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Background: GLP-1 receptor agonists are utilised for the treatment of Type-2 diabetes but can be associated with
undesirable effects of nausea and vomiting.
Objectives: To investigate the role of GLP-1 receptors in mechanisms of emesis, behaviours indicative of nausea
(BIN) and food intake in the ferret.
Results: Exendin-4 (10 and 30 nmol, i.c.v.) induced emesis, inhibited food intake, and increased the frequency of
BIN. Increases in c-Fos in the brainstem, midbrain and forebrain occurred in animals exhibiting emesis; no acti-
vation of the brainstem occurred in animals not vomiting. Exendin-4 (10 nmol, i.c.v.) when preceded by i.c.v. sa-
line (15 μl), was not emetic but induced BIN and inhibited food intake; exendin (9–39) (100 nmol) reduced BIN
only. c-Fos showed that consistent with the absence of emesis in saline/exendin-4 treated animals there was no
increase in c-Fos in the brainstem, but it increased in midbrain and forebrain nuclei. Excepting the amygdala,
exendin (9–39) was without efffect on the increases in c-Fos. Analysis of c-Fos data showed a positive linear re-
lationship betweenmidbrain and forebrain areas irrespective of the occurrence of emesis induced by exendin-4.
In contrast, brainstem and midbrain c-Fos levels were positively correlated, but only in animals with emesis.
Conclusions: The brainstem is critical for exendin-4-induced emesis but suppression of food intake and BIN in-
volves more rostral brain sites. Exendin-4-induced BIN and c-Fos activation of the amygdala are sensitive to
exendin (9–39),whereas the suppression of food intake is not implicating separate controlmechanisms for eme-
sis and BIN.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Peptide hormones released from the digestive tract can act on local
target tissues including smooth muscle, interstitial cells of Cajal (ICC),
epithelial cells and neurones (e.g. enteric nervous system, vagal affer-
ents) (Blair et al., 2014; Brookes et al., 2013; Furness, 2012; Williams
et al., 2016). The action on vagal afferent terminals either directly via
s; BBB, blood brain barrier; BIN,
e stria terminalis; CC, cingulate
inal fluid; DHM, dorsal medial
39), exendin-(9–39); GLP-1,
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ea 39, The Chinese University of
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receptors or secondary to an action of another process (e.g. disruption
of motility, secretion from enterochromaffin cells) can also modulate
the central nervous system (Brookes et al., 2013; Dockray, 2014;
Sanger et al., 2013). Peptide hormones may also act on the brain within
the circumventricular organs located in the third (e.g. organum
vasculosum lamina terminae, subfornical organ (OVLT), bed nucleus of
the stria terminalis (BNST)) or fourth ventricles (area postrema; AP),
as the blood brain barrier (BBB) is relatively permeable in these regions
(Borison, 1989; Johnson and Gross, 1993; Kash et al., 2015). Peptides
can also act on the brain if transported across the BBB, or if the BBB be-
comes permeabilised by disease (e.g. local inflammation, cerebral oede-
ma) (Banks, 2006). Substances in the cerebrospinal fluid CSF can
influence brain function and autonomic outflow via access to the
circumventricular organs where the CSF-brain barrier is similarly rela-
tively permeable (Leslie, 1986).

There has been an increasing interest in the central effects of gastro-
intestinal peptides because of their involvement in the control of food
intake and in the sensations of hunger and satiety. Glucagon like peptide
(GLP-1) is of particular interest because of its ability to regulate blood
glucose in Type 2 diabetes, decrease appetite, reduce food intake and
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causeweight loss (Buse et al., 2013;Meier, 2012; Secher et al., 2014; van
Bloemendaal et al., 2014). Research and clinical utility are enhanced by
the increasing availability of non-peptide, small molecule GLP-1 recep-
tor agonists (e.g. exendin-4). In addition, the availability of selective
GLP-1 receptor antagonists, such as exendin (9–39) (Goke et al., 1993;
Kanoski et al., 2011), has facilitated identification of the sites at which
GLP-1 receptor agonists act. GLP-1 receptors have been implicated in
emesis induced by the cytotoxic agent cisplatin in Suncus murinus
(Chan et al., 2013; Chan et al., 2014) and cisplatin-induced kaolin con-
sumption in the rat (De Jonghe et al., 2016) which is argued to be an in-
dicator of nausea in species such as the rat which lack an emetic reflex
(Andrews and Sanger, 2014; Horn et al., 2013).

As part of a study investigating the site(s) at which GLP-1 receptor
agonists act to induce both their desirable effect of reduced food intake,
and their undesirable adverse effects of nausea, vomiting and hyperten-
sion, we have investigated the effect of both peripheral and central ad-
ministration of the selective GLP-1 receptor agonist, exendin-4, in
Suncus murinus (Chan et al., 2013) and the peripheral administration
exendin-4 in the ferret (Lu et al., 2014). Suncus murinus and ferrets are
used for these studies as in contrast to rodents they possess an emetic
reflex (Horn et al., 2013). In Suncus murinus, exendin-4 given into the
ventricles of the brain induced emesis more reliably than when given
peripherally and the emetic effect was blocked by exendin (9–39),
given as a pre-treatment via the same route (Chan et al., 2013; Chan
et al., 2014). Moreover, exendin-4-induced emesis and associated be-
havioural changes were associated with increases of c-Fos levels in the
AP, nucleus tractus solitarius (NTS), central nucleus of the amygdala
(CeA), and hypothalamus (Chan et al., 2013).

