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The use of glucagon-like peptide-1 (7—36) amide (GLP-1) receptor agonists for the treatment of type 2
diabetes mellitus is commonly associated with nausea and vomiting. Previous studies using Suncus
murinus revealed that the GLP-1 receptor agonist, exendin-4, induces emesis via the brainstem and/or
hypothalamus. The present study investigated the mechanism of exendin-4-induced emesis in more
detail. Ondansetron (1 mg/kg, s.c.) and CP-99,994 (10 mg/kg, s.c) failed to reduce emesis induced by
exendin-4 (3 nmol, i.c.v.), suggesting that 5-HT3 and NKj receptors are not involved in the mechanism. In
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Cisplatin the brainstem and the paraventricular hypothalamus induced by the chemotherapeutic drug cisplatin
Emesis (30 mg/kg, i.p.; p < 0.05), but not the emesis induced by nicotine (5 mg/kg, s.c.; p > 0.05), or copper

sulphate pentahydrate (120 mg/kg, p.o.; p > 0.05). GLP-1 receptors may therefore represent a potential
target for drugs to prevent chemotherapy-induced emesis in situations where 5-HT3 and NK; receptor

Exendin (9—39)
GLP-1 receptors

Suncus murinus antagonists fail.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Chemotherapy-induced nausea and emesis represents a
continuing problem for the cancer patient. Current guidelines for
treatment include the use of 5-HT3 receptor (e.g. ondansetron,
palonoestron) and tachykinin NK; receptor antagonists (e.g. apre-
pitant) in combination with a glucocorticoid, such as dexametha-
sone (Roila et al., 2010). Unfortunately, however, not all patients are
protected (Aapro et al., 2013), indicating that there is a 5-HT3 and
NK; receptor antagonist-resistant mechanism of chemotherapy-
induced emesis that is not fully understood. Investigation into the
contribution of novel pathways in emesis control may therefore
translate to a better control of chemotherapy-induced emesis in the
clinic where conventional therapy fails.
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Recent attention has focussed on the possibility that glucagon-
like peptide-1 (GLP-1) receptors may be involved in the emetic
reflex. The receptors appear relevant clinically since GLP-1 receptor
agonists including exenatide (synthetic exendin-4) and liraglutide
are associated with gastrointestinal side effects such as nausea and
vomiting (Buse et al, 2011). Immunohistochemical analysis
revealed a high density of GLP-1 containing neurons and GLP-1
receptors in brain areas involved in emesis control including the
hypothalamus, nucleus tractus solitarius (NTS) and dorsal motor
nucleus (DMN) (Jin et al., 1988; Larsen et al., 1997; Merchenthaler
et al, 1999), and stimulation of GLP-1 receptors also delays
gastric emptying (Holst et al., 1987; Kreymann et al., 1987).

In rats, both exendin-4 and ligraglutide induce pica following
peripheral administration and the effect of exendin-4 appears to
involve central GLP-1 receptors independent of the peripheral vagi
(Kanoski et al., 2012). There is also evidence that GLP-1 receptors
are important in circuitry involved in conditioned taste aversions
(CTA). Thus, the GLP-1 receptor antagonist des-His!-Glu®-exendin-
4, attenuates LiCl-induced CTA and anorexia (Seeley et al., 2000)
and there is also a reduction in c-Fos expression in several brain-
stem regions, including the area postrema (AP), NTS, and the lateral
parabrachial nucleus (PBN) (Thiele et al., 1998). These results
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suggest that GLP-1 receptor antagonists may be useful for reducing
visceral illness produced by ‘nauseagenic’ treatment.

Common laboratory animals (e.g. rats, mice) do not possess an
emetic reflex. Suncus murinus (house musk shrew) is an insectivore
capable of emesis and has been widely used to study the emetic
mechanism of action of various chemotherapeutic drugs including
cisplatin (Yamamoto et al., 2009). We have recently demonstrated
that central and peripheral administration of exendin-4 inhibited
feeding and induced emesis in this species (Chan et al., 2013).
Furthermore, the GLP-1 receptor antagonist, exendin (9—39),
antagonised emesis induced by exendin-4 and associated c-Fos
expressions in the brainstem and hypothalamus. The mechanism
that inhibits feeding in S. murinus does not appear to involve classic
GLP-1 receptors and thus warrants further investigation (Chan
et al.,, 2013).

