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Parabrachial Nucleus Contributions to Glucagon-Like
Peptide-1 Receptor Agonist-Induced Hypophagia
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Exendin-4 (Ex4), a glucagon-like peptide-| receptor (GLP-1R) agonist approved to treat type 2 diabetes mellitus, is well known to induce
hypophagia in human and animal models. We evaluated the contributions of the hindbrain parabrachial nucleus (PBN) to systemic Ex4-
induced hypophagia, as the PBN receives gustatory and visceral afferent relays and descending input from several brain nuclei associated
with feeding. Rats with ibotenic-acid lesions targeted to the lateral PBN (PBNx) and sham controls received Ex4 (I pg/kg) before 24 h
home cage chow or 90 min 0.3 M sucrose access tests, and licking microstructure was analyzed to identify components of feeding behavior
affected by Ex4. PBN lesion efficacy was confirmed using conditioned taste aversion (CTA) tests. As expected, sham control but not PBNx
rats developed a CTA. In sham-lesioned rats, Ex4 reduced chow intake within 4 h of injection and sucrose intake within 90 min. PBNx rats
did not show reduced chow or sucrose intake after Ex4 treatment, indicating that the PBN is necessary for Ex4 effects under the
conditions tested. In sham-treated rats, Ex4 affected licking microstructure measures associated with hedonic taste evaluation, appetitive
behavior, oromotor coordination, and inhibitory postingestive feedback. Licking microstructure responses in PBNx rats after Ex4 treatment
were similar to sham-treated rats with the exception of inhibitory postingestive feedback measures. Together, the results suggest that the

INTRODUCTION

Glucagon-like peptide-1 (GLP-1), an incretin synthesized
and secreted by distal L cells of the small intestine upon
intraluminal nutrient detection, is well known for its action
on pancreatic f-cells to stimulate the release of insulin.
GLP-1 mimetics have been introduced for the treatment of
type 2 diabetes mellitus and they are a target for obesity
treatment. Exendin-4 (Ex4), a long-acting GLP-1 analog
resistant to in vivo degradation, originally found in the saliva
of the Gila lizard (Heloderma suspectum), has been shown to
improve HbA1C levels and induce weight loss in patients
(Blevins, 2011; Bond, 2006; Buse et al, 2011). Consistent with
the postulation that GLP-1-receptor ligands contribute to energy
balance by reducing food intake, central and peripheral
administration of Ex4 reduces food intake in a variety of
species (see, eg, Edwards et al, 2001; Jessen et al, 2012; Scott
and Moran, 2007; Szayna et al, 2000), and thus identifica-
tion of the peripheral and central mechanisms mediating
GLP-1 hypophagia is a flourishing and important topic of
investigation.
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PBN critically contributes to the hypophagic effects of systemically delivered GLP-IR agonists by enhancing visceral feedback.
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Ex4 is a potent agonist of the glucagon-like peptide-1
receptor (GLP-1R; (Goke et al, 1993) and GLP-1R mRNA is
expressed peripherally in enteric and vagal nerves, the pancreas,
stomach, intestines, and adipose tissue (Bullock et al, 1996;
Nakagawa et al, 2004; Vahl et al, 2007), and centrally in
cortical, hypothalamic, and hippocampal nuclei, as well as
several hindbrain structures (Merchenthaler et al, 1999;
Vrang and Larsen, 2010). Despite this wide distribution,
central GLP-1 synthesis is limited to neurons of the nucleus
of the solitary tract (NST) and dorsal reticular formation
(Vrang and Larsen, 2010), although fibers containing GLP-1
generally complement the GLP-1R distribution and have
been identified in several structures in the brain implicated
in feeding control, including the arcuate nucleus of the
hypothalamus, lateral hypothalamus, periventricular nucleus
of the thalamus, dorsomedial hypothalamic nucleus, ventral
tegmental area, nucleus accumbens, area postrema, dorsal
motor nucleus, NST, and the parabrachial nucleus (PBN) of
the pons (Grill, 2010; Hayes et al, 2008, 2009; McMahon and
Wellman, 1998; Renner et al, 2012; Rinaman, 2010; Vrang
and Larsen, 2010).

