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The effects of peripheral glucagon like peptide-1 receptor
(GLP-1R) stimulation on feeding, gastric emptying, and ener-
getic responses involve vagal transmission and central ner-
vous system processing. Despite a lack of studies aimed at
determining which central nervous system regions are criti-
cal for the GLP-1R response production, hypothalamic/fore-
brain processing is regarded as essential for these effects.
Here the contribution of the caudal brainstem to the control
of food intake, core temperature, heart rate, and gastric emp-
tying responses generated by peripheral delivery of the
GLP-1R agonist, exendin-4 (Ex-4), was assessed by comparing
responses of chronic supracollicular decerebrate (CD) rats to
those of pair-fed intact control rats. Responses driven by hind-
brain intracerebroventricular (fourth icv) delivery of Ex-4
were also evaluated. Intraperitoneal Ex-4 (1.2 and 3.0 �g/kg)
suppressed glucose intake in both CD rats (5.0 � 1.2 and 4.4 �
1.1 ml ingested) and controls (9.4 � 1.5 and 7.7 � 0.8 ml in-
gested), compared with intakes after vehicle injections (13.1 �

2.5 and 13.2 � 1.7 ml ingested, respectively). Hindbrain ven-
tricular Ex-4 (0.3 �g) also suppressed food intake in CD rats
(4.7 � 0.6 ml ingested) and controls (11.0 � 2.9 ml ingested),
compared with vehicle intakes (9.3 � 2.1 and 19.3 � 4.3 ml
ingested, respectively). Intraperitoneal Ex-4 (0.12, 1.2, 2.4 �g/
kg) reduced gastric emptying rates in a dose-related manner
similarly for both CD and control rats. Hypothermia followed
ip and fourth icv Ex-4 in awake, behaving controls (0.6 and 1.0
C average suppression) and CD rats (1.5 and 2.5 C average
suppression). Intraperitoneal Ex-4 triggered tachycardia in
both control and CD rats. Results demonstrate that caudal
brainstem processing is sufficient for mediating the suppres-
sion of intake, core temperature, and gastric emptying rates
as well as tachycardia triggered by peripheral GLP-1R acti-
vation and also hindbrain-delivered ligand. Contrary to the
literature, hypothalamic/forebrain processing and forebrain-
caudal brainstem communication is not required for the ob-
served responses. (Endocrinology 149: 4059–4068, 2008)

GLUCAGON-LIKE-PEPTIDE 1 (GLP-1), released from L
cells in the distal small intestine in response to nu-

trient entry into the gastrointestinal tract (1, 2), is suggested
to act on peripheral GLP-1 receptors (GLP-1R) (3, 4). Periph-
eral GLP-1R ligand administration engages a set of physio-
logical responses that include inhibition of gastric emptying
(4, 5), tachycardia (6 –10), stimulation of glucose-depen-
dent insulin secretion (11), and reduced food consumption
(3, 5, 12, 13). GLP-1 is also supplied by neurons of the caudal
brainstem that project to GLP-1Rs distributed throughout the
brain (14–16). It is interesting to note that stimulation
of central GLP-1Rs results in many of the same responses,
e.g. inhibition of food intake and increased insulin secretion,
as are observed after peripheral ligand injection (17–19).

The effects of peripheral GLP-1R stimulation on feeding,
gastric emptying, and energetic responses involve behav-

ioral, sympathetic, and parasympathetic effector pathways
that are downstream of central nervous system (CNS) pro-
cessing (6–8, 10, 20). Vagal afferent transmission is suggested
for the feeding and gastric emptying inhibition triggered by
peripheral GLP-1R ligand injections because these responses
have been reported to be blocked by vagotomy or vagal
afferent damage with capsaicin treatment (3, 4, 21). Struc-
tures in the ascending visceral afferent pathway that includes
nuclei of the caudal brainstem [nucleus tractus solitarius
(NTS); parabrachial nucleus (PBN)], hypothalamus [lateral
hypothalamus (LH); paraventricular nucleus (PVN)], and
basal forebrain [bed nucleus of stria terminalis; central
nucleus of the amygdala (CeA)] (22, 23) may thereby play
a role in mediating responses triggered by peripheral
GLP-1R agonist treatment. Central GLP-1R ligand admin-
istration activates neurons (Fos-LI) in many of these same
structures that show GLP-1-binding (15) and/or express
GLP-1R mRNA (16). Moreover, many of the aforemen-
tioned nuclei in the visceral afferent pathway project to
other GLP-1-binding and/or GLP-1R expressing struc-
tures involved in energy balance control [area postrema
(AP); ventral tegmental area; arcuate nucleus (ARC); me-
dial preoptic area] (see Refs. 15, 16). A determination of
which of these implicated structures are necessary for
peripheral GLP-1-mediated response production has not
been made. Nonetheless, it is often asserted that hypo-
thalamic/forebrain processing is critical for mediating the
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effects of peripheral GLP-1R stimulation as well as central
agonist delivery (3, 17, 18, 24 –26).