The ferret has been widely used for mechanistic studies of emesis
and has demonstrated translation to humans in the area of anti-emesis
(Percie du Sert and Andrews, 2014). The ferret is also suitable for inves-
tigations of digestive tract and cardiovascular effects of pharmacological
agents using implanted telemetry (e.g. Lu et al., 2014; Percie du Sert et
al., 2009) and additionally the ferret has a behavioural repertoire that
is arguably better characterised for studying “behaviours indicative of
nausea” (BIN) (see Method for details and references). Studies of GLP-
1 receptors and emesis initially performed in Suncus murinus were
therefore extended to investigate i.c.v. exendin-4 and exendin (9–39)
the ferret in which GLP-1 receptor immunoreactivity is known to be
widely distributed in the brain (Lu et al., 2014). This study aimed firstly
to characterise the emetic and behavioural effects of i.c.v. exendin-4 to
identify a dose that could be used in subsequent studies using im-
planted telemetry. Secondly, c-Fos expression in the brain was quanti-
fied at doses of exendin-4 inducing emesis to provide insights into the
nuclei likely to be involved in emesis. Having identified a dose of
exendin-4 inducing emesis we then aimed to investigate the effects of
exendin-(9–39) or saline vehicle given 15 min before exendin-4 (cf.
Suncus protocol, (Chan et al., 2013; Chan et al., 2014)). The results pro-
vide insights into the central sites at which GLP-1 receptors are impli-
cated in the genesis of the side effects of GLP-1 receptor agonists but
the unexpected findings from the study with exendin (9–39) raise is-
sues about reproducibility and technical issues of i.c.v. administration
that have wider implications for studies of emesis.

2. Materials and methods

2.1. Animals

Castrated adult male fitch ferrets (1.51± 0.08 kg; n=37) were ob-
tained from Southland Ferrets (Invercargill, New Zealand). They were
housed individually in observation cages (0.5 m × 0.5 m × 0.5 m) in a
temperature-controlled room at 24 ± 1 °C under artificial lighting,
with lights on between 06:00 to 18:00 h, and with a relative humidity
of 50 ± 5%. Food (TriPro super premium chicken meal formula dog
food, American Nutrition, USA) and water were available ad libitum ex-
cept when indicated. All experiments were conducted under licence
from the Government of the Hong Kong SAR and the Animal Experi-
mentation Ethics Committee, The Chinese University of Hong Kong.

2.2. Cannulation of the third ventricle

Animals were fasted overnight with free access to water. They were
injected with buprenorphine (0.05 mg/kg, s.c. Temgesic®), and anaes-
thesiawas induced by ketamine (20mg/kg i.m.; Alfasan, Holland) to en-
able intubation (2/0 tube) to permit anaesthesia with 1.5% isoflurane
(Halocarbon Products Corporation, USA) in oxygen (Narkomed 2C,
Drager, USA). Rectal temperature was monitored and maintained at
37 °C (UCI#390 Analogue moist heating pad, Rebirth Medical & Design,
Inc., Taiwan). The level of anaesthesia wasmonitored during surgery by
the absence of the limbwithdrawal reflex. Ferrets were then placed into
a stereotaxic frame equipped with custom-made ear-bars and mouth-
pieces (David Kopf Instruments, Tujunga, USA). The temporalis muscles
were exposed via a skin incision and displaced to expose the skull. A
hole was drilled in the skull: coordinates for the third ventricle:
17.3 mm anterior to lambda and at the midline. Coordinates were de-
rived from studies in our laboratory (Rudd et al., 2006) with guide-can-
nula placement confirmed (dye injection and histology) and literature
on the topographical anatomy of the ferret brain and skull (Lawes and
Andrews, 1987). A 30-gauge cannula was then inserted into the hole
in the skull, 8 mm below the surface of the dura. Two screws were
fixed into the skull and dental cement was applied to secure the screws
and guide cannula in place. The muscle layer was closed with a 2/0
curved cuttingneedle and the skinwas closedwith a 2/0 straight cutting
needle. The wound was treated with Opsite® (Smith and Nephew, UK)
silicone dressing. Guide-cannula placement was confirmed by dye in-
jection post mortem on completion of the study.

2.3. Assessment of the effect of intracerebroventricular exendin-4 and
exendin (9–39) on behaviour, food intake, and c-Fos expression in the brain

