
Behavioral/Systems/Cognitive

CNS Glucagon-Like Peptide-1 Receptors Mediate
Endocrine and Anxiety Responses to Interoceptive and
Psychogenic Stressors
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Responses to stressors serve to adjust physiology and behavior to increase short-term survival at the potential expense of increasing
susceptibility to disease over the long term. We show that glucagon-like peptide-1 (7–36) amide (GLP-1) increases levels of the stress-
activated hormones ACTH and corticosterone when administered directly into the rat brain and increases levels of anxiety as measured
by the elevated plus maze. The endocrine response is preferentially activated by GLP-1 administration in the paraventricular nucleus of
the hypothalamus, whereas the anxiety response is preferentially activated by administration in the central nucleus of the amygdala.
Furthermore, GLP-1 antagonists block increases in stress hormones associated with the toxin LiCl and both the endocrine and anxiety
responses to vertical heights. Although diverse neural circuits must necessarily process disparate stressors, the current data implicate a
role for the GLP-1 system as a critical mediator of multiple stress responses.
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Introduction
When animals are subjected to stress, they generate a complex
mix of physiological and behavioral responses. Although this
stress response is critical for survival in the short term, when
prolonged it contributes to deterioration of mental and physical
health and has been associated with affective disorders such as
depression and many systemic and neurodegenerative diseases
(Kathol et al., 1989; Landfield and Eldridge, 1991; Charney et al.,
1993; McEwen and Stellar, 1993; Grillon et al., 1996). Hence, the
development and perpetuation of these disorders may result
from prolonged exposure to a stress response that is initially ben-
eficial to the animal’s survival (Herman and Cullinan, 1997). The
stress response is multifaceted and includes increased activity of
the hypothalamic–pituitary–adrenal (HPA) axis and consequent
elevated circulating glucocorticoids, as well as engagement in
anxiety-related behaviors. Understanding the neural circuits that
mediate these responses is a major goal for devising therapies
aimed at reducing inappropriate stress responses.

Because stressors differ greatly in their forms, distinct neural
pathways mediate their effects. For example, external threats such
as the presence of predators or placement in a potentially danger-
ous location rely on forebrain pathways for recognizing the situ-
ation and generating a stress response. These psychogenic stres-

sors can be contrasted with physical injury and interoceptive
stressors such as inflammation, hypoxia, and toxins, all of which
generate a stress response with little, if any, cortical or cognitive
input. In particular, interoceptive stressors rely on signals from
brainstem pathways that integrate systemic information con-
veyed via the vagal and glossopharyngeal nerves, as well as signals
transduced across the blood– brain barrier (Sawchenko et al.,
2000). A number of CNS peptide signaling systems are implicated
in stress responses, and corticotropin-releasing hormone (CRH)
and related peptides in particular have been identified as key
mediators of the stress response (Habib et al., 2001). However,
pathways that stimulate the CRH system are diverse and not well
understood. We report here that glucagon-like peptide-1 (7–36)
amide (GLP-1) is a key neurotransmitter that mediates the re-
sponse to disparate stressors.

CNS GLP-1 is a post-translational product of preprogluca-
gon, produced in a discrete population of neurons in the nucleus
of the solitary tract (NTS) (Han et al., 1986; Jin et al., 1988).
GLP-1-producing neurons project to multiple brain areas, in-
cluding many that are critical to stress responses. These include
the central nucleus of the amygdala (CeA) and the paraventricu-
lar nucleus of the hypothalamus (PVN) (Goke et al., 1995), where
high concentrations of GLP-1 receptors are found (Han et al.,
1986; Merchenthaler et al., 1999). Considerable controversy has
surrounded the function of GLP-1 in the CNS. The anatomy of
this system, however, is ideally situated to provide interoceptive
information from the caudal brainstem to the limbic structures
implicated in mediating the responses to stress. It has been pre-
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viously demonstrated that GLP-1 neurons are activated in re-
sponse to interoceptive stressors, such as the toxin LiCl, and that
central GLP-1 activates PVN CRH neurons (Larsen et al., 1997a;
Rinaman, 1999a). We therefore hypothesized that central GLP-1
activates the HPA axis in response to interoceptive stressors. Ad-
ditionally, because the anatomical location of GLP-1-producing
neurons is limited to the brainstem, and data from others dem-
onstrate the contribution of forebrain to PVN connections (Li et
al., 1996; Herman and Cullinan, 1997; Sawchenko et al., 2000) in
mediating the response to psychogenic stressors (and relative lack
of hindbrain to PVN contribution to PVN neuronal activation),
we hypothesized that GLP-1 would not be involved in mediating
the HPA response to psychogenic stressors.

