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Peripheral administration of glucagon-like peptide (GLP)-1 reduces food intake in animals and
humans, but the sites and mechanism of this effect and its physiological significance are not yet
clear. To investigate these issues, we prepared rats with chronic catheters and infused GLP-1 (0.2
ml/min; 2.5 or 5.0 min) during the first spontaneous dark-phase meals. Infusions were remotely
triggered 2–3 min after meal onset. Hepatic portal vein (HPV) infusion of 1.0 or 3.0 (but not 0.33)
nmol/kg GLP-1 reduced the size of the ongoing meal compared with vehicle without affecting the
subsequent intermeal interval, the size of subsequent meals, or cumulative food intake. In double-
cannulated rats, HPV and vena cava infusions of 1.0 nmol/kg GLP-1 reduced meal size similarly. HPV
GLP-1 infusions of 1.0 nmol/kg GLP-1 also reduced meal size similarly in rats with subdiaphragmatic
vagal deafferentations and in sham-operated rats. Finally, HPV and ip infusions of 10 nmol/kg
GLP-1 reduced meal size similarly in sham-operated rats, but only HPV GLP-1 reduced meal size in
subdiaphragmatic vagal deafferentation rats. These data indicate that peripherally infused GLP-1
acutely and specifically reduces the size of ongoing meals in rats and that the satiating effect of
ip, but not iv, GLP-1 requires vagal afferent signaling. The findings suggest that iv GLP-1 infusions
do not inhibit eating via hepatic portal or hepatic GLP-1 receptors but may act directly on the brain.
(Endocrinology 150: 1174–1181, 2009)

Glucagon-like peptide-1 (7–6)-amide (GLP) is a gut hormone
synthesized and released in response to intraluminal nutri-

ent stimuli by the L cells of the distal ileum and colon and a brain
neurotransmitter synthesized and released by neurons in the nu-
cleus tractus solitarii (NTS). GLP-1 appears to act at a number
of sites to elicit a variety of physiological or pharmacological
effects (1). Both peripheral and central GLP-1 have been impli-
cated in the control of eating (2–4). However, rather little is
known about the physiological significance, sites of action, or
neural mechanisms of GLP-1’s actions on eating.

GLP-1 released from the intestinal L cells enters the systemic
circulation rapidly via the intestinal capillaries draining into the
hepatic portal vein (HPV) (5) and more slowly via the lymph (6).
GLP-1 is quickly degraded by dipeptidyl peptidase IV (DPP-IV)
in the intestinal capillaries and in the liver, so that after release

from intestinal L cells, the highest GLP-1 concentrations occur in
the intestinal submucosal extracellular space, intermediate levels
are found in the HPV, and comparatively low concentrations
occur in the systemic circulation (5). Unfortunately, as yet there
are only few data regarding prandial concentrations of GLP-1 in
the systemic circulation and none in the brain. GLP-1 may act at
a variety of sites to inhibit eating, as GLP-1 receptors are ex-
pressed in several loci that have been implicated in the control of
eating, including the arcuate (Arc) and paraventricular (PVN)
nuclei of the hypothalamus (7, 8), as well as in several peripheral
sites, including the pancreatic islets (9), most of the gastrointes-
tinal tract (1), and vagal afferent fibers terminating in the HPV
(10, 11).

In humans, oral loads of carbohydrates or fats increased sys-
temic plasma GLP-1 levels within 5–15 min (1, 12, 13), and iv
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infusion of physiological doses of GLP-1 during meals were suf-
ficient to increase the perception of satiety and to reduce food
intake (14–16). In rats the situation is less clear. Systemic plasma
GLP-1 increased within 15 min after intragastric administration
of Ensure (Abbott Laboratories, Abbott Park, IL) (6) or triglyc-
eride emulsions (17). However, neither systemic plasma levels of
GLP-1 after orally ingested meals nor prandial levels of GLP-1 in
the HPV have been reported in rats. Furthermore, as yet there are
no published reports that acute GLP-1 antagonism during meals
can increase meal size. Thus, whether GLP-1 has a normal phys-
iological satiating action in rats remains uncertain.