In the present studies, we used S. murinus to investigate the
contribution of GLP-1 receptors to emetic mechanisms in more
detail. In particular, we investigated if exendin-4-induced emesis
was resistant to the 5-HT3 receptor antagonist, ondansetron, and
the tachykinin NK; receptor antagonist, CP-99,994. We have pre-
viously determined suitable doses of these compounds to prevent
emesis induced by other challenges in this species (Lau et al., 2005).
We also decided to investigate if exendin (9—39) has broad inhib-
itory anti-emetic properties. Copper sulphate pentahydrate was
selected as a gastric irritant that induces emesis predominantly via
the peripheral vagal afferent system and greater splanchnic nerves
(Wang and Borison, 1951). Nicotine was selected as a challenge
purportedly induces emesis via a central mechanism involving the
AP and/or deeper areas in the brainstem (Beleslin and Krstic, 1987;
Rudd et al., 1999a). Cisplatin was selected as a chemotherapeutic
drug that induces emesis via vagal afferent nerves and/or via acti-
vation of the AP (Andrews et al., 2001; Mitchelson, 1992).

2. Materials and methods
2.1. Animals

Male S. murinus (45—65 g) were obtained from the Chinese University of Hong
Kong and housed in a temperature-controlled room at 24 + 1 °C under artificial
lighting, with lights on between 0600 and 1800 h. Humidity was maintained at
50 + 5% Water and dry cat chow pellets (Feline Diet 5003, PMI® Feeds, St. Louis,
USA) were given ad libitum. All experiments were conducted under licence from the
Government of Hong Kong SAR and with permission from the Animal Experimen-
tation Ethics Committee, The Chinese University of Hong Kong.

2.2. Stereotaxic surgery

Animals were fasted overnight and then anaesthetised with sodium pentobar-
bitone (40 mg/kg, i.p.) and then stereotaxically implanted with a 23-gauge stainless
steel guide cannulae into the right lateral ventricle at 0.9 mm lateral to the midline,
8.2 mm posterior to lambda, and 1.2 mm below the dura (Rudd and Wai, 2001).
Buprenorphine (0.05 mg/kg, s.c.) was administered as a postoperative analgesic.
Animals were then individually housed and allowed a postsurgical recovery period
of 5 days before the commencement of the experiment. During drug administration,
the guide cannula was fitted with a 30-gauge stainless steel injection needle that
extended 0.5 mm beyond the tip of the guide cannula. At the end of the experiments,
5 ul of methylene blue dye was infused into the site of injection following termi-
nation of the animals with pentobarbitone (80 mg/kg, i.p.) to verify the i.c.v. injec-
tion site. Animals were decapitated and the brains removed and dissected and then
observed visually for evidence of ventricular diffusion of dye. Only those animals
having blue staining in the lateral and fourth ventricles were included in the
analysis.

2.3. Administration of drugs

One day prior to experimentation, animals were transferred to the observation
room with controlled lighting (15 + 2 Lux) and habituated to clear Perplex obser-
vation chambers (21 x 14 x 13 cm?). The animals were food deprived 12 h prior to
administration of drugs; water was given ad libitum unless otherwise stated. The
animals were given ondansetron (1 mg/kg, s.c.), CP-99,994 (10 mg/kg, s.c.) or saline
(0.2 ml/kg) 30 min prior to exendin-4 (3 nmol, i.c.v.) or saline (5 pl). The animals
were then observed for 60 min. In a separate group of animals, exendin (9—39)
(30 nmol, i.c.v.) or saline (5 ul) was given immediately followed by copper sulphate
pentahydrate (120 mg/kg, p.o.) or nicotine (5 mg/kg, s.c.). The animals were then

observed for 30 min. In other experiments, animals received an intraperitoneal
administration of cisplatin (30 mg/kg, i.p.) or vehicle (saline, 10 ml/kg, i.p.). Exendin
(9—39) or saline (5 pl) was administered i.c.v. immediately following the first
episode of cisplatin-induced retching and/or vomiting. Animals were monitored for
2 h after cisplatin administration. In the latter experiments, the brains were
removed and processed for c-Fos immunohistochemistry (see below) following
termination of the animals with pentobarbitone.

Episodes of emesis were characterised by rhythmic abdominal contractions that
were associated with either oral expulsion of solid or liquid materials from the
gastrointestinal tract (i.e. vomiting) or without the passage of materials (i.e. retching
movements). Two consecutive episodes of retching and/or vomiting were consid-
ered separate when an animal changed its location in the observation chamber or
when the interval between retches and/or vomits exceeded 2 s. Changes in loco-
motor activity were measured by a closed circuit camera (Panasonic, WV-PC240,
China) connected to an EthoVision Colour Pro System (Version 2.3; Noldus Infor-
mation Technology, Costerweg, Netherlands) running on a personal computer (Lau
et al., 2005).

2.4. Immunohistochemistry

Animals were anaesthetised with sodium pentobarbitone (40 mg/kg, i.p.) and
perfused intracardially with ice-cold saline (120 ml) followed by 4% para-
formaldehyde in phosphate-buffered saline (PBS; 100 ml). The brains were then
removed and postfixed in 4% paraformaldehyde overnight at 4 °C. Frozen tissues
were sectioned at 40 pum in the coronal plane using a freezing microtome. c-Fos
immunohistochemistry was performed as previously described (Chan et al., 2013).
The free floating sections were incubated with rabbit anti-c-Fos antibody (1:10,000,
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Fig. 1. Effect of subcutaneous administration of ondansetron (OND) and CP-99,994
(CP) on exendin-4 (Ex-4)-induced retching and/or vomiting in S. murinus. Results
represent the mean + s.e.m. of 6 determinations during a period of 60 min. The
number of animals retching and/or vomiting out of the number of animals tested (RV/
T) is indicated as a fraction of each treatment group. Latency data are shown as in-
dividual responses, with lines indicating the median response time. Ondansetron
(1 mg/kg, s.c.) and CP-99,994 (10 mg/kg, s.c.) failed to antagonise Ex-4- (3 nmol, i.c.v.)
induced emesis (A) or affect the latency to vomiting (B). *p < 0.05 between treatments.
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Ab5, Oncogene Research Products, Cambridge, USA) for 48 h at 4 °C followed by the
secondary goat-anti-rabbit antibody (1:200, Vectastain Elite ABC kit) for 24 h at 4 °C.

A separate group of animals were injected i.c.v. with colchicine (150 nmol) (Jin
et al.,, 1988) 24 h prior to removal of brains. Free-floating sections were collected
serially into two adjacent sets. One set of brainstem sections was processed for GLP-
1 immunoreactivity with a rabbit anti-GLP-1 antiserum (1:10,000, T-4057, Peninsula
Laboratories, San Carlos, CA) and the second set of brainstem sections was processed
for GLP-1 receptor immunoreactivity with a rabbit anti-GLP-1 receptor antiserum
(1:10,000, ab13181, Abcam, Cambridge, MA) (Chan et al., 2011). Sections were
subsequently incubated with the secondary goat-anti-rabbit antibody (1:200, Vec-
tastain Elite ABC kit) for 24 h at 4 °C, followed by Vectastain avidin-biotin complex
reagent for 1 h at room temperature (1:100; Vectastain Elite ABC Kit, Vector Labo-
ratories, Burlingame, USA). c-Fos, GLP-1 and GLP-1 receptors immunoreactivity
were visualised by Vector VIP substrate (Vector® VIP kit, Vector Laboratories, Bur-
lingame, USA).