Materials and Methods
Experiment 1: GLP-1 and the HPA ais
Ten male Long–Evans rats (275–350 gm) obtained from Charles River
Laboratories (Wilmington, MA) were housed individually in plastic
“tub” cages with a 12 hr light/dark cycle. All rats were implanted with
catheters in the inferior vena cava. Catheters were made of sterile SILAS-
TIC tubing (30 cm in length, 0.25 inch inner diameter, and 0.47 inch
outer diameter; Fisher Scientific, Pittsburgh, PA), the distal end beveled,
a small piece of sterile suture tied at 4 cm from the distal end, and filled
with heparinized saline. The catheter was attached to a 1 ml syringe filled
with heparinized saline at the end that remained at the head. Under
ketamine (9 mg/kg, i.p.) and xylazine (1.5 mg/kg, i.p.) anesthesia, the
rat’s abdomen and top of the head were shaved. A midline incision, �8
cm in length, was made beginning at the sternum. An additional incision
was made on the skull. The catheter was tunneled subcutaneously from
the skull incision to the muscle wall lining the intraperitoneal cavity with
a pair of straight hemostats. The muscle wall underlying the abdominal
skin incision was opened. A small incision was made in the right muscle
wall, through which the catheter was pulled into the intraperitoneal cav-
ity. The inferior vena cava and surrounding area were cleared of fat by
blunt dissection at the junction of the renal veins. Using blunt forceps, a
tent was made of the inferior vena cava. The vein was then punctured
with a 21 gauge needle, and the catheter was quickly inserted to the 4 cm
mark. Heparinized saline (0.5 ml) was slowly pushed through the in-
serted catheter. One suture was made in the dorsal muscle wall immedi-
ately to the right of the insertion site. An additional suture was made to tie
the catheter to the muscle wall 3 cm to the right of the insertion site. A
small amount of the catheter was then pulled into the abdominal cavity,
and the muscle wall and skin were sutured. The rats were then given 3 ml
of warm saline subcutaneously. After the inferior vena cava catheteriza-
tion, rats were stereotaxically implanted with third ventricular cannulas
[�2.2 mm anteroposterior (AP) and �7.5 mm dorsoventral (DV) with
respect to bregma; Paxinos and Watson, 1997]. The catheter was cut at an
appropriate length, attached to a blunted, bent 21 gauge needle (elbow),
and fixed to the skull with anchor screws and dental acrylic, as was the
cannula. The end of the catheter elbow was covered with a small piece of
polyethylene tubing (PE 60) with the end sealed. Ten days after surgery,
cannula placement was verified by administering angiotensin II (10
nmol/1 �l) through the cannula [intracerebroventricular (i3vt)]. Rats
that failed to drink at least 5 ml of water in the 60 min after angiotensin II
treatment were removed from the study. Catheter patency was also de-
termined 10 d after surgery. A 1 ml syringe was filled with saline and
attached to 50 cm of PE 60 tubing. Saline was pushed through the tubing,
and the tubing was attached to the catheter elbow on the skull. Saline (0.2
ml) was pushed into the catheter, and blood was drawn to ensure pa-
tency. The blood was then pushed back into the catheter along with 0.6
ml of saline. Rats were handled daily for 1 week to acclimate them to the
procedure (with the head cap and catheter). On test day 1, a group of six
rats received one of the following i3vt treatments: saline, 0.1 �g of GLP-1,
1.0 �g of GLP-1, or 10 �g of GLP-1, all in a volume of 2 �l (American
Peptides, Sunnyvale, CA). Each rat was treated with each dose over a 3
week period, with no less than 5 d between each treatment. Testing began
at 1 hr past the onset of the light cycle. At this time, baseline blood was
drawn into K �-EDTA vacutainer tubes (0.4 ml/draw). The rat was im-

mediately injected with GLP-1 or saline (i3vt). Fifteen, 30, 60, and 120
min after injection, blood was drawn and placed on ice. After the last
blood draw, the rats were given 1 ml of saline through the catheter. Blood
was then centrifuged (4000 rpm, 15 min), and plasma was removed and
stored at – 80°C until processing.

An additional group of six rats was prepared as described above to test
the effects of peripheral administration of GLP-1 on ACTH and cortico-
sterone (CORT) release. Using a within-subjects design, rats were ad-
ministered saline and 10, 100, and 500 �g/kg GLP-1 intraperitoneally.
Each rat received each treatment in a randomized manner, with no less
than 5 d between treatments.

Experiment 2: astressin, central GLP-1, and the HPA axis
Eight rats were implanted with inferior vena cava catheters and third
ventricular cannulas, as described in the previous section. After recovery
and acclimation time, the rats were subjected to the following treatments
(n � 6): intraperitoneal saline (1 ml) plus i3vt saline (2 �l), intraperito-
neal saline (1 ml) plus i3vt GLP-1 (1.0 �g/2 �l), intraperitoneal astressin
(American Peptides; 33 �g/1 ml) plus i3vt saline (2 �l), and intraperito-
neal astressin (33 �g/1 ml) plus i3vt GLP-1 (1.0 �g/2 �l). Astressin is a
nonselective CRH receptor antagonist, not known to cross the blood–
brain barrier. Thus, when administered peripherally, it likely acts at pe-
ripheral CRH receptors to exert its effect.

Blood was drawn from each animal at the start of the light phase. The
rats were then immediately injected with the first of the paired injections.
Fifteen minutes later, the second injection was made. Fifteen, 30, 60, and
120 min after the second injection, blood was drawn, transferred to a
K �-EDTA vacutainer, and placed on ice. At the completion of the ses-
sion, blood was processed as described in the previous experiment.

Experiment 3: exendin, LiCl, and the HPA axis
Twenty-four rats were implanted with inferior vena cava catheters and
third ventricular cannulas, as described in experiment 1. After recovery
and acclimation time, the rats were weight-matched and divided into
four groups (n � 5 after testing of cannulas and catheters). Each group
was subjected to one of the following treatments: i3vt saline (2 �l) plus
intraperitoneal saline (0.15 M, volume equivalent to 2% of the animal’s
body weight), i3vt exendin (des-His1,Glu9-exendin-4; 50 �g/2 �l) plus
intraperitoneal saline, i3vt saline (2 �l) plus intraperitoneal LiCl (0.15 M,
volume equivalent to 2% of the animal’s body weight), and i3vt exendin
plus intraperitoneal LiCl. Injections were made, and blood samples were
taken and processed as described in Experiment 2.