Injections of GLP-1 into the lateral, third, or fourth cerebral
ventricles or directly into the PVN have also inhibited eating in
rats (18–21), and GLP-1 receptors are expressed in these areas
(7, 8), suggesting that intestinal GLP-1 might act directly in the
brain to elicit satiation. Again, however, it is not known whether,
or in what amount, peripheral GLP-1 reaches these receptors or
how concentrations after central injections and during meals
compare. However, Turton et al. (21) have reported that intra-
cerebroventricular administration of the GLP-1 antagonist ex-
endin (Ex)-9 does increase eating, encouraging the view that
GLP-1 may act on central GLP-1 receptors to produce satiation.

Lesion studies have contributed only limited knowledge
about the potential site of GLP-1’s satiating actions. Abbott et al.
(22) reported that ip injection of 100 nmol/kg GLP-1 did not
significantly reduce food intake in rats with bilateral abdominal
vagotomy, suggesting that ip injected GLP-1 acts locally in the
gut to initiate a neural signal relayed to the brain via vagal af-
ferents to inhibit eating. However, total subdiaphragmatic va-
gotomy ablates vagal efferents as well as vagal afferents, which
is well known to have marked adverse effects on gastrointestinal
motility (23). Total vagotomy has also reduced endogenous
GLP-1 release (24). Both of these effects might alter the eating-
inhibitory effect of peripherally administered GLP-1.

In view of the available data concerning GLP-1’s potential
role in satiation, the present experiments had three goals. The
first was to test whether brief, remotely controlled intrameal
GLP-1 infusions affect meal patterns in spontaneously eating
rats. This has not been examined previously, and such tests have
face validity as models of voluntary natural eating, and in several
instances have revealed phenomena not apparent in tests of
scheduled test meals in food-deprived animals (e.g. see Refs. 25
and 26). The second goal was to investigate the site of action of
exogenous GLP-1 by comparing the effects of HPV, vena cava
(VC), and ip GLP-1 infusions, and the third was to investigate
further the role of the vagus nerve in peripheral GLP-1’s eating-
inhibitory effect using rats with subdiaphragmatic vagal deaf-
ferentations (SDAs) (27).

Materials and Methods

Subjects and housing
Male Sprague Dawley rats �Charles River, Sulzfeld, Germany; body

weight (BW) 200–230 g on arrival� were individually housed in a tem-
perature-controlled (21 � 2 C) colony room with a 12-h dark, 12-h light
cycle with the lights off at 1100 h. The rats had ad libitum access to water

and ground rat chow (No. 3433; Provimi Kliba NAFAG, Kaiseraugst,
Switzerland). Rat chow was left in an open bin for at least 1 d before use
to prevent the availability of fresh chow from disrupting spontaneous
eating patterns. Rats were adapted to housing conditions for 10 d before
onset of the experiment. All procedures were approved by the Canton of
Zurich Veterinary Office.

Catheter implantation
Catheters were sterilized in ethylene oxide before use and implanted

using sterile techniques. The custom-made headsets described before (26,
28) were used except in the SDA tests, in which headsets made from 20
G (0.90 � 40 mm) surgical stainless-steel tubing (Sterican; Braun, Mel-
sungen, Germany) were bent into U shapes. Catheters consisted of 27 cm
silicone tubing �Dow Corning, Midland, MI; inner diameter (ID) 0.508
mm, outer diameter (OD) 0.914 mm�. Connections with the headsets
were shielded with 2.5-cm pieces of silicone tubing (ID, 1.02 mm, OD,
2.18 mm). The catheters were then led through a folded 2.5 � 3-cm
square of polypropylene surgical mesh (Marlex; Bard Implants, Billerica,
MA) to improve adhesion to the skin and fascia.

For infection prophylaxis and analgesia, rats were pretreated with 4
mg/kg trimethoprim/20 mg/kg sulfadoxine (Borgal 24%; Intervet/Sher-
ing-Plough Animal Health, Kenilworth, NJ) sc a few hours before sur-
gery and anesthetized by ip injection (1.0 ml/kg) of 80 mg/kg ketamine
(Ketasol-100; Dr. E. Gräub AG, Bern, Switzerland) and 4.0 mg/kg xy-
lazine (Rompun; Bayer, Leverkusen, Germany). Atropine (0.05 mg/kg;
Sintetica, Mendrisio, Switzerland) was injected sc immediately before
surgery. Catheter headsets were led sc from 2-cm midline interscapular
incisions to puncture wounds 1-cm rostral to the incision and exterior-
ized. The proximal ends were led sc from the neck to 5-cm midline
laparotomies. HPV catheters were inserted into the ileocolic vein, ad-
vanced into the HPV (26, 28) so that it ended 1- to 2-mm distal to the
gastroduodenal vein, and anchored with silk suture (Silkam, 3/0; Braun)
and acrylic glue (Braun). In one group of animals, both HPV and VC
catheters were implanted during the same surgery. Inferior VC catheters
were implanted just rostral to the renal veins, as described by Kaufman
(29), and the tips advanced 3–4 cm so that they lay near the junction of
the hepatic vein. In some SDA animals, HPV catheters were implanted at
SDA surgery, and ip catheters 7 wk later. Intraperitoneal catheters ended
in the peritoneal cavity and were anchored on the left side of the ab-
dominal wall with silk sutures.