Prior to experimentation, all ferrets (n=37) had free access to food
and water. To determine if the effect of exendin-4 on behaviour includ-
ing emesis (see below for definitions) was dose-related, animals were
randomised to receive saline (15 μl, i.c.v.), or exendin-4 (3–30 nmol,
i.c.v. in 15 μl saline) and additionallywere randomised to one of four in-
jection times (09.00, 10.00, 14.00 or 16.00). Doses of exendin-4 given
i.c.v. were initially based upon studies in Suncus murinus (Chan et al.,
2013; Chan et al., 2014), but also included a 10 times higher dose
(30 nmol) to take into account the larger brain size and ventricular vol-
ume of the ferret. Spontaneous food and water consumption during the
60 min observation period were also measured. 60 min post exendin-4
administration, the animals that had received either saline (15 μl),
exendin-4 at 10 nmol or 30 nmol i.c.v. (i.e. the groupswith an emetic re-
sponse) were deeply anaesthetized with pentobarbitone (40 mg/kg,
i.p.) (Dorminal®, Alfasan, Woerden, Holland) and perfused via the
heart with ice-cold saline (120 ml) followed by 4% paraformaldehyde
in phosphate-buffered saline (PBS; 200 ml). A 60-min time period was
chosen primarily as c-Fos activity is reported to peak at 60–90 min fol-
lowing challenges (Hoffman et al., 1993) andwe also considered (based
upon comparable studies in Suncusmurinus (Chan et al., 2011)) that any
emetic response to i.c.v. exendin-4would occurwithinminutes of injec-
tion. Brainswere removed and post-fixed in 4% paraformaldehyde over-
night at 4 °C and placed in an aluminium foil container filled with O.C.T.
compound (Tissue-Tek, Sakura, USA). The preparations were frozen in
isopentane pre-cooled liquid nitrogen for c-Fos immunohistochemistry
(see below).

Following identification of a dose of i.c.v. exendin-4 (10 nmol) that
induced emesis in 75% of the animals and that produced the highest
level of behaviours indicative of nausea (see below and Results
Section 3.1), we then investigated the effect of exendin-(9–39) on the
responses in another group of animals using a dose of exendin (9–39)
(100 nmol), 10× N than the dose of exendin-4 (10 nmol); the same



Fig. 1. Effect of an i.c.v. administration of exendin-4 (Ex-4) (3–30 nmol) or saline (15 μl) on emesis, food and water intake in the ferret. (A) The latency to the first emetic episode, (B) the
number of episodes, (B) retches, (C) vomits, (E) food intake, and (F)water intake are shown. Episode, and retching and vomiting data represents themean± s.e.m. of 4–7 animals; latency
data are shown as individual responses,with lines indicating themedian response. Thenumber of animals retching (R) and/or vomiting (V), Eating (E), andDrinking (D) out of thenumber
of animals tested (RV/T, R/T, V/T, E/T, and D/T) is also shown. Significant differences compared to the saline control group are indicated as *P b 0.05, **P b 0.01 (One-way ANOVA followed
by Bonferroni test).
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dose ratio used in ferrets and Suncus murinus to demonstrate involve-
ment of GLP-1 receptors in glucose homeostasis (Chan et al., 2011; Lu
et al., 2014). Animals were randomised to the experimental groups
and exendin (9–39) (100 nmol, i.c.v.), or saline (15 μl, i.c.v.) was admin-
istered 15min before exendin-4 (10 nmol, i.c.v.) and food intake, water
consumption and behaviour were monitored as described above. Fol-
lowing observation animals were deeply anesthetize and brains were
fixed for processing of c-Fos activity as described above.

2.4. c-Fos immunohistochemistry

The methodology for c-Fos immunohistochemistry followed that
previously used in studies of pathways implicated in emesis in the ferret
(Billig et al., 2001; Boissonade and Davison, 1996; Boissonade et al.,
1994; Zaman et al., 2000). Frozen tissues were sectioned at 40 μm in
the coronal plane using a freezing microtome and incubated at room
temperature for 1 h in 0.01% H2O2. The free floating sections were
blocked with 1.5% normal goat serum containing 0.3% Triton X-100 in
PBS (Vectastain Elite ABC kit, Vector Laboratories, Burlingame, USA)
for 1 h. Sections were then incubated with rabbit anti-c-Fos antibody
(1:10,000, Ab5, Oncogene Research Products, Cambridge, USA), without
washing for 48 h, at 4 °C. The sections were subsequently washed and
incubatedwith secondary goat-anti-rabbit antibody (1:200; Vector Lab-
oratories) for 1 h, followed by Vectastain avidin–biotin complex reagent
for 1 h (1:100; Vectastain Elite ABC kit, Vector Laboratories, Burlingame,
USA). c-Fos expression was visualised using a commercially available
peroxidase substrate (Vector® VIP kit, Vector Laboratories, Burlingame,
USA). The number of c-Fos-like-immunoreactive cells was counted
manually using a Zeiss Axioskop 2 plus microscope (Carl Zeiss Inc.
Thornwood, USA) equippedwith a Zeiss Axiocam 2 camera. The person
analysing the c-Fos immunohistochemistry was unaware of the treat-
ments given. Neurones were considered c-Fos positive if they contained
a visible nuclear dark purple c-Fos immunoreactive product. The num-
ber of positive neurones was counted in pre-defined brain regions of in-
terest (see below), consistent with previous methodology in ferrets
(Billig et al., 2001) and Suncus murinus (Chan et al., 2013). To quantify
c-Fos expression in the brain, three sections from each region of interest
were analysed. Nuclei were identified from ferret brain topographical
anatomical guides (Kroenke et al., 2014; Lawes and Andrews, 1998),
publications utilising c-Fos in the ferret (Dampney et al., 2003; Zaman
et al., 2000), and a ferret brain stereotaxic atlas constructed using
Nissl stained sections (Rudd laboratory, unpublished). The rostro-



Fig. 2. Effects of drug administration on ferret behaviours. The effect of saline (sal; single
dose, 15 μl) and increasing doses of exendin-4 (Ex-4; 3, 10, 30 nmol) given i.c.v. on (A)
backing + burrowing + licking + scratching (BIN: behaviours indicative of nausea;
sum of backing + scratching + burrowing + licking-see Methods for definitions), (B)
general locomotor activity, and (C) proportion of time spent curling up versus laying
down. Data represents the mean ± s.e.m. of 4–7 animals. Significant differences
compared to the Sal group are indicated as *P b 0.05, **P b 0.01 (One-way ANOVA
followed by Bonferroni test).