Experiment 4: exendin, psychogenic stress, and the HPA axis
Twelve rats were implanted with inferior vena cava catheters and third
ventricular cannulas, as described in the previous sections. After recovery
and acclimation time, the rats were weight-matched and divided into two
groups (n � 5 per group). Group 1 received i3vt saline before placement
on the elevated plus maze (EPM), and group 2 received exendin (50 �g)
before placement on the EPM. On the test day, baseline blood was drawn
from each rat. The rat was then immediately injected with saline or
exendin. Fifteen minutes after injection, the rat was placed on the EPM
for 5 min. Blood was drawn 15, 30, 60, and 120 min after EPM exposure
and stored for processing as described in the previous experiments.

Experiment 5: exendin, psychogenic stress, and behavior
Twenty naive rats were implanted with third ventricular cannulas as
described. After verification of cannula placement, the rats were weight-
matched and divided into two groups (n � 8 per group). Group 1 re-
ceived saline before EPM exposure, and group 2 received exendin (50 �g)
before EPM exposure. On the test day, each rat was injected with saline or
exendin 15 min before placement on the EPM. The rat was videotaped for
5 min and later scored by an unbiased observer blinded to the experi-
mental condition. The tapes were scored for the number of entries into
the open arms versus the closed arms and for the amount of time spent in
the open arms, closed arms, and the center of the maze.

Experiment 6: HPA and behavioral responses to GLP-1 in the CeA
and PVN
A: Central nucleus of the amygdala, GLP-1, and the HPA axis. Twenty-five
male Long–Evans rats (300 –375 gm) were implanted with cannulas
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aimed at the central nucleus of the CeA [�2.3 mm AP, �4.1 mm medio-
lateral (ML), and �7.4 mm DV with respect to bregma; Paxinos and
Watson, 1997]. After a 2 week recovery period, rats were weight-matched
and divided into three groups (n � 8 per group): saline, 0.2 �g of GLP-1,
or 1.0 �g of GLP-1. All injections were delivered in a volume of 0.5 �l of
0.9% sterile saline via a Hamilton (Reno, NV) syringe over 2 min. Im-
mediately before injection, blood samples were taken via tail vein. After
injection, blood was again taken at 30 and 60 min. Blood was collected
into heparinized Natelson tubes and then placed in 1.5 ml Eppendorf
tubes on ice until the end of the experiment. Blood was then centrifuged
at 4°C for 15 min at 4000 rpm. Plasma was subsequently extracted and
frozen at – 80°C until processing.

B: Central nucleus of the amygdala, GLP-1, and psychogenic stress. The
rats from the previous experiment were given a 5 d rest period and again
weight-matched and divided into three groups (n � 8 per group): saline,
0.2 �g of GLP-1, or 1.0 �g of GLP-1. All injections were delivered in a
volume of 0.5 �l of 0.9% sterile saline via a Hamilton syringe over 2 min.
Testing began at the onset of the dark cycle. Each rat was injected with
GLP-1 or saline, with groups randomized such that the time of injection
after the onset of the dark cycle was randomized (i.e., rat 1 was injected at
lights out, and rat 15 was injected 75 min past the onset of the dark cycle).
Fifteen minutes after injection the rat was placed on an elevated plus
maze for 5 min and videotaped. Videotapes were later scored as described
in Experiment 5.

After completion of these studies, rats were given an overdose of so-
dium pentobarbital (60 mg/kg, i.p.). Rats were then injected with 0.5 �l
of cresyl violet via CeA cannula and decapitated. Brains were removed,
passively perfused in 4% paraformaldehyde for 24 hr, and then sectioned
at 50 �m thickness in the coronal plane. Sections were mounted on slides
and examined for the presence of dye in the CeA, which indicated correct
placement. Rats whose cannulas were not in the CeA were excluded from
the data analyses (n � 6 removed; Fig. 1).

C: Paraventricular nucleus, GLP-1, and the HPA axis. Twenty-two male
Long–Evans rats (300 –375 gm) were implanted with cannulas aimed at
the hypothalamic PVN (�2.0 mm AP, �0.2 mm ML, and � 7.1 mm DV

with respect to bregma). After a 2 week recovery period, rats were weight-
matched and divided into three groups (n � 7 per group): saline, 0.2 �g
of GLP-1, or 1.0 �g of GLP-1. All injections were delivered in a volume of
0.5 �l of 0.9% sterile saline via a Hamilton syringe over 2 min. Blood was
taken from the tail vein and treated as described in experiment 6A.

D: Paraventricular nucleus, GLP-1, and psychogenic stress. The rats from
the same experiment were given a 5 d rest period. After this rest period,
they were once again weight-matched and divided into three groups (n �
7 per group): saline, 0.2 �g of GLP-1, or 1.0 �g of GLP-1. All injections
were delivered in a volume of 0.5 �l of 0.9% sterile saline via a Hamilton
syringe over 2 min. This experiment was conducted as described in ex-
periment 6B.

After completion of these studies, rats were given an overdose of so-
dium pentobarbital (60 mg/kg, i.p.). Rats were then injected with 0.5 �l
of cresyl violet via PVN cannula and decapitated. Brains were removed,
passively perfused in 4% paraformaldehyde for 24 hr, and then sectioned
at 50 �m thickness in the coronal plane. Sections were mounted on slides
and examined for the presence of dye in the PVN, which indicated cor-
rect placement. The presence of dye was used only as a marker for place-
ment, not as an indication of the spread of the drug, because the spread of
dye is unlikely to recapitulate the extent of the spread of the injected
peptide. Rats whose cannulas were not in the PVN were excluded from
the data analyses (n � 5 removed; Fig. 2).