Experiments are described here that use complete supra-
collicular transection of the neuraxis to eliminate both the
ascending forebrain projecting limb of the ascending visceral
afferent pathway and the descending projections from the
hypothalamus and basal forebrain to hindbrain and thereby
block forebrain-caudal brainstem communication. This
strategy is used to directly investigate the importance of
hypothalamic/forebrain and caudal brainstem processing in
the mediation of behavioral, sympathetic, and parasympa-
thetic responses generated by peripheral GLP-1R agonist
treatment and, in separate experiments, by hindbrain-deliv-
ered GLP-1R ligand.

Materials and Methods
Subjects and materials

Adult male Sprague Dawley rats (275–300 g; Charles River, Wilmington,
MA) were housed in individual cages in a room maintained at 23 C with
lights on (0800 h) for 12 h each day. Initially, all rats had ad libitum access
to rodent chow (Rodent Chow 5001; Purina, St. Louis, MO) and water for
1 wk of adaptation. They were then tube fed a suspendable AIN 76A rodent
diet (L1001, Research Diets, New Brunswick, NJ) during the light cycle in
four evenly spaced meals. The volume of tube-fed meals was 9 ml, deliv-
ering a total of 79 kcal/d, which results in weight gain and provides
adequate hydration (27). Rats were maintained on this feeding paradigm
except as noted below during experimental testing.

The selective agonist to the GLP-1 receptor, exendin-4 (Ex-4; Amer-
ican Peptide Co., Sunnyvale, CA), a modified peptidase-resistant GLP-1
analog isolated from Heloderma suspectum venom, was selected as the
ligand of choice to examine GLP-1R-mediated control of intraoral intake,
gastric emptying, and energy expenditure because it is used both ex-
perimentally and clinically in the treatment of diabetes mellitus and
obesity due to increased half-life (28–32).

Supracollicular decerebration, fourth
intracerebroventricular (icv) cannulation, intraoral
cannulation, and telemetric transponder surgery

For two separate sets of rats (n � 13–17/set), body weights were
recorded for 1 wk, and then within each group, the animals were divided
into two weight-matched neurological groups: controls (n � 7–8) and
chronic supracollicular decerebrate (CD; n � 6–9). Supracollicular de-
cerebration was performed in two hemitransection stages separated by
at least 1 wk, as previously described (33). During the second hemi-
transection (or control anesthetization) surgery, control and CD rats
were implanted with fourth icv cannula and either a telemetric tran-
sponder (HRC-4000, VitalView; Mini-Mitter, Bend, OR; described be-
low) or intraoral cannula (PE-100) as previously described (34). Chronic
indwelling fourth icv guide cannula (Plastics One, Roanoke, VA; 26
gauge) were implanted 2.0 mm above the fourth cerebral ventricle,
under ketamine (90 mg/kg), xylazine (2.7 mg/kg), and acepromazine
(0.64 mg/kg) anesthesia and analgesia (Metacam 2 mg/kg) at the fol-
lowing coordinates: 2.5 mm anterior to occipital suture, 4.5 mm ventral
to dura, and on the midline. The cannula was cemented to four jeweler’s
screws attached to the skull and closed with an obturator. For rats
receiving transponders, a small midline abdominal incision was made
below the diaphragm. The transponder was inserted into the abdominal
cavity, with the leads tunneled under the skin and secured to the chest
muscles with silk sutures. For animals receiving intraoral cannula, the
cannula was placed just lateral to the first maxillary molar and led to
emerge at the top of the head. CD rats do not eat or drink spontaneously,
and therefore, an intraoral feeding paradigm was used to measure meal
size in CD and control rats (for validity of method, see review in Ref. 35).
The intended anatomical position of the fourth icv injection was eval-
uated 1 wk after recovery from surgery by measurement of the sym-
pathetically mediated increase in plasma glucose 60 min after icv in-
jection of 210 �g 5-thio-d-glucose in 2 �l of artificial cerebrospinal fluid

(aCSF; Harvard Apparatus, Holliston, MA) (36). The presence of the
response, at least a doubling of plasma glucose level after this treatment,
confirmed cannula placement and served as an inclusion criteria for the
experiments. After the second surgery, the rectal temperatures of CD
rats were recorded at each tube feeding because the temperature of these
rats is somewhat labile. When noted perturbations in core temperature
(Tc) did not occur during experimental testing, adjustments were made
by warming or cooling the epidermis. The completeness of the intended
transection was verified histologically in all cases by sectioning the brain
sagittally (40 �m) via microtome, staining the sections with cresyl violet,
and confirming the completeness of the transection with light micro-
scopic examination.