Skin and muscle were closed with resorbable sutures (3-0 Vicryl;
Ethicon, Norderstedt, Germany). Four mg/kg trimethoprim/20 mg/kg
sulfadoxine (Borgal 24%) and 5 mg/kg carprofen (Rimadyl; E. Gräub,
Bern, Switzerland) were injected sc on the day after surgery. Catheters
were flushed regularly with 0.2 ml 0.9% sterile saline and filled with 80
�l heparinized saline (100 IU heparin/ml saline; heparin; Braun) between
tests.

SDA surgery
Rats received 4 mg/kg trimethoprim/20 mg/kg sulfadoxine sc and

0.05 mg/kg atropine before surgery, were anesthetized with 5% isoflu-
rane (Attane; Minrad Inc., Buffalo, NY) in oxygen, and anesthesia was
maintained with 2–3% isoflurane in 1:1 oxygen:N2O. SDA consists of a
transection of the left dorsal vagal rootlets and dorsal (left) esophageal
vagal trunks, resulting in complete SDA, while sparing about half of the
abdominal vagal efferents (27). The sham procedure consisted of simi-
larly exposing the vagal rootlets and abdominal vagus, but not manip-
ulating them further. Rats were nursed with special diets for 1 wk after
surgery (30).

SDAs were verified functionally and histologically (30). The func-
tional test was lack of cholecystokinin (CCK) satiation, which depends
on abdominal vagal afferent fibers (31–33). Four-hour food-deprived
rats were ip injected with 4 �g/kg CCK-8 (Bachem, Bubendorf, Switzer-
land) or saline according to a cross-over design. In sham-operated rats,
CCK-8 reduced 30-min food intake 40–68%. Therefore, the inclusion
criterion for SDA rats was a less than 30% reduction in food intake. To
test retrograde labeling of vagal motor neurons in the dorsal motor nu-
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cleus of the vagus (DMX) and anterograde labeling of vagal afferents in
the NTS (32–35), rats were ip injected with 2 mg Fluoro-Gold (Fluoro-
chrome, Denver, CO) in 1 ml saline. Two days later, the left nodose
ganglion was exposed via a ventral midline neck incision, a glass mi-
cropipette was inserted into the ganglion nerve using a micromanipula-
tor, 1.5 �l 2% wheat germ agglutinin-horseradish peroxidase (Vector
Laboratories, Burlingame, CA) in saline was pressure injected (Pico-
Spritzer 3; Parker Instrumentation, Fairfield, NJ) over 5–8 min, and the
wound was closed. Rats were treated postoperatively as before, 2 d later
anesthetized with pentobarbital (Nembutal; Abbott Laboratories) iv,
and perfused and processed as before (30). An observer blind to the rat’s
surgery and behavioral data counted Fluoro-Gold-labeled neurons in the
DMX and examined the horseradish peroxidase labeling in all NTS sec-
tions that included the area postrema. Neurons projecting from this
region of the DMX are contained in all branches of the abdominal vagus
(34). The inclusion criteria for SDA rats were: 1) for anterograde labeling
(27, 30, 35) that the number of labeled cells in the right DMX be less than
3% of the number in the left DMX; 2) for retrograde labeling (27, 33, 36)
that the left DMX contain some retrograde labeling as a positive control;
and 3) that neither the left nor the right NTS contain any labeled fibers.
Only rats that met all three criteria were included in the analysis.