2.5. Quantification of c-Fos immunoreactive cells

The number of Fos-like-immunoreactive nuclei was counted manually with the
aid of a Zeiss Axioskop 2 plus microscope (Carl Zeiss Inc. Thornwood, USA) equipped
with a Zeiss Axiocam 2 camera. To quantify c-Fos expression in hypothalamic nuclei,
three representative sections were selected in accordance with the stereotaxic atlas
constructed in our laboratory, based on the stereotaxic atlas of the mouse brain
(Frankin and Paxinos, 2008). Specifically, the anterior-posterior coordinates
(measured from lambda) of sections in which c-Fos were counted were +5.32, +5.44
and +5.56 for the ventromedial hypothalamus (VMH), dorsomedial hypothalamus
(DMH), peripheral lateral hypothalamus (PLH); +5.92, +6.04 and +6.28 for the
paraventricular hypothalamus (PVH); —0.38, —0.26, —0.14 and —0.02 for the AP, NTS,
and dorsal motor nucleus of the vagus (DMNV). For the forebrain areas, a grid of
200 x 200 pm? was superimposed on the centre of each nucleus; c-Fos positive cells
on both sides of each section were manually counted and observed at x10 magni-
fication. For the brainstem areas, a grid of 100 x 100 um? was superimposed on the
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Fig. 2. The effect of intracerebroventricular administration of exendin (9—39) (Ex-9)
on copper sulphate pentahydrate-induced retching and/or vomiting in S. murinus.
Results represent the mean =+ s.e.m. of 5 determinations during a period of 30 min. The
number of animals retching and/or vomiting out of the number of animals tested (RV/
T) is indicated as a fraction of each treatment group. Latency data are shown as in-
dividual responses, with lines indicating the median response time. Ex-9 (30 nmol,
i.c.v.) failed to antagonise copper sulphate pentahydrate-(120 mg/kg, p.o.) induced
emesis (A) or affect the latency to vomiting (B).

centre of each nucleus; c-Fos-positive cells on both sides of each section were
counted and observed at x20 magnification. The individual performing the counts
was blind to the treatments received by individual animals.

2.6. Data analysis

Emetic episodes, locomotor activity and c-Fos data were analysed using an
unpaired Student’s t-test or an one-way analysis of variance (ANOVA) followed by a
Bonferronis multiple comparison tests. Latency data to first emetic episode were
assessed by a Mann—Whitney test or a Kruskal-Wallis test followed by a Dunn’s
multiple comparison tests (GraphPad Prism version 5.0, Inc. Version, California,
USA). When an animal failed to exhibit retching and/or vomiting, a latency value
equal to the test period observation time (i.e. 30, 60 or 120 min) was used to perform
the statistical analysis. Data are expressed as the mean & s.e.m., unless otherwise
stated. In all cases, difference between treatment groups was considered significant
when p < 0.05.

2.7. Drug formulation

(—)-Nicotine di-p-tartrate (Research Biochemicals, Massachusetts, USA) and
copper sulphate pentahydrate (British Drug Houses, UK) were dissolved in distilled
water. Cisplatin (Sigma—Aldrich, St. Louis, USA) was dissolved in acidified saline
(154 mM NaCl adjusted to pH 4.0 with 0.1 N HCl). Ondansetron hydrochloride
dihydrate (GlaskoSmithKline Ltd, UK) was purchased as a sterile solution with an
active concentration of 2 mg/ml, and was injected at 2 ml/kg. CP-99,994 (Pfizer, New
York, USA) was dissolved in distilled water. Exendin-4 and exendin (9—39) amide
(American peptides, CA, USA) were dissolved in saline (0.9% w/v NaCl, 154 mM).

3. Results
3.1. General observations

There were no significant differences in the locomotor activity of
the animals among different treatment groups prior to drug/vehicle

administration (p > 0.05, data not shown). No retching or vomiting
was observed during the habituation period.