Comparative effects of peripheral and caudal brainstem
delivered Ex-4 on intake in chronic decerebrate and
neurologically intact rats

Chronic decerebrate rats do not forage, and therefore, assessment of
their intake responses require the use of a method in which food is
directly delivered to the oral cavity (37). Intraoral intake tests followed
2 wk of intraoral infusion habituation training. For both habituation and
the experimental days, groups of rats were run, approximately 2 h after
tube feeding, in individual hanging cages (18 � 25 � 36 cm). Five
minutes before the start of intraoral nutrient infusions, rats received
either an ip or fourth icv injection in a counterbalanced design. Fourth
icv injections consisted of either Ex-4 (0.3 �g/�l) or aCSF, and ip in-
jections consisted of either Ex-4 (1.2 or 3.0 �g/kg) or saline (dose se-
lection based on Refs. 20, 38). Ten percent glucose was infused orally at
a rate of 0.8 ml/min with an infusion pump (Pump 44; Harvard Ap-
paratus); that rate is within the ingestion rate of ad libitum-ingesting rats
(39). Each rat’s infusion line was led through a computer-controlled
miniature three-way solenoid valve either to a waste dish or directly into
the oral cavity of the animal. Rats consumed the infused glucose solution
until fluid was observed to drip from the mouth, at which time the
infusion was stopped for 30 sec. The intake test was terminated and
amount consumed calculated when a second rejection event was ob-
served within the 60 sec of reinstated delivery.

Comparative effects of peripheral Ex-4 on liquid gastric
emptying rates in chronic decerebrate and neurologically
intact rats

After an overnight fast (15 h after last tube feeding), a separate group
of CD (n � 9) and control (n � 8) rats received an ip injection containing
either 0.9% NaCl or Ex-4 (0.12, 1.2, or 2.4 �g/kg; dose selection based
on Ref. 21). Five minutes after drug administration, 5 ml of 0.9% NaCl
containing 0.006% phenol-red was instilled into the rat’s stomach via an
orally inserted 8-Fr polyethylene intragastric tube. Rats were immedi-
ately returned to their home cage. After a 5-min emptying period, the
tube was reinserted into the stomach and the remaining gastric contents
were withdrawn. The stomach was rinsed repeatedly with 0.9% NaCl
until the withdrawn samples were void of any visible phenol indicator.
Collected volume was measured, and the gastric contents were centri-
fuged at 3200 rpm for 10 min to remove any particulate matter. Gastric
emptying was measured by dye-dilution spectrophotometry from ab-
sorption at 550 nm. Briefly, a 1.0-ml sample from the centrifuged gastric
contents was buffered with 24.5 ml of 0.014 m Na3PO4.12H2O. The
spectrophotometric absorbance of each buffered sample was compared
with that of a 1.0-ml buffered sample from the originally instilled phenol
red solution to determine the volume of the original test load remaining
in the stomach at the end of the emptying period. Each drug treatment
was bracketed by a control condition. These experimental techniques
have been detailed previously (40–42).

Effects of peripheral and caudal brainstem delivered Ex-4
on energetic responses in chronic decerebrate and
neurologically intact control rats

On experimental testing days of energetic response recording, rats
previously used in the gastric emptying experiment received tube feed-
ings before (before 0800 h) and after (after 1800 h) data collection. A
minimum of 2 d separated each experimental day.
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At 1100 h on testing days, rats received one of the three ip/fourth icv
injection conditions that included: 1) ip Ex-4 (3 �g/kg) with fourth icv
vehicle (1 �l of aCSF); 2) ip vehicle (0.9% NaCl) with fourth icv Ex-4
(0.3 �g/1 �l); 3) or combined ip/fourth icv vehicle injections (dose
selection based on Ref. 7). All conditions were counterbalanced. Heart
rate (HR), Tc, and spontaneous activity were recorded telemetrically
beginning 1 h before injections and for a 7-h period after injections. HR
was recorded every 30 sec; Tc and activity was recorded every 5 min.
Spontaneous activity was recorded as cumulative spontaneous activity
counts on an X-Y axis every 5 min (change in X-Y position is equal to
1 count). Data were collected in the rats’ home cages.

Data and statistical analyses

Data for each respective study were analyzed separately and ex-
pressed as mean � sem. Intake data were analyzed separately for ip and
fourth icv injections and were analyzed by two-way ANOVA, with drug
treatment and neurological condition of the rat as the main variables.
Gastric emptying data are expressed as the percentage of the 5-ml 0.9%
NaCl load emptied after 5 min and were analyzed by two-way ANOVA,
with drug treatment and neurological condition of the rat as the main
variables. Data for heart rate, core temperature, and spontaneous ac-
tivity reflect a 6.5 h average of collected data (after an initial 30 min
postinjection recovery period) and were analyzed separately by two-
way ANOVA with drug treatment and neurological condition as the
main variables to examine differences between surgical groups and by
one-way ANOVA to examine for any drug treatment effects within each
surgical group. CD rats with an incomplete transection were removed
from statistical analysis. Additionally, statistical outliers in the energy
expenditure experiments were removed from further analysis. For all
experiments, comparisons between treatment means were analyzed by
post hoc pair-wise comparisons and Tukey’s honestly significant differ-
ence test with P � 0.05 considered statistically significant. Analyses were
made using PC-SAS (version 8.02; SAS Institute, Cary, NC) mixed pro-
cedure and Statistica software (StatSoft, Tulsa, OK).

Results
Intake responses to peripheral and caudal brainstem
delivered injection of Ex-4 in chronic decerebrate and
neurologically intact control rats

Ex-4 treatment delivered either ip or fourth icv, gave rise
to an overall significant suppression of intake [IP: F(2, 24) �
21.66, P � 0.0001 and fourth icv: F(1,11) � 15.48, P � 0.003]
in both control and CD rats. For peripheral or fourth icv Ex-4
treatment, the intake suppression did not differ as a function
of the neurological condition of the rat (CD vs. control), nor
was there any significant interaction between drug treatment
and neurological condition on glucose intakes, indicating no
differences in the direction and magnitude of observed ef-
fects in CD and control groups. Figure 1 shows that ip Ex-4
at 1.2 and 3.0 �g/kg suppressed intraoral intake significantly
(P � 0.05) in both groups, compared with respective vehicle
intakes. There was no further statistical increase in the mag-
nitude of intake suppression by the 3.0 �g/kg dose of ip Ex-4,
compared with the 1.2 �g/kg dose in either neurological
group. Figure 2 shows that fourth icv administration of Ex-4
(0.3 �g/�l) significantly suppressed intraoral intakes in both
control and CD rats, compared with respective aCSF vehicle
intakes (P � 0.05).

Effects of peripheral Ex-4 on liquid gastric emptying rates
in chronic decerebrate and neurologically intact rats

Ex-4 delivered ip suppressed gastric emptying in decer-
ebrate and control rats, compared with the respective vehicle
emptying rates [F(3,37) � 12.32, P � 0.05]. There was no

significant main effect of the neurological condition of the rat
(CD vs. control), nor was there any significant interaction
between Ex-4 treatment and neurological condition on gas-
tric emptying rates, indicating no differences in the direction
and magnitude of observed effects in CD and control groups.
The percent volume emptied in response to vehicle injections
did not statistically differ between intact and decerebrate
rats. The 5-min percent volume emptied was calculated and
results are depicted in Fig. 3. For both control and CD rats,
the percent volume emptied after the 0.12 �g/kg ip dose of
Ex-4 was not significantly different from the percent volume
emptied after respective vehicle administration. When the ip
dose of Ex-4 was increased by a factor of 10 (1.2 �g/kg), the
percent volume emptied for both neurological groups were
significantly suppressed, compared with their respective ve-
hicle-emptying rates. Increasing the dose of Ex-4 to 2.4 �g/kg
did not further enhance the suppression of gastric emptying
in either control or CD rats, similar to previous findings (4).
Nonetheless, the percent volume emptied for both groups
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FIG. 2. Intraoral glucose (10%) intake for CD and control rats did not
differ as a function of the neurological condition of the rat. Fourth icv
administration of Ex-4 (0.3 �g) significantly suppressed intakes in
both control and CD rats, compared with respective aCSF vehicle
intakes. The suppression of intake by hindbrain ventricular Ex-4 did
not differ as a function of the neurological condition of the rat (CD vs.
control). *, P � 0.05 from respective vehicle.
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FIG. 1. Intraoral glucose (10%) intake (infused at 0.8 ml/min) for CD
and control rats did not differ as a function of the neurological con-
dition of the rat. Intraperitoneal Ex-4 at 1.2 and 3.0 �g/kg suppressed
intake significantly in both control and CD rats, compared with re-
spective vehicle intakes. The suppression of intake by peripheral Ex-4
did not differ as a function of the neurological condition of the rat (CD
vs. control). *, P � 0.05 from respective vehicle.
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remained significantly suppressed, compared with respec-
tive vehicle-emptying rates.

