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(3) 673–677, 1997.—ICV administration of
glucagon-like peptide-1 (7–36) amide (GLP-1) dose dependently suppresses food intake in rats, and induces activation of
c-

 

fos

 

 within rat paraventricular hypothalamus (PVN). The present study sought to determine whether GLP-1 (7–36) amide
may act within the PVN by examining the effects of intra-PVN administration of GLP-1 (7–36) amide on food intake in rats.
Adult male rats (

 

n

 

 

 

5

 

 11) were prepared with indwelling guide cannulae aimed at the PVN. Rats were allowed access to a pal-
atable liquid diet (Ensure) and water during a daily 60-min test period with intakes measured every 15 min. Intra-PVN ad-
ministration of GLP-1 (7–36) amide (10, 50, 100, and 200 ng) did not alter latency to feed, but did suppress liquid diet intake
over a 1-h testing period, as a function of dose. These results suggest that GLP-1 (7–36) amide may act, in part, to suppress
feeding through interactions with cells within the PVN. © 1997 Elsevier Science Inc.

 

Norepinephrine Paraventricular Nucleus Peptide Feeding

 

GLUCAGON-LIKE peptide-1 (7–36) amide (GLP-1) is se-
creted by the distal ileum following the ingestion of certain
chemicals contained in foods. The functional significance of
GLP-1 (7–36) amide in the digestive system includes the stim-
ulation of glucose-dependent insulin secretion, and the inhibi-
tion of glucagon secretion as well as gastric emptying (13,23).

GLP-1 (7–36) amide may play a role in the central modula-
tion of feeding (12,13,21). Turton et al. (21) noted that intra-
cerebroventricular (ICV) administration of GLP-1 (7–36)
amide reduced food intake in fasted rats at doses of 10–100

 

m

 

g. In contrast, systemically administered GLP-1 (7–36)
amide did not alter food intake, suggesting that GLP-1 (7–36)
amide acts centrally and not peripherally to inhibit feeding.
Anorexia has also been noted by other investigators using in-
fusion of GLP-1 (7–36) amide into lateral ventricle (19), third
ventricle (12,20), and fourth ventricle (11).

Using the induction of c-

 

fos

 

 as a marker for neuronal acti-
vation, ICV administration of GLP-1 (7–36) amide resulted in

cellular activation in the paraventricular nucleus of the hypo-
thalamus (PVN) (20,21). Several additional lines of evidence
suggest the PVN as a possible site of action for the inhibitory
effect on feeding following central injections of GLP-1 (7–36)
amide. The hypothalamus has been determined to exhibit a
high concentration of GLP-1 (7–36) amide-like immunoreac-
tivity as well as a high density of binding sites for GLP-1 (7–36)
amide, the latter finding including the PVN (6,7,21). The hy-
pothalamus has also been determined to release GLP-1 (7–36)
amide in a calcium-dependent manner by potassium-induced
depolarization, suggesting that GLP-1 (7–36) amide is a neu-
rotransmitter within the hypothalamus (7). Moreover, Shugh-
rue et al. (16) noted a dense accumulation of GLP-1 receptor
mRNA within the rat PVN.

The PVN is an important central site in the control of feed-
ing (3,8,9,26). Infusions of neurochemicals such as norepi-
nephrine or NPY into the PVN dose dependently increase
food intake (10,18). Conversely, infusions of serotonin into
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the PVN dose dependently decrease food intake (4,24). Given
the established role of the PVN in the modulation of food in-
take, the expression of c-

 

fos

 

 within the PVN following ICV in-
fusions of GLP-1 (7–36) amide, and the high-density of GLP-1
(7–36) amide binding sites in the PVN, it is reasonable to hy-
pothesize that the PVN may be a critical site of action for the
suppression of feeding produced by ICV administration of
GLP-1 (7–36) amide. The aim of the present study was there-
fore to examine the impact on food intake in rats of acute mi-
croinjections of doses of GLP-1 (7–36) amide (0, 10, 50, 100,
and 200 ng) into the PVN.

 

METHOD

 

Subjects

 

The subjects were 14 adult male Sprague–Dawley albino
rats (Harlan Industries, Houston, TX) weighing between 250–
300 g at the beginning of the study. The animals were housed
individually in standard plastic rodent cages and were allowed
a 1-week adaptation period prior to the onset of behavioral
testing to acclimate them to daily handling and colony mainte-
nance procedures. The animal holding room was maintained
at 23 

 

6

 

 1.0

 

8

 

C, with a 12 L:12 D lighting schedule (lights on at
0600 h).