125Z. Lu et al. / Autonomic Neuroscience: Basic and Clinical 202 (2017) 122–135
caudal coordinates (measured from the obex) of sections inwhich c-Fos
positive neurones were counted were +16.44 mm, +16.56 mm, +
16.68 mm, for the arcuate nucleus (Arc), ventral medial nucleus of hy-
pothalamus (VMH), and dorsal medial nucleus of hypothalamus
(DMH) respectively; +16.8mm,+16.92mm.+17.04mm for the cen-
tral nucleus of the amygdala (CeA), paraventricular nucleus of the hypo-
thalamus (PVN), and the supraoptic nucleus (SON), respectively; +
17.32 mm, +17.44 mm, +17.56 mm, for the bed nucleus of the stria
terminalis (BNST), cingulate cortex (CC); −0.12 mm, +0 mm, and
+0.12 mm for the AP and NTS. For the areas, a grid of 450 × 600 μm2

was superimposed on the centre of each brain region and the number
of c-Fos positive cells on both sides of each sectionwasmanually count-
ed at 20 timesmagnification; counts from 3 sections were averaged per
animal. In addition to analysis of c-Fos counts from individual brain nu-
clei, the total activity in brain stem (AP + NTS), mid-brain (Arc +
VMH + DMH + PVN + SON + BNST) and forebrain (CeA + CC) was
also compared between treatments.

2.5. Behavioural definitions

Emesis was characterised as rhythmic abdominal contractions that
were either associated with oral expulsion of solid or liquid material
from the gastrointestinal tract (i.e. vomiting), or not associated with
passage of material (i.e. retching). An episode of retching and/or
vomitingwas considered separatewhen the animal changed its location
in the observation cage, or when the interval between retches and/or
vomits exceeded 5 s (Rudd et al., 1994). Behaviours quantified were:
scratching (scratching the floor using forelimbs); backing (backward
walking); burrowing (diggingwith forelimbs into the bedding andmov-
ing forward with the head under the bedding); licking (tongue protru-
sion and movement) walking (a period of spontaneous locomotor
activity lasting at least 1 s); rearing (standing up on hind legs); grooming
(using mouth to clean its body); scratching body (using its hind legs to
scratch body); rolling (extending body and rolling on the floor); head
shaking (shaking only its head); wet dog shaking [(Zaman et al., 2000)
for definition]. Following the administration of exendin-4, many of the
individual behaviours increased, but when all the individual measures
were collated the variability was high. However, a more detailed analy-
sis revealed that increaseswere contributed primarily by changes in ep-
isodes offloor scratching, backwardwalking and burrowing. Burrowing,
backing and licking have been quantified in ferrets and given cytotoxic
drugs, radiation or morphine-6-glucuronide and have been included as
components of a “nausea” score (Bermudez et al., 1988; Hawthorn and
Cunningham, 1990; King and Landauer, 1990; Miner and Sanger, 1986;
Sharkey et al., 2007). Therefore, we separated burrowing, backing, and
licking from the other behaviours and added the scores to those for
floor scratching (a behaviour probably related to burrowing; digging
in bedding chips has been used as an index of an aversive response in
rats, (Iida et al., 2003)). The clusters of behaviours were dose-related
and classified collectively as BIN. An overall indication of the activity
level was derived by summing scores for other behaviours (walking,
rearing, grooming, body scratching, rolling, head shake, and wet dog
shake). Behaviours considered to be indicative of reduced activity
were: laying down (laying on the back or with the stomach pressed on
the floor and immobile) or curling up (adopting a normal sleeping pos-
ture). The total time during which these two behaviours were observed
was used to calculate the % overall time spent exhibiting each behav-
iour. Analysis of patterns of behaviour rather than individual behaviours
have been used in Suncusmurinus, and this approach reduces inter-indi-
vidual animal behavioural variability (Horn et al., 2011).

2.6. Statistical analysis

Statistical analyses were performed using GraphPad Prism version 5
(GraphPad Prism version 5.0, Inc., California, USA). Differences between
the behaviour, food consumption, and the number of c-Fos positive cells
were assessed using one-way ANOVA followed by a Bonferroni's multi-
ple comparison tests or by using a paired Student's t-test, as appropri-
ate. All data are expressed as mean ± s.e.m. Differences were
considered significant when P b 0.05.

2.7. Drug formulation

Exendin-4 and exendin (9–39) amide (American Peptide Company,
Sunnyvale, CA) were dissolved in sterile saline (0.9% w/v), which was
used as the vehicle for control studies.