=
b

-

Episodes

)]
1

NIC/SAL NIC/Ex-9

B

RVIT 506 4/6

25-

20 .
=3
E 154
Foy
& 101
ki

5 —

[ ]
[ X )
NIC/SAL NIC/Ex-9

Fig. 3. The effect of intracerebroventricular administration of exendin (9—39) (Ex-9)
on nicotine (NIC)-induced retching and/or vomiting in S. murinus. Results represent the
mean =+ s.e.m. of 6 determinations during a period of 30 min. The number of animals
retching and/or vomiting out of the number of animals tested (RV/T) is indicated as a
fraction of each treatment group. Latency data are shown as individual responses, with
lines indicating the median response time. Ex-9 (30 nmol, i.c.v.) failed to antagonise
nicotine-(5 mg/kg, s.c.) induced emesis (A) or affect the latency to vomiting (B).
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3.2. Exendin-4-induced emesis

Exendin-4 at 3 nmol, i.c.v. induced 9.5 4 3.8 episodes of emesis
following a median latency of 41.0 min (25th percentile = 49.9 min,
75th percentile = 30.6 min; p < 0.05, n = 6; Fig. 1). Ondansetron
(1 mg/kg, s.c.) or CP-99,994 (10 mg/kg, s.c.) alone did not affect
retching or vomiting, or alter locomotor activity (p > 0.05, n = 6),
and pretreatment with ondansetron or CP-99,994 failed to reduce
exendin-4-induced emesis or affect the latency to the first episode
of retching and/or vomiting (p > 0.05, n = 6; Fig. 1).

3.3. Copper sulphate-induced emesis

The intragastric administration of copper sulphate pentahydrate
(120 mg/kg, p.o.) induced emesis within 3.0 min (25th
percentile = 1.7 min, 75th percentile = 4.3 min, n = 5, Fig. 2A),
comprising 8.4 + 3.1 episodes (Fig. 2) with the duration (i.e. from
the first to the last episodes) of 11.3 & 1.5 min. The administration of
exendin (9—39) (30 nmol, i.c.v.) immediately prior to copper sul-
phate pentahydrate failed to reduce emesis (11.2 + 2.2 episode;
p > 0.05, n = 5, Fig. 2A), alter the latency to retching and/or vom-
iting (medium latency 4.4 + 1.9 min, 25th percentile = 1.9 min and
75th percentile = 7.2 min; p > 0.05, n = 5, Fig. 2B), or affect the
duration of emesis (14.9 + 2.9 min).

3.4. Nicotine-induced emesis

The subcutaneous administration of nicotine (5 mg/kg, s.c.)
produced emesis within 2.9 min (25th percentile = 1.9 min, 75th
percentile = 4.7 min, n = 6, Fig. 3B), comprising 10.3 + 3.2 episodes
(n = 6; Fig. 3A) with the duration of 4.7 4+ 2.0 min. The nicotine-
induced emesis (6.8 + 2.4 episode; p > 0.05, n = 6, Fig. 3A) and
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the latency to retching and/or vomiting (medium latency
44 + 19 min, 25th percentile = 19 min and 75th
percentile = 7.2 min, p > 0.05, n = 6, Fig. 3B), and the duration of
emesis (3.0 + 1.1 min) were not altered by pretreatment with
exendin (9—39) (30 nmol, i.c.v.).

3.5. Cisplatin-induced emesis

The administration of vehicle or saline was not associated with
retching and/or vomiting during the 120 min observation period
(Fig. 4). Cisplatin (30 mg/kg, i.p.) induced emesis in all animals
following a median latency of 41.2 min (25th percentile = 33.9 min,
75th percentile = 44.6 min, n = 11, data not shown). The i.c.v.
administration of exendin (9—39) (30 nmol, i.c.v) reduced the
number of emetic episodes during the 30 min period after the
initial episode of cisplatin-induced emesis by 74.0% (exendin (9—
39) 2.0 + 0.7 episodes, saline 7.6 + 2.5 episodes, p < 0.05, n = 5—6;
Fig. 4A), but failed to delay emesis after the onset of emetic
response (median latency: exendin (9—39) 12.8 min, saline
12.6 min, p > 0.05, n = 5—6; Fig. 4D). The antiemetic effect of
exendin (9—39) appeared transient and the responses recorded
during the subsequent 30—120 min were not statistically different
from the saline-treated animals (exendin (9—39) 3.5 + 1.1 episodes,
saline 1.0 + 0.8, episodes, p > 0.05, n = 5—6, Fig. 4B). Thus, exendin
(9—39) appeared to reduce the frequency of emesis during the
30 min period after the initial episode of cisplatin-induced emesis
and reduced the total number of emetic episodes by 36% during the
120 min observation period (p > 0.05, n = 5—6; Fig. 4C).