 

Diets

 

The rats received continuous access to rodent pellet-chow
(Teklad) throughout the experiment except during the daily
testing procedure when the rats were allowed access to a pal-
atable liquid diet (Vanilla Ensure: 4% fat, 15% carbohydrate,
4% protein, 1.055 kcal/ml). The rats were allowed continuous
access to tap water throughout the experiment including test-
ing procedures.

 

Drugs

 

A norepinephrine solution (25 nmol) was prepared by dis-
solving 

 

6

 

arterenol hydrochloride (Sigma: A-0937) into
Ringer’s solution (composed of 145.0 mM NaCl, 2.7 mM KCl,
1.0 MgCl

 

2

 

·6H

 

2

 

O, 1.2 mM CaCl

 

2

 

·2H

 

2

 

O, and 2.0 mM Na

 

2

 

HPO

 

4

 

).
The glucagon-like peptide-1 solutions (10, 50, 100, and 200
ng) were prepared by dissolving glucagon-like peptide-1, frag-
ment 7–36, amide (Sigma: Lot #105H09201) into Ringer’s so-
lution. All solutions were calculated as the weight of the base
molecule in 0.5 

 

m

 

l of Ringer’s solution.

 

Surgical Procedure

 

Prior to surgery, each rat was injected (IP) with 0.4 mg/kg
atropine sulfate (to minimize bronchial secretions), and then
anesthetized using separate injections (5 min apart) of keta-
mine (Ketaset: 60 mg/kg, IP) and sodium pentobarbital (20
mg/kg, IP). With the upper incisor bar of the stereotaxic in-
strument positioned at 3.0 mm below the interaural line, the
tip of each stainless steel guide cannula was positioned 1.6
mm caudal to bregma, 0.2 mm lateral to the midline, and 7.2
mm below the surface of the skull. The shaft of each guide
cannula was affixed to the skull with stainless steel screws and
a pedestal of dental acrylic. Following surgery, each rat re-
ceived an injection (IM) of penicillin (300,000 units). A 7-day
recovery period followed surgery, during which the rats were
weighed daily and had continuous access to water and food
pellets in the home cage.

 

Testing Procedure

 

The rats were trained to consume a palatable liquid diet
(Vanilla Ensure) and tap water from separate metal sipper
tubes attached to Wahmann 100 ml graduated drinking bot-
tles during 60-min baseline test sessions. The sipper tubes
were inserted through holes in the wire mesh ceiling above
each cage. Fluid intakes were measured from the bottles to
the nearest 0.5 ml and recorded for each rat. Before surgery,
each rat underwent a series of five baseline test sessions. Fol-
lowing recovery from surgery, the rats underwent a series of
four baseline test sessions. Beginning each day at 1400 h, feed-
ers and water bottles were removed from each cage. Each rat
was weighed, handled, and transferred to a clean home cage.
During the baseline testing procedures, each rat was allowed
access for 60 min to a Wahmann tube containing the liquid
diet and a Wahmann tube containing tap water. The latency
in seconds to begin consumption of the liquid diet was re-
corded for each rat (maximum latency was established at 30 s).
Fluid intakes were recorded every 15 min for a total of four
recordings during the 60-min test sessions. Fluid spillage was
minimal and fluid intakes were not corrected for spillage. Bot-
tle position was alternated daily according to a left or right po-
sition above the cage to control for position preference. The
rats were then allowed free access to food and water until the
next ingestive trial.

During the drug trials, liquid diet and tap water intakes
were measured as outlined above. During the first drug trial, a
single intra-PVN injection of 25 nmol norepinephrine (NE)
was given to each rat to determine the probable locus of the
guide cannula. Prior studies have indicated that this dose of
NE reliably increases feeding upon injection into the PVN
(15,25). The microinjector needle was positioned within each
guide cannula so as to extend 0.5 mm beyond the tip of the
cannulae. A volume of 0.5 

 

m

 

l was injected over a 10-s period,
and the injector was left in place for an additional 50 s to allow
diffusion of the drug solution into the injection site. Five min-
utes later, each rat was given access to the liquid diet and tap
water. Following the injections of NE during the first drug
trial and for the remaining drug trials, the animals underwent
two 60-min nondrug test sessions on separate days between
each succeeding drug trial to minimize drug carry-over effects.
Each rat then received a single intra-PVN injection of each of
the doses of GLP-1 (7–36) amide (0, 10, 50, 100, and 200 ng).
Following the GLP-1 (7–36) amide drug trials, the rats re-
ceived another injection of 25 nmol NE.