3. Results

3.1. The emetic potential of centrally administered exendin-4 and its ability
to modify behaviour

The i.c.v. administration of saline did not induce either retching or
vomiting in any of the animals tested. Exendin-4 at 3 nmol, i.c.v., failed
to induce either retching or vomiting in 4 animals studied, but at
10 nmol, i.c.v., 3 out of 4 animals had an emetic response (37.5 ± 19.4
retches and 5.0 ± 2.4 vomits), although the latency was variable (0.82
to 46.8 min; Fig. 1A–D). Exendin-4 at 30 nmol, i.c.v., induced emesis in
5 out 6 ferrets (73.5 ± 23.1 retches and 9.7 ± 3.1 vomits; Fig. 1A–D)
but as with the lower dose the latency was variable (ranging from 6.4
to 39.1 min). Exendin-4 at all doses (3, 10, 30 nmol, i.c.v.) abolished
food consumption when compared with the saline treated group
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Fig. 4. Total c-Fos immunoreactivity in whole brain, brainstem, midbrain, and forebrain (see Methods for definitions) after i.c.v. administration of saline (sal; 15 μl) or exendin-4 (Ex-4;
10 nmol, 30 nmol). Exendin-4 (Ex-4; 10 nmol and 30 nmol, i.c.v.) increased total c-Fos immunoreactivity in (A) whole brain, (B) brainstem, midbrain, and forebrain. The correlation of
total c-Fos immunoreactivity for (C) brainstem vs. midbrain, and (D) midbrain vs. forebrain were analysed by linear regression; black circles represent saline group, black squares
represent exendinx-4 (10 nmol) group with emesis, open square represent exendin-4 (10 nmol) without emesis, black triangles represent exendin-4 (30 nmol) group with emesis,
open triangle represents exendin-4 without emesis. Sal = saline, Ex-4 = exendin-4. Data represents the mean ± s.e.m. of 4–7 animals. The linear regression analysis fit excluded
those animals not exhibiting emesis following exendin-4 treatment. Significant differences between treatment groups in panels A and B are indicated as *P b 0.05, **P b 0.01,
***P b 0.001(One-way ANOVA followed by Bonferroni test).
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(P b 0.01; n = 4–7; Fig. 1E) and this effect occurred irrespective of the
induction of emesis. Conversely, exendin-4 did not significantly affect
water intake at any of the doses (3, 10, 30 nmol) studied (Fig. 1F).

Ferrets treated with saline exhibited a low level of spontaneous be-
haviour during the 60 min observation time post injection; the lowest
dose of exendin-4 (3 nmol, i.c.v.) did not increase the level of individual
counts of backing, burrowing, licking or scratching, but this cluster of
behaviours (BIN) was increased significantly (P b 0.05) with exendin-
4 at 10 and 30 nmol, i.c.v. (Fig. 2A), with the largest effect at 10 nmol.
None of the doses of exendin-4 affected the general locomotor behav-
iour (Fig. 2B). However, the percentage of time lying down was in-
creased significantly by exendin-4 at 30 nmol, i.c.v., with an associated
decrease in the percentage of time curled up (P b 0.05; Fig. 2C).

3.2. Effect of i.c.v. exendin-4 on brain c-Fos immunoreactivity

Representative photomicrographs of c-Fos expression within the
hindbrain and forebrain are shown in Fig. 3. In saline treated animals,
the number of c-Fos positive cells was low (Figs. 3, and 5). Exendin-4
(10, 30 nmol, i.c.v.; doses at which emesis and BIN increased) increased
the number of c-Fos positive neurones in eachmajor brain region (brain
stem, midbrain and forebrain) with the response being larger for
30 nmol compared to 10 nmol in the brain as a whole (Fig. 4A), and
for both the midbrain and forebrain (Fig. 4B). Taking the data together
for individual animals for saline (n = 7), exendin-4 at 10 nmol (n =
Fig. 3. Representative photomicrographs and schematic representation illustrating c-Fos exp
(10 nmol, 30 nmol) in animals that retched and/or vomited. (A) Representative photomicro
and forebrain area (CeA). Arrows point out some of the many activated c-Fos positive cells
distribution of c-Fos immunoreactivity in the ferret. Scale bar = 1 mm. One red dot represents
4) and 30 nmol (n=6) for themajor brain regions a positive linear cor-
relationwas shown between the level of activation in the brainstemand
the midbrain (r2 = 0.8992, P b 0.001, n = 15; excluding two animals
without an emetic response and no brainstem c-Fos activity above sa-
line levels–see below; Fig. 4C) and the midbrain and the forebrain
(r2 = 0.9446, P b 0.001 , n = 17; Fig. 4D).

Examination of the 10 individual brain areas revealed a significant
increase (P b 0.05; Fig. 5) in c-Fos by exendin-4 (10, 30 nmol, i.c.v.).
The mean number of c-Fos positive neurones was significantly greater
for the 30 nmol dose compared with the 10 nmol dose only in the
paraventricular nucleus of the hypothalamus (PVN) and the CeA (Fig.
5). Examination of the rank order of the percentage increase in the
mean number of c-Fos positive neurones (compared to saline) follow-
ing the highest dose, 30 nmol, i.c.v., in animals with an emetic response
revealed the greatest increases in the AP (3570%) N CeA (3080%) N PVN
(2500%) N bed nucleus of stria terminalis (BNST) (2570%) N supraoptic
nucleus (SON) (1630%) N arcuate nucleus (Arc) (1440%) N NTS
(1209%) N cingulate cortex (CC) (972%).