Representative photomicrographs of c-Fos expression within
the brainstem are shown in Fig. 5A. GLP-1 immunoreactive neurons
and GLP-1 receptor immunoreactivity were detected in these brain
regions (Fig. 5B and C). Administration of cisplatin (30 mg/kg, i.p.)
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Fig. 4. The effect of intracerebroventricular administration of exendin (9—39) (Ex-9) on cisplatin (Pt)-induced retching and/or emesis in S. murinus. Results represent the
mean + s.e.m. of 5-6 determinations during a period of 120 min. The number of animals retching and/or vomiting out of the number of animals tested (RV/T) is indicated as a
fraction of each treatment group. Latency data are shown as individual responses, with lines indicating the median response time. Ex-9 (30 nmol, i.c.v.) antagonised cisplatin-
(30 mg/kg, i.p.) induced emesis during the 30 min period after the initial episode of retching and/or vomiting (A), but did not alter the emetic responses during the subsequent 30—
120 min (B) or the 120 min observation period (C), or affect the return of emesis after the onset of emetic response (D). *p < 0.05, **p < 0.01 and ***p < 0.001 between treatments.
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induced c-Fos positive cells in the AP and NTS (p < 0.05, n = 5—6;
Fig. 6A and B). In the AP, c-Fos positive cells were predominantly
expressed on the lateral aspects; whereas in the NTS, c-Fos positive
cells were expressed throughout the NTS. Exendin (9—39) reduced
the number of cisplatin-induced c-Fos positive cells in the AP,NTS
and DMNV by 70.4% (3.7 + 1.2, p < 0.01, n = 5—6, Fig. 6), 67.8%
(4.0 £ 2.1, p < 0.01, n = 5-6, Fig. 6), and 73.3% (1.8 + 1.4, p < 0.05,
n = 5—6, Fig. 6), respectively. Cisplatin did not induce c-Fos positive
cells in the hypothalamus. Exendin (9—39) reduced the number of
c-Fos positive cells in the PVH by 65.7% (6.2 + 2.7 cells, p < 0.05,
n = 5—6, Fig. 6), but it failed to alter the number of c-Fos positive
cells in the PLH, VMH and DMH (p > 0.05, n = 5—6; Fig. 6).

4. Discussion

The present studies are the first to reveal the anti-emetic po-
tential of a GLP-1 receptor antagonist to antagonise chemotherapy-
induced emesis. The anti-emetic action of exendin (9—39) was
specific to the early emesis induced by cisplatin, without blocking
copper sulphate- or nicotine-induced emesis. Clearly, the anti-
emetic profile of exendin (9—39) is different from that of the
tachykinin NK; receptor antagonists, where the latter compounds
are known for their broad inhibitory anti-emetic properties (Rudd
et al., 1999a,b).

We have previously shown that exendin-4 reduces blood
glucose (following a glucose load) (Chan et al., 2011), induces

VEH/SAL

emesis, and induces c-Fos expression in the brainstem and hypo-
thalamic regions via an exendin (9—39)-sensitive mechanism
(Chan et al., 2011, 2013). Indeed, the pattern of c-Fos expression
induced by an emetic dose of exendin-4 was similar to that induced
by lithium chloride and cholecystokinin (CCK) in rats and ferrets
(Billig et al., 2001; Swank et al., 1995), suggesting that these ‘nau-
seagenic’ or emetic treatments and exendin-4 may activate similar
central neural circuits.