 

Histological Analyses

 

At the conclusion of the experiment, each rat was over-
dosed with sodium pentobarbital (60 mg/kg, IP), and perfused
through the heart with 0.9% saline followed by 10% formalin.
Further fixation in 10% formalin proceeded for at least 72 h
prior to sectioning each brain. Alternate 80 

 

m

 

m frozen sec-
tions were photographically enlarged (

 

3

 

7), and compared to
the atlas plates from Paxinos and Watson (14) to verify can-
nula placements.

 

Statistical Analyses

 

The present experiment represents a repeated measures
design. The within-group factors represent either NE DOSE
(0 and 25 nmol NE before (NE1) and after (NE2) the GLP-1
(7–36) amide drug series) or GLP-1 (7–36) AMIDE DOSE
(0, 10, 50, 100, and 200 ng). Separate one-way analyses of vari-
ance (ANOVA: SigmaStat) were computed for liquid diet in-
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take (ml consumed) using the within-group factors of either NE
DOSE or GLP-1 (7–36) AMIDE DOSE. Separate ANOVAs
were computed for cumulative 1-h liquid diet intake as well as
for the first 15 min of diet intake. Inspection of the liquid diet
data during the last 45 min revealed minimal intakes. In addi-
tion, these data failed tests of normality, and were therefore
not included in the final data analyses. 

Separate one-way ANOVAs were computed for latency to
feed using the within-group factors of NE DOSE and GLP-1
(7–36) AMIDE DOSE. The ANOVAs were supplemented
using a post hoc Student–Newman–Keuls test. Differences are
noted as statistically significant for probability values less than
0.05 for all analyses. The water intakes were negligible in the
present experiment and were therefore not subjected to data
analyses.

 

RESULTS

 

Histology

 

Rats that exhibited cannula placements within the medial
parvicellular and anterior parvicellular aspects of the PVN
following blind histological inspection were included in the fi-
nal data analyses. Eleven rats were determined to exhibit the
proper anterior–posterior, medial–lateral, dorsal–ventral co-
ordinate placements within the PVN (Fig. 1). Three rats ex-
hibited ventral and/or lateral coordinate placements, and their
data were not analyzed.

 

Effects of Norepinephrine on Ingestive Behavior

 

Intra-PVN injections of 25 nmol NE, given before (NE1)
and after (NE2) the GLP-1 (7–36) amide drug trials, were
used as an additional histological criterion to determine
proper PVN placement. Figure 2a (top panel) depicts liquid
diet intake in separate 15-min blocks (TIME BLOCKS 1–4)
and total liquid diet intake (TOTAL) following intra-PVN in-
jections of 25 nmol norepinephrine (NE1 and NE2) and vehi-
cle. The NE1 and NE2 conditions in the present study re-
sulted in increases of liquid diet intake (from vehicle intakes)
of 34 and 18%, respectively, for the cumulative 1-h period
(TOTAL), and of 21 and 18%, respectively, for the first 15-
min period (TIME BLOCK 1). The three subsequent 15-min
periods (TIME BLOCKS 2–4) exhibited a mixed pattern of
liquid diet intake.

For cumulative 1-h liquid diet intake, a one-way repeated
measures ANOVA revealed a significant effect of NE DOSE,

 

F

 

(2, 32) 

 

5

 

 9.97, 

 

p

 

 

 

,

 

 0.005. A post hoc test using Student–
Newman–Keuls procedure revealed that liquid diet intake
during both the NE1 and NE2 treatments was significantly
greater than vehicle intake during the cumulative 1-h period.
For 15-min liquid diet intakes, a one-way repeated measures
ANOVA revealed a significant effect of NE DOSE, 

 

F

 

(2, 32) 

 

5

 

5.05, 

 

p

 

 

 

,

 

 0.02. A post hoc test using Student–Newman–Keuls
FIG. 1. Photomicrograph of a typical cannula placement within the
PVN. The horizontal line represents 1 mm.