Research to identify brain structures mediating GLP-1
hypophagia to date has focused primarily on hypothalamic
structures, though more recent work has attended to GLP-1R
contributions in the ventral tegmental area and nucleus
accumbens (Alhadeff and Grill, 2014; Dossat et al, 2011), and
the hindbrain (Alhadeff et al, 2014; Hayes et al, 2008;
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Williams et al, 2009). In chronic supracollicular decerebrate
rats, both fourth ventricle and peripheral Ex4 administration
suppressed food intake, demonstrating that the caudal
brainstem is sufficient to mediate Ex4 hypophagia (Hayes
et al, 2008). Among brainstem structures, most work has
focused on the NST. For example, RNAi knockdown of
GLP-1 mRNA expression in the NST results in hyperphagia
and weight gain (Barrera et al, 2011). However, to further
understand the circuitry supporting GLP-1 hypophagia,
proximal targets of the NTS within the brainstem are of
primary interest. In this regard the PBN is a propitious
candidate. The PBN processes first-order gustatory and
visceral sensory signals relayed from the NST and it relays
them to numerous midbrain and forebrain structures impli-
cated in food intake control, including the nucleus accum-
bens, several hypothalamic nuclei, and the amygdalar
complex (Karimnamazi et al, 2002; Karimnamazi and
Travers, 1998; Lundy and Norgren, 2004; Norgren et al,
2006). Recent studies have documented direct monosynaptic
connections between GLP-1-producing neurons in the NST
and the PBN (Alhadeff et al, 2014), and both GLP-1R mRNA
and GLP-l-immunopositive fibers have been identified
within the PBN (Merchenthaler et al, 1999; Rinaman, 2010).
Studies have also shown that peripheral doses of Ex4
stimulate Fos mRNA in PBN neurons, predominantly in
the external lateral subnucleus of the PBN (Baraboi et al, 2011)
that is commonly associated with processing of visceral
afferent stimuli (Baird et al, 2001a, b; Fulwiler and Saper,
1984; Karimnamazi et al, 2002; Paues et al, 2006). It is worth
noting that subdiaphragmatic vagotomy did not attenuate
systemic Ex4-induced PBN Fos expression in the latter study,
suggesting that the PBN might be activated directly by Ex4
(Kanoski et al, 2011), as Ex4 is also known to rapidly cross
the blood-brain barrier (Kastin and Akerstrom, 2003). Therefore,
Ex4 treatment likely activates PBN neurons through both
direct and indirect (eg, vagus-NST-PBN) pathways.
Recently, we reported that direct PBN microinjections of
Ex4 and the GLP-1R antagonist exendin-(9-39) (Ex9) respec-
tively suppressed and increased food intake, indicating that
GLP-1R signaling within the PBN physiologically contributes
to food intake control (Alhadeff et al, 2014). Nevertheless, it
remains unclear whether endogenous GLP-1 or long-acting
systemic incretin treatments can sufficiently activate or
require the PBN to affect food intake. In the current study we
evaluated hypophagic responses to systemic Ex4 treatment in
rats with bilateral neurochemical lesions of the PBN (PBNXx),
to better understand the role of the PBN in mediating re-
sponses to this FDA-approved incretin mimetic. Rats with PBN
lesions generally lack the ability to either sense or integrate
inhibitory visceral feedback with other food intake-relevant
signals that is key to food learning and satiation processes
(Calingasan and Ritter, 1993; Reilly, 1999; Trifunovic and
Reilly, 2001). For example, PBNx rats cannot form a condi-
tioned taste aversion (CTA), the avoidance of a novel tastant
previously paired with an aversive gastrointestinal stimulus
such as lithium chloride (LiCl; Flynn et al, 1991). In addition,
PBNx rats exhibit impaired satiation responses to caloric
gastrointestinal stimuli and to peripheral injections of the
satiating hormones amylin and cholecystokinin (Becskei
et al, 2007; Trifunovic and Reilly, 2001). Therefore, we
confirmed PBN lesions in rats using CTA tests as measured
through licking microstructure analysis (Baird et al, 2005;
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Pelchat et al, 1983). Next, we monitored systemic Ex4 treat-
ment effects on chow intake in PBNx and sham-operated
control rats over a 24-h period. In another experiment, the
same PBNx and sham-operated control rats were trained to
lick for a sucrose solution in a lickometer and the effects of
Ex4 on licking microstructure were assessed because, to our
knowledge, no prior studies have evaluated licking micro-
structure responses in intact rodents after systemic Ex4
treatment. Several measures of licking microstructure differ-
entially correlate with the intensity of food stimuli along
different portions of the alimentary canal; in particular, some
measures can be used to distinguish visceral inhibitory feedback
and gustatory evaluation responses, as well as oromotor
coordination and visceral malaise (Baird et al, 2005; Davis,
1996; Davis and Smith, 1992; Spector et al, 1998). Therefore,
licking microstructure analysis provides a rich analysis with
which to characterize Ex4 hypophagia and it can help to
identify which sensory-motor behavioral components of the
Ex4 hypophagia response, if any, are impaired by a PBN
lesion.

MATERIALS AND METHODS
Subjects

Adult male albino Sprague-Dawley rats (Charles River
Laboratories, Wilmington, MA) individually housed in trans-
parent cages (48cmx25cmx15cm) in a temperature-
controlled colony room under a 12-h light/dark cycle had
ad libitum access to pelleted rat chow (LabDiet 5001,
Brentwood, MO) and tap water, except where noted below.
All procedures were approved by the Institutional Animal
Care and Use Committee of Amherst College.

Surgery

Rats weighing 300-400 g were randomly assigned to one of
the two groups. Rats in the PBNx group received bilateral
ibotenic-acid infusions aimed at the PBN, whereas rats in the
PBNsham group received comparable bilateral vehicle
infusions to the PBN. Rats were anesthetized with a mixture
of ketamine-HCI (108 mg/kg, i.m.) and xylazine (9 mg/kg, i.m.)
and administered subsequent boosters throughout surgery as
needed to maintain the anesthetic plane. Anesthetized rats
were placed in a stereotaxic instrument (Kopf Instruments,
Tujunga, CA), and the skull was exposed and leveled. A
1.18 mm hole was drilled manually at 0.7 mm anterior to
lambda and 2.0mm lateral from the midline over each
hemisphere. To avoid the traverse sinus, a 20° rostral tilt was
then used to lower a 26 g cannula guide (Plastics1, Roanoke,
VA) 7.7 mm below the skull surface (Baird et al, 2001a,b).
A 33 g injector fitted to protrude 1 mm from the guide was
inserted into the cannula and either 0.4 pl ibotenic acid
(20 pg/pl) or vehicle (phosphate-buffered saline (PBS) 0.15M,
pH 7.4) was infused at a rate of 0.04 pl/min using PE tubing
via a 1.0 ul Hamilton syringe loaded into a programmable
syringe pump (KD Scientific KD100, Holliston, MA). To
maximize infusate diffusion and minimize backflow up the
guide, the injector was left in place for 10 min after infusion.
Thereafter, the cannula and injector assembly was carefully
removed and the process repeated in the other hemisphere.
Subsequently, the incision was closed with wound clips



and the rat was routinely monitored for recovery according
to IACUC-established protocols.

Experimental Procedures

Before the Ex4 experiments, PBN lesions were behaviorally
confirmed. After recovery from surgery (3-7 days), PBNsham
and PBNx rats underwent a 3-day CTA experiment. Rats
were water-deprived in the home cage 23.5 h before each test
day. On day 1, rats received an intraperitoneal (i.p.) injection
of 0.15M lithium chloride (2% body weight) immediately
after 30-min access to a spout containing a novel tastant,
0.12M sodium chloride (NaCl), in a lickometer (AC-108,
DiLog Instruments, Tallahassee, FL). On days 2 and 3, rats
were given 30 min access to 0.12 M NaCl. At 30 min after
access to 0.12M NaCl on all 3 test days, rats were given
15 min water access in the home cage to ensure adequate
fluid repletion. After CTA testing, rats were monitored and
confirmed to have normalized water intake and body weight
before further experimentation (3-5 days).

Experiment 1: effects of PBN lesion on Ex4-induced
hypophagia: 24 h chow intake. Experiments 1 and 2 were
conducted using a within-subjects design such that rats in
each test group (PBNx and PBNsham) completed each
experiment in counterbalanced order. For experiment 1,
chow pellets were removed and rats were offered powdered
chow ad libitum in the home cage in small dishes adhered to
the cage floor. The 24 h chow intake was measured manually
to 0.01 g and dishes were refilled daily at the onset of the dark
cycle. Once the chow intake stabilized (3-5 days), rats were
randomly assigned to one of the two injection conditions. On
injection days, rats were food deprived 4 h before the onset of
the dark cycle. At 10 min before onset of the dark cycle, they
received an i.p. injection of either 1 pg/ml/kg Ex4 (California
Peptide, Napa, CA) or vehicle (PBS, 1ml/kg). Powdered
chow was returned to the cage at the onset of the dark cycle
and measurements were taken at 1, 2, 4, 8, and 24 h. After 2
rest days during which the rats continued to be offered chow
ad libitum, the injection test was repeated, exposing rats to
the opposite dose condition. Concluding testing, powdered
chow was removed and the rats were returned to ad libitum
access to chow pellets in the home cage.

Experiment 2: effects of PBN lesion on Ex4-induced
hypophagia: sucrose licking microstructure. Rats were
transported daily from home cages to individual lickometer
test cages (48 cm x 25 cm x 15 cm) and initially trained to lick
0.5 M sucrose from a spout situated in a slit in the wall for
30 min until adequate intake (at least 5ml) was reached
(3-5 days). Rats were then offered the test solution, 0.3 M
sucrose, for 90 min over 2-3 days to allow compensation for
negative contrast before experiment onset. The experiment
then consisted of two drug condition tests, as in experiment
1. On test days, rats received counterbalanced i.p. injections
of either 1 pg/ml/kg Ex4 or vehicle (PBS) 10 min before being
placed in the lickometer for 90 min, with access to 0.3 M
sucrose. For the 2 days between drug injections the rats were
offered 0.3 M sucrose in the lickometer for 90 min with no
treatment.
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Histology

At the conclusion of all testing, PBNx and PBNsham rats
received a surgical dose of ketamine-HCl/xylazine followed
by a lethal dose of Sodium Pentobarbital (100 mg/kg, i.p.) and
they were then transcardially perfused with 0.9% saline
followed by 10% formalin. Fixed brains were harvested and
stored in a 20% sucrose/10% formalin solution for at least
48h to allow sectioning. Coronal sections (50 pm) of the
PBN region were taken using a cryostat (Thermo Scientific
HM550, Thermo Fisher Scientific, Waltham, MA) and
somata were stained with 0.5% cresyl violet stain (Sigma
Aldrich, St Louis, MO). Sections containing the PBN region
were analyzed at x40 magnification with an Olympus BX51
microscope equipped with a DP72 digital camera (12mpx;
Olympus America Diagnostics, Leeds, MA) and a dark-field
condenser.

Data Analysis

PBNx and PBNsham brains were analyzed for gliosis, the
presence or absence of PBN subnuclei, and visible borders of
the PBN. Animals with lesions that did not have damage to
at least half of each PBN were considered to have inadequate
lesions. Measurements of the lateral PBN (LPBN) depth from
the brachium conjuctivum (bc) to the ventral spinocerebellar
tract (vsc) or to the fourth ventricle border (depending on
rostrocaudal location) were made using microscope software
(DP2-BSW, Olympus). Two measurements—from the dorsal
edge of the stereotaxically lateral or ‘tail” end of the bc to the
dorsolateral border of the PBN, and from dorsal edge of the
stereotaxically medial ‘neck’ of the bc to the dorsolateral
border of the PBN—were taken at three rostrocaudal levels
of the PBN. The first was in the caudal region of the PBN
where the mescencephalic trigeminal nucleus (Mes5) merges
with the locus ceruleus; the second is the middle region
where the Mes5 merges ventrally with the stereotaxically
medial ‘head’ of the bc; and the third is the rostral PBN
region were Mes5 is observed to extend through and dorsally
emerge from the stereotaxically medial ‘head’ of the be. All
measurements were taken perpendicular to the oblique plane
of long axis of the bc using a line of best fit drawn through
the middle of the bc. All measurements were then averaged
to obtain a representative value of the lateral PBN depth for
each PBN. The hemispheric PBN sizes were then averaged
for each brain and the correlation of LPBN depth with the
extent of CTA behavior (reduction of NaCl intake on day 2
relative to day 1) and the Ex4 sucrose intake effect (vehicle
intake minus Ex4 intake) was determined.

The temporal distribution of licking was analyzed using a
variety of custom-made programs (Baird et al, 1999, 2005) to
characterize several previously established licking pattern
measures, as follows. Meal analyses were limited to the first
meal in the 90 min test session and meal size (ml) was
calculated as the number of licks in the meal (first lick of the
first burst to last lick of the last burst) (Baird et al, 2005;
Spector et al, 1998). The end of the meal was defined by a
pause in licking for >10min (Baird et al, 2006). Meal
duration (min) was defined as the session time of the last lick
in the meal minus the session time of the first lick in the
meal. To analyze ingestion rate over the course of the meal
we divided meals temporally into thirds, calculating the
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mean lick rate (licks/min) for each meal third (Baird et al,
2006; Spector et al, 1998). A licking burst was defined as
three or more consecutive licks with no interlick interval
(ILI) exceeding 1s. Thus, pauses of >1s determined burst
termination (Spector et al, 1998). The burst count therefore
represents the number of lick bursts in the meal. The mean
burst size (licks/burst) was calculated as the cumulative
number of licks in all bursts in the meal divided by the burst
count. Mean pause duration (s) was calculated as the
cumulative time of all bursts in the meal subtracted from
meal duration and divided by the number of pauses in the
meal (equal to the burst count minus one). To minimize
artifact lick registrations because of nonlingual spout
contacts, meal onset was defined as the first lick of the first
burst containing at least three licks (Baird et al, 2006). The
initial lick rate was the number of licks in the first min of
the meal. The initial burst size was the number of licks in the
first burst of the meal. Because >95% of all ILIs in a meal are
<250ms (in rats) and are normally distributed below this
cutoff (Baird et al, 2005, 2006; Davis, 1996; Spector et al,
1998), the average duration of ILIs <250 ms was determined
to measure oromotor coordination. Oromotor coordination
was also assessed by determining the mean lick volume
(volume per lick), by dividing the measured session intake
volume by the number of licks in the test session. The
proportion of moderately long ILIs (250-1999 ms) relative to
all ILIs in the meal was also calculated because increases in
this ratio have been associated with aversive taste responses
(Baird et al, 2005).

All statistics were performed using Systat 10.0 software
(Systat Software, San Jose, CA). Taste aversion data were
analyzed using a 2x3 mixed factors ANOVA comparing
lesion group (between subjects) and test day (repeated measures).
Significant main effects or interactions were explored using
paired Student’s ¢-tests. Lateral PBN depth and taste aversion
strength/Ex4 intake effect data were compared using Pearson
product-moment correlation analysis. Chow intake data
were analyzed using a 2x5 repeated-measures ANOVA
comparing drug condition (Ex4 and vehicle) and sample
time (1, 2, 4, 8, and 24 h after injection) effects on cumulative
chow intake for each group. A 2x2 mixed factors ANOVA
was used to explore significant interaction terms, to compare
lesion group (between subjects) and drug (Ex4/vehicle) at
specific time epochs. Measures of licking microstructure for
sucrose were analyzed using a single planned paired
Student’s t-test for each lesion group (Ex4 vs vehicle). The
a-value for statistical significance was set at 0.05 for all
analyses. Values of p<0.06 and p<0.07 were considered to
be ‘marginally’ significant.

RESULTS
Lesion Analysis and CTA Tests

Analysis of ibotenic-acid-injected brains indicated that 12
rats received bilateral lesions with significant damage
(>50%) throughout a majority of the PBN and these rats
were analyzed as the PBNx group (eg, see Figure 1b). Other
rats had a wide range of lesion outcomes including no
lesion at all (intact; n=5), ‘mostly’ intact (<25% PBN
damage; n=5), weak unilateral lesions (25-50% unilateral
damage; n=2), strong unilateral lesions (>50% unilateral
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damage; n=5), and mild bilateral lesions (25-50% damage;
n=7). Given the small size and erratic distribution of the
lesions in these latter groups, their data were not analyzed
further. Of the 26 rats that received sham lesions, 1 rat died
before testing was completed, 3 were judged to have mild
unilateral lesions, and 2 had misplaced injections; therefore,
their data were not analyzed. Correct placement of the
injections in both groups could also be determined by visible
narrow dorsal-ventral ‘track’ damage due to the injection
needle. Figure 1b shows an example of a PBN with a lesion to
most of the lateral PBN. Figure la shows a comparable level
of the PBN in a PBNsham rat with no significant damage to
the LPBN.

Lesions were behaviorally assessed by examining the
intake-suppressive effects of a novel taste-LiCl pairing in
the CTA test paradigm in each group using 0.12 M NaCl as
the novel tastant. The PBNsham group markedly reduced
their intake of the LiCl-paired taste as indicated by a signifi-
cant decrease in NaCl intake on the second test day (lesion
group x day interaction: F, o) =4.80, p=0.012; t(19)=9.68,
p<0.001) that quickly extinguished by the third test day
(Figure 1c). The PBNx group did not show a significant
intake decline after LiCl injection, confirming that the lesion
was effective (t(;;)=1.83, NS; Figure 1c). The relationship of
these behavioral results to PBN damage is further confirmed
by a statistically significant positive correlation (r=0.55,
p<0.001) between measured depth of the lateral PBN and
the percentage of NaCl intake decline after LiCl injection on
day 2 relative to lick counts for NaCl on day 1 (Figure 1d).

Analysis of licking microstructure measures showed that
the reduction of licking for NaCl in the PBNsham group
after LiCl injections was characterized by a marked reduction
in the number of licks (Figure 1c), the mean size of bursts of
licks, the initial rate of ingestion, the average ingestion rate,
and the mean lick volume (Table 1). The reduction was not
related to lick frequency/oromotor coordination deficiency
because the mean of ILIs <250 ms was not affected (Table 1).
Opverall, rats were more hesitant at the spout as indicated by
expression of many more but smaller bursts of licking, a
fivefold increase in the number of ILIs ranging from 250 ms
to 2s in duration, and a significant increase in the overall
proportion of pause time during the meal. This pattern of
results is nearly identical to our prior analysis of CTA
responses in intact rats (Baird et al, 2005).

In contrast to the PBNsham group, PBNx rats showed
almost none of the effects of LiCl observed in the sham
group. A smaller but statistically significant reduction in the
mean lick volume after LiCl injection was the only significant
effect observed in this group (Table 1).

Effects of PBN Lesion on Ex4-Induced Hypophagia: 24 h
Chow Intake

There was no significant difference in chow intake between
lesion groups during vehicle conditions as there was no
significant lesion group main effect (F<1, NS) or lesion
group X epoch interaction (F4, 120y = 1.99, NS). In the PBNsham
group, Ex4 significantly reduced overall chow intake as
indicated by a significant main effect (drug: F 19)=8.97,
p<0.007); the drugxtime sample interaction was not
statistically significant (F<1; Figure 2a). The PBNx group
showed no main overall drug effect (F(; ;;)=2.02, NS),
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Left: Representative dark-field microphotographs (x40 magnification) of the lateral parabrachial nucleus (LPBN) in an intact sham-lesioned rat

(a) and an ibotenic acid-lesioned rat (b). In (a), clusters of neutral red-stained somata in all regions dorsal to the brachium conjuctivum are evident, and these
include the ventral lateral, dorsal lateral, central lateral, and external lateral subnuclei. In the ibotenic-acid-lesioned rat there is a clear paucity of stained somata
in all of these subnuclei, although somata loss is weaker in the rostral ventral lateral subnucleus. Note also the distinct lateral border of the lesion where intact
somata from the external medial subnucleus are visible. In several PBN-lesioned brains the depth of the region dorsal to the brachium was also significantly
attenuated. (c) NaCl intake responses in PBN-sham and PBN-lesioned rats. Water-deprived rats in both groups initially avidly consumed a normally preferred
NaCl solution as measured by mean lick count (+SEM) during a 30-min test. Both groups were injected with LiCl but only PBNsham-lesioned rats (open
circles) exhibited intake reduction on the second test day. The CTA rapidly extinguished by the third day of testing. *P<0.05. (d) The extent of intake
suppression induced by LiCl was positively and significantly correlated with the size of the LPBN. Intact sham-lesioned rats (open circles) with larger LPBN
regions tended to exhibit fewer licks for NaCl after LiCl treatment. bc, brachium conjuctivum; cl, central lateral subnucleus; dl, dorsal lateral subnucleus;
el, external lateral subnucleus; em, external medial subnucleus; Mes5, mesencephalic trigeminal motor nucleus; I, ventral lateral subnucleus; vsc, ventral

spinocerebellar tract.

although the drugxtime interaction was significant in this
group (interaction: F4 44y=3.18), p<0.03; Figure 2b). To
explore this interaction, the PBNsham and PBNx groups
were directly compared at each sampling time. Two-way
ANOVAs indicated statistically significant drug condition x
lesion group interactions for the 1h (F, 30)=5.84, p<0.03)
and 2 h time measurement periods (F; 30)=4.31, p<0.05),
and a significant main effect of drug at the 4 h sampling time
(F(l, 30) = 915, p < 0005)

Effects of PBN Lesion on Ex4-Induced Hypophagia:
90 min Sucrose Intake

Analysis of sucrose intake for the 90 min session after Ex4 or
vehicle injection revealed a significant difference in re-
sponses to Ex4 as a function of lesion condition, although
there was no difference in baseline intake between the
lesion groups under vehicle conditions (f;39)=—0.77, NS).
Ex4 significantly reduced sucrose intake in the PBNsham

group (ti9)=3.73, p<0.001) but not in the PBNx group
(ta1)=0.20, NS; Figure 3a). Analysis of meal size revealed
similar results; meal size was significantly smaller for the
PBNsham group after Ex4 (t(9) = 3.24, p<0.004), but not so
for the PBNx group (t(;)=0.62, NS; Figure 3b). Moreover,
the extent of intake reduction induced by Ex4 positively and
significantly correlated with the measured width of the PBN,
suggesting that rats with larger PBN lesions were less
responsive to Ex4 (Figure 3c).

Ex4 Effects on Sucrose Licking Microstructure in PBNx
and PBNsham Rats

Although PBN lesions counteracted Ex4-induced hypopha-
gia, most of the microstructure responses induced by Ex4 in
the PBNsham group were also observed in the PBNx group.

As sucrose intake was reduced by Ex4 in the PBNsham
group, we expected that the duration of the meal would be
reduced, but the meal duration after Ex4 was unexpectedly
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Figure 2 Exendin-4 (I pg/kg i.p.) significantly reduced chow intake in intact (PBNsham) but not PBN-lesioned (PBNX) rats. (a) Cumulative chow intake
(mean + SEM) measured at |, 2, 4, 8, and 24 h time intervals in sham-lesioned rats (n=20), *p <0.05. (b) Cumulative chow intake (mean+SEM) measured at
[, 2,4, 8, and 24 h time intervals in rats with bilateral PBN lesions (n=12).
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Figure 3 (a) Mean 90 min 0.3 M sucrose intake (+SEM) after vehicle (saline) or exendin-4 (Ex4; | pg/kg, ip.) injection in intact sham-lesioned rats
(PBNsham) and rats with ibotenic-acid lesions of the PBN (PBNx). Ex4 significantly reduced 0.3 M sucrose solution intake in PBNsham rats but not PBNx rats.
(b) The 0.3 M sucrose meal size (+SEM) after vehicle or Ex4 injection in PBNsham and PBNx rats. Ex4 significantly reduced 0.3 M sucrose solution intake
PBNsham rats but not PBNx rats. *P < 0.05. (c) The extent of intake suppression induced by Ex4 was positively and significantly correlated with the size of the
lateral PBN (LPBN). Sham-lesioned rats (open circles); PBNx rats (filled circles). Rats with larger LPBN regions tended to show more sucrose intake reduction
after Ex4 treatment (vehicle condition intake minus Ex4 condition intake (ml)).

individual lick cycles in a manner that reduced their abilityto ~ not produce a response comparable to the LiCl-induced taste
capture fluid from the spout. Despite this effect on lick  aversion observed in the same rats (PBNsham: vehicle =0.77
efficiency, there was no increase in the proportion of ILIs in +0.08%, Ex4=1.43+0.25%; PBNx: vehicle=0.92+0.11%,
the 250-2000 ms range (ps>0.26), suggesting that Ex4 did  Ex4=1.30+0.31%; compare with Table 1).
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Figure 4 Exendin-4 (Ex4; | pg/kg, i.p.) significantly prolonged meal duration in both groups but did not prolong pauses between bursts of licking. (a) Mean
meal duration (+SEM) after vehicle (saline) or exendin-4 (Ex4) injection in intact sham-lesioned rats (PBNsham) and rats with ibotenic-acid lesions of the PBN
(PBNX). Ex4 significantly prolonged the meal in both groups. (b) Mean pause duration (+SEM) after vehicle or Ex4 injection in PBNsham and PBNx rats. Ex4
did not affect the mean interval between bursts of licking in either lesion group. *P<0.05.
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(a) Mean (+SEM) burst size per meal after vehicle (saline) or exendin-4 (Ex4; | pg/kg, i.p.) injection in intact PBN sham-lesioned rats (PBNsham)

and rats with ibotenic-acid lesions of the PBN (PBNx). Ex4 significantly reduced the average burst size in both groups. (b) Mean (+SEM) number of bursts per
meal after vehicle or Ex4 injection in PBNsham and PBNx rats. Ex4 significantly increased the number of meal bursts in both groups. *P <0.05.

DISCUSSION

In this study we evaluated whether PBN function contrib-
utes to the well-documented hypophagic effects of the
FDA-approved GLP-1 analog, Ex4. PBN lesions abolished
hypophagic responses to Ex4 in rats consuming either regular
chow of standard palatability, or a highly preferred palatable
sucrose solution. These results show that the PBN is necessary
for Ex4-induced intake reduction for the conditions tested in
this study and they complement our prior work that indicated
a physiological role for GLP-1Rs in the PBN in the control of
food intake (Alhadeff et al, 2014). Together, the results suggest
that the PBN likely contributes to hypophagic responses to
long-acting systemic GLP-1R analogs.

The results of this study do not clarify whether the
hypophagic effects of Ex4 were lost in PBNx rats because of
the absence of direct Ex4 activation of GLP-1Rs in the PBN,
or the loss of signals normally processed in the PBN that are
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relayed from Ex4/GLP-1R interactions processed elsewhere,
or both. Because Ex4 crosses the blood-brain barrier (Kastin
and Akerstrom, 2003), long-acting incretin mimetics such as
Ex4 likely recruit pathways that would not normally be
affected by endogenous plasma GLP-1 because of the rapid
degradation of plasma GLP-1 by dipeptidyl peptidase-IV,
in addition to the peripheral pathways that are normally
stimulated by plasma GLP-1.

One pathway likely stimulated by systemic Ex4 delivery is
that mediating visceral feedback. Systemic Ex4 activates
GLP-1R receptors on the vagus nerve that in turn activate
hindbrain NST relays; NST injections of Ex9 have been
shown to impede satiation responses to gastric distension
and hepatic portal glucose infusions (Hayes et al, 2009;
Punjabi et al, 2014; Riittimann et al, 2010). The PBN receives
prominent and overlapping input from the rostral gustatory
and caudal visceral sensory regions of the NST (Baird et al,
2001b; Fulwiler and Saper, 1984; Karimnamazi et al, 2002)
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Figure 6 Mean ingestion rate plotted by meal thirds (means + SEM) after vehicle (saline) or exendin-4 (Ex4; | pg/kg) injection in intact sham-lesioned rats
(PBNsham) and rats with ibotenic-acid lesions of the PBN (PBNXx). Meals were temporally divided into thirds and the average lick rate (licks/min) was
determined for each meal third. (a) Mean lick rate by meal thirds after vehicle (open triangles) and Ex4 injection (filled triangles) in PBNsham rats. Ex4
significantly slowed the rate of ingestion in PBNsham rats relative to the vehicle condition for all three phases of the meal. (b) Mean lick rate by meal thirds after
vehicle (open triangles) and Ex4 (filled triangles) injection in PBNx rats. PBNx rats showed a less robust reduction in ingestion rate after Ex4 injection, with no

differences relative to vehicle in the last two thirds of the meal. *P<0.05.
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Figure 7 Mean interlick interval (ILI) counts (5 ms bins) after vehicle (saline) or exendin-4 (Ex4; | pg/kg) injection in (a) intact sham-lesioned rats (PBNsham)
and (b) rats with ibotenic-acid lesions of mostly the lateral PBN (PBNXx). Ex4 significantly slowed the rate of licking within bursts in both lesion groups as
indicated by a comparable right shift in the distribution of ILIs <250 ms. Note that PBNx rats exhibited more ILIs (and therefore, licks) after Ex4 injection
relative to the PBNsham group, reflecting the lack of intake reduction after Ex4 in PBNx rats.

and we have shown that gastric distension and gustatory
stimuli modify electrophysiologically recorded neural impulse
rates within the LPBN (Baird et al, 2001a, b), suggesting that
PBN lesions would likely affect visceral and/or gustatory-
related responses potentially affected by systemic Ex4. Therefore,
to better identify gustatory and visceral-related responses
to Ex4, we evaluated licking microstructure responses to a
sucrose solution after Ex4 treatment in PBNsham and PBNx
rats. To our knowledge, this is the first study to provide a
detailed analysis of licking microstructure after systemic Ex4
treatment, and therefore initial discussion of Ex4 responses
in PBNsham control rats is warranted.

Ex4 Effects on Licking Microstructure in Intact Rats

In PBNsham rats Ex4 reliably reduced intake for a normally
preferred (0.3 M) sucrose solution. However, the oromotor

behaviors through which the intake reduction was expressed
were quite different from microstructure responses observed
for other typical pharmacological or natural satiation-
inducing treatments. Often, a treatment-induced reduction
of food intake is achieved through an earlier termination of
the meal (Berthoud et al, 2006; Davis et al, 1995; Davis and
Smith, 1992; Schwartz et al, 1999; Scott and Moran, 2007;
Williams et al, 2002), but we found that Ex4 markedly pro-
longed the meal. This suggests that rats must have ingested
sucrose solution much more slowly after Ex4 treatment. As a
meal progresses, the increasing size of the gastrointestinal
load produces inhibitory feedback that leads to an increas-
ingly rapid decline in ingestion rate (Davis, 1996; Davis and
Smith, 1992). Increasing the caloric or volumetric properties
of the ingesta by oral preload or direct caloric gastric or
venous glucose preloads has been shown to reduce lick rate,
burst count, and meal duration (but not mean burst size
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or lick rate within bursts), suggesting that the former mea-
sures reflect postingestive satiation (Baird et al, 2009; Davis
et al, 2000; Davis and Smith, 1992; Dossat et al, 2013;
Schwartz et al, 1999; Spector et al, 1998). Venous infusions of
cholecystokinin and Dp-glucose have also been shown to
reduce lick rate, burst number, and meal duration (Baird
et al, 1999; Davis et al, 1995), further supporting a relation-
ship between these measures and postingestive feedback
signals. In PBNsham rats, Ex4 significantly reduced the rate
of licking; however, this study departs from the studies above
in that the rats continued to return to the spout to take
numerous additional but smaller samples, resulting in more
bursts and a longer meal, with no increase in the duration of
pauses between bursts.