In both the 10 nmol and 30 nmol groups, one animal did not ex-
hibit emesis, although food intake was inhibited and both animals
showed behavioural changes (BIN, see below). The c-Fos data from
these two animals showed no increase in c-Fos positive cells in the
AP and NTS compared to the number of c-Fos positive cells in saline
treated animals; this is in marked contrast to the significant in-
creases in c-Fos in both the AP and NTS in all eight animals of the
ression in the ferret brain after i.c.v. administration of saline (no emesis) and exendin-4
graphs illustrating c-Fos expression (violet nuclear label) in the caudal brainstem (NTS)
. Scale bar = 100 μm. (B) A schematic representation of coronal sections depicting the
~5 c-Fos positive cells.



Fig. 5.Action of an i.c.v. administration of exendin-4 to induce c-Fos expression in the brain. Exendin-4 (Ex-4; 10 nmol and 30nmol, i.c.v.) increased c-Fos expressions in the area postrema,
nucleus tractus solitarius, dorsal medial nucleus of hypothalamus, ventromedial nucleus of hypothalamus, arcuate nucleus, paraventricular nucleus of hypothalamus, bed nucleus of stria
terminalis, supraoptic nucleus of hypothalamus, central nucleus of amygdala, and cingulate cortex. Data represents the mean ± s.e.m. of 4–7 animals. Open-square symbols represent
ferrets that had no emesis and filled symbols show ferrets exhibiting emesis. Significant differences between treatment groups are indicated as *P b 0.05, **P b 0.01, ***P b 0.001 (One-
way ANOVA followed by Bonferroni test).
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animals with an emetic response given exendin-4 (3 at 10 nmol, 5 at
30 nmol) (Fig. 5). In contrast to the lack of effect of exendin-4 in the
brainstem of the animal lacking an emetic response, the 10 nmol
dose of exendin-4 evoked an increase in the number of c-Fos positive
neurones of the same magnitude as in animals with an emetic
response in five (DMH, VMH, Arc, BNST, CeA) of the eight brain
regions rostral to the brainstem. At a higher dose of 30 nmol, all
eight rostral (DMH, VMH, Arc, PVN, BNST, SON, CeA and CC)
structures showed c-Fos increases of a similar magnitude in animals
with or without an emetic response (Fig. 5).

3.3. Effect of vehicle (saline 15 μl) or exendin (9–39; 100 nmol) on exendin-
4 (10 nmol)-induced changes of behaviour

A double i.c.v. administration of saline (saline/saline) was used as a
control for the effect of exendin (9–39) on the profile of action of
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exendin-4 (10 nmol). Animals (n = 4) treated with exendin-4
(10 nmol) preceded by saline (15 μl) had no emesis but food intake
was abolished in all animals (reduction in food intake in saline/saline
treated animals was 2.85 ± 0.47 g/kg vs saline/exendin-4 treated ani-
mals 0 ± 0 g/kg; P b 0.01). Exendin-4 (10 nmol) preceded by saline
also significantly (P b 0.01) increased the total counts of BIN, but had
no effect on either general locomotor behaviour, or the percentage of
time curled up vs laying down (Fig. 6).

Administration of exendin (9–39) (100 nmol)with saline (15 μl) did
not induce emesis, had no significant effect on BIN, locomotor behav-
iour, or the percentage time curled up vs laying down when compared
to saline/saline (Fig. 6). In addition, exendin (9–39) was without effect
on spontaneous food intake over a 60 min period post injection (sa-
line/saline 2.85 ± 0.47 g/kg vs saline/exendin (9–39) 4.04 ± 1.15 g/
kg, n = 4). Exendin (9–39) (100 nmol) given 15 min before exendin-
4 (10 nmol) significantly reduced BIN in comparison to saline/
exendin-4 alone to values comparable to those in animals treated with
saline/saline or exendin (9–39) and saline (Fig. 6). In all four animals
given exendin (9–39) before exendin-4, there was no food intake in
the 60min observation period, as was also the case in animals given sa-
line and exendin-4 (see above).
Fig. 6. Effects of i.c.v. saline, exendin-4 and exendin (9–39) alone and in combination on
ferret behaviours. Panel A: Behaviours indicative of nausea (BIN: sum of backing +
scratching + burrowing + licking-see Methods for definitions); Panel B: general
locomotor activity; Panel C: proportion of time spent curling up versus laying down. For
each parameter the effect of a double dose of saline (15 μl ×2, saline/saline), exendin
(9–39) (Ex-9, 100 nmol/saline 15 μl), exendin-4 (saline, 15 μl/Ex-4, 10 nmol) and
exendin (9–39) with exendin-4 (Ex-9100 nmol/Ex-4, 10 nmol) given i.c.v. is shown.
Data represents the mean ± s.e.m. of 4 animals. Significant differences between Sal/Sal
and Sal/Ex-4 groups were indicated as **P b 0.01; significant differences between Ex-9/
Sal and Ex-9/Ex-4 groups were indicated as #P b 0.05.
3.4. Effect of vehicle (15 μl) or exendin (9–39) (100nmol) on exendin-4 (10
nmol)-induced changes of c-Fos in the brain

I.c.v. injection of saline/saline, or saline/exendin (9–39; 100 nmol),
had a minimal effect on the number of c-Fos positive cells in all ten
brain nuclei studied. Consistent with a failure to induce emesis,
exendin-4 (10 nmol, i.c.v.) preceded by saline (sal/exendin-4)
also failed to increase c-Fos counts in the AP and NTS, but significant in-
creases of c-Fos counts occurred in all rostral brain regions (Fig. 7, Fig. 8,
Fig. 9), except the arcuate nucleus (Arc) (Fig. 8).

