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Glucagon-like peptide-1 (GLP-1) is produced in the small intestines and in nucleus tractus solitarius (NTS) neurons. Activation of central

GLP-1 receptors (GLP-1Rs) reduces feeding and body weight. The neural circuits mediating these effects are only partially understood.

Here we investigate the inhibition of food intake and motivated responding for food in rats following GLP-1R activation in the ventral

hippocampal formation (HPFv), a region only recently highlighted in food intake control. Increased HPFv GLP-1R activity following

exendin-4 administration potently reduced food intake (both chow and Western diet) and body weight, whereas HPFv GLP-1R

blockade increased food intake. These hypophagic effects were based on reduced meal size, and likely do not involve nausea as HPFv

exendin-4 did not induce a conditioned flavor avoidance. HPFv GLP-1R activation also reduced effort-based responding for food under

an operant progressive ratio reinforcement schedule, but did not affect food conditioned place preference expression. To investigate

possible routes of HPFv GLP-1 signaling, immunohistochemical analysis revealed the absence of GLP-1 axon terminals in the HPFv,

suggesting volume transmission as a mechanism of action. Consistent with this, the presence of active GLP-1 was detected in both the

cerebrospinal fluid (CSF) and the HPFv. The source of CSF GLP-1 may be NTS GLP-1-producing neurons, as, (1) B30% of NTS GLP-1

neurons colocalized with the retrograde tracer fluorogold (FG) following lateral ventricle FG injection, and (2) GLP-1-immunoreactive

axon terminals were observed adjacent to the ventricular ependymal layer. Collectively these findings illuminate novel neuronal and

behavioral mechanisms mediating food intake reduction by GLP-1.
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INTRODUCTION

Glucagon-like Peptide-1 (GLP-1) is a hormone synthesized
primarily in L-cells of the distal small intestines and from
hindbrain neurons in the nucleus tractus solitarius (NTS)
(Holst, 2007). Peripheral and central activation of GLP-1
receptors (GLP-1Rs) produces incretin effects (increased
insulin secretion) and reduces food intake and body weight
(Kanoski et al, 2011a; Ruttimann et al, 2009; Turton et al,
1996; Williams et al, 2009). Investigation of the specific nuclei
mediating the food intake inhibitory effects of GLP-1R
signaling has mainly focused on hypothalamic (eg, para-
ventricular and lateral hypothalamus) (McMahon and
Wellman, 1998; Schick et al, 2003; Vrang et al, 2007) and
hindbrain nuclei (eg, NTS) (Hayes et al, 2011; Kinzig et al,
2002). Recent reports also reveal anorectic effects following
GLP-1R activation in mesolimbic pathway nuclei, including

the ventral tegmental area (VTA) (Alhadeff et al, 2012;
Dickson et al, 2012) and nucleus accumbens (Dossat et al,
2011), suggesting that GLP-1R signaling has a role in higher-
order, motivational aspects of feeding behavior.

The hippocampal formation (HPF) is classically asso-
ciated with learning and memory; however, recent studies
implicate the HPF in the control of food intake regulation
(for reviews, see Davidson et al, 2007, 2005; Kanoski, 2012;
Parent et al, 2014; Kanoski et al, 2011b), particularly the
‘ventral’ (temporal) subregion (HPFv). The adipocyte
hormone leptin and the gut-derived peptide ghrelin act on
receptors in the HPFv to decrease or increase, respectively,
food intake and effort-based responding for palatable food
(Kanoski et al, 2013, 2011b). Interestingly, GLP-1Rs are also
expressed within the HPF, with the most extensive
expression seen in the HPFv (Merchenthaler et al, 1999).
GLP-1R activation in the HPF has neuroprotective effects
against excitotoxic or beta amyloid-induced neuronal
damage in hippocampal neurons (Perry et al, 2002, 2003).
Moreover, upregulation of HPF GLP-1R activity increases
synaptic plasticity and improves hippocampal-dependent
spatial learning (During et al, 2003; McClean et al, 2011).
Despite the fact that the GLP-1 system is strongly implicated
in anorectic control, the role of HPFv GLP-1R signaling in
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feeding behavior is unknown. Present experiments combine
various behavioral strategies with neuropharmacology and
biochemistry to examine the hypothesis that GLP-1R activa-
tion in HPFv neurons reduces food intake and motivated
food-seeking behavior.

Hippocampal GLP-1R signaling has a physiological role
in memory function. GLP-1R-deficient mice are impaired in
hippocampal-dependent spatial memory, and this impair-
ment is reversible with pharmacological or genetic upregu-
lation of hippocampal GLP-1R signaling (During et al,
2003). The source of the endogenous GLP-1 ligand for HPF
GLP-1Rs is unknown given that GLP-1 is produced both in
the brain and in the periphery. Here we investigate two
potential routes through which GLP-1 may act on HPF GLP-
1Rs: (1) we evaluate whether GLP-1-immunoreactive (GLP-
1-IR) axon terminals are present in the HPFv (neural
transmission), and (2) we explore the possibility that
neuronal GLP-1 gains access to the ventricular system and
impacts HPFv receptors through volume transmission.

