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Abstract
Glucagon-like peptide 1 (GLP-1) is best known as an incretin hormone, secreted from L cells in
the intestine in response to nutrient ingestion to stimulate glucose-dependent insulin secretion.
However, GLP-1 is also expressed in neurons, and plays a major role in regulation of homeostatic
function within the central nervous system (CNS). This review summarizes our current state of
knowledge on the role GLP-1 plays in neural coordination of the organismal stress response. In
brain, the primary locus of GLP-1 production is in the caudal nucleus of the solitary tract (NTS)
and the ventrolateral medulla of the hindbrain. GLP-1 immunoreactive fibers directly innervate
hypophysiotrophic corticotropin-releasing hormone (CRH) neurons in the hypothalamic
paraventricular nucleus (PVN), placing GLP-1 in prime position to integrate hypothalamo-
pituitary-adrenocortical responses. Exogenous central GLP-1 activates HPA axis stress responses,
and responses to a variety of stressors can be blocked by a GLP-1 receptor (GLP-1R) antagonist,
confirming an excitatory role in glucocorticoid secretion. In addition, central infusion of GLP-1R
agonist increases heart rate and blood pressure, and activates hypothalamic and brainstem neurons
innervating sympathetic preganglionic neurons, suggesting a sympathoexcitatory role of GLP-1 in
the CNS. Bioavailability of preproglucagon (PPG) mRNA and GLP-1 peptide is reduced by
exogenous or endogenous glucocorticoid secretion, perhaps as a mechanism to reduce GLP-1-
mediated stress excitation. Altogether, the data suggest that GLP-1 plays a key role in activation of
stress responses, which may be connected with its role in central regulation of energy homeostasis.
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1. Introduction
Successful adaptation to stress is required for the survival and well-being of all organisms.
Stressors reflect real or perceived threats to homeostasis that trigger endocrine, autonomic
and behavioral responses to promote physiological coping [1-4]. Prolonged or excessive
exposure to stressful stimuli can impair adaptive mechanisms and increase the individual’s
risk for developing numerous stress-associated diseases [5-11], hence requiring that stress be
carefully managed by organism.
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‘Stress responses’ are mediated by both autonomic (‘fight or flight’) responses and
glucocorticoid hormone release by the hypothalamo-pituitary-adrenocortical (HPA) axis.
The autonomic nervous system reacts rapidly to stressor exposure through activation of the
sympathetic nervous system, which stimulates secretion of norepinephrine and epinephrine
and thereby increases heart rate, blood pressure and blood glucose (among other effects).
However, these responses are short lived, due in part to compensatory reactions driven by
the parasympathetic nervous system [12]. Glucocorticoid effects are mediated by
corticosteroid receptors, which act via genomic as well as non-genomic mechanisms to
modulate intracellular signaling [12, 13, 14]. The HPA axis involves a neuroendocrine
cascade, initiated by corticotrophin-releasing hormone (CRH) and arginine vasopressin
(AVP) neurons of the hypothalamic paraventricular nucleus (PVN), which stimulate
pituitary adrenocorticotrophic hormone (ACTH) release and subsequent adrenocortical
synthesis and secretion of glucocorticoids. By virtue of the time delay in the neuroendocrine
process and the intracellular/genomic actions of glucocorticoids, the HPA axis response
occurs at longer latency than the sympathoadrenal response, and has more temporally
extended cellular action. These systems act together to mobilize central and peripheral
energetic resources over both immediate and protracted periods of time, allowing reaction to
or anticipation of threat and recovery of energy homeostasis.

Stress responses are mediated by multiple overlapping circuits in forebrain limbic regions,
hypothalamus and brainstem. In particular, the nucleus of the solitary tract (NTS) is a key
brain region involved in the processing of autonomic and HPA axis stress responses [15,
16]. The NTS sends direct stress-excitatory signals to CRH neurons of the PVN [17, 18].
The NTS is also the primary central terminus for visceral afferent information from the
vagus, glossopharyngeal, facial and trigeminal nerves [19]. In addition, NTS receives
descending projections from forebrain limbic stress-excitatory regions, such as the prefrontal
cortex and central nucleus of amygdala (CeA) [20-23], indicating possible involvement of
the NTS in processing emotional and cognitive stress responses. Commensurate with a role
in stress regulation, Fos is induced in NTS neurons following frank homeostatic challenges,
including visceral illness [24], immune challenge [25, 26] and hypoxia [27]. Importantly,
psychogenic stressors (e.g., restraint, forced swim, or immobilization) increase Fos
activation in the NTS [28-30], indicating responsiveness to non-homeostatic stressors as
well. The NTS is also activated under conditions of chronic unpredictable stress (as reflected
in increased ΔFosB immunoreactivity), consistent with a role in long-term stress integration
[31]. Stress excitatory signals from the NTS are conveyed via ascending catecholaminergic
(noradrenergic and adrenergic) projections to the PVN [15, 17, 32], as lesions of these
projection neurons reduce HPA axis responses to systemic stressors [33, 34]. In addition, the
NTS houses numerous neuropeptides that are capable of modulating HPA axis stress
responses, including glucagon-like peptide-1 (GLP-1), somatostatin, substance P,
neuropeptide Y and enkephalin [15, 18, 35]. Of these peptides, GLP-1 appears to be in a
unique position to influence stress responding [24, 36-39].

2. Anatomy of GLP-1 and GLP-1 receptor in the central nervous system
GLP-1 is an incretin hormone derived from post-translational processing of preproglucagon
(PPG) [40]. It is produced both in the periphery (e.g., intestinal L cells) and in neurons in the
central nervous system [40-42]. Peripheral GLP-1 secretion is dependent on a variety of
factors, including ingested nutrients, taste receptor activation and influence of other neuronal
and hormonal signals [43, 44]. GLP-1 secretion has a biphasic pattern depending on the
amount of ingested nutrient with a rapid peak occurring at 15-30 min after nutrient
ingestion, and a relatively later peak at 1-2 hour following a meal [45]. GLP-1 has a short
half-life (<2 min), and it is degraded rapidly by the enzyme dipeptidyl peptidase-4 (DPP4)
[46], leading to a very restricted time domain of biological activity. GLP-1 mediates its
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effect by binding to the G-protein coupled receptor GLP-1 receptor (GLP-1R), which is
expressed abundantly in the periphery as well as in the CNS [40, 47, 48].

Although GLP-1 is best known for its stimulatory effect on insulin secretion, emerging
evidence indicates an important role for the peptide in neural regulation of food intake and
body weight [49-51], inhibition of water intake [52], maintenance of blood glucose level
[53], regulation of heart rate and blood pressure [54-56], and modulation of HPA axis stress
responses [24, 36-39]. Given that circulating GLP-1 is not thought to cross the blood brain
barrier [57, 58], these effects are likely mediated by CNS GLP-1 neurons.