Energetic responses to peripheral and caudal brainstem
delivered injection of Ex-4 in chronic decerebrate and
neurologically intact control rats

Tc (control, n � 5; CD, n � 7). As shown in Fig. 4, Ex-4
administered peripherally (ip) and centrally (fourth ventricle)
produced a large and long-lasting hypothermia in neurologi-
cally intact controls (ip: P � 0.05; fourth icv: P � 0.002, Fig. 4A)
as well as in CDs (ip: P � 0.05; fourth icv: P � 0.002, Fig. 4B).
Peripheral (ip) Ex-4 resulted in a significant 2 C change in Tc at
nadir from vehicle baseline for both control and CD rats and an
average decrease from vehicle baseline of 0.6 C for control and
1.5 C for CD rats. The response duration was approximately 4 h
in intact rats. The response in CDs had a longer duration (per-
sisting throughout the 7 h period of measurement). Caudal
brainstem (fourth icv) Ex-4 delivery produced an approxi-
mately 1 C reduction in Tc at nadir, that persisted at that mag-
nitude for the 7 h duration of measurement in neurologically
intact rats. In CD rats, fourth icv Ex-4 produced a hypothermic
response, with a change of approximately 3 C at nadir that
lasted several hours after drug injection. The 6.5 h average
hypothermic response from vehicle baseline after fourth icv
Ex-4 was greater in CD rats (�2.5 C) than neurological controls
(�1 C; Fig. 4C).

HR (control, n � 6; CD, n � 5). Peripheral (ip) Ex-4 produced
a robust and long-lasting tachycardia in neurologically intact
controls (P � 0.05; Fig. 5A) and a trend to elevate HR in CDs
(P � 0.07; Fig. 5B). The elevated HR response in both control
and CD rats had a peak change from vehicle baseline of
approximately 150 beats per minute (BPM) and a 6.5 h av-
erage increase of approximately 55 BPM. Caudal brainstem
(fourth icv) Ex-4 produced an elevated HR in CDs (P � 0.05)
and a similar tachycardia response in control rats (P � 0.05).
The peak of the HR response was approximately 100 BPM for
both control and decerebrate groups. The average change
from vehicle baseline was approximately 50 BPM for both
groups (Fig. 5C).

Activity (control, n � 6; CD, n � 6). There was a significant
interaction between drug treatment and neurological condi-

tion on activity (P � 0.0008). Post hoc tests revealed no effect
of either peripheral or central Ex-4 on spontaneous activity
in control rats (Fig. 6, A and C). However, CD rats showed
a significant suppression of activity after fourth icv Ex-4
(P � 0.002, �75% suppression), as well as IP Ex-4 (P � 0.02,
�60% suppression; Fig. 6, B and C). This group difference
appears to result from the elevated activity of the CD rats
under vehicle baseline conditions, compared with control
(P � 0.003).

Discussion

To assess the importance of central processing from hy-
pothalamic-forebrain and caudal brainstem sources to the
inhibition of food intake and gastric emptying as well as the
tachycardia and hypothermia driven by vagally transmitted
peripheral or caudal brainstem directed central delivery of a
GLP-1R agonist, responses of supracollicular decerebrate
rats were compared with those of pair-fed neurologically
intact control rats. Overall, the magnitude and duration of
responses observed in CD and control rats were comparable.
Peripheral administration of Ex-4 suppressed food intake
and reduced gastric emptying and Tc in both control and CD
rats. Tachycardia was seen in controls and CD rats in re-
sponse to peripheral Ex-4 administration. Hindbrain ven-
tricular central delivery of Ex-4 also produced similar intake,
emptying, and thermal responses in CD and neurotologically
intact controls. Tachycardia was observed after fourth icv
injection of Ex-4 in control rats, whereas for CD rats, the trend
was not significant. These data provide clear support for the
hypothesis that central processing restricted to the caudal
brainstem is sufficient for the generation of responses trig-
gered by exogenous peripheral GLP-1R stimulation and also
by central GLP-1R ligand delivered to the caudal brainstem.
Additional work is required to identify the site(s) of action
for endogenous peripheral and central GLP-1 that contrib-
utes to the control of energy balance responses.