MATERIALS AND METHODS

Animals and Drugs

Adult male Sprague-Dawley rats (Charles River Labora-
tories) (320–450 g body weights (BW)) housed individually
in 12-hour dark–light cycle had ad libitum access to chow
(LabDiet 5001) and water except where noted. All proce-
dures received approval from the University of Southern
California Animal Care and Use Committee.

Volumes for bilateral HPFv injections were 100 nl/hemi-
sphere (rate¼ 5 ml/min) via 33-gauge injector and micro-
syringe attached to an infusion pump (Harvard Apparatus),
and 1 ml for ICV. Injectors were left in place for 30 s after
injections. The GLP-1R agonist, Exendin-4, and the GLP-1R
antagonist, Exendin-(9–39) (American Peptide), were dis-
solved in artificial cerebrospinal fluid (aCSF). Fluorogold
(FG; Fluorochrome LLC) was diluted to 2% in distilled
water. Lithium Chloride (LiCl; Sigma-Aldrich) was dis-
solved in 0.9% saline.

Cannulae Implantation

Under ketamine (90 mg/kg), xylazine (2.8 mg/kg), and
acepromazine (0.72 mg/kg) anesthesia, 26-guage guide
cannulae (Plastics One) were cemented to the skull with
jewelers screws and implanted at the following coordinates
for HPFv: � 4.9 mm anterior/posterior, 4.8 mm medial/
lateral, 6.1 mm dorsal/ventral; and for lateral cerebroven-
tricular (LV) placement: � 0.9 m anterior/posterior, 1.8 mm
medial/lateral, 2.6 mm dorsal/ventral.

Injectors for drug administration projected 2 mm beyond
guide cannula for all injections. Cannula placements for
HPFv were assessed postmortem through anatomical
verification of the position of 100 nl pontamine sky blue
ink (2%) injections. Only animals with ink confined to the
caudal HPFv were included in data analysis. A representa-
tive HPFv injection site is shown in Figure 1. The following
number of rats were excluded from data analyses based
on injection site histology: Exp.1a (n¼ 3), Exp.1b (n¼ 2),
Exp.1c (n¼ 3), Exp.1d (n¼ 1), Exp.2a (n¼ 2), Exp.2b
(n¼ 2), Exp.3 (n¼ 0).

Verification of LV injection sites were evaluated 1-week
post surgery by measurement of the cytoglucopenia-
induced sympatho adrenal-mediated glycemic effect result-
ing from 210 mg (2 ml) of 5-thio-D-glucose (Ritter et al,
1981). A postinjection elevation of at least 100% of baseline
glycemia was required for subject inclusion.

Experiment 1: HPFv GLP-1R-Mediated Effects on Food
Intake

Experiment 1a: food intake following HPFv and LV
exendin-4. Rats with cannulae targeting the HPFv (n¼ 10;
avg. BW¼ 351 g) received bilateral injections of 0, 0.015, or
0.03 mg exendin-4 (total doses: 0mg, 0.03 mg, 0.06 mg)
immediately before lights off. Doses of exendin-4 were
based on (Alhadeff et al, 2012; Dickson et al, 2012). In a
separate group of rats (n¼ 12; avg. BW¼ 327 g), the same
doses of exendin-4 were administered to the LV. Treatments
were separated by 2–3 days using a counterbalanced within-
subjects design, which allowed sufficient time for treatment-
based body weight losses to return to baseline prior to the
next condition. Chow intake was recorded at 1, 3, 6, and
24 h after injections (spillage accounted for). Body weights
were recorded before and 24 h after injections.

Experiment 1b: meal pattern analysis following HPFv
GLP-1R activation. Meal pattern analyses were conducted
in chambers equipped with automated food intake monitors
(Med Associates). The weight of the food hopper records
every 10 s, allowing for ongoing analysis of meal para-
meters. Animals (n¼ 13; avg. BW¼ 375 g) were first
habituated to the chambers for four consecutive 24-h
periods with ad libitum access to chow and water. Bilateral
HPFv injections (0 or 0.03 mg exendin-4) were administered
immediately before lights off. The animals were then placed
in the chambers for 24 h. Meals were defined as an episode
of feeding in which at least 0.25 g was ingested, with meal

Figure 1 A representative HPFv injection site is shown as localization
of pontamine sky blue ink following a 100 nl injection. Bar¼ 200 mm.
alv, alveus; cpd, cerebral peduncle. Dashed lined indicates boundary of
pyramidal layer of CA3.
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termination criterion as the beginning of a pause in
ingestion of at least 10 min (Azzara et al, 2002; Kanoski
et al, 2013). Data were objectively calculated with a custom
Microsoft Excel macro. Treatments were separated by 2–3
days (returned to home cage between treatments) using a
counterbalanced within-subjects design.