Administration of exendin (9–39; 100 nmol) before exendin-4
(10 nmol) had little effect on the c-Fos response compared to saline/
exendin-4 alonewhen the total c-Fos activity in themajor brain regions
was analysed (Fig. 9). However, analysis of individual nuclei revealed
that in the CeA, the number of c-Fos positive cells was not significantly
different from either saline/saline, or exendin (9–39)/saline groups, and
was zero in 3 out of 4 animals (Fig. 8).

3.5. Comparison of behavioural response to exendin-4 (10 nmol) with or
without preceding saline (15 μl) administration

The dose of exedin-4 used in the above studies investigating the ef-
fect of exendin (9–39) was selected from the dose-response study re-
ported in Section 3.1 (Fig. 1) and performed under identical
conditions; doses were also extrapolated from our previous studies on
glucose homeostasis (Chan et al., 2011; Lu et al., 2014). The data report-
ed here can only be interpreted in the light of the behavioural and c-Fos
data from the initial dose-response study (Results Section 3.1) which is
used here for comparison. Both studies were conducted using animals
from the same batch animals in both studies were randomised to the
study treatment groupswith the two studies performed in close (within
onemonth) succession. Therewere no overt differences in environmen-
tal conditions, food or housing between the animals used in the two
studies. It should be noted that statistical comparison between the
two studies is not possible as the animals studies were undertaken
onemonth apart and randomisation to the sub-groupswas not contem-
poraneous so we limit ourselves to presenting the data with qualitative
comparisons.

A comparison of the total counts of BIN, general locomotor behav-
iour and the percentage time curled up vs laying down and food intake
(saline 2.85 ± 0.47 g/kg vs saline/saline 2.66 ± 0.73 g/kg; n = 4–7)
showed similar values between animals receiving one or two 15 μl
i.c.v. injections of saline. However, when exendin-4 (10 nmol) was pre-
ceded by saline (15 μl; n = 4) in comparison to the same dose of
exendin-4 alone (10 nmol; n = 4), there were fewer episodes (41%
fewer of clustered backing+ burrowing+ licking+ scratching scores)
of BIN, and a reduced (63% fewer) level of clustered general locomotor
behaviour, but no difference in the percentage of time spent curled up
vs laying down percentage in present study. In both protocols
exendin-4 (10 nmol) abolished food consumption (n = 4 in each
study) compared to that measured over a 60 min period following ei-
ther a single or double i.c.v. injection of saline. Whilst both retching
(37.5 ± 19.4) and vomiting (5.0 ± 2.4) was evoked in three out of
four animals in the original exendin-4 (10 nmol) study, none of the
four animals had emesis when the exendin-4 (10 nmol) was preceded
by saline.

3.6. Comparison of the c-Fos response to exendin-4 (10 nmol), with or
without a preceding saline (15 μl) administration

In the second study, i.c.v. exendin-4 (10 nmol) preceded by saline in-
creased the number of c-Fos positive neurones in seven of eight mid-
brain and forebrain nuclei but was without effect on the number of c-
Fos positive neurones in either the AP or NTS. This contrasts with the
initial dose-response study using the same dose of exedin-4 (10 nmol)
but without a preceding saline injection in which there was increased



Fig. 7. Representative photomicrographs and schematic representation illustrating c-Fos expression in the ferret brain after i.c.v. administration of saline (15 μl ×2, Sal/Sal), exendin (9–39)
(Ex-9, 100 nmol/Sal, 15 μl), exendin-4 (Sal, 15 μl/Ex-4, 10 nmol) and exendin (9–39) with exendin-4 (Ex-9100 nmol/Ex-4, 10 nmol) given i.c.v. is shown. (A) Representative
photomicrographs illustrating c-Fos expression (violet nuclear label) in the caudal brainstem (NTS) and forebrain area (CeA). Arrows point to representative c-Fos positive cells. Scale
bar = 100 μm. (B) A schematic representation of coronal sections depicting the distribution of c-Fos immunoreactivity in the ferret. Scale bar = 1 mm. One red dot represents ~5 c-
Fos positive cells.
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Fig. 8. Effect of exendin (9–39; 100 nmol) on exendin-4-(10 nmol) induced c-Fos expression in the ferret brain. Sal/Sal= saline 15 μl ×2, Ex-4= exendin-4, Ex-9= exendin (9–39); Data
represents the mean± s.e.m. of 4 animals with individual data points shown. Significant differences between groups are indicated as *P b 0.05, **P b 0.01, ***P b 0.001 (One-way ANOVA
followed by Bonferroni test).
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activity in all ten nuclei studied including the AP and NTS. The striking
difference between the two studies can be seen by comparing total c-
Fos counts for brainstem,midbrain and forebrain nuclei in the two stud-
ies (Fig. 10A). Further analysis shows that the total c-Fos counts formid-
brain and forebrain regions from the second exendin-4 study (no
emesis) are clustered with those from the initial exendin-4 dose re-
sponse study (emesis) (Fig. 10B). In addition, with regards to the
brainstem, the counts from the present study cluster with the counts
from two animals in the previous dose response study in which no
emesis was seen and the cluster of points from all the animals with
emesis (both studies) cluster away from the points of animals with
emesis (Fig. 10C).

4. Discussion

The first part of the study showed that doses of exendin-4 (10 and
30 nmol) with the potential to induce emesis also increased behaviours
which have been argued to be indicative of nausea in the ferret



Fig. 9. The total number of c-Fos positive cells in all brainstem (NTS + AP), midbrain
(DMH + VMH + Arc + PVN + BNST + SON) and forebrain regions (CeA + CC) in
animals given i.c.v. injections of saline (15 μl ×2, saline/saline), exendin (9–39) (Ex-9,
100 nmol/saline 15 μl), exendin-4 (saline, 15 μl/Ex-4, 10 nmol) and exendin (9–39)
with exendin-4 (Ex-9100 nmol/Ex-4, 10 nmol). Note that no animals in these groups
had emesis, behavioural data from the same animals is plotted in Fig. 6 and food intake
was suppressed by Sal/Ex-4 and in the Ex-9/Ex-4 group (see text for details). Values are
plotted as mean ± s.e.m., n = 4 animals with data derived from the sum of c-Fos counts
from 3 sections per nucleus, per animal (see Methods for details). *P b 0.05, ***P b 0.001
(One-way ANOVA followed by Bonferroni test).
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(Bermudez et al., 1988; Gonsalves et al., 1996; Hawthorn and
Cunningham, 1990; King and Landauer, 1990; Lau et al., 2005a; Lau et
al., 2005b). Although it is impossible to knowwhat the animal is actually
experiencing (for discussion of the issues see Andrews and Sanger,
2014), the argument that such behaviours may be specifically related
to “nausea” or “visceral malaise” is strengthened by the lack of change
in a suite of other behaviours that are indicative of overall locomotor ac-
tivity. The initial dose-response study shows that the dose of exendin-4
required to reduce food intake (3 nmol) is lower than that required to
induce emesis and BIN (10, 30 nmol) an observation consistent with
the view that inhibition of food intake may be an indication of emetic
potential when given at a higher dose (see Stern et al., 2011 p215, for
discussion). This study has also shown a characteristic pattern of brain
c-Fos activation induced by i.c.v. exendin-4 (10 nmol and 30 nmol) in-
cluding brainstem nuclei previously implicated in emesis (AP and
NTS) and more rostral nuclei implicated in endocrine, autonomic and
behavioural responses to a range of substances with emetic potential.
However, when we attempted to investigate if all aspects of the re-
sponse to i.c.v. exendin-4 in the ferret were sensitive to the selective
GLP-1 receptor antagonist, exendin (9–39) (Goke et al., 1993; Kanoski
et al., 2011), the emetic response to a dose of exendin-4 (10 nmol)
that had previously been effective in 75% of animals in inducing emesis
(Results, Section 3.1) was no longer effective, although all other aspects
of the response (abolition of food intake, induction of BIN, increase in c-
Fos in supramedullary regions)were preserved. The possible reasons for
the difference in response between the two studies which with the ex-
ception of saline administration were otherwise technically identical
are discussed below and include a commentary of the significance of
the overall results for understanding the emetic effects of exendin-4
and GLP-1 receptors.

4.1. The area postrema and nucleus tractus solitarius are critical sites for the
induction of emesis by i.c.v. exendin-4

Exendin-4 at 10 and 30 nmol, i.c.v., induced emesis, but in both dose
groups a single animal failed to have emesis yet food intake was
abolished, and BIN increased (Fig. 1). The c-Fos activation pattern in
the two animals not exhibiting emesis showed no increased c-Fos
count in either the AP or NTS, but the level of activity in six midbrain
and two forebrain nuclei was comparable to animals in which there
was an emetic response (see Fig. 10B and C). In the present study, the
four animals (saline/exendin-4, 10 nmol) without an emetic response
also showed no increased activity in either the AP or NTS, but the c-
Fos responses were identical in pattern of c-Fos activation and themag-
nitude of the total c-Fos response did not differ in the midbrain or fore-
brain between the two studies (Fig. 10A). Taking the pattern of c-Fos
data from the six animals without emesis (four from the second sa-
line/exendin-4 study, and two from the exendin-4 dose response
study) and the eight animals with emesis (initial study, three with
10 nmol and five with 30 nmol) indicates a mechanism for central
exendin-4 induction of emesis reliant on activation of the AP and NTS;
there appears to be no relationship between the presence or absence
of emesis and c-Fos activity in any of the other eight nuclei studied.
An additional conclusion is that activation of midbrain or forebrain nu-
clei is not critical for induction of emesis, a conclusion consistent with
the induction of emesis and fictive emesis in decerebrate animals and
working-heart perfused brainstem studies (Horn et al., 2013; Smith et
al., 2002). Furthermore, although the connections between the NