors may also be
considered potential therapeutic targets.
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