Experiment 1c: food intake following HPFv GLP-1R anta-
gonist, exendin-(9–39). Rats (n¼ 9; avg. BW¼ 334 g)
received bilateral injections of 0, 1.25, 2.5, or 5mg
exendin-(9–39) (total doses: 2.5 mg, 5 mg, 10 mg), a selective
GLP-1R antagonist, to the HPFv immediately before lights
off. Doses of exendin-(9–39) were based on (Alhadeff et al,
2012; Dickson et al, 2012). Treatments were separated by
2–3 days using a counterbalanced within-subjects design.
Chow intake and body weight were recorded as described in
Experiment 1a.

Experiment 1d: Western diet intake following HPFv
exendin-4. Rats (n¼ 8; avg. BW¼ 420 g) were first
habituated to ad libitum access to a choice of a Western
diet (41% kcal fat, Research Diets D12079B) or chow for
2 days prior to testing. Bilateral HPFv injections (total
doses¼ 0, 0.03, or 0.06 mg exendin-4) were given immedi-
ately before lights off. Treatments were separated by 2–3
days using a counterbalanced within-subjects design. Food
intake and body weight were recorded as described in
Experiment 1a.

Experiment 2: HPFv GLP-1R-Mediated Effects on
Food-Motivated Behavior

Experiment 2a: operant responding for food (progressive
ratio (PR) reinforcement schedule). Animals (n¼ 13; avg.
BW¼ 406 g) were given operant lever press training for
food reinforcement as previously described (Kanoski et al,
2014). Briefly, training occurred over 6 days with a 1-h
session each day in conditioning boxes (Med Associates)
using 45 mg pellet (35% kcal fat enriched with sucrose,
F05989, Bio-Serv) as reinforcers. The first two days used
a fixed ratio-1 autoshaping procedure where a pellet
dispensed every 600 s that elapsed without operant-based
reinforcement; the next 2 days were FR1 without autoshap-
ing, followed by 2 days of FR3 training. For all procedures,
the right lever was the ‘active’ lever; a left ‘inactive’ lever
served as a dummy lever.

The rats were given two tests (within-subjects design,
2 days intervened) using a PR reinforcement schedule.
Bilateral HPFv injections (0 or 0.03 mg exendin-4; order
counterbalanced) were given 3 h before each test session.
The response requirement of the PR schedule increased
progressively as previously described using the following
formula: F(i)¼ 5e^0.2i–5, where F(i) is the number of lever
presses required for next pellet at i¼ pellet number. The
breakpoint for each animal was defined as the final
completed lever press requirement that preceded a 20-min
period without earning a reinforcer.

Experiment 2b: conditioned place preference (CPP). All
CPP training and testing procedures are described else-
where in detail (Kanoski et al, 2014). Briefly, the apparatus

had two conjoined plexiglass compartments with a guillo-
tine door in the center (Med Associates). The two sides
(henceforth referred to as contexts) were distinguished by
wall color and floor texture. Rats (n¼ 16; avg. BW¼ 395 g)
were first given one 15-min habituation session with the
guillotine door opened and a video recording the amount of
time the animals spent in each of the two contexts. For each
rat, the context that was least preferred during habituation
was designated as the food-paired context for subsequent
training (the preferred context was never paired with food).
CPP training consisted of 16, 20-min sessions over 16 days:
eight sessions isolated in the food-paired context and eight
sessions isolated in the non-food-paired context. During the
food-paired sessions, 5 g of 45% kcal high fat/sucrose diet
(Research Diets, D12451) were placed on the chamber floor.
No food was presented during non-food-paired sessions. All
rats consumed the entire 5 g during each food-paired
session. Training order was randomized and pair-matched
across groups.

CPP testing occurred 2 days after the last training session
using a between-subjects design. Rats were assigned to
groups matched for baseline context preference. Three
hours prior to the video-recorded testing session, animals
received either bilateral HPFv injections of exendin-4
(0.03 mg) or vehicle. During testing, the guillotine door
was opened, and the rats were allowed to freely explore the
chambers for 15 min. The time spent in each context during
the test was later calculated from analysis of video
recordings by an experimenter blind to the group assign-
ments and context-food assignments. The dependent
variable was the percentage shift in preference for the
food-associated context during testing compared with the
baseline session.

Experiment 3: HPFv GLP-1R Signaling and Conditioned
Flavor Avoidance (CFA)