FIG. 2 (a) Mean group liquid diet intake (ml) recorded over four
separate 15-min increments (TIME BLOCKS 1, 2, 3, and 4) and total
liquid diet intake (TOTAL) following intra-PVN injection of either
25 nMol NE (before (NE1) and after (NE2) the GLP-1 (7–36) amide
drug series) or vehicle (VEH). The vertical lines above each bar
represent the standard error of the mean. Significant drug treatment
differences relative to vehicle treatment are indicated by an asterisk
(*p , 0.05). (b) Mean group liquid diet intake (ml) recorded over
four separate 15-min increments (TIME BLOCKS 1, 2, 3, and 4) and
total liquid diet intake (TOTAL) following intra-PVN injection of 0
(VEH), 10, 50, 100, and 200 ng GLP-1 (7–36) amide. The vertical
lines above each bar represent the standard error of the mean.
Significant drug treatment differences relative to vehicle treatment
are indicated by an asterisk (*p , 0.05).
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procedure revealed that liquid diet intake during both the
NE1 and NE2 treatments was significantly greater than vehi-
cle intake during the first 15-min period. A one-way repeated
measures ANOVA revealed no significant differences in la-
tency to consume the liquid diet between the NE1, NE2, and
vehicle treatments, 

 

F

 

(2, 31) 

 

5

 

 1.03, 

 

p

 

 

 

.

 

 0.38.

 

Effects of GLP-1 (7-36) Amide on Ingestive Behavior

 

Figure 2b (bottom panel) depicts liquid diet intake in sepa-
rate 15-min blocks (TIME BLOCKS 1–4) and total liquid diet
intake (TOTAL) following intra-PVN injections of the doses
of GLP-1 (7–36) amide (0, 10, 50, 100, and 200 ng). Intra-PVN
injection of 10 and 50 ng GLP-1 (7–36) amide resulted in in-
creases of liquid diet intake of 8 and 7%, respectively, for the
cumulative 1-h period (TOTAL). Intra-PVN injection of 100
and 200 ng GLP-1 (7–36) amide resulted in decreases of liquid
diet intake of 11 and 37%, respectively, for the cumulative
1-h period (TOTAL). Intra-PVN injection of GLP-1 (7–36)
amide at doses of 10, 50, 100, and 200 ng resulted in decreases
of liquid diet intake (from vehicle intakes) of 1, 6, 25, and
50%, respectively, for the first 15-min period (TIME BLOCK
1). The three subsequent 15-min periods (TIME BLOCKS
2–4) exhibited a mixed pattern of liquid diet intake.

For cumulative 1-h liquid diet intake, a one-way repeated
measures ANOVA revealed a significant effect of GLP-1 (7–
36) AMIDE DOSE, 

 

F

 

(4, 52) 

 

5

 

 16.66, 

 

p

 

 

 

,

 

 0.005. For 15-min
liquid diet intakes, a one-way repeated measures ANOVA re-
vealed a significant effect of GLP-1 (7–36) amide dose, 

 

F

 

(4,
53) 

 

5

 

 11.21, 

 

p

 

 

 

,

 

 0.005. A post hoc test using Student–New-
man–Keuls procedure revealed that liquid diet intake follow-
ing the 100 ng GLP-1 (7–36) amide dose was significantly dif-
ferent from intakes following vehicle and each of the other
GLP-1 (7–36) amide doses (10, 50, and 200 ng) during the cu-
mulative 1-h period and the first 15-min period. In addition,
liquid diet intake following the 200 ng GLP-1 (7–36) amide
dose was significantly different from intakes following vehicle
and each of the other GLP-1 (7–36) amide doses (10, 50, and
100 ng) during the cumulative 1-h period and the first 15-min
period. A one-way repeated measures ANOVA revealed no
significant differences in latency to consume the liquid diet
between the 0, 10, 50, 100, and 200 ng GLP-1 (7–36) amide
treatments, 

 

F

 

(4, 53) 

 

5

 

 0.22 , 

 

p

 

 

 

.

 

 0.92.