In our previous studies using S. murinus, ondansetron reduced
cisplatin-induced emesis by 98% (Lau et al., 2005). Ondansetron has
also been shown to attenuate CCK-induced satiety and the associ-
ated CCK-induced elevation of c-Fos expression in the dorsal me-
dulla (Daughters et al., 2001). It also antagonises lithium chloride-
induced conditioned gaping (a putative model of nausea) in rats
when combined with a subthreshold dose of cannabidiolic acid
(Rock and Parker, 2013). Tachykinin NK; receptor antagonists have
broad spectrum anti-emetic activity against various emetic stimuli
including cisplatin, radiation, copper sulphate, ipecacuanha,
morphine (Bountra et al, 1993; Gardner et al., 1995, 1996),
apomorphine (Watson et al., 1995), loperamide (Watson et al.,
1995), and motion (Lucot et al., 1997). Previous studies in our lab-
oratories have shown that subcutaneous administration of CP-
99,994 significantly reduced emesis induced by cisplatin and
nicotine (Lau et al., 2005; Rudd et al., 1999b). Anti-emetic effects of
CP-99,994 were also observed following intra-dorsal vagal complex
administration (Rudd et al., 1999b). However, in the present

Fig. 5. Representative photomicrographs illustrating c-Fos expression (violet nuclear label) in the caudal brainstem after i.c.v. administration of cisplatin and exendin (9—39) (A),
and GLP-1 (B) and GLP-1 receptor immunoreactivity (C) in the area postrema. Rectangle, region depicted in (A); arrows point out some of the GLP-1 and GLP-1 receptor immu-
noreactive cells. 12 = hypoglossal nucleus; AP = area postrema; DMNV = dorsal motor nucleus of the vagus; I0 = inferior olivary nucleus; NTS = nucleus tractus solitarius;
py = pyramidal tract; Sp5C = spinal trigeminal nucleus, caudal part. Scale bar: 100 pm (A) and 20 pm (B and C).
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Fig. 6. Effect of exendin (9—39) (Ex-9) on cisplatin (Pt)- induced c-Fos expression in the CNS in S. murinus. Data represent the mean =+ s.e.m. of 5—6 experiments. Ex-9 (30 nmol,
i.c.v.) antagonised the increased c-Fos expressions induced by cisplatin (30 mg/kg, i.p.) in the area postrema (A), nucleus tractus solitarius (B), dorsal motor nucleus of the vagus (C),
and paraventricular hypothalamic nucleus (D), but not peripheral lateral hypothalamus (E), ventromedial hypothalamus (F), dorsomedial hypothalamus (G). *p < 0.05 and **p < 0.01

compared between treatment groups.

studies, neither ondansetron nor CP-99,994 reduced emesis
induced by exendin-4. The findings suggest that the pathway
involved in exendin-4-induced emesis does not involve 5-HT3 or
NKj receptors raising the possibility that GLP-1 receptor activation
may contribute to the residual emesis not controlled by 5-HT3 and
NK;j receptor antagonists in man.

Our findings regarding the anti-emetic potential of exendin (9—
39) against cisplatin-induced emesis are of particular interest. We
administered exendin (9—39) immediately following the first
episode of retching and/or vomiting induced by cisplatin (30 mg/
kg, i.p.). This approach has been used in the discovery of the
central anti-emetic activities of the 5-HT3 receptor antagonist,

ondansetron (Higgins et al., 1989), ghrelin (Rudd et al., 2006), and
CP-99,994 (Tattersall et al., 1993). Exendin (9—39) clearly reduced
the cisplatin-induced emesis confirming a role for GLP-1 receptors
in the emetic reflex. In humans, the plasma half-life of exendin (9—
39) is approximately 33 min (Edwards et al., 1999); and this
relatively short duration of antiemetic action in our studies may be
attributed to the rapid metabolism of exendin (9—39) in the ani-
mals and/or clearance from the brain and the ventricular system.