For assessment of CFA induced by HPFv exendin-4 (Kinzig
et al, 2002) rats (avg. BW¼ 404 g) were assigned to one of
two groups based on drug treatment: (1) IP LiCl 0.15 M
(n¼ 9), (2) 0.03 mg HPFv exendin-4 (n¼ 8). Food was
available ad libitum throughout the experiment. Rats were
habituated to a water deprivation schedule for 7 days in
which water access was given once daily for 90 min in two
water bottles. For training, drug or vehicle treatments were
counterbalanced (within-subjects design) across two train-
ing days separated by an intervening day. On each training
day during the normal 90 min water access period, rats were
given two bottles containing 0.11% weight/volume unswee-
tened Kool-Aid and 0.29% weight/volume saccharin in
water. Rats received one novel flavor of Kool-Aid, cherry or
grape (equally preferred in rats (Lucas and Sclafani, 1996)),
on each training day. Immediately after the 90-min flavor
exposure period, one group of rats was given bilateral HPFv
injections of exendin-4 (0.03 mg) or aCSF, whereas the other
group received IP 0.15 M LiCl (1.33 ml/100 g BW) or saline
(flavor/drug pairings counterbalanced). Two days after the
second training day, rats were given a two-bottle preference
test during the normal 90 min water access period;
one bottle was presented containing the cherry Kool-Aid
mix, the other containing the grape Kool-Aid mix. The
side (left vs right) of the initial flavor presentation was

GLP-1 signaling in the hippocampus
TM Hsu et al

329

Neuropsychopharmacology



counterbalanced with respect to groups and treatment
orders. At 45 and 90 min, fluid intake was recorded (the side
of flavor presentation was switched at 45 min).

Experiment 4: Lateral ICV FG and Hindbrain GLP-1
Immunohistochemistry

Four rats (avg. BW¼ 352 g) received an LV injection of FG.
Seven days later, rats were anesthetized and perfused
transcardially with 0.9% saline, followed by 4% paraformal-
dehyde in 0.1 M borate buffer. Brains were removed and
immersed in fixative containing 12% sucrose for 20–24 h at
4 1C. Brains were then frozen in cooled hexane. Transverse
sections (30mm) were sliced using a sliding microtome.
Sections were stored in KPBS antifreeze solution (30%
ethylene glycol, 20% glycerol in 0.02 M potassium phos-
phate-buffered saline) at � 20 1C until further processing.
One non-ventricular FG-injected rat was processed similarly.

IHC detection of GLP-1 was performed according to the
following sequence (overnight incubations rotating at 4 1C):
(1) Sections were removed from antifreeze and washed in
0.02 M KPBS (six changes/2 h), (2) KPBS with 0.3% hydrogen
peroxide (15 min), (3) KPBS (three changes), (4) KPBS with
0.3% Triton X-100 (45 min), (5) KPBS (three changes), (6)
KPBS with 2% donkey serum (10 min), (7) KPBS with 1%
donkey serum, 0.1% Triton X-100, and rabbit anti-GLP-1
antibodies (1:2000, rabbit anti-GLP-1 (7–37, human),
Peninsula Labs). Primary antibody incubation length was
B60 h. (8) KPBS (eight changes in 2 h), (9) KPBS with 0.1%
Triton X-100, and biotinylated secondary antibodies (1:1000
biotinylated donkey anti-rabbit, Jackson Immunoresearch;
overnight). (10) KPBS (six changes), (11) KPBS with ABC
reagent (1:1000, reagent A and B from ABC Elite kit, Vector
Labs; 4 h), (12) KPBS (three changes), (13) KPBS with
0.005% H2O2 and biotinylated tyramine (1:1000; 10 min),
(14) ABC reagent (4 h), (15) KPBS (five changes), (16) KPBS
with 0.05% 3,3-diaminobenzidine (DAB; Sigma) and 0.005%
H2O2 (15 min), (17) KPBS (four changes). Sections were then
mounted, dehydrated with ascending concentrations of
alcohols solutions, cleared in xylene, and coverslipped with
DePex. A Nissl stain was performed on an adjacent collated
series of sections to reveal cytoarchitecture.

For IHC detection of GLP-1 in brain sections obtained
from the four FG-injected rats, the procedure was identical
for steps 1–13; followed by: (14) KPBS with 514 Alexa Fluor-
avidin (1:800, Invitrogen; overnight), (15) KPBS (three
changes). The sections were then mounted, air-dried, and
coverslipped. For GLP-1 primary antibody control proce-
dures, the IHC was followed with the primary omitted—this
failed to produce any distinct positive immunolabeling.
Further, the distribution of positive GLP-1 immunolabeling
observed was consistent with previous reports (Gu et al,
2013; Larsen et al, 1997). Photomicrographs were taken with
a microscope (Nikon 80i)-mounted digital camera, captured
under darkfield or fluorescent illumination.

Experiment 5: Detection of Active GLP-1 in Serum, CSF,
and the HPFv

Two separate groups of rats were used to detect active GLP-
1 in serum, CSF, and HPFv lysates under physiological
conditions. For CSF, rats (Group 1; n¼ 4; avg. BW¼ 331 g)