Radioimmunoassay
Plasma ACTH and corticosterone concentrations were determined using
125I-labeled rat ACTH (Diasorin, Stillwater, MN) and corticosterone
(ICN Biochemicals, Costa Mesa, CA) kits according to manufacturers’
instructions. The limits of detection for each kit are 15 pg/ml and 8
ng/ml, respectively. For both ACTH and corticosterone assays, all plasma
samples were run in duplicate in single assays.

Results
Experiment 1: GLP-1 and the HPA axis
GLP-1 administration into the third ventricle resulted in eleva-
tions in plasma ACTH and CORT, regardless of dose, for 60
min after injections (Fig. 3A,B, respectively). As determined by
two-way ANOVA, there was a significant main effect of group

Figure 1. Central nucleus of the amygdala injection sites. After the completion of the exper-
iments involving CeA-cannulated rats, the animals were killed and given injections of cresyl
violet via the CeA cannula. Brains were subsequently sectioned (50 �m/section), and cannula
placement was verified. Black dots within the CeA of each bottom diagram represent injection
sites for the rats with correctly placed cannulas. Rats whose cannulas were not in the CeA were
excluded from the data analyses (n � 6 of 25 removed).

Figure 2. Paraventricular nucleus of the hypothalamus injection sites. After the completion
of the experiments involving PVN-cannulated rats, the animals were killed and given injections
of cresyl violet via the PVN cannula. Brains were subsequently sectioned (50 �m/section), and
cannula placement was verified. Black dots within the PVN of each bottom diagram represent
injection sites for the rats with correctly placed cannulas. Rats whose cannulas were not in the
PVN were excluded from the data analyses (n � 5 of 22 removed).
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(F(3,16) � 7.091; p � 0.01), a significant main effect of time
(F(4,64) � 23.991; p � 0.001), and a significant interaction
(F(12,64) � 2.453; p � 0.05) with regard to plasma ACTH levels.
Post hoc analyses [Tukey’s honestly significant difference (HSD)
test] revealed that at 15 min, all doses resulted in significantly
higher plasma ACTH compared with saline-treated rats ( p �
0.01 for 0.1 and 10 �g; p � 0.05 for 1.0 �g). At 30 min after
injection, all groups continued to have significantly elevated
ACTH ( p � 0.01 for 0.1 and 10 �g; p � 0.05 for 1.0 �g). At 60
min, the significant elevation in ACTH remained for all groups
( p � 0.05 for all doses), and at 120 min, only the group that
received 10 �g had significantly elevated ACTH compared with
their ACTH response to saline ( p � 0.01). In the case of plasma
CORT levels, two-way ANOVA revealed that i3vt GLP-1 resulted
in a significant main effect of group (F(3,16) � 10.519; p � 0.001),
a significant main effect of time (F(4,64) � 45.193; p � 0.001), and
a significant interaction. As determined by post hoc analyses
(Tukey’s HSD tests), plasma CORT was significantly elevated at
15 min in all groups compared with their CORT levels after saline
treatment (0.1 �g, p � 0.05; 1.0 �g, p � 0.05; 10 �g, p � 0.01) and
at 30 min (0.1 �g, p � 0.05; 1.0 �g, p � 0.01; 10 �g, p � 0.01). At
60 min, all doses resulted in significantly elevated CORT levels
( p � 0.01), and at 120 min, only 10 �g of GLP-1 significantly
elevated CORT ( p � 0.01).

In contrast to the effects of i3vt GLP-1 on plasma ACTH and
CORT, intraperitoneal administration had minimal effects on
these plasma stress hormones. Only the highest dose of GLP-1
(500 �g/kg) significantly elevated plasma ACTH and CORT, and
only at the 15 min time point. Plasma ACTH levels after intra-
peritoneal injection of GLP-1 are depicted in Figure 4A. As de-
termined by two-way ANOVA, there was a significant main effect
of time (F(4,64) � 13.369; p � 0.01) and a significant interaction
(F(12,64) � 2.319; p � 0.05). Post hoc analyses (Tukey’s HSD test)
revealed that at 15 min, only 500 �g/kg resulted in significantly
elevated plasma ACTH compared with ACTH after saline treat-
ment ( p � 0.01). There were no other differences in plasma
ACTH after intraperitoneal administration of GLP-1 compared
with ACTH after intraperitoneal saline. Analysis of plasma CORT
levels after intraperitoneal administration of GLP-1 (Fig. 4B) re-
vealed similar results. As determined by two-way ANOVA, there
was no main effect of group; however, there was a main effect of
time (F(4,64) � 11.759; p � 0001) and a significant interaction

(F(12,64) � 3.108; p � 0.01). Post hoc analyses (Tukey’s HSD test)
demonstrated that the only time point and dose at which there
was a significant elevation in CORT was at 15 min after injection
of 500 �g/kg ( p � 0.05).

Experiment 2: astressin, central GLP-1, and the HPA axis
Pretreatment with astressin attenuated the ACTH and CORT
responses to i3vt GLP-1. Plasma ACTH and CORT levels in re-
sponse to CRH receptor antagonism and i3vt GLP-1 are depicted
in Figure 5, A and B, respectively. In the case of plasma ACTH,
two-way ANOVA revealed that there was a significant main effect
of group (F(3,16) � 9.205; p � 0.001), a significant main effect of
time (F(4,64) � 8.039; p � 0.001), and a significant interaction
(F(12,64) � 4.876; p � 0.001). Post hoc analyses (Tukey’s HSD
tests) demonstrated that at 15, 30, and 60 min after the second
injection, intraperitoneal saline plus 1.0 �g of GLP-1 resulted in
significantly elevated plasma ACTH ( p � 0.01 at all three time
points) compared with ACTH levels attributable to saline plus
saline and astressin plus saline ( p � 0.001 at all three time
points). Saline plus GLP-1 treatment resulted in significantly el-
evated ACTH levels compared with astressin plus GLP-1 treat-
ment at 15, 30, and 60 min ( p � 0.01 at all three time points) but
not at 120 min. As depicted in Figure 5B, plasma CORT levels
were similarly affected by the described treatments. There was a
significant main effect of group (F(3,16) � 13.540; p � 0.001), a
significant main effect of time (F(4,64) � 18.462; p � 0.001), and a
significant interaction (F(12,64) � 3.944; p � 0.001). Post hoc anal-
yses (Tukey’s HSD tests) demonstrated that at 15, 30, and 60 min
after the second injection, intraperitoneal saline plus 1.0 �g of

Figure 3. A, Plasma ACTH levels after i3vt administration of GLP-1 (0.1, 1.0, or 10 �g) or
saline. Plasma ACTH was significantly elevated in response to all three doses of GLP-1 at 15, 30,
and 60 min. At 120 min after injection, only 10 �g of GLP-1 resulted in significantly elevated
ACTH. B, Plasma CORT after i3vt administration of GLP-1 (0.1, 1.0, or 10 �g). All three doses
resulted in significant elevations of CORT at 15, 30, and 60 min after injection. When animals
received the highest dose, plasma CORT remained significantly elevated at 120 min. *All three
treatment groups significantly different from saline; p � 0.05. #Highest dose (10 �g) signifi-
cantly different from saline; p � 0.05.

Figure 4. A, Plasma ACTH after intraperitoneal administration of GLP-1. Fifteen minutes
after injection (10, 100, and 500 �g/kg or saline), the highest dose of GLP-1 resulted in a
significant increase in plasma ACTH ( p � 0.05). There were no other differences between
GLP-1 and saline treatment. B, Plasma CORT after intraperitoneal administration of GLP-1.
Intraperitoneal administration of GLP-1 (10, 100, and 500 �g/kg) did not elevate plasma CORT.
*Highest dose (500 �g/kg) significantly different from saline; p � 0.05.

Figure 5. A, Plasma ACTH after CRH receptor antagonism and i3vt GLP-1. CRH receptor
antagonism attenuated GLP-1-induced elevations in plasma ACTH. Plasma ACTH was signifi-
cantly lower in rats treated with the CRH receptor antagonist astressin before 1 �g of GLP-1
administered i3vt. B, Plasma CORT after CRH receptor antagonism and i3vt GLP-1. CRH receptor
antagonism attenuated GLP-1-induced elevations in plasma CORT. Plasma CORT was signifi-
cantly lower in rats treated with the CRH receptor antagonist astressin before 1 �g of GLP-1
administered i3vt ( p � 0.01 at 15, 30, and 60 min).
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GLP-1 resulted in significantly elevated plasma CORT ( p �
0.001; p � 0.01; p � 0.01, respectively) compared with CORT
levels attributable to saline plus saline and astressin plus saline
( p � 0.01 at all three time points). Saline plus GLP-1 treatment
resulted in significantly elevated CORT levels compared with as-
tressin plus GLP-1 treatment at 15 ( p � 0.001) and 30 ( p � 0.01)
min but not at 60 or 120 min (Fig. 5B). Given that astressin is
likely acting systemically rather than centrally, antagonism of
peripheral CRH receptors is effective in attenuation of GLP-1-
induced elevations in plasma glucocorticoids.

Experiment 3: exendin, LiCl, and the HPA axis
Administration of LiCl elevated plasma ACTH and CORT. These
effects were attenuated when animals were treated with a GLP-1
receptor (GLP-1R) antagonist before LiCl injection. The ACTH
and CORT responses after GLP-1R antagonism and LiCl are de-
picted in Figure 6, A and B, respectively. Rats were given one of
four treatments, the second injection being administered 15 min
after the first in all cases: i3vt saline (2 �l) plus intraperitoneal
saline (volume equivalent to 2% of each rat’s body weight), i3vt
saline plus intraperitoneal LiCl (0.15 M, volume equivalent to 2%
of body weight), i3vt exendin (50 �g in 2 �l) plus intraperitoneal
saline, or i3vt exendin plus intraperitoneal LiCl. Regarding
plasma ACTH levels, there was a significant main effect of group
(F(3,16) � 12.472; p � 0.001), a significant main effect of time
(F(4,64) � 21.523; p � 0.001), and a significant interaction (F(12,64)

� 8.735; p � 0.001). Post hoc analyses determined that at 15, 30,
60, and 120 min, saline plus LiCl resulted in significantly elevated
ACTH compared with saline plus saline ( p � 0.001; p � 0.001;
p � 0.01; p � 0.01, respectively), compared with exendin plus
saline ( p � 0.001 at 15 min; p � 0.01 at 30 and 60 min; not
significantly different at 120 min), and compared with exendin
plus LiCl ( p � 0.001 at 15 min; p � 0.01 at 30 min; p � 0.05 at 60
min; no difference at 120 min).

As was true in the previous experiments, plasma CORT levels
mirrored plasma ACTH levels. There was a significant main effect
of group (F(3,16) � 15.090; p � 0.001), a significant main effect of
time (F(4,64) � 47.761; p � 0.001), and a significant interaction
(F(12,64) � 6.703; p � 0.001). Post hoc analyses determined that at
15, 30, and 60 min, saline plus LiCl resulted in significantly ele-

vated CORT compared with saline plus saline ( p � 0.001; p �
0.001; p � 0.01, respectively), compared with exendin plus saline
( p � 0.001 at 15 and 30 min; p � 0.01 at 60 min), and compared
with exendin plus LiCl ( p � 0.001 at 15 and 30 min; p � 0.05 at
60 min). There were no significant differences in CORT levels at
120 min.

Experiment 4: exendin, psychogenic stress, and the HPA axis
Exposure to elevated platforms results in a robust increase in
plasma ACTH and CORT that is dependent on the threat repre-
sented by falling from the platform rather than by activation of
interoceptive visceral pathways, as in toxin administration. Rats
were given an i3vt injection of saline or exendin 15 min before
placement on an isolated open arm of the EPM. Rats that were
pretreated with saline had significantly elevated plasma ACTH
and CORT levels, whereas rats pretreated with exendin had no
ACTH or CORT response to EPM stress (Fig. 7A,B, respectively).
These data were surprising and suggest that signaling through the
GLP-1R is involved in the HPA response to a psychogenic
stressor.

Experiment 5: exendin, psychogenic stress, and behavior
Because placement on the EPM elicits anxiety-related behaviors
as well as HPA activation, we next sought to determine whether
the GLP-1 pathway also mediates the behavioral response. Rats
were placed in an EPM after receiving saline or the GLP-1R an-
tagonist, and the amount of time spent either in the open or
closed arms of the EPM was monitored. The elevated plus maze is
a behavioral conflict paradigm, pitting the tendency to explore
novelty against the threat imposed by the elevated open arms of
the maze. Animals administered anxiolytic drugs increase time
spent in the open arms, indicating that being on the EPM creates
anxiety or stress (Pellow et al., 1985). In this experiment, rats
treated with exendin spent significantly more time in the open
arms than the control animals (50.8 � 10.0% time in the open
arms/total time on the EPM by exendin-treated rats vs 15.6 �
4.6% time in the open arms/total time on the EPM by saline-
treated rats; p � 0.05). These data collectively indicate that the
CNS GLP-1 system has critical roles in mediating both the HPA
and the anxiety responses to the EPM, as well as the HPA re-
sponse to interoceptive stressors.

Experiment 6: HPA and behavioral responses to GLP-1 in the
CeA and PVN
Although the data using GLP-1R agonists and antagonists are
intriguing, the precise neuroanatomical location of the critical

Figure 6. A, Plasma ACTH after GLP-1 receptor antagonism and intraperitoneal LiCl. Plasma
ACTH levels were significantly elevated after intraperitoneal administration of LiCl. This effect
was attenuated by pretreatment with the GLP-1 receptor antagonist des-His1 ,Glu9-exendin-4
(exendin). At 15, 30, 60, and 120 min, saline plus LiCl resulted in significantly elevated ACTH
compared with saline plus saline ( p � 0.001; p � 0.001; p � 0.01; p � 0.01, respectively),
compared with exendin plus saline ( p � 0.001 at 15 min; p � 0.01 at 30 and 60 min; not
significantly different at 120 min), and compared with exendin plus LiCl ( p � 0.001 at 15 min;
p � 0.01 at 30 min; p � 0.05 at 60 min; no difference at 120 min). B, Plasma CORT after GLP-1
receptor antagonism and intraperitoneal LiCl. At 15, 30, and 60 min, saline plus LiCl resulted in
significantly elevated CORT compared with saline plus saline ( p � 0.001; p � 0.001; p � 0.01,
respectively), compared with exendin plus saline ( p � 0.001 at 15 and 30 min; p � 0.01 at 60
min), and compared with exendin plus LiCl ( p � 0.001 at 15 and 30 min; p � 0.05 at 60 min).
There were no significant differences in CORT levels at 120 min.

Figure 7. A, Plasma ACTH after GLP-1 receptor antagonism before placement on an isolated
open arm of the elevated plus maze. At 15, 30, and 60 min after EPM stress, rats that were
pretreated with exendin had significantly lower plasma ACTH levels than did saline-treated rats.
B, Plasma CORT after GLP-1 receptor antagonism before placement on an isolated open arm of
the elevated plus maze. At 15, 30, and 60 min after EPM stress, rats that were pretreated with
exendin had significantly lower plasma CORT levels than did saline-treated rats. *Significantly
different from saline; p � 0.01.
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receptors cannot be determined because i3vt administration will
result in widespread activation of cognate receptors distal to the
injection site (Bittencourt and Sawchenko, 2000). GLP-1-
producing cell bodies in the NTS have strong projections to GLP-
1R-expressing cell populations in both the PVN and CeA (Han et
al., 1986). A wealth of data implicates the PVN as vital to the HPA
response to stress, whereas the CeA is critical to anxiety-related
behaviors (Koob, 1999). Thus, we predicted that activation of
PVN GLP-1 receptors would increase plasma CORT, and activa-
tion of CeA GLP-1 receptors would decrease open arm time in
the EPM. Separate groups of rats were administered saline or
GLP-1 directly into the PVN or CeA. Positions of injection can-
nula tips are mapped in Figures 1 and 2. Plasma CORT was not
significantly elevated after GLP-1 administration in the CeA (Fig.
8A), but the animals spent significantly less time in the open arms
of the EPM in response to 0.2 �g of GLP-1 (26.3 � 6.3%) or 1.0
�g of GLP-1 (23.3 � 6.2%) compared with saline (43.2 � 7.6%;
p � 0.05 for both doses). In contrast, rats given GLP-1 directly
into the PVN had significantly elevated plasma CORT (Fig. 8B),
with less pronounced anxiety behavior. Rats treated with 0.2 �g
of GLP-1 before placement on the EPM did not display increased
anxiety-like behavior (42.8 � 5.4% time in the open arms of the
EPM) compared with saline-treated controls (45.2 � 6.4% time
in the open arms of the EPM), although this dose did significantly
increase plasma CORT (Fig. 8B). However, rats treated with 1.0
mg of GLP-1 did spend significantly less time in the open arms of
the EPM (24.7 � 5.9% time in the open arms) compared with
saline-treated controls ( p � 0.05). These data indicate that stim-
ulation of the HPA axis and anxiety behavior by GLP-1 are me-
diated at distinct sites in the brain. Moreover, the anxiety behav-
ior elicited by GLP-1 is not secondary to increased CORT but
rather is a distinct but coordinated response to GLP-1R
activation.