Consistent with studies in ferrets (Reynolds et al,, 1991) and
S. murinus (De Jonghe and Horn, 2009), cisplatin increased c-Fos
expression in the NTS and AP. Cisplatin also induced c-Fos
expression in the PBN and the CeA (De Jonghe and Horn, 2009).
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GLP-1 receptor immunoreactivity has been detected in all these
brain regions (Merchenthaler et al., 1999). c-Fos expression in the
bed nucleus of the stria terminalis and supraoptic nucleus can also
be seen following intraperitoneal administration of cisplatin in
rats(Horn et al., 2007), but these brain areas were not examined in
the present studies. Nevertheless, the pattern of c-Fos expression
induced by cisplatin is considered different from that produced by
exendin-4 (Chan et al., 2013).

Certainly, exendin (9—39) antagonised the cisplatin-induced
increases of c-Fos expression in the NTS, AP and DMNV, where
high density of GLP-1 receptor immunoreactive neurons was
detected. These observations provide supportive evidence that
GLP-1 receptors in the brainstem are important for mediating
emesis. However, the studies revealed that exendin (9—39) also
reduced cisplatin-induced increase in c-Fos expression in the PVH.
This brain area is of particular interest since PVH neurons are
known to release vasopressin (Treschan and Peters, 2006), a
biomarker of nausea in man (Edwards et al., 1989; Kim et al., 1997).
It is not known if this finding indicates GLP-1 receptor antagonists
are capable of reducing ‘nausea’, or if activation of GLP-1 receptors
in this region induces a release of vasopressin, which then induces
emesis, as it is known that this hormone has emetic properties in
this species (Ikegaya and Matsuki, 2002). Further studies with
vasopressin receptor antagonists are necessary in order to inves-
tigate this potential mechanism.

Nicotine-induced emesis is not blocked by 5-HT3 receptor an-
tagonists, but can be antagonised by tachykinin NK; receptor an-
tagonists (Rudd et al., 1999b). The precise mechanism of action of
nicotine in inducing emesis remains to be elucidated. In cats, it has
been suggested that nicotine-induced emesis is mediated via the
AP (Beleslin and Krstic, 1987) and/or the vestibular system (Money
and Cheung, 1983). Copper sulphate is a gastric irritant which
predominately induces emesis via the vagus and splanchnic nerves
(Wang and Borison, 1951). Although the precise mechanisms
involved are unclear, copper sulphate-induced emesis is not
blocked by 5-HT3 receptor antagonists, but it is reduced by tachy-
kinin NK; receptor antagonists.

The differences in the latency to emesis following nicotine,
copper sulphate and cisplatin administrations may be attributed to
their different mechanism of action (see Introduction). Copper
sulphate and nicotine induced emesis within 5—10 min and this
may be because they have more direct actions (nicotine is an
agonist, copper sulphate at the concentration used probably acti-
vates osmoreceptors in the gastrointestinal tract) (Andrews et al.,
1990). Cisplatin induced emesis after ~40 min and it is thought
the mechanism is mainly indirect initially through 5-HT release and
activate 5-HT3 receptors on vagal afferents (Sam et al., 2003). The
failure of exendin (9—39) to antagonise both nicotine- and copper
sulphate-induced emesis was unexpected, given the distribution of
GLP-1 receptors in emetic circuits and the evidence from the pica
and CTA paradigms.

5. Conclusion

In conclusion, exendin-4-induced emesis appears to be inde-
pendent of pathways in emetic circuits involving 5-HT3 and NK;
receptors. Consequently, GLP-1 receptors appear to be differentially
involved in the control of drug-induced emesis. The ability of
exendin (9—39) to reduce cisplatin-induced emesis and to increase
c-Fos expression in the brainstem is predictable; however, the role
of the hypothalamus in emesis control requires further investiga-
tion. The GLP-1 receptor system may represent a novel target for
anti-emetic development. It is possible that GLP-1 receptor antag-
onists may be used alone or in combination with other anti-emetic
drugs for the treatment of chemotherapy-induced emesis.
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