In the brain, GLP-1 is derived from posttranslational modification of PPG gene products
[40]. Immunohistochemical and in situ hybridization studies indicate that PPG cell bodies
are localized in the caudal (visceral) part of the NTS, the ventrolateral medulla, and in the
glomerular layer of the olfactory bulb of the rat brain [18, 42, 59]. The hindbrain GLP-1
producing neurons are distinct from A2/C2 catecholaminergic neurons [60], suggesting that
they comprise a parallel regulatory pathway. Recent studies have further documented PPG
distribution using mice expressing yellow fluorescent protein under control of the PPG
promoter (PPG-YFP mice). Anatomical analyses in PPG-YFP mice indicate caudal
medullary localization corresponding to that seen in rat, and identify additional small groups
of neurons in the raphe obscurus and in the medullary intermediate reticular nucleus [61].
Studies in non-human primates (macaca mulatta) show similar expression patterns of the
PPG messenger RNA (mRNA) [62], indicating that the distribution of GLP-1 and PPG
containing cell bodies in the CNS is highly conserved across species. Anatomical studies
demonstrate that GLP-1 immunoreactive neurons project to multiple brain areas, including
areas that are critical for regulation of HPA axis stress responses [18, 63]. Both retrograde
tracing and electron microscopic studies indicate that NTS GLP-1 neurons send direct
ascending projections to the PVN [18, 63], and make synaptic contacts with PVN CRH-
containing neurons [64]. In addition, the GLP-1 neurons innervate other stress regulatory
brain regions, such as the dorsomedial nucleus of hypothalamus and the supraoptic nucleus
(SON) [63]. Most of the GLP-1 immunoreactive fibers form terminal-like appositions on
oxytocin neurons in the magnocellular PVN and dorsal part of the SON, as well as CRH
neurons in the dorsomedial parvocellular region of the PVN [63]. Importantly, retrograde
tracing studies indicate that parvocellular PVN neurons projecting to the NTS region are
apposed by GLP-1 immunoreactive terminals [63]. Brainstem PVN projections selectively
target nuclei that control sympathetic and parasympathetic output (e.g., NTS, dorsal motor
nucleus of the vagus) [65], suggesting that GLP-1 appositions are on preautonomic neuron
populations. Together, these data suggest that central GLP-1 neurons innervate
hypothalamic regions involved in multiple physiologic stress-regulatory pathways.

In rat, GLP-1 positive terminals and fibers are observed in extrahypothalamic stress-
regulatory regions in forebrain, including the bed nucleus of the stria terminalis, the septal
nuclei and the CeA [42], and are likely of NTS origin. Moreover, GLP-1 immunoreactive
fibers are observed in hindbrain regions such as reticular formation, the dorsal motor
nucleus of the vagus and in the intermediolateral (IML) cell column of the spinal cord
(thoracic sympathetic level) [42, 62], regions involved in both HPA axis and autonomic
regulation. The distribution of GLP-1 fibers is similar in PPG-YFP mice [61], indicating
conservation across rodent species. Notably, PPG-YFP positive axon terminals are in close
apposition to serotonergic neurons in the parapyramidal region of the ventral medulla, raphe
pallidus and caudal raphe obscurus as well as in some brainstem cholinergic and
catecholamineric neurons [66], indicating GLP-1 neurons project to various brainstem sites
implicated in autonomic function. Importantly, GLP-1 neurons likely receive descending
projections from the hypothalamus [67-69]. These afferent signals include oxytocin,
melanin-concentrating hormone and orexin [67-69], all of which are known to modulate
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stress responses and autonomic function. Electron microcopy is needed to confirm whether
these afferent signals make actual synaptic contacts at the ultrastructural level. Overall, the
above studies suggest that NTS GLP-1 and PPG neurons project to numerous brain regions
that are known to play important roles in integrating autonomic, endocrine and behavioral
responses to stress. The functional significance of these afferent signals to GLP-1 neuronal
activity remains to be determined.

The GLP-1R is distributed widely throughout the CNS. Expression of GLP-1R mRNA is
observed in the olfactory bulb, the basal portion of the frontal cortex, nucleus accumbens,
septal nuclei, amygdala, and posterior portion of the hippocampus [47]. It is highly
expressed in various hypothalamic nuclei, such as SON, PVN, arcuate nucleus and preoptic
area [47]. The GLP-1R is also highly expressed in the hindbrain, primarily in the dorsal
vagal complex including the area postrema and NTS, as well as lateral reticular nucleus and
raphe nuclei [47]. This distribution of GLP-1R mRNA is largely in agreement with previous
studies using receptor binding assays (with the notable exception of thalamic signal: there is
a high GLP-1R binding throughout the thalamus, where as GLP-1R mRNA is predominantly
localized to the paraventricular and posterior thalamic nuclei) [70]. The GLP-1R is primarily
expressed in neurons [71] (however, there is also evidence for GLP-1R mRNA in astrocytes
and microglia in vivo [72]). Together, these studies suggest that GLP-1R is expressed
abundantly in central regions that are critical for the regulation of metabolic, endocrine,
behavioral and cardiovascular effects of stress. Overall, these studies provide evidence that
central GLP-1 signaling is an important component of central stress neurocircuits.

3. Role of central GLP-1 neurons in neuroendocrine, behavioral and
autonomic responses to stress

The brainstem, specifically the NTS, is critical for activation of the HPA axis [12]. Lesion
and anatomical studies indicate the involvement of the NTS catecholaminergic neurons in
PVN activation by systemic (for example, interleukin 1β injection, endotoxin exposure) [17,
33, 34] but not psychogenic stressors (for example, foot shock, restraint) [72-74], suggesting
a stimulus-specific role in regulation of stress response. However, subsequent studies have
also identified involvement of non-catecholaminergic NTS neurons in the stimulation of
HPA axis responses to both systemic and psychogenic stressors [15]. Evidence of a role for
central GLP-1 in the generation of stress responses was first demonstrated in 1997, whereby
central infusion of GLP-1 significantly increased plasma corticosterone as early as 15-min
following injection. In addition, exogenous GLP-1-induced c-Fos expression was observed
in major stress regulatory hypothalamic nuclei, including the medial parvocellular PVN and
magnocellular neurons of the PVN and SON. The stimulatory effect of GLP-1 on HPA
activation is mediated by the central GLP-1R, as prior central administration of the GLP-1R
antagonist exendin-9 (EX-9) blocks GLP-1-induced c-Fos expression [36]. In addition,
systemic lithium chloride (LiCl) injection, which is a systemic stressor that produces
visceral illness, can activate hindbrain PPG neurons [24], indicative of engagement of
endogenous GLP-1 neurons during stressor exposure.

Later studies in our group noted that intracerebroventricular infusion of GLP-1 in rats
significantly increased ACTH and corticosterone secretion, an effect that is accompanied by
an increase in anxiety-like behavior in the elevated plus maze (EPM) [37]. By contrast,
administration of GLP-1R antagonist inhibit HPA axis response to both psychogenic (EPM)
as well as systemic (lithium chloride) stimuli [37], indicating that unlike ascending
catecholaminergic neurons, GLP-1 neurons may be involved in generation of responses to
multiple stressor modalities.
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Anxiogenic and stress excitatory effects of central GLP-1 administration are region-specific.
Local injection of GLP-1 into the PVN, but not amygdala increased corticosterone release,
whereas amygdala, but not PVN, injection produces anxiogenic effects [37]. In addition,
central infusion of GLP-1 also decreases number of drinking episodes in the punished
drinking test, without affecting unpunished drinking, further supporting an anxiogenic effect
of central GLP-1 [38]. Thus, these data suggest that central GLP-1 signaling mediates HPA
axis activation via the PVN, and also modulates behavioral responses via interactions with
other forebrain stress regulatory regions.

Central GLP-1 may also be required for the establishment and maintenance of chronic
stress-induced HPA hyperactivity. Daily central infusion of GLP-1 enhances chronic stress-
induced sensitization of corticosterone release in response to a novel stressor [39].
Conversely, HPA axis sensitization can be blocked by daily central administration of GLP-1
receptor antagonist, dHG-exendin [39], suggesting that endogenous GLP-1 may generate
chronic stress HPA axis hyperactivity and by extension chronic stress-associated
pathologies.

While excitatory effects of GLP-1 have been repeatedly demonstrated in pharmacological
studies, experiments performed in GLP-1R knockout (KO) mice suggest a more complicated
story. Mice with whole-body KO of the GLP-1R have increased startle responses (although
only at high stimulus intensity) and an increase in risk-assessment behavior in the EPM
(measured by increased center time) [76]. These KO mice also have increased corticosterone
release following a mild stressor [76], suggesting a stress-inhibitory effect of central
GLP-1R activation in mice. However, the adrenal glands of the GLP-1R KO mice are
significantly smaller than those of controls, consistent with an overall decrease in pituitary-
adrenal or autonomic drive. These discrepancies between the rodent pharmacology and
mouse knock-out studies remains to be resolved.

GLP-1 may also be involved in the control of autonomic stress responses. In rats, both
central and peripheral administration of GLP-1R agonist exendin-4 (EX-4) significantly
increases heart rate and blood pressure in a dose-dependent manner [54]. In addition, EX-4
increases c-Fos expression in the medullary catecholaminergic neurons that project to
sympathetic preganglionic neurons as well as the adrenal medulla, and was accompanied by
increased transcription of tyrosine hydroxylase in the brainstem [54], suggesting that central
GLP-1 system can activate cardiovascular responses by regulating sympathetic outflow.
Additional studies indicate that catecholaminergic neurons in the area postrema can be
activated by peripheral GLP-1, providing a potential anatomical substrate whereby
peripheral GLP-1 can produce central drive to the autonomic nervous system [55]. Further
studies in mice suggest a role for central GLP-1 signaling in the regulation of cardiovascular
responses, as central infusion of GLP-1R agonist EX-4 decreases arterial blood flow
whereas the GLP-1R antagonist exendin-9 (EX-9) has the opposite effect [56]. GLP-1 also
modulates other autonomic processes such as colonic motility. Central infusion of GLP-1
significantly increased stress-induced fecal output [77]. Increase in fecal output is reversed
by central administration of GLP-1R antagonist or CRH antagonist [77], indicating that an
interaction between central GLP-1 signaling and CRH is necessary for stress-induced
colonic motility. Collectively, these studies provide evidence that central GLP-1 signaling is
an important component of stress regulation (Table 1).

4. Regulation of central GLP-1 signaling in response to stress: Functional
clues?

The bioavailability of GLP-1 is critical for the regulation of central stress circuitry. Recent
evidence suggests stress causes pronounced down-regulation of central GLP-1 protein and
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PPG mRNA expression [78]. Both acute restraint (psychogenic) and hypoxia (systemic)
stress cause a rapid decrease in expression of PPG mRNA (as early as 30 min following
stress onset). Down-regulation of PPG mRNA is accompanied by an increase in primary
transcript (as measured by heteronuclear RNA expression), implying that loss of mRNA is
not due to rapid decreases in transcription, and may in fact be due to mRNA degradation
[78]. Decrements in PPG mRNA are accompanied by reduced GLP-1 immunoreactivity in
the PVN [78], suggesting that acute stress results in a reduction of central GLP-1
bioavailability that may lead to less GLP-1 excitation and contribute to the recovery of the
HPA axis after stress. Notably, stress-induced PPG mRNA decrements were blocked by
adrenalectomy and could be mimicked by exogenous corticosterone, indicating that PPG
down-regulation is mediated by glucocorticoids [78].

The reduction in GLP-1 bioavailability after acute stress led us to examine regulation
following prolonged intermittent stress exposure (chronic variable stress). As was the case
with acute stress, chronic stress also caused marked down-regulation of NTS PPG mRNA
and PVN GLP-1 immunoreactivity. Again, stress-induced down-regulation was blocked by
adrenalectomy with basal corticosterone replacement, and PPG mRNA decrements could be
induced by exogenous steroid administration [79]. These data suggest that PPG down-
regulation may be mediated by both short- and long-term ‘feedback’ effects of
glucocorticoids, perhaps as an adaptive mechanism capable of limiting ‘overdrive’ of the
HPA axis by stress.

Recent work from our group has compared regulation of the GLP-1 system in a chronic
stress regimen that results in HPA axis habituation (repeated daily restraint) vs. one that
does not (chronic variable stress). In this study male Sprague-Dawley rats (n=17/group)
from Harlan (Indianapolis, IN, USA) were placed in a Plexiglas restraint tube for 30 min per
day in the morning for 14 days or exposed to 14 days of chronic variable stress using our
standard paradigm as reported previously [31]. On the morning after completion of the
chronic stress regimen (day 15), rats were given a final 30-min restraint stress challenge.
Tail blood was collected at 0, 30, 60, 90 and 120 min after the onset of restraint stress.
Following restraint testing, rats were killed by decapitation. Plasma corticosterone levels
were measured using radioimmunoassay as described previously [79]. NTS PPG mRNA
expression was determined using quantitative real-time PCR (QRT-PCR) according to
previously described methods [79]. Briefly, using the obex (bregma, 14.40 mm) as
landmark, the NTS was dissected from the anterior margin (bregma, 11.04 mm; 3.36 mm
from the obex to rostral margin) to the posterior margin (bregma, 15.72 mm; 1.32 mm from
obex to caudal margin). Total RNA was isolated using Tri-reagent (Molecular Research
Center) according to the manufacturer’s instructions, and treated by Turbo DNA-free
(Ambion) to remove genomic DNA. cDNAs were synthesized using SuperScript TM III
First-Strand Synthesis (Invitrogen) following manufacturer’s instructions. Primer sequences
for PPG mRNA and the housekeeping gene L-32 were used as described before [79].
iCycler iQ Multi-Color Real Time PCR Detection System (Bio-Rad) was used to perform
QRT-PCR, and cDNA amounts in each sample were detected using iQ SYBR Greeen
Supermix (Bio-Rad). mRNA present in each sample was determined using the ΔΔCt method
as described previously [80]. All experimental procedures were performed in accordance
with the National Institutes of Health Guidelines for the Care and Use of Animals and
approved by the University of Cincinnati Institutional Animal Care and Use Committee.

Figure. 1A illustrates that unlike chronic variable stress exposure, repeated restraint did not
cause increased basal corticosterone release (determined 24 hours after the last stressor).
Moreover, corticosterone responses to the final restraint stress were significantly dampened
in the repeated restraint group relative to animals restrained for the first time, consistent with
stress habituation (Figure. 1B). Importantly, NTS PPG mRNA was significantly decreased
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by both repeated restraint and chronic variable stress (Figure. 1C). We speculate that
removal of GLP-1 drive may be an adaptive mechanism, reducing GLP-1 drive to the PVN.
Continued HPA axis drive during chronic variable stress may be due to recruitment of other
stress-excitatory pathways, e.g., increased activity of PVN-projecting catecholamine
neurons or engagement of stress excitatory input from the hypothalamus [31, 79].

5. Perspective
This review highlights the importance of central GLP-1 signaling in controlling stress
responses. The data indicate that hindbrain (largely NTS) GLP-1 neurons are involved in
HPA axis drive and perhaps autonomic stress responses, and may even play a role in limbic
processing of stressful stimuli (Figure. 2). In many ways, the stress-excitatory nature of
central GLP-1 parallels its role in body weight regulation. A growing body of evidence
indicates that GLP-1 has powerful anorectic effects [81]. Central injection of GLP-1 can be
paired with tastants to support conditioned taste aversions, suggesting that stimulation of
central GLP-1R may involved in illness responses [82, 83]. Importantly, the location of
GLP-1 neurons in the NTS places GLP-1 at a critical point for regulating both central and
peripheral GLP-1 signaling. The NTS receives neural relays from abdominal and thoracic
viscera via the vagus nerve and can access blood-borne signals via the neighboring, blood-
brain barrier deficient area postrema [19, 84, 85]. There is also evidence for local immune
signaling at the level of the area postrema and perivascular cells, which may be responsible
for relaying inflammatory stimuli to the PVN (and elsewhere) to promote glucocorticoid
secretion [86]. Finally, the NTS receives descending information from the infralimbic cortex
and central amygdaloid nuclei, which provide highly processed information that may be
important in promoting stress responses in anticipation of a perceived threat [20, 21].

The GLP-1 system may also be a target for stress counter-regulatory feedback input from
glucocorticoids. The rapid, glucocorticoid-dependent down-regulation of PPG production
and depletion of PVN GLP-1 fibers is consistent with rapid removal of a potent stress-
activating pathway. Subtraction of GLP-1 from a region such as the PVN may be consistent
with the ‘refractory period’ seen 1-2 hours following stress cessation [87], serving the
biological purpose of preventing HPA axis over-activation and its potentially deleterious
consequences. Similarly long-term down-regulation may function to limit the impact of
repeated activation of GLP-1 neurons, and may be an important adaptive mechanism to
promote stress habituation and coping.

Finally, the potent stress-excitatory properties of NTS GLP-1 neurons underscores the high
importance of the phylogenetically ‘primitive’ hindbrain in integrating reflexive, visceral
and even emotional responses to stressors. The anatomical overlap of immune,
cardiovascular, and abdominal inputs suggests that the NTS is a first-line monitor of
homeostasis, detecting deviations from normal and driving appropriate behavioral,
endocrine and neural responses to states such as infection, autonomic drive and satiety. The
role of the NTS in emotional stress likely grows out of its vital homeostatic control
functions, offering a means through which adjustments can be generated in accordance with
anticipated outcomes rather than emergent physiological challenge.
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Highlights

1. Central GLP-1 plays an excitatory role in glucocorticoid secretion.

2. GLP-1 positive fibers innervate CRH neurons in the hypothalamic
paraventricular nucleus.

3. Central infusions of GLP-1R agonists increase heart rate and blood pressure.

4. Bioavailability of central GLP-1 protein is reduced by exogenous or endogenous
glucocorticoid secretion.
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Figure. 1 A.
Basal plasma corticosterone response of repeated restraint (RR) compared to rats exposed to
chronic variable stress (CVS) or unhandled control. Significant elevated basal AM plasma
corticosterone levels were detected in animals exposed to CVS (*p<0.05 vs. control and
#p<0.05 vs. RR, ANOVA). Basal corticosterone response is not increased in the RR group.
B Time course analysis of the plasma corticosterone response to final 30-minute acute
restraint stress on day 15. The corticosterone response was blunted in the RR group (*) due
to habituation to the repeated stressor and adaptation over the period of repeated stress
exposure. Corticosterone responses to novel restraint challenge were elevated in the CVS
group (#) due to stress-induced facilitation. C NTS PPG mRNA expression was significantly
decreased in CVS and RR groups (*p<0.05 vs. control), consistent with long-term down-
regulation of GLP-1 even after exposure to a mild stressor (RR). These data suggest a role
for GLP-1 removal in stress adaptation.
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Figure. 2. Multiple actions of central GLP-1 signaling in regulating stress responses
The paraventricular nucleus (PVN), central nucleus of amygdala (CeA), dorsal motor
nucleus of the vagus nerve (DMX) and spinal cord contain GLP-1 receptor (GLP-1R) [47].
The central GLP-1 neurons in the NTS target the PVN CRH neurons and activate the HPA
axis responses to stress [36, 37, 39]. The CeA mediates GLP-induced anxiety-related
behavior [37]. GLP-1 positive fibers also innervate key autonomic regulatory regions such
as DMX and IML, which may be involved in cardiovascular responses to stress [54-56, 61].
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TABLE 1

Central GLP-1 signaling-mediated effects on neuroendocrine, behavioral and autonomic responses.

Experimental
Treatment

Change Comments

Central GLP-1
infusion in non-
stressed rats

↑ plasma ACTH 15, 30 and 60 min after injection, [37].

↑ plasma corticosterone 15, 30 and 60 min after injection, [36, 37].

↑ plasma AVP 15, 30 min after injection, [36].

↓ plasma Glucose Only at 20 min after injection, [36].

↑ PVN Fos expression 90 min after injection, [36].

↑ arterial blood pressure In dose-dependent manner, [54].

↑ heart Rate In dose-dependent manner, [54].

Central GLP-1
antagonism + acute
psychogenic stress

↓ plasma ACTH 15, 30 and 60 min after stress, [37].

↓ plasma corticosterone 15, 30 and 60 min after stress, [37].

↓ anxiety-like behavior Increased time spent in the open arms of EPM, [37].

Central GLP-1 + acute
stress

↑ Fecal output 2 hour after restraint, [77].

Central GLP-1 +
chronic variable
stress

↑ plasma corticosterone in
response to a novel stress

No change in basal corticosterone response,
[39].

↓ body weight Compared to chronically stressed rats, [39].

All of these effects are significantly different from corresponding vehicle or saline treated rats (p<0.05). Numbers in the square brackets ([])
indicate respective reference.
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