Test procedures
After recovery from surgery, rats were placed in custom-made, open-

topped acrylic infusion cages (37 � 21 � 41 cm) with stainless-steel grid
floors. A 60-W red incandescent light bulb provided dim illumination
during the dark phase, and a radio music station was played continuously
to mask extraneous noise. Ground chow was available ad libitum in food
cups accessible via a 5-cm tunnel, 5 cm above the cage floor. The cups
were mounted on electronic balances (Mettler PM 3000; Mettler-Toledo
International Inc., Greifensee, Switzerland) interfaced with a computer
(Olivetti M 300; Olivetti, Nuremberg, Germany) in an adjacent control
room, and a custom-designed program (VZM; Krügel, Munich, Ger-
many) recorded the weights of the food cups every 30 sec. Video cameras
(VSS 3440; Philips, Amsterdam, The Netherlands) permitted continuous
observation of the rats.

At 0830 h, catheters were connected to infusion pumps (A99; Razel,
Stamford, CT) via two segments of polyethylene tubing (0.76 mm ID,
1.22 mm OD; Portex, Hythe, UK). The lower segment of tubing was
sheathed with a stainless-steel spring fixed to a swivel joint 45 cm above
the cage floor, thus allowing the rats to move freely. The infusion pumps
were operated by remote control from the control room. Infusions (0.2
ml/min) started 2–3 min after the onset of the first spontaneous nocturnal
meal and lasted for 5 min unless stated otherwise. If a meal was under
way at dark onset (1100 h), the infusion was done during the next meal.
The criteria for meal onset were a 0.2-g decrease in the food cup weight
and visual verification of eating. Catheters were detached at 1500 h, and
rats were weighed and food cups refilled between 1700 and 1900 h.

Within-subjects cross-over designs were used in each experiment.
GLP-1 (7–37)-amide (Bachem) was dissolved in PBS (Life Technologies,
Inc., Basel, Switzerland) with 1% BSA (Sigma, Buchs, Switzerland); con-
trol infusions were vehicle. Infusions were given in random order on
consecutive days. Pilot experiments (data not shown) were performed to
determine GLP-1 doses that were near threshold and moderately supra-
threshold, and to ensure that infusion of such doses did not have car-
ryover effects on subsequent days’ eating under our conditions.

Catheter patency was tested after experiments by infusing 0.8 ml/kg
of a mixture of ketamine (26 mg/kg) and xylazine (0.9 mg/kg). Rats that
did not loose muscle tone completely within 1 min were excluded from
analysis.

Satiating effect of HPV GLP-1
To test whether intrameal HPV infusion of GLP-1 has an acute sa-

tiating effect during the first spontaneous nocturnal meal, rats (n � 14,
BW 343-403 g at test onset) received doses of 0 (vehicle), 0.33, 1.0, or 3.0
nmol/kg BW GLP-1, prepared as described previously.

Comparison of HPV and VC GLP-1
To test whether GLP-1 acts in the liver to inhibit eating during the first

spontaneous nocturnal meal, double-cannulated rats (n � 16, BW 280-
402 g at test onset) received HPV or VC infusions of 0 or 1.0 nmol/kg BW
GLP-1.

Effect of SDA
The necessity of vagal afferent signaling for the eating-inhibitory effects

of HPV and ip GLP-1 was tested. First, seven sham-operated and nine SDA
rats (BW 306-418 g at test onset) received HPV infusions of 0, 0.25, 0.5, or
1.0nmol/kgBWGLP-1during the first spontaneousmealof thedarkphase.
The GLP-1 doses were modified slightly from those used in the first tests in
an attempt to obtain a graded dose-response relation, as described in
Results. Seven weeks later, six sham-operated and nine SDA rats (BW 422-
603 g at test onset) were equipped with ip catheters and, after recovery,
received ip or HPV infusions of 0 or 10 nmol/kg BW GLP-1 (2.5 min infu-
sions at 0.2 ml/min by each route in random order on 4 consecutive days).
The larger dose was selected on the basis of pilot tests and the literature (22,
37), which suggested that GLP-1 doses sufficient to inhibit eating when
infused iv would not suffice when administered ip.

Data analysis
Meals were defined as food removals of 0.2 g or more, with the

interval between removals 15 min or less. Sizes and durations of
spontaneous meals during the test period, intermeal intervals (IMIs)
(duration between the end of one meal and beginning of the next), and
first-meal satiety ratios (meal size/subsequent IMI) were analyzed
with repeated-measures ANOVA (SAS 9.1; SAS Institute Inc., Cary,
NC) and Bonferroni-Holm (38) pairwise comparisons. Data sets that
did not meet the ANOVA criteria of normality and equal variance
were transformed to logarithms for ANOVA. To identify outliers,
data were converted to standard scores using the medians and median
absolute deviates � 1.48 (which estimates the SD), and values more
than 2.57 (i.e. P � 0.01) were excluded. Differences were considered
significant when P � 0.05.