We conclude that systemic Ex4 enhanced visceral signals
typically associated with postingestive feedback. However,
Ex4 also increased the number of times the rats returned to
the spout and reinitiated licking, as indicated by the increase
in number of bursts and prolonged meal duration. These
results suggest that competing behavioral responses were
evoked that delayed a decision to terminate the meal. It is
possible that the typical ‘satiety sequence’ (Antin et al, 1975;
Young et al, 1974) is altered by Ex4, at least for the condi-
tions tested here, a conclusion suggested previously after
observing that central GLP-1R agonist infusions reduced
intake but did not terminate sham feeding (Asarian et al,
1998). In line with this reasoning, some studies have reported
relatively little change in the satiety ratio after Ex4 (Asarian
et al, 1998; Scott and Moran, 2007), and a videographic
analysis of behavior showed no increase in restful behavior
after central GLP-1R agonist infusion (Asarian et al, 1998).
In addition, studies analyzing meal patterns after Ex4
injection have reported a reduction in the average size of
solid food (chow) meals, as we found (Asarian et al, 1998;
Dossat et al, 2013; Scott and Moran, 2007; Williams et al,
2009), but reductions in meal duration and increases in the
intermeal interval have been less consistently observed
(Dossat et al, 2013; Scott and Moran, 2007). It is interesting
to note that in rats with Roux-en-Y gastric bypass treatment,
which is known to increase endogenous GLP-1 levels, meal
size for a liquid diet was reduced but this was achieved by a
significant reduction in lick volume (as observed here) with
little to no effect on meal duration relative to sham-treated
rats (Zheng et al, 2009). To our knowledge, our study is the
first report of an increase in meal duration after Ex4
treatment and this difference may be a function of the type of
food (sucrose versus chow) or the testing schedule (24h
access versus limited access), among other factors. Variations
by food type would suggest that Ex4 responses vary as a
function of tastant palatability and/or nutrient composition.
For example, a few studies suggest that GLP-1R ligand effects
may vary as a function of milk protein or fat consumption
(Maersk et al, 2012; Olivos et al, 2014).

In several studies the average size of a burst of licking has
been shown to positively correlate with taste evaluation such
that rats exhibit larger bursts for more-preferred tastants
(Baird et al, 2006; Davis, 1996; Davis and Smith, 1992;
Spector et al, 1998). Satiating treatments generally reduce the
mean size of a lick burst in later phases of the meal, and they
have been shown to modify electrophysiological PBN and
NST neuron responses to tastants (Baird et al, 1999, 2009,
2001b; Giza et al, 1992; Spector et al, 1998). We found that
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Ex4 reduced of the mean burst size; however, there was no
reduction in the initial rate of ingestion that is also regarded
as an indicator of taste evaluation, as ingestion at the beginn-
ing of a meal is not influenced by inhibitory postingestive
feedback related to meal consumption (Davis et al, 1995;
Davis and Smith, 1992). Dossat et al, (2013) recently
reported that nucleus accumbens injections of Ex9 increased
lick burst size with little effect on the ILI or the inhibitory
effects of a gastric preload, suggesting an effect more specific
to taste evaluation. Mathes et al, (2012) also reported modest
increases in the rate of licking for sucrose solutions in brief
access tests across multiple sucrose solutions during 10s
trials after systemic Ex9 treatment (although Ex4 did not
reduce lick rates in this study), and it is worth noting that
taste receptor cells release GLP-1 into the vicinity of intra-
gemmal taste fibers that express GLP-1 receptors (Shin et al,
2008). Therefore, it is possible that Ex4 interactions with a
number of peripheral and central nervous system structures
modify taste evaluation, and further scrutiny is needed.

In PBNsham rats Ex4 also potently affected measures of
oromotor coordination. Ex4 significantly reduced the mean
lick volume and it increased the mean duration of ILIs
<250ms, indicating that rats licked much more slowly
within a burst and that the volume extracted from the spout
per lick was smaller. These results highlight an aspect of
GLP-1R treatment that has not received much attention.
Studies have noted that Ex4 has little or modest depressive
effect on gross measures of behavior such as bar pressing or
locomotion (Alhadeff et al, 2014; Asarian et al, 1998), and
the current study found that Ex4 rather increased the
number of times rats approached the spout. Our findings,
however, are consistent with a recent study that reported a
very similar right shift in the principal ILI distribution after a
comparable Ex4 dose (Mathes et al, 2012), and an earlier
study evidenced a trend toward slower licking and smaller
lick volumes as central GLP1-R agonist doses were increased
(see Table 2 in Asarian et al, 1998; note also Zheng et al,
2009). ILIs <250 ms are thought to reflect the output of a
brainstem central pattern generator (CPG) and although
slight variations can be induced by a variety of pharmaco-
logical, physiological, and environmental factors (Hernandez-
Mesa et al, 1985; Mamedov and Bures, 1984; Spector et al,
1996; Stanford et al, 2003; Weijnen, 1998), increases to the
extent reported here have, to our knowledge, been rarely
reported. The results strongly suggest that GLP-1R-
expressing neurons in oromotor hindbrain nuclei are
involved in CPG rate-setting circuitry, consistent with studies
showing GLP-1R mRNA expression in oromotor nuclei,
particularly in areas of the reticular formation subjacent to
the NST that provide premotor input to lingual motor
neurons in the hypoglossal nucleus, including the lateral
parvocellular reticular formation, intermediate zone of the
reticular formation, and within mXII itself (Merchenthaler
et al, 1999; Travers et al, 1997; Vrang and Larsen, 2010).

It is important to note that Ex4 treatment has been
associated with malaise as shown by tests for pica and in
two-bottle flavor aversion tests that can potentially compli-
cate interpretations of Ex4 hypophagia (Kanoski et al, 2012;
Kinzig et al, 2002). Although this study was not initially
designed to explore this issue, licking measurement in the
CTA tests afforded us the opportunity to compare licking
responses after LiCl and after Ex4 treatment in the same rats.



Table 2 Comparison of LiCl and Ex4 Effects on Licking
Microstructure

Lesion group PBNsham PBNx
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Abbreviations: PBNsham, lesion control group; PBNx, parabrachial nucleus lesion.
The same individual rats received 0.3 mEq i.p. lithium chloride (LiCl) injection or
| pg/kg ip. exendin-4 (Ex4) treatment in two separate experiments. Arrows
indicate treatment effects on lick measures relative to control conditions. The
responses to Ex4 and to LiCl are dissimilar within each group, whereas the
responses to Ex4 are comparable in both groups, with the exception of intake
and ingestion rate measures.

After CTA formation the PBNsham-treated rats showed a
licking pattern that we have identified previously (Baird et al,
2005), but it was quite dissimilar from what we observed
after Ex4 treatment in the same rats (see Table 2). Among
other effects, PBNsham rats exhibited reduced meal dura-
tion, number of bursts, and initial lick rate after CTA
training, whereas the same rats showed increases in meal
duration and number of bursts, with no effect on initial lick
rate after Ex4 treatment (Table 2). Moreover, ILIs that range
from 250 ms to 2 s were markedly increased (fivefold) after
CTA training but were not at all affected by Ex4, whereas
ILIs <250 ms were significantly lengthened by Ex4 but not
affected by CTA treatment (Table 2). Furthermore, it is
worth noting that Ex4 continued to affect many measures of
licking in PBNx rats that did not express a CTA (Table 1;
discussed below). Overall, the effects of Ex4 on licking
microstructure were distinct from those expressed after LiCl
and this suggests that different underlying mechanisms
accounted for the intake reductions.

PBN Lesion Effects on Ex4 Hypophagia

As anticipated, PBN lesions abolished CTA expression: NaCl
intake was not significantly reduced after LiCl in PBNx rats.
We further confirmed that the extent of the lesion, as
measured by the depth of the LPBN, was significantly and
inversely correlated to the extent of intake decline observed
after LiCl. To our knowledge, this is the first study to
evaluate licking microstructure responses after CTA training
in rats with PBN lesions, and our results show that the
pattern of CTA effects on licking was almost entirely
reversed by the lesion. Of the 10 measures significantly
altered by CTA training in PBNsham rats, only one measure,
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lick volume, remained modestly but significantly reduced
after CTA training in PBNx rats (Table 2). Thus, PBN lesions
produced a nearly complete impairment of CTA processing,
supporting the generally accepted conclusion that PBN pro-
cessing is necessary either for CTA formation or expression
(see Reilly, 1999).

PBNx rats also failed to exhibit intake reductions either
for sucrose or chow after Ex4 treatment, and this effect also
correlated with measured lateral PBN depth. Given this
common effect on intake measures across three different
experiments, one might reasonably expect most of the
microstructure measures affected by Ex4 in PBNsham rats to
be largely unaffected in PBN-lesioned rats. However, PBN-
lesioned rats treated with Ex4 expressed, more or less, the same
general pattern of changes in licking microstructure after Ex4
as did PBNsham rats (see Table 2). To some extent this would
be expected given that systemic Ex4 crosses the blood-brain
barrier and may therefore activate several brain structures that
may (or may not) contribute to food intake processing,
without contribution from the PBN. This is exemplified by our
finding that the PBN lesion had no impact at all on the Ex4-
induced rightward shift in the ILI distribution in PBNsham
rats, even though PBNsham rats expressed roughly half the
number of ILIs (and therefore roughly half the licks) than
did PBNx rats (Figure 7). Nevertheless, although it is clear
that the PBN is not essential for the oromotor frequency
effects of Ex4, some aspect of the PBN lesion was sufficient to
impair the hypophagic response to Ex4.

Measures associated with gustatory evaluation were generally
comparable across both lesion groups. The mean size of a
lick burst was significantly reduced in both groups, whereas
the initial rate of licking and the size of the first burst was
not. Both groups also exhibited unexpectedly long meals that
were produced primarily by increases in the number of
bursts rather than by increases in pause duration, indicating
that PBN lesions did not impair Ex4-induced motivation to
approach the spout. We are tempted to conclude that Ex4
effects on taste evaluation (to the extent that they exist) do
not require the participation of the PBN, but it is important
to note that our lesions principally targeted the LPBN with
less consistent damage to the caudal medial and ventral lateral
PBN subnuclei, where more gustatory-responsive neurons
are present ((Baird et al, 2001a, b; Fulwiler and Saper, 1984;
Nishijo and Norgren, 1990; Sakai and Yamamoto, 1997;
Tokita et al, 2012); see Figure 1b for example).

We determined, rather, that the PBN lesion abolished Ex4
hypophagia through a limitation on ingestion rate. Although
Ex4 tended to reduce the rate of ingestion in both groups, the
effect was attenuated in PBNx rats: PBNsham rats ingested
much more slowly than PBNx rats after Ex4, particularly in
the last two thirds of the meal. Rats with PBN lesions have
been reported to have attenuated sensitivity to satiating treat-
ments, and much of the vagal input from the viscerosensitive
caudal NST is relayed to the LPBN (Baird et al, 2001a;
Calingasan and Ritter, 1993; Flynn et al, 1991; Karimnamazi
et al, 2002). Naturally satiating and viscerally aversive stimuli
have been shown to activate neurons in the LPBN as
measured through c-fos reactivity (Baird et al, 2001a; Paues
et al, 2006; Sakai and Yamamoto, 1997), and we have also
shown that LPBN neurons exhibit in vivo electrophysiolog-
ical responses to gastric distension (Baird et al, 2001a).
Together, the results suggest that PBNsham rats experienced
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more potent visceral feedback inhibition than PBNx rats
after Ex4 treatment.

Our studies show that PBN neural function is necessary
for the intake-suppressive effects of systemic Ex4 on chow
and sucrose intake. Based on our analysis of licking
microstructure, the PBN lesion abolished Ex4-induced
hypophagia by attenuating the Ex4-enhanced gain of
satiating postingestive feedback. This may be a result of (1)
the loss of neuroanatomical connections of the PBN that
processes first-order gustatory and visceral sensory signals
from the NST as well as direct monosynaptic input from
NST GLP-1-producing neurons (Alhadeff et al, 2014) and/or
(2) the loss of GLP-1R processing within the PBN itself.

We also report here for the first time that systemic Ex4 in
intact animals affects licking microstructure measures
associated with a variety of feeding behaviors including
ingestion rate, hedonic taste evaluation, appetitive behavior,
and oromotor coordination. Our results highlight the value
of using a detailed analysis of behavior as PBNx-induced
blockade of intake reduction in two treatment paradigms
(CTA and Ex4) was achieved in very different ways: PBNx
abolished almost every licking microstructure measure
underpinning CTA expression, but it only specifically blocked
the suppression of ingestion rate induced by Ex4. Together
with our prior work that shows that GLP-1R activation or
blockade within the PBN is sufficient to modify food intake,
the current results emphasize that the PBN GLP-1R con-
tribution is a critical part of a distributed network of GLP-1R
sites that contribute to Ex4 effects on feeding behavior.
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