were anesthetized following 90-min food restriction during
the light cycle and 50–100 ml CSF was extracted for each rat
from the medullary cisterna magna as described (Pegg et al,
2010). CSF samples were collected in tubes preloaded with
1 ml DPP-IV inhibitor (Millipore) and frozen at � 80 1C.
Immediately after CSF extraction, animals were decapitated
and trunk blood was collected in tubes preloaded with 10 ml
DPP-IV inhibitor, centrifuged at 15 000 rpm for 10 min to
collect serum (stored at � 80 1C). Another group of rats
(Group 2; n¼ 7; avg. BW¼ 324 g) was anesthetized (same
conditions as Group 1) and brains were rapidly removed
from the skull after decapitation and placed on a brain
matrix (Kopf Instruments) for 2 mm coronal sectioning.
Tissue from the HPFv was rapidly extracted bilaterally from
one 2-mm thick section using a 2-mm inner diameter tissue
punch. The tissue was flash frozen in cooled isopentane and
stored at � 80 1C. Trunk blood was also collected simulta-
neously during HPFv tissue extraction process. HPFv
samples were homogenized in NP-40 buffer. Total protein
concentrations for CSF, HPFv lysates, and serum were
calculated using the Bradford protein assay. Concentrations
for active GLP-1 were detected using a high sensitivity
enzyme-linked immunosorbent assay (ELISA; Millipore
EZGLPHS-35K), procedures conducted as per the manu-
facturer’s protocols.

Statistical Analysis

All statistical analyses used repeated measures analysis of
variance (ANOVA), except for Experiments 3a (one-way
ANOVA), which utilized a between-subjects design. When
significant drug main effects were obtained in experiments
with more than two treatments, Newman–Keuls post hoc
tests were then used to compare individual drug dose
treatments with vehicle treatment. The a level for signifi-
cance was 0.05. Statistical analyses were conducted with
computer software (Statistica V7; Statsoft).

RESULTS

Experiment 1

Experiment 1a. HPFv Exendin-4 decreased cumulative
food intake (0.03 mg and 0.06 mg doses) at 3, 6, and 24 h, and
24 h delta body weight compared with vehicle injection
(Figure 2a) (Drug main effect Fs(2,18)43.6; p-values vs
vehicleo0.05). The same doses of Exendin-4 delivered to
the LV did not significantly impact cumulative food intake
or body weight at any time point (Figure 2b) (Drug main
effect Fs(2,22)41.7), although a trend was observed for the
0.06 mg dose for 24 h intake (p-value o0.07). Previous
studies show that higher doses of Exendin-4 (eg, 0.2 mg)
reduce food intake in rats following ventricular delivery
(Hayes et al, 2011, 2008; Shirazi et al, 2013), as does
ventricular GLP-1 administration (Kinzig et al, 2002;
Williams et al, 2009).

Experiment 1b. The 0.03 mg dose of Exendin-4 was chosen
for meal pattern analyses and for all other subsequent
behavioral assays, as this was the lowest dose to reduce
food intake in Experiment 1. Consistent with Experiment 1,
HPFv 0.03 mg Exendin-4 significantly reduced 24 h chow
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intake compared with vehicle treatment (Figure 2c)
(F(1,12)¼ 9.59, p-valueo0.01). The food intake suppression
was accompanied by a significant reduction in average 24 h
meal size (F(1,12)¼ 9.86, p-valueo0.01) and no signifi-
cant impact on average meal frequency (F(1,12)o1.0)
(Figure 2c). Similar results were obtained during the 12 h
dark cycle (significant reduction in cumulative intake and
meal size), whereas no significant treatment effects were
found across the 12 h light cycle (data not shown).

Experiment 1c. 10 mg HPFv exendin-(9–39) significantly
increased cumulative food intake at 6 h compared with
vehicle (Figure 2d) (F(3,24)¼ 4.39, p-valueo0.05). Cumu-
lative food intake was not significantly influenced by
exendin-(9–39) at any other time point (all Fs(3,24)o2.2),
including at 24 h post injections (data not shown). The
mean 24 h cumulative intake values (±SEM) were 21.97
(1.38), 22.33 (2.58), 22.86 (1.41), and 24.37 (1.93) for the 0,
2.5, 5, and 10 mg exendin-(9–39) treatments.

Experiment 1d. When given a choice between ad libitum
consumption of a Western diet and chow, 0.03 and 0.06 mg
HPFv Exendin-4 significantly decreased cumulative Wes-
tern diet and total kcal intake at 6 and 24 h compared with
vehicle (Figure 3) (Fs(2,14)48.1; p-values vs vehicleo0.05).
Interestingly, 0.03 mg Exendin-4 significantly increased
24 h chow intake (F(2,14)¼ 3.98, p-value for 0.03 mg vs
vehicleo0.05).

Experiment 2

Experiment 2a. HPFv Exendin-4 (0.03 mg) delivery 3 h
before PR operant testing significantly reduced the total

number of active lever presses, as well as the number of
pellets earned (Figure 4a) (Fs(1,12)46.39, p-valueso0.05).
The number of inactive lever presses was not significantly
influenced by Exendin-4 treatment (not shown)
(F(1,12)¼ 3.38).

Experiment 2b. During CPP testing, both the vehicle
and Exendin-4 groups demonstrated a significant shift in
preference (compared with baseline) for the food-paired
context (Figure 4b; p-valueso0.05). HPFv Exendin-4
(0.03 mg) administration 3 h before CPP testing did not
significantly affect the preference shift (F(1,14)o1.0).

Experiment 3

As a positive control for the CFA paradigm, we established
CFA following IP LiCl treatment, demonstrated as signifi-
cantly lower intake of the LiCl-paired flavor compared with
the vehicle-paired flavor (Figure 4c) (F(1,8)¼ 34.05,
p-valueo0.001). On the other hand, consumption of the
HPFv Exendin-4-paired flavor was comparable to the HPFv
vehicle-paired flavor; no significant CFA was observed
(F(1,7)o1.0).

Experiment 4

GLP-1-IR axons were not observed in the HPFv (Figure 5a)
or in the dorsal HPF (not shown), whereas extensive
labeling was observed elsewhere (eg, thalamic paraventri-
cular nucleus; Figure 5b), consistent with previous reports
(Gu et al, 2013; Llewellyn-Smith et al, 2011). Notably, we
observed GLP-1-IR axon terminals in very close proximity
to the ventricular ependyma at several rostral sites,
including the paraventricular nucleus thalamus (third

Figure 2 Cumulative chow intake and 24 h delta body weight following exendin-4 injected in the (a) HPFv, or (b) the rostral LV. (c) Meal pattern analysis
following HPFv exendin-4 injections: 24 h cumulative chow intake, 24 h average meal size, and 24 h average meal frequency. (d) Cumulative chow intake
following HPFv GLP-1R blockade. Data are mean ± SEM; po0.07, *po0.05 vs vehicle treatment.
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Figure 3 Cumulative intake of, (a) Western diet, (b) chow, (c) total kcal (WDþ chow), when given a choice of consuming chow or Western diet, and
(d) 24 h delta body weight following HPFv GLP-1R activation. Data are mean±SEM; *po0.05 vs vehicle treatment. WD, Western diet.

Figure 4 (a) Operant responding (breakpoint and active lever presses) following HPFv GLP-1R activation under a PR reinforcement, and (b) conditioned
place preference for food following HPFv exendin-4. (c) 90 min flavor preference tests for conditioned flavor avoidance (CFA) assessment, following HPFv
GLP-1R activation or IP LiCl treatment. Data are mean±SEM; *po0.05 vs vehicle.
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ventricle), bed nuclei of the stria terminalis (lateral
ventricle), and the subfornical organ (interventricular
foramen level) (Figure 5b). We therefore tested the
hypothesis that neuronal GLP-1 may be released into the
ventricular system. Following LV FG injection, we found
FG back-labeled perikarya in the NTS, including in some
GLP-1-IR neurons (Figure 5c). The percentage of GLP-1-IR
perikarya that were co-labeled with FG was quantified in
a representative section (B14.4 mm posterior to bregma)
for each animal; the average % calculated was 29%. No FG
labeling was found in the NTS of a control animal with
FG injected into the cingulate cortex overlying the LV.

Experiment 5

Active GLP-1 was detected in the serum of both groups, as
expected. Active GLP-1 levels were also above the lowest
threshold of detection (which was 0.14 pM) in the CSF for
each of the four rats in Group 1, and in HPFv lysates for
each of the seven rats in Group 2. Values were converted
from pM to picograms of active GLP-1 per milligram of total
sample protein (based on Bradford protein assay results) to
standardize with active GLP-1 levels in HPFv lysates
(Figure 5d). The serum data were pooled from the two
groups as there were no significant serum differences

between the groups. When adjusted for total protein, active
levels were approximately sixfold higher in CSF compared
HPFv tissue, and approximately threefold higher in serum
compared with CSF under these conditions.

DISCUSSION

GLP-1R signaling reduces food intake and body weight via
action at multiple brain regions, including hypothalamic,
hindbrain, and mesolimbic nuclei (for review see Hayes
et al, 2014; Skibicka, 2013). Here we show that GLP-1R
activation in the HPFv, a telencephalic region traditionally
associated with motivation and memory, potently reduces
feeding and body weight. Administration of the GLP-1R
agonist Exendin-4 to the HPFv reduced chow intake
(B40%) and body weight at doses that were ineffective
when infused in the LV. Furthermore, HPFv administration
of the GLP-1R antagonist, exendin-(9–39), increased food
intake (B30%) 6 h after administration, suggesting that
HPFv GLP-1R signaling is endogenously relevant to feeding
behavior. When rats were given a choice between a high fat
‘Western diet’ vs less palatable food (standard chow), potent
intake reduction of the Western diet was observed, coupled
with a small, but significant increase in chow consumption.