Results

Satiating effect of HPV GLP-1
HPV infusions of 1.0 and 3.0, but not 0.33, nmol/kg GLP-1

reduced the size of the first spontaneous dark-phase meal com-
pared with vehicle infusions (F3/39 � 9.19; P � 0.001) (Fig. 1).
No significant dose-response relation was detected, i.e. the
effects of infusions of 1.0 and 3.0 nmol/kg GLP-1 did not differ
reliably (P � 0.05). Meal duration was also reduced by HPV
GLP-1 (Table 1). The IMI after the first meal, the correspond-
ing satiety ratio, the size of the second meal, and cumulative
food intakes 2, 4, 6, and 22 h after the beginning of the first
meal were not significantly affected by any dose of GLP-1. First
meal size and meal duration data are from 11 rats that passed the
catheterpatency test.Thenumberofdatapoints for IMIandsecond
meal size inFig.1 is smaller thanfor firstmeal sizebecausesomerats
did not consume a second meal before the infusion pumps were
detached.

Comparison of HPV and VC GLP-1
Both HPV and VC infusions of 1 nmol/kg GLP-1 reduced

the size of the first spontaneous dark-phase meal, with no
significant difference between the effects of HPV and VC in-
fusion detected (Fig. 2). The ANOVA results for the main
effects of GLP-1, route of administration, and their interac-
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tions were: F1/22 � 46.34, P � 0.0001; and F1/22 � 1.59 and
1.68, P � 0.05, respectively. Neither HPV nor VC GLP-1
infusion significantly affected other spontaneous eating pa-
rametersorcumulative foodintake(datanotshown).Dataare from
12 rats that passed the catheter patency test.

Effect of SDA
Data from three SDA rats had to be excluded because two

failed the HPV catheter patency test and one failed the two cri-
teria for complete SDA. HPV infusions of 0.5 and 1.0, but not
0.25, nmol/kg GLP-1 reduced the size of the first spontaneous
dark-phase meal in both sham-operated and SDA rats, and no
significant differences in the effects of GLP-1 in the two sur-
gical groups were detected (Fig. 3). The ANOVA results for the

main effects of GLP-1, surgical group, and their interaction were:
F3/33 � 7.60, P � 0.001; F 1/12 � 0.11, P � 0.05; and F 3/33 �

0.07, P � 0.05, respectively. Other spontaneous eating param-
eters and cumulative food intake were not affected significantly
in either surgical group (data not shown).

HPV infusions of 10 nmol/kg GLP-1 also reduced the size of
the first spontaneous dark-phase meal in both sham-operated
and SDA rats (Fig 3). In contrast, ip infusions of 10 nmol/kg
GLP-1 reduced first spontaneous dark meal size in sham-oper-
ated rats, but not in SDA rats, with the difference in GLP-1’s
effects significantly different between the two surgical groups
(Fig. 4). The ANOVA results for the main effects of GLP-1,
surgical group, and their interaction were: F2/18 � 20.53, P �

0.0001; F1/13 � 0.04, P � 0.05; and F2/18 � 4.24, P � 0.05,
respectively. Again, other spontaneous eating parameters and
cumulative food intake were not affected significantly in either
surgical group (data not shown).

Discussion

Here, we tested for the first time the effects of intrameal periph-
eral infusions of GLP-1 during spontaneous meals in rats. Our
data demonstrate that brief, intrameal peripheral infusions of
GLP-1 selectively reduce the size of ongoing meals in rats. In
addition, HPV and VC GLP-1 infusions reduced meal size sim-
ilarly, suggesting that GLP-1’s eating-inhibitory effect does not
originate in the hepatic portal area or in the liver. Finally, SDA
eliminated the eating-inhibitory effect of ip, but not of HPV,
infusions of GLP-1, indicating that circulating GLP-1 does not
require vagal afferent signaling to inhibit eating and that differ-
ent sites and mechanisms mediate the satiating actions of ip and
HPV GLP-1.

Independent of whether infused HPV, VC, or ip, intrameal
administration of 0.5–10 nmol/kg GLP-1 potently and selec-
tively reduced the size of the ongoing meal without affecting the
size of subsequent meals or the duration of the subsequent IMIs
and, therefore, meal frequency. Cumulative food intake was also
unaffected. These results extend earlier reports of reduced food
intake in response to ip (22, 37) and iv (39, 40) GLP-1 by showing
that GLP-1 can reduce the size of ongoing meals, i.e. elicit
satiation.

Our GLP-1 infusion procedure was designed to model only
the initial secretion of GLP-1 during meals, without considering
continued postprandial secretion. Intrameal plasma levels of
GLP-1 have not been reported, and we were technically unable
to match the plasma levels of GLP-1 after either HPV or VC
infusions to the levels during meals. Therefore, whether the sa-
tiating effects of GLP-1 we report here represent a physiological
action is uncertain. Nevertheless, it is interesting to note that the
threshold HPV GLP-1 dose under our conditions, which ap-
peared to be just under 0.5 nmol/kg, is small in comparison to
dosesusedinmoststudiesofperipheralGLP-1’sacuteeffectonfood
intake (2–4, 18, 21, 22, 40, 41). However, Chelikani et al. (39)
reported that the threshold dose for a reduction of 1 h cumulative
food intake (their first measurement) during continuous intrajugu-
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FIG. 1. A, Intrameal HPV infusions of 1 or 3 nmol/kg GLP-1 reduced the size of
the first spontaneous dark-phase meal compared with vehicle infusions (F3/29 �
9.19; P � 0.001). The duration of the after IMI (F3,21 � 2.08; P � 0.05) (B), and
the second meal size (F3.22 � 1.55; P � 0.05) (C) were not significantly affected
by GLP-1 infusions. Values are means � SEM of 11 (A) or 10 (B and C) rats. *, P �
0.05 vs. zero dose, Bonferroni-Holm test after significant ANOVA.
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lar GLP-1 infusion was between 5 and 17 pmol/kg � min, or about
0.3–1 nmol/kg, which is similar to our results.

It has also been proposed that GLP-1 might act as an
“across-meal satiating signal” (42). Because we did not test
infusions of GLP-1 that continued during the IMI, our exper-
iments did not address this hypothesis, and there are few rel-
evant data in the literature. Intramuscular injections of the
long-lasting GLP-1 agonist Ex-4 had a selective effect on meal
size in a 6-h test in rhesus monkeys (42). On the other hand,
Chelikani et al. (39) reported that 3 h intrajugular infusions of
GLP-1 reduced meal frequency in addition to meal size. How-
ever, in this study all of the effective doses reduced meal size
before they affected meal frequency. Thus, further work on
this hypothesis is clearly warranted.

SDA attenuated the satiating effect of ip GLP-1 but did not
affect the satiating effect of HPV GLP-1. This indicates that
the former, but not the latter, effect depends on abdominal
vagal afferent signaling, and suggests that GLP-1 inhibits eat-
ing after HPV and ip administration by activating at least
partly different mechanisms. The failure of conservatively ver-
ified SDA to attenuate the satiating effect of HPV GLP-1
across a wide dose range (0.5–10 nmol/kg) strongly indicates
that vagal afferent signaling is not involved in this action of

GLP-1. In contrast, our finding that SDA blocked the satiating
effect of ip infused GLP-1 confirms and extends previous reports
that the eating-inhibitory effects of ip GLP-1 in rats (22) or Ex-4 in
mice (43) were reduced by complete subdiaphragmatic vagotomy
orbysccapsaicinadministration, respectively.However,boththese
procedures are less selective than SDA: systemic capsaicin causes
degeneration of vagal and nonvagal small-diameter unmyelinated
sensory neurons (44); and total subdiaphragmatic vagotomy de-
stroysvagal efferents inaddition toafferentsand, therefore, leads to
substantial side effects (23) due to disturbances in gastrointestinal
motilityandsecretion.Moreover, vagal afferentsandefferentshave
been implicated in the meal-related release of endogenous GLP-1
(24), suggesting that complete subdiaphragmatic vagotomy could
changethemeal-inducedreleaseofendogenousGLP-1 inawaythat
may influence the effects of exogenous GLP-1. In contrast, SDA
surgery has few side effects because it leaves about 50% of the vagal
efferents intact. The animals are able to eat solid chow in normal
amounts, although their eating rate is sometimes slightly reduced,
theyhavesimilar spontaneousmeal sizesas intactor sham-operated
rats, and they maintain nearly normal BWs (495 � 10 and 510 �

21 g for SDA and sham rats at the end of the experiments).
The failure of ip GLP-1 to reduce meal size in SDA rats dem-

onstrates that ip administered GLP-1 requires intact vagal affer-
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FIG. 3. Intrameal HPV infusions of 0.5 or 1.0 nmol/kg GLP-1 reduced the size of
the first spontaneous dark-phase meal similarly in rats after SDA (n � 7) or sham
surgery (n � 7). *, P � 0.05 vs. zero dose, Bonferroni-Holm test after significant
ANOVA.

TABLE 1. Effects of intrameal HPV GLP-1 infusions during the first spontaneous meal of the dark on meal duration, satiety ratio,
and cumulative food intake

GLP-1 dose (nmol/kg)

0 0.33 1.0 3.0

Meal duration (min) 9 � 1.1 8 � 1.3 5 � 0.5a 4 � 0.4a

Satiety ratio (min/g) 47.9 � 6.2 55.6 � 6.0 66.2 � 9.7 51.6 � 14.0
Cumulative food intake (g)

2 h 3.0 � 0.2 3.6 � 0.3 3.2 � 0.4 2.7 � 0.4
4 h 6.7 � 0.3 6.7 � 0.1 6.5 � 0.3 5.6 � 0.6
6 h 10.3 � 0.5 11.1 � 0.4 11.1 � 0.4 10.4 � 0.9
22 h 25.4 � 0.7 23.5 � 0.3 23.7 � 1.0 22.9 � 1.2

Meal durations are means � SEM from 11 rats.
a Different from zero value, Bonferroni-Holm test (38) after significant ANOVA (F3/22 � 5.47; P � 0.01).
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ents to inhibit eating and, together with the observation that
HPV GLP-1 still reduced meal size in SDA rats, strongly suggests
that it acts on GLP-1 receptors near the site of release in the
intestines to do so. Endogenous GLP-1 released from the L cells
diffuses into the lamina propria and enters the lymph or capil-
laries. DPP-IV is expressed on the capillary walls and immedi-
ately begins to degrade absorbed GLP-1 (45); indeed, this process
is so efficient that only 25% of the absorbed GLP-1 is estimated
to reach the liver intact (1, 5). However, before absorption into
the capillaries and the onset of degradation, endogenous GLP-1
should be present in higher concentrations (5) and could act on
GLP-1 receptors on vagal afferent endings in the lamina propria
(46, 47) to trigger vagal afferent signaling and satiation. There-
fore, ip GLP-1 may mimic a physiological paracrine action of
GLP-1 released from the intestines during meals. Our results
suggest that ip GLP-1 reaches these intestinal receptors, which is
not obvious because ip administered substances are usually sup-
posed to be absorbed into more superficial intestinal capillaries
rather than the deeper lamina propria. Thus, evaluation of the
hypothesis that ip administered GLP-1 models a physiological
paracrine action of endogenous GLP-1 requires further investi-
gations. Particularly useful would be tests of local administration
of the GLP-1 receptor antagonist Ex 9-39, as has been done with
the CCK receptor antagonist devazepide in rats (48).

Our HPV infusions were designed to model the meal-induced
release of endogenous GLP-1 into the HPV (1, 5) and to target
GLP-1 receptors in the hepatic portal area or liver (1, 10, 11).
However, the similar satiating effects of HPV and VC GLP-1
infusions suggest that GLP-1 did not act on these receptors to
reduce meal size. At first glance, the similar satiating effects of
HPV and VC GLP-1 infusions are surprising because only about
50% of GLP-1 entering the liver is supposed to reach the general
circulation because of efficient DPP-IV-mediated GLP-1 degra-
dation in the liver (1, 5). On the other hand, it appears to be
consistent with the lack of a clear dose relationship for the sa-
tiating effect of GLP-1 in our experiments. In some other studies,

the eating-inhibitory effects of peripheral GLP-1 or Ex-4 were
dose related (39, 42). We can only speculate about the reasons for
this discrepancy. Because these other studies used continuous
GLP-1 infusions (39) or im Ex-4 injections (42), it is possible that
longer-term GLP-1 receptor activation is necessary to reveal a
dose-dependent effect.