Hypothalamic processing has been hypothesized to me-
diate the profile of responses evoked by peripheral GLP-1R
ligand delivery (3, 24, 43). Peripheral administration of
GLP-1R agonists induces central neuronal activation, as in-
dicated by Fos-like immunoreactivity (3, 7, 21, 43) and mag-
netic resonance imaging (24), in the PVN and in some reports,
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(1.2 and 2.4 �g/kg) significantly suppressed 5 min gastric
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tion was not statistically different between control and CD
rats, indicating that forebrain processing and forebrain-
caudal brainstem communication is not necessary for the
control of basal gastric emptying. *, P � 0.05 from respec-
tive vehicle.
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the ARC and ventral medial hypothalamus nuclei. Abbott
et al. (3) examined the neural mediation of the anorexic effect
of peripheral GLP-1R stimulation by interrupting connec-
tions between the caudal brainstem and hypothalamus with
midbrain knife cuts. The authors concluded that hypotha-
lamic processing is required for GLP-1R-induced anorexia
because rats with knife cuts (histological details not pro-
vided) did not show this response. By contrast, here we show
that CD rats lacking all neural communication between the

caudal brainstem and hypothalamus (histologically con-
firmed complete transections) showed not only the same
suppression of intake to peripheral GLP-1R agonist as that
observed in neurologically intact control rats but also other
physiological responses that were comparable with intact con-
trols. The current results thereby show that neuronal activation
of PVN, ARC or other hypothalamic neurons by peripheral
GLP-1R treatment observed in intact rats (3, 7, 21, 43) is not
required for intake suppression or gastric emptying reduction.
Roles for hypothalamic/forebrain processing (ARC, PVN, LH,
and CeA neurons) in combination with autonomic and neu-
roendocrine processing from medullary catecholamine neu-
rons (A5, rostral ventrolateral medulla, caudal ventral lateral
medulla, and PBN) are hypothesized for the mediation of the
cardiac and energetic effects of peripheral GLP-1R agonists (7,
44). The current results for cardiac and energetic responses, like
those for intake and gastric emptying responses, bolster the
conclusion that forebrain/hypothalamic processing and hy-
pothalamic-caudal brainstem communication are not re-
quired for peripheral GLP-1R stimulated responses.

Current findings show that the caudal brainstem is suffi-
cient to mediate suppression of food intake and core body
temperature elicited by central, caudal brainstem-delivered
exogenous Ex-4 and that hypothalamic/forebrain processing
is not necessary for these centrally evoked responses. At the
same time, however, it is known that intake inhibition is
observed after ventral forebrain application of GLP-1R li-
gands. Whereas it is difficult to ascribe the sites mediat-
ing forebrain ventricular GLP-1R agonist delivery because
ligand is accessible to both forebrain and caudal brainstem
GLP-1Rs, ventral forebrain parenchymal application of
GLP-1R ligands does elicit behavioral responses, and this
result supports a direct role for forebrain GLP-1R-driven
effects (45, 46). Neither our data nor other central agonist
delivery studies address the sites of central mediation of
responses resulting from endogenous activation of central
GLP-1Rs. Whereas proglucagon-expressing neurons are lo-
cated in the NTS of the caudal brainstem, these neurons
project to both caudal brainstem and forebrain nuclear tar-
gets (47). Further investigations are certainly warranted to
examine the role of caudal brainstem and ventral forebrain
GLP-1 in the central mediation of responses resulting from
endogenous central GLP-1 activation. For hindbrain-directed
central delivery of exogenous agonist by contrast, the findings
are clear. Responses induced by exogenous hindbrain applica-
tion of GLP-1R agonists do not require forebrain processing or
caudal brainstem-forebrain communication.

The specific caudal brainstem nuclei and efferent output
pathways involved in mediating the gastric emptying and
energy intake/expenditure effects by peripheral GLP-1R li-
gand administration are still under investigation. Rinaman
et al. (48) showed monosynaptic vagovagal input-output cir-
cuitry in the NTS and dorsal motor nucleus of the vagus,
providing support for the sufficiency of caudal brainstem
processing in the control of gastric emptying (for review, see
Ref. 49). Indeed, Fos-Li and electrophysiological recordings
indicate that peripheral administration of Ex-4 activates NTS
and dorsal motor nucleus of the vagus neurons (7, 50, 51).
Other caudal brainstem nuclei have been implicated in me-
diating the intake suppressive effects of gastrointestinal sa-
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tiation signals including, but not limited to, the PBN, AP, and
ventrolateral medulla and all nuclei of the visceral afferent
pathway (52–54). Caudal brainstem neurons including NTS,
RVLM, and medullary raphe (raphe magnus and raphe palli-
dus) contribute to sympathetic outflows that control energy
expenditure and are considered sympathetic premotor neurons
by some (55–58). Recent experiments show that when surgically
isolated from the forebrain, caudal brainstem neurons process
and integrate energy status signals and issue efferent com-
mands to sympathetic nervous system outflows producing
compensatory adjustments in energy expenditure driven by
food deprivation (27) or cold temperature exposure (59).

As noted in the introductory text, peripheral and central
GLP-1R stimulation leads to a comparable set of intake, gas-
tric emptying, and energetic responses. The broad distribu-
tion of GLP-1R in the CNS (16), and the comparable pattern

of responses observed with hindbrain vs. forebrain-ventric-
ular and forebrain-parenchymal GLP-1R agonist injections,
indicates that the functional effects of central GLP-1R stim-
ulation are not localized to one brain region but are distrib-
uted in nature (7, 17, 18). At the same time, however, a
common assertion in the neural analysis of the GLP-1 con-
tribution to energy balance control is that hypothalamic-
forebrain processing (e.g. PVN, dorsomedial hypothalamus,
LH, and medial hypothalamus) mediates central GLP-1R
agonist effects irrespective to the site of agonist delivery. This
perspective, expressed in many central GLP-1R agonist
application studies is supported by patterns of GLP-1 im-
munoreactivity (16, 60), central GLP-1-induced neuronal
activation (7, 61) and the organization of hypothalamic
projections from the proglucagon expressing neurons in
the NTS (47). Of the studies examining effects of CNS
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GLP-1R ligand application, the study of greatest relevance
to the discussion of our hindbrain ventricular data is that
of Kinzig et al. (17), which show that fourth ventricular
application of GLP-1 (7–36) suppresses food intake at
doses below that required for intake suppression with
lateral ventricle delivery. Moreover, Kinzig et al. (17) dem-
onstrated that the mediation of central GLP-1R-driven
intake inhibition and visceral illness production are dis-
sociable. That is, activation of caudal brainstem GLP-1Rs
reduces food intake without inducing illness, whereas ac-
tivation of forebrain GLP-1R via third and lateral ventric-
ular injection results in a conditioned taste aversion, pre-

sumably through activation of CeA GLP-1R (17). Having
generated suppression of food intake after forebrain and
caudal brainstem application of GLP-1, Kinzig et al. (17)
concluded that anorectic actions of CNS GLP-1 are medi-
ated by processing in both caudal brainstem and hypo-
thalamic nuclei. Analogous to the conclusions of Kinzig
et al. (17), Yamamoto et al. (44) suggest similar caudal
brainstem-hypothalamic communication requirements,
specifically that circulating GLP-1 activates GLP-1-respon-
sive neurons in the AP and NTS, which in turn activate
neurons expressing GLP-1R in the hypothalamus and
brainstem, leading to coordinated endocrine and auto-
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FIG. 6. Spontaneous activity (counts) in control
(A) and CD (B) rats before and after injection of
fourth icv Ex-4 (0.3 �g), ip Ex-4 (3.0 �g/kg), or
vehicle. The histogram (C) represents 6.5-h av-
erages for spontaneous activity counts. Control
rats showed no significant alteration in sponta-
neous activity after Ex-4 administration. Activity
counts after vehicle injection for CD rats were
significantly greater than for control rats. This
difference in vehicle values rather than differ-
ences for the ip and fourth icv Ex-4 conditions
between CD and control rats contributes to the
group differences observed. *, P � 0.05 from re-
spective vehicle activity counts.
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nomic effects on HR and blood pressure. We showed that
central, hindbrain ventricular Ex-4 administration, in
proximity to the endogenous central source of progluca-
gon in the NTS (14) and to caudal brainstem GLP-1R (16),
engages endemic efferent circuits mediating the suppres-
sive effects on intake and Tc by Ex-4 and does not require
ascending forebrain input and processing.

The current findings are inconsistent with the conclusion
that the intake inhibition induced by central GLP-1 delivery
requires activation of and processing by hypothalamic cir-
cuits (18, 61, 62). These reports indicate that GLP-1 engages
the hypothalamus and activates PVN neurons to modulate
sympathetic outflow controlling for energy expenditure
(44) via monosynaptic hypothalamo-spinal pathways (63).
Whereas hypothalamic activation is observed in neurologi-
cally intact rats after peripheral or brain application of
GLP-1R ligands (3, 7, 21, 43), the findings in CD rats indicate
that the contribution of GLP-1R-triggered sympathetic out-
put pathways from forebrain structures in intact rats is com-
plementary to the output pathways endemic to, and effects
mediated by, the caudal brainstem. The finding that CD rats
had an enhanced hypothermic response to fourth icv Ex-4
administration, compared with control rats, suggests that
forebrain processing may in fact dampen or fine-tune the
sympathetic/vagal outputs to hindbrain GLP-1R ligands.

The chronic decerebrate strategy involves the elimination
of all neural connections between the forebrain and caudal
brainstem. Undoubtedly, such a global disconnection results
in differences between CD and intact rats. Yet the strength of
the approach lies in its ability to document similarities (not
differences) between the responses of intact brain rats and
chronic decerebrates. Therefore, it is noteworthy that food
intake, gastric emptying, Tc, and HR of CD and pair-fed
intact rats are comparable under vehicle injection, baseline
conditions. This indicates that integrations performed in the
caudal brainstem contribute to the function of a broad range
of physiological control systems. As stated above, however,
the elimination of neural connections with the forebrain re-
sulted in a notable difference between CD and intact rats.
Activity counts after vehicle injection for CD rats were sig-
nificantly greater than for control rats. This difference in
vehicle values rather than differences for the ip or the fourth
icv Ex-4 conditions between CD and control rats likely con-
tribute to the group differences observed. A possible expla-
nation for the elevated baseline activity counts in CDs, com-
pared with controls, comes from the fact that energy
expenditure measurements were made in the light phase,
during which control rats’ baseline activity is very low be-
cause the majority of intact rats’ physical activity occurs
during the dark phase. Unlike controls, CD rats are neuro-
logically blind and do not show the differential pattern of
rest/activity behavior associated with light/dark phases ob-
served in intact rats. Instead, CD rats show a relatively con-
sistent pattern of activity across a 24-h period, which here is
shown to be elevated, compared with control rats’ resting
behavior in the light phase, but is likely reduced, compared
with control rats’ dark-phase activity. Thus, the absence of an
activity effect of Ex-4 in controls may reflect a floor effect on
activity in the light phase. Further experiments are certainly
warranted to examine the effects on spontaneous activity

after ip and fourth icv Ex-4 in the dark phase of neurolog-
ically intact controls.

The observed tachycardia to ip Ex-4 treatment may be
mediated by peripheral vs. central sites of ligand action. In
addition to caudal brainstem GLP-1R-mediated output con-
trolling for HR, it is possible that when applied to the pe-
riphery, Ex-4 directly activated GLP-1R on the heart (64).
However, a variety of data supports the notion that central
sympathetic outflows (7) and vagal efferent (8, 51) pathways
mediate peripheral GLP-1R triggered cardiac effects. Future
examination of HR variability in the time domain (65, 66), a
function of interbeat interval and systolic blood pressure,
may provide a basis for determining the differential contri-
butions of the sympathetic nervous system and vagal efferent
pathways to Ex-4-generated cardiac effects because HR vari-
ability is considered a proxy of vagal efferent activity. Ad-
ditionally, tachycardia is often associated with nonanesthe-
sia hypothermia (67–69), and it has often been asserted that
tachycardia is a thermoregulatory compensatory response to
hypothermia along with vasoconstriction, increased glomer-
ular filtration rate, and overall increase in metabolism in
attempts to restore Tc to normal. We cannot completely rule
out the possibility that the observed tachycardia in control
and CD rats after Ex-4 treatment was a secondary thermo-
regulatory response to the hypothermic effects of GLP-1R
activation. Nonetheless, the latency of hypothermia and
tachycardia were not statistically different, suggesting that
the GLP-1R-mediated tachycardia response is not a compen-
satory response to hypothermia. Future investigations using
various surgical and ex vivo preparations are certainly war-
ranted to further investigate the mechanisms of GLP-1’s car-
diac effects.

In conclusion, the overall pattern of results demonstrate
that caudal brainstem processing is sufficient to mediate
peripheral GLP-1R-triggered inhibition of intake, core tem-
perature, and gastric emptying rates as well as tachycardia
and that hypothalamic/forebrain processing is not required
for response production. The same pattern was observed
with hindbrain-delivered fourth icv agonist injection.
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