Figure 5 (a1–2): Absence of GLP-1 immunoreactivity in the hippocampal formation (a representative level of field CA1 shown). In the Nissl-stained
section (a1), the pyramidal layer (sp) is indicated, and arrowheads indicate the position of the alveus in both the Nissl-stained section and an adjacent section
(a2) processed for immunohistochemical detection of GLP-1 (darkfield illumination). (b1–3): examples of GLP-1-immunoreactive axons in selected
brain regions (darkfield illumination), and close apposition of these axons to the cerebral ventricles (insets 1–4). (c1–3): GLP-1 immunofluorescent neurons
(green, c1 and c2) in the nucleus tractus solitarius were in some instances found to contain the retrograde tracer fluorogold (red, c2 and c3) following its
lateral ventricular injection. Arrowheads in c2 indicate examples of double-labeled perikarya, which show varying levels of additive yellow color
(corresponding arrowheads for the single color channels are shown in c1 and c3). BST, Bed nuclei stria terminalis; cc, central canal; IVF, interventricular
foramen; LV, lateral ventricle; PVT, paraventricular nucleus thalamus; SF, septofimbral nucleus; SFO, subfornical organ; V3h/t, third ventricle hypothalamic/
thalamic part. Bars¼ 500 mM (a1–2); 200 mM (b1–3); 100 mM (c1–3). (d): Active levels of GLP-1 (detected with high sensitivity ELISA) in HPFv lysates, the
CSF, and serum.

GLP-1 signaling in the hippocampus
TM Hsu et al

333

Neuropsychopharmacology



Taken together, these findings suggest that the anorectic
effects of endogenous HPFv GLP-1R signaling are applicable
to various foods that differ in palatability and macronu-
trient content, including ‘obesogenic’ foods that are high in
fat and sugar content. It is unclear whether the hypophagic
effect of HPFv GLP-1R activation on Western diet intake
would be reduced (or have delayed onset) following longer-
term Western diet maintenance, as has been previously
observed in rodents following peripheral Exendin-4 delivery
(Mul et al, 2013; Williams et al, 2011).

The behavioral and physiological mechanisms mediating
food intake reduction by HPFv GLP-1R activation were
examined using various strategies. First, we demonstrated
that HPFv exendin-4 administration reduced food intake
through a specific reduction in meal size with no effect on
meal frequency. This is consistent with several other reports
showing that either peripheral (Bello et al, 2010; Ruttimann
et al, 2009; Scott and Moran, 2007; Thiele et al, 1997)
or central (Dossat et al, 2013; Mietlicki-Baase et al, 2013)
GLP-1R activation reduces intake primarily via meal size
reduction. Further, these results are in line with several
recent findings that link neural processing in the hippo-
campus to satiation control. Neurons in the hippocampus
are responsive to various gastrointestinal satiation signals,
including gastric distension (Min et al, 2011a), nutrient
infusion (Min et al, 2011b), and vagal nerve stimulation
(Furmaga et al, 2012). We recently demonstrated that
ghrelin receptor signaling in the HPFv increases food
intake, in part, by augmenting meal size (Kanoski et al,
2013), which, taken together with the present results,
suggests that HPFv neurons influence meal size in a
modulatory, bi-directional manner.

To determine whether HPFv GLP-1R-mediated food
intake reduction is secondary to nausea, we examined
CFA following HPFv exendin-4. Several previous findings
have tied peripheral and central administration of GLP-1R
ligands to nausea responses in rodents (CFA, pica) (Kanoski
et al, 2012; Kinzig et al, 2002; Rinaman, 1999). However,
recent data show that endogenous GLP-1R signaling in the
VTA (Alhadeff et al, 2012) and nucleus accumbens (Dossat
et al, 2011) reduces feeding in the absence of concomitant
nausea. Consistent with these findings, our present results
revealed no CFA induced by a dose of HPFv exendin-4 that
potently suppressed food intake (0.03 mg), suggesting that
anorectic effects of HPFv GLP-1R signaling are likely driven
by mechanisms other than nausea. Given that the HPFv
neurons receive direct innervation from the VTA (Gasbarri
et al, 1994), and also monosynaptically project to the
nucleus accumbens (Floresco et al, 2001; Groenewegen et al,
1987), the interconnected mesolimbic ‘reward’ system
appears to comprise part of a CNS limbic circuit through
which GLP-1R-mediated intake reduction is not a secondary
artifact of visceral illness.

We also examined effects on motivational aspects of
feeding behavior following HPFv GLP-1R activation using
conditioned place preference and PR operant responding
behavioral paradigms. HPFv exendin-4 administration did
not influence CPP for the palatable food-associated context
under testing parameters that did not allow for food
consumption. In contrast, HPFv exendin-4 reduced break-
point lever press responding under a PR reinforcement
schedule, where animals periodically had the opportunity to

consume the reinforcer. These data suggest that HPFv
GLP-1R signaling acts to decrease motivated responding
for palatable food primarily when food consumption is
involved during testing. An alternative interpretation is that
HPFv GLP-1R signaling differentially impacts the expres-
sion of learned associations between contextual cues and
food reinforcement (CPP test) vs associations between
operant responses and food reinforcement (PR test). When
administered peripherally, however, exendin-4 reduces
both the expression of CPP and breakpoint PR operant
responding (Dickson et al, 2012). It is possible that HPFv
exendin-4 would also reduce CPP under different testing
conditions (eg, higher dose, different injection timing).
However, given that the CPP testing conditions closely
paralleled those of the PR test, the data support a
differential impact of HPFv GLP-1R activation on the
expression of these two distinct food-motivated learned
behaviors. When considered together with our reduced
meal size effect results, it appears that GLP-1R signaling in
the HPFv reduces intake, at least in part, via post-ingestive
mechanisms involving amplification of satiation and
satiety-promoting effects of various prandial and post-
prandial biological signals.