Discussion
The discovery that NTS GLP-1 pathways are integral to the psy-
chogenic as well as interoceptive stressors studied here is consis-
tent with the broad role for brainstem neurons in the generation
of the organismic stress response. Several groups have reported
that interoceptive stressors such as LiCl and LPS activate GLP-1
neurons and that GLP-1 receptors play a major role in the neu-
ronal activation, anorexia, and conditioned taste aversions in-
duced by LiCl (Thiele et al., 1997; van Dijk et al., 1997; Rinaman,
1999b; Seeley et al., 2000). Additionally, Larsen et al. (1997) dem-
onstrated that lateral ventricular administration of GLP-1 results
in activation in �80% of the CRH-positive neurons in the hy-
pophysiotropic medial parvicellular PVN. Given these data, we

hypothesized that GLP-1 activates the HPA axis and that antag-
onism of GLP-1 receptors would attenuate the HPA response to
interoceptive stressors such as LiCl. This is the first demonstra-
tion that GLP-1 administered directly into the PVN results in
activation of the HPA axis. We have found that i3vt GLP-1 po-
tently activates the HPA axis. Antagonism of CRH receptors via
peripheral astressin injection attenuates GLP-1-induced eleva-
tions in plasma ACTH and CORT. These data are consistent with
the hypothesis that GLP-1 activates the HPA axis via increased
endogenous CRH activity, likely at the pituitary. Moreover,
GLP-1 antagonists blocked the increased ACTH and CORT
caused by LiCl. Thus, the current data extend the role of GLP-1 in
mediating LiCl-induced effects (Seeley et al., 2000) to include
activation of HPA axis activation. Consequently, GLP-1 appears
to play a broad role in the spectrum of responses to interoceptive
stimuli such as toxins and mediators of inflammation. The ana-
tomical location of GLP-1-producing neurons (NTS) makes
them ideally suited to play a key role in coordinating the recruit-
ment of the appropriate neuronal responses to these interocep-
tive stressors.

Although the anatomy of GLP-1-producing neurons suggests
that involvement of GLP-1 in activation of the HPA axis would be
limited to responses to interoceptive stressors, our data indicate
the contrary. Psychogenic stressors generally rely on perception
of a stress, or the awareness that a situation is threatening. This is
in contrast to interoceptive stressors, which result in activation of
the HPA axis because of a change in the internal milieu without
the requirement of conscious appreciation of the stressors, as well
as other types of externally derived stressors that rely on nocicep-
tive or somatosensory stimulation and cognitive processing (Li
and Sawchenko, 1998). All of these stressors activate the HPA
axis; however, the route by which excitation of the PVN occurs is
generally believed to differ markedly from that by which inter-
ceptive stressors such as LiCl act. As noted, neuronal activation in
the PVN remains intact after medullary knife cuts, which suggests
a lack of brainstem involvement in HPA activation after exposure
to a psychogenic stressor. However, our data show that not only does
a GLP-1 antagonist block the effect of the EPM to increase plasma
ACTH and CORT, it also decreases anxiety-like behaviors in the
EPM. The discrepancy may be attributable to either a different anat-
omy of GLP-1 and catecholaminergic systems or to factors associ-
ated with the two testing paradigms. Catecholamine-synthesizing
enzymes and GLP-1 do not colocalize in the NTS (Larsen et al.,
1997b). Although it is highly likely that catecholaminergic and
GLP-1 axons use the same ascending trajectory, it remains possible
that the medullary knife cuts may spare axons of GLP-1 neurons and
thereby account for PVN c-Fos induction in lesion-foot shocked
animals. Alternatively, the psychogenic stress paradigm of Li and
Sawchenko (1998) preexposed animals to the shock apparatus for
several days before foot shock, whereas our testing was performed on
naive animals. Thus, repeated exposure to the testing environment
may activate forebrain circuitry capable of registering dissonance of
the novel stressful stimulus (shock) in the previously safe environ-
ment, allowing initiation of the PVN response in the absence of
brainstem input.