The similar satiating effects of HPV and VC GLP-1 infusions,
together with the fact that the effect of HPV GLP-1 infusions did
not depend on vagal afferent signaling, suggest that iv infused
GLP-1 reduces meal size by acting in the brain. Alternatively, it
is possible that spinal visceral afferents in the hepatic portal area
contributed to the satiating actions of HPV- or VC- infused
GLP-1, although to our knowledge spinal visceral afferents have
not been directly implicated in any actions of GLP-1. Consistent
with the possibility of a central action, circulating GLP-1 appar-
ently passes the blood-brain barrier by simple diffusion both in
circumventricular organs (49) and elsewhere (50). Previously,
GLP-1 was suggested to act in the Arc nucleus to reduce food
intake (41), whereas more recent findings implicate the PVN (19)
and the caudal brainstem (18) in the eating-inhibitory effect of
GLP-1. Thus, further studies are necessary to determine where in
the brain circulating GLP-1 acts to reduce meal size.

The relationship between GLP-1’s satiating action and its
other putative physiological actions remain unclear. HPV GLP-1
infusion has increased hepatic branch vagal afferent activity (51),
and activation of hepatic portal GLP-1 receptors appears to con-
tribute to the effect of GLP-1 on peripheral glucose handling (11)
and to the synergistic effect of GLP-1 and glucose on pancreatic
insulin release (10). Therefore, our findings suggesting that he-
patic and hepatic portal GLP-1 receptors are not involved in the
satiating effect of GLP-1 dissociate GLP-1’s satiating effect from
these metabolic effects. A similar dissociation between GLP-1’s
central effects on metabolism and eating was recently reported
by Sandoval et al. (19), who demonstrated that injection of
GLP-1 into the hypothalamic Arc nucleus affected glucose me-
tabolism and insulin release, whereas injection of GLP-1 into the
PVN reduced food intake.

Endogenous GLP-1 is also considered to be a major contrib-
utor to the “ileal brake,” i.e. to the mechanism through which
nutrients in the distal part of the small intestine slow gastric
emptying (52). In line with this physiological function, iv GLP-1
(39) and ip Ex-4 (43) administration has inhibited gastric emp-
tying, and intrajugular infusion of the GLP-1 receptor antagonist
Ex (9-39) increased intestinal motility, indicating inhibition by
endogenous GLP-1, in both rats and humans (52, 53). Both in-
trajugular infusion (39) and intracerebroventricular injection
(54) of GLP-1 have inhibited eating in rats sham feeding with
open gastric cannulas, suggesting that GLP-1 does not require
the presence of food in the stomach to inhibit eating. More re-
cently, Strubbe et al. (55) reported that increased endogenous
GLP-1 after intragastric administration of GLP-1 secretagogues
also inhibited sham feeding and that infusion of a GLP-1 anti-
body reduced the satiating effect of GLP-1, but not its effect on
gastric emptying. Together, these findings suggest that the sati-
ating effect of peripheral GLP-1 that we report here does not
depend on an inhibition of gastric emptying or on the accumu-
lation of ingested food in the stomach. However, this does not
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FIG. 4. Intrameal ip infusion of 10 nmol/kg GLP-1 reduced the size of the first
spontaneous dark-phase meal in sham-operated rats (n � 6), but not in rats with
SDA (n � 9). In contrast, HPV infusions of this dose of GLP-1 similarly reduced
meal size in both surgical groups. *, P � 0.05 vs. vehicle; �, P � 0.05 (vehicle 	
ip GLP-1) difference in sham-operated rats vs. (vehicle 	 ip GLP-1) difference in
SDA rats; Bonferroni-Holm tests after significant ANOVA.
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preclude the possibility that GLP-1 might synergize with signals
related to gastrointestinal motility to control eating.

In sum, the major findings of this study were that: 1) periph-
erally infused GLP-1 specifically reduces spontaneous meal size
in rats; 2) the effect of ip, but not HPV GLP-1 requires vagal
afferent signaling; and 3) iv infusions of GLP-1 do not inhibit
eating via hepatic portal or hepatic GLP-1 receptors but may act
directly on the brain. Whether the satiating effect of ip or iv
administered GLP-1 reflects a physiological satiating action of
endogenous GLP-1 merits further studies.
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