The source for endogenous GLP-1 ligands that act on
HPFv receptors is unknown. Our IHC analyses confirmed
the absence of GLP-1 axons in the HPF (Figure 5a; Gu et al,
2013; Llewellyn-Smith et al, 2011), suggesting that HPF
GLP-1R activation occurs via a non-synaptic route. One
possibility is that intestinally-derived GLP-1 enters the
vasculature and crosses the blood brain barrier to reach
HPFv GLP-1R’s. Indeed, GLP-1 does readily cross the blood
brain barrier (Kastin et al, 2002); however, owing to the
rapid enzymatic degradation of GLP-1 in peripheral
circulation (Holst, 2007), more work is needed to determine
the biological relevance of peripheral-to-CNS GLP-1 phy-
siology. A novel possible route suggested by present data is
that neuronal GLP-1 reaches the HPF after its release into
the ventricular system. Following FG injection into the
rostral LV, we observed FG back-labeled perikarya in the
NTS, including B30% of GLP-1-IR neurons (Figure 5c). In
addition, we observed GLP-1-IR axon terminals in very
close proximity to the ventricular ependyma (Figure 5b),
including sites rostral to the HPF (which is notable given
the rostral-caudal flow of CSF). We note a caveat in that we
cannot rule out the possibility that FG back-labeling of NTS
neurons occurred as a result of diffusion of FG from
ventricles into the neuropil. However, this novel result,
taken together with our observation of ventricular-apposed
GLP-1R axons, raises the possibility of a non-synaptic route,
whereby neuronal GLP-1 may reach GLP-1Rs expressed in
the HPFv and other nuclei. Although there is considerable
evidence supporting the existence of CSF-mediated ‘volume’
neurotransmission for other neuropeptidergic systems (for
review, see Vigh et al, 2004); to our knowledge this possi-
bility has not been previously investigated for GLP-1
neurons.

Additional support for CSF volume transmission as a
mechanism for HPFv GLP-1 signaling is provided by our
results detecting the presence of active GLP-1 in the CSF of
rats under physiological conditions (Figure 5d). Previous
studies have detected active GLP-1 in the CSF of rats (Heile
et al, 2009) and cats (Glage et al, 2011), however, in these
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studies active GLP-1 was only observed following the
cerebral implantation of encapsulated mesenchymal stem
cells and was below the threshold for detection in control
groups. Here we used a higher sensitivity GLP-1 ELISA
assay compared with these previous reports, and not only
did we observe the presence of active GLP-1 in the CSF, but
also in HPFv lysates (at B1/6 the concentration in CSF).
Taken together with our results suggesting that CNS-
derived GLP-1 may access the ventricular system, present
data strongly support CSF volume transmission as a
physiological mechanism for HPFv (and CNS more
generally) GLP-1R signaling. Future studies are needed to
determine the source (peripheral, NTS neurons, or both) of
active GLP-1 in the CSF and HPFv, and whether CNS and
HPFv GLP-1 levels are influenced by feeding and/or energy
status.

Recent findings show that HPFv neuronal processing
regulates both anorectic and orexigenic aspects of feeding
behavior via peripherally derived neuroendocrine signals
(Kanoski et al, 2013, 2011b). Present data extend this work
and show that GLP-1 acts on receptors in the HPFv to
potently reduce food intake independent of producing
nausea, and these anorectic effects are likely to occur, in
part, through the amplification of post-ingestive satiation
signals. Taken together with our previous work and other
recent data linking the dorsal HPF with meal onset and meal
size (Henderson et al, 2013), these results highlight the HPF
as an emerging brain region of importance in the higher-
order control of feeding behavior. HPF neurons are
necessary for remembering features of both the external
and the internal contextual environment (Kennedy and
Shapiro, 2004; Maren and Holt, 2000). Regarding the latter,
our overarching hypothesis is that HPF neural processing
integrates interoceptive ‘contextual’ information relevant to
energy status with previous learned experiences to influence
both appetitive and consummatory aspects of feeding
behavior. One mechanism through which the internal
context is communicated to the HPF is through endocrine
signals whose circulating levels are influenced by energy
status (eg, leptin, ghrelin, GLP-1).

In conclusion, present data further substantiate a critical
role for the HPF in feeding behavior, and also complement
several recent reports (eg, Alhadeff et al, 2012; Dickson et al,
2012; Dossat et al, 2011) in showing that CNS GLP-1R
signaling influences feeding via action not only on receptors
expressed in traditional feeding centers (ie, hypothalamus and
caudal brainstem), but also in various midbrain and forebrain
nuclei that control learned and motivational behaviors.
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