A specific forebrain role of GLP-1 in stress regulation is also
indicated by the ability of CeA microinjection to selectively in-
crease anxiety-like behavior, with no measurable effect on the
HPA axis, whereas GLP-1 in the PVN elicits an HPA response at
a lower dose than that required to elicit a behavioral response.
Whereas spread of injected material is always a concern for these
types of studies, the rich localization of GLP-1 receptors in the
CeA and PVN as opposed to surrounding nuclei (Goke et al.,

Figure 8. A, Plasma CORT levels in response to administration of GLP-1 directly into the CeA.
There was no significant effect of either dose (0.2 or 1.0 �g) on plasma CORT at 60 min after
infusion compared with saline. B, Plasma CORT levels in response to administration of GLP-1
directly into the PVN. Plasma CORT (0.2 or 1.0 �g) was significantly elevated at 60 min after
infusion of either 0.2 or 1.0 �g of GLP-1 compared with saline; *p � 0.05.
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1995; Merchenthaler et al., 1999) and the congruence between
GLP-1 effects and known functions of the CeA and PVN are
consistent with the hypothesis that GLP-1 effects are mediated by
these respective regions. Together these data indicate involve-
ment of GLP-1, the central source of which is exclusively in the
brainstem, in mediating responses to categorically different
stressors.

It is important to note that the current findings are in contrast
to those reported for GLP-1 receptor knock-out (GLP-1R�/�)
mice. These mice display more anxiety-like behavior when placed
on an EPM compared with GLP-1R�/� mice. Additionally,
male GLP-1R�/� mice had significant increases in plasma
CORT in response to handling and transport (MacLusky et al.,
2000). Potential explanations for this discrepancy include devel-
opmental compensation in the knock-out mouse, species differ-
ences between rat and mouse, and differences in experimental
paradigms. Further experiments will be necessary to test these
possibilities.

As roles for GLP-1 in the mediation of satiety (Tang-
Christensen et al., 1996; Turton et al., 1996; McMahon and Well-
man, 1997), visceral illness (van Dijk et al., 1997; Rinaman
1999a,b; Seeley et al., 2000; Kinzig et al., 2002), and sympathetic
outflow (Yamamoto et al., 2002) emerge, so does a role for GLP-1
in the activation of the HPA axis. Although GLP-1-producing
neurons within the caudal brainstem would seem ideally situated
to receive information about various aspects of the animal’s in-
ternal state (interoceptive input), the finding that brainstem sys-
tems are involved in limbic responses generated to perceived or
anticipated stressors (psychogenic) challenges current models of
stress neurological circuits. Detection of toxins or their visceral
effects is likely communicated by vagal or sympathetic afferents
from the periphery or by direct sensing of toxins in the blood by
areas lacking a blood– brain barrier (e.g., the area postrema). All
of these inputs clearly impinge directly on GLP-1 neurons in the
NTS. The innate response to heights, however, represents a
brain-generated response to a “perceived” threat, relying on cor-
tical and limbic structures to produce behavioral and neuroen-
docrine sequelae. Because GLP-1-producing neurons are limited
to the brainstem, the present data argue that HPA responses to
both classes of stressors (exemplified by the elevated plus maze
and LiCl) are mediated by an ascending pathway from the brain-
stem. The discovery that GLP-1R blockade reduces the response
to both these types of stressor argues against mutual exclusiveness
of psychogenic and interoceptive stress circuitry (Herman and
Cullinan, 1997; Sawchenko et al., 2000). As such, it appears that
forebrain structures interpreting psychogenic stimuli modulate
HPA stress responses by way of descending projections to the
NTS. In support of this hypothesis, many forebrain limbic sites,
such as the central nucleus of the amygdala and infralimbic cor-
tex, send direct projections to this region (Schwaber et al., 1982;
van der Kooy et al., 1984; Hurley et al., 1991). Thus, our data
suggest that psychogenic stress pathways are not distinct from
interoceptive circuits but are in fact layered on top of them. This
hierarchical organization patterns limbic–PVN interactions in
the hypothalamus (Herman et al., 1996) and suggests that, as a
rule, psychogenic influences on the stress responses traverse neu-
rological circuits critical for homeostatic regulation.

Although previous studies have identified limbic forebrain
structures as important in anxiety, the site of interaction of these
areas with hindbrain regions is thought to be particularly relevant
to the autonomic reaction that is associated with fear and is a core
symptom of panic disorder. Given the current data demonstrat-
ing a role for GLP-1 in anxiety and recent reports of the involve-

ment of GLP-1 in the regulation of sympathetic outflow, it ap-
pears that although forebrain processing of psychogenic stressors
may be crucial to the neuroendocrine and behavioral responses
to these stressors, there is also a hindbrain component that has
thus far been mostly neglected. It is possible that the contribution
of the central GLP-1 system to the psychogenic stress response is
via its mediation of the sympathetic component. It has recently
been reported by others that there are a number of GLP-1-
responsive catecholamine neurons in the area postrema that in-
nervate autonomic control sites (Yamamoto et al., 2003). GLP-
1-induced increases in heart rate and blood pressure would then,
in this case, be responsible for subsequent increases in both HPA
activity and anxiety-like behavior.

In summary, we have demonstrated that the GLP-1 system
and, by extension, the NTS in general play a central role in the
processing of interoceptive and psychogenic stressors. In doing
so, we have identified a previously unrecognized role for the CNS
GLP-1 system in regulating stress responses and anxiety. These
results have two important clinical implications. First, GLP-1
agonists are currently in advanced clinical development primar-
ily for the treatment of diabetes via the GLP-1 systemic effect to
increase glucose-dependent insulin secretion and other actions
that promote glucose lowering (Drucker, 1990). The current data
indicate that great care must be taken to prevent their penetration
into the CNS, where they may inappropriately recruit stress re-
sponses and contribute to stress-related diseases. Second, the
broad role GLP-1 plays in mediating different aspects of the stress
response implies that treatments that reduce GLP-1 signaling in
the CNS may be viable options for the treatment of a variety of
debilitating conditions ranging from panic attacks and anxiety
disorders to affective disorders associated with HPA dysregula-
tion, such as depression.
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