 

DISCUSSION

 

Intraventricular infusion of GLP-1 (7–36) amide into the
rat results in a marked suppression of feeding (11,12,19,
20,21). The primary aim of the present study was to assess
whether intra-PVN administration of GLP-1 (7–36) amide
similarly reduces feeding in rats. In nonfood-deprived rats
trained to consume a palatable, nutritive liquid diet, intra-
PVN administration of GLP-1 (7–36) amide at doses of 100
and 200 ng decreased liquid diet intake during the cumulative
1-h period and the first 15-min period. GLP-1 (7–36) amide at
doses of 10 and 50 ng had no significant effect on liquid diet
intake at either time period. Moreover, no dose of GLP-1
(7–36) amide altered latency to eat. Thus, intra-PVN adminis-
tration of GLP-1 (7–36) amide significantly reduced liquid
diet intake without a concomitant change in latency to feed.
The present results suggest that the anorexic effect of GLP-1
(7–36) amide is not peculiar to a food-deprived testing model,
but can be observed in rats offered a palatable liquid diet. Be-
cause rats in the present study drank little water, whether
GLP-1 (7–36) action within the PVN is specific to feeding can-

not be determined. Others have noted that ICV GLP-1 re-
duces water intake, suggesting that this peptide may not have
a specific action on feeding (19).

These results suggest that ICV administration of GLP-1
may act via activation of GLP-1 receptors within the PVN. In-
fusion of GLP-1 (7–36) amide into the lateral ventricles acti-
vates c-

 

fos

 

 within a variety of nuclei in brain, including PVN,
central nucleus of the amygdala (NUC AMYG), and anterior
thalamic nucleus (21). Immunostaining studies reveal a high
concentration of GLP-1 (7–36) amide in nerve cells within hy-
pothalamus and low concentrations within midbrain, pons,
and medulla (5,7). In contrast, autoradiography studies reveal
high levels of GLP-1 (7–36) amide binding within the PVN,
NUC AMYG, and anterodorsal thalamus, intermediate levels
of binding within midbrain, pons, and medulla, and low levels
of binding within cortex and cerebellum (6,21). Medial hypo-
thalamic neurons express GLP-1 (7–36) amide receptors as
well as proteins critical for sensing glucose (1), suggesting a
putative linkage between glucose dynamics and modulation of
feeding via GLP-1 (7–36) amide within the PVN. When con-
sidered together, these studies point to the PVN as being a fo-
cal point of GLP-1 (7–36) amide activity within brain.
Whether GLP-1 (7-36) amide may also act to reduce feeding
at nonPVN brain sites awaits further microinjection studies.

The finding that intra-PVN infusion of GLP-1 (7–36)
amide reduces feeding in rats may shed light on a possible site
of action for this peptide on feeding, but does not address
whether GLP-1 (7–36) amide induces an early onset of “sati-
ety” (17) or merely induces malaise, which in turn reduces
food intake. Partial support for a satiety notion is apparent in
the present study in that GLP-1 (7–36) amide did not alter la-
tency to feed but did reduce overall intake. Further support
for a satiety view of GLP-1 anorexic activity is derived from
the recent report of Asarian et al. (2), who noted that ICV
GLP-1 (7–36) amide suppressed sham-feeding and induced
resting in the absence of grossly abnormal behaviors. Further
behavioral assays of GLP-1 (7–36) amide activity in brain are
required to determine whether GLP-1 induces satiety.

An alternate explanation for the present findings is that
GLP-1 (7–36) amide induces malaise and subsequently re-
duces feeding. Such a view may be consistent with the action
of GLP-1 on both food and water intake. Tang-Christensen et
al. (19) noted that ICV infusions of 1 

 

m

 

g GLP-1 (7–36) amide
suppressed feeding by 52% and reduced drinking by nearly
60% in rats. Although systemic injection of lithium chloride
readily induced conditioned taste aversion (CTA), ICV ad-
ministration of 1 

 

m

 

g GLP-1 (7–36) amide did not support con-
ditioned taste aversion. Further dose–response analyses com-
paring anorexia and CTA are warranted to assess whether
malaise may play a role in the anorexic property of GLP-1
(7–36) amide, specifically for administration of this peptide
into the PVN. Another approach to assess the malaise hy-
pothesis is to examine whether antagonism of the GLP-1 re-
ceptor results in increased feeding. Intra-PVN administration
of the GLP-1 receptor antagonist exendin (9–39) increases
feeding in satiated rats (22). The latter finding suggests that
activation of GLP-1 receptors within the PVN may represent
an effect on feeding that is independent of potential malaise
effects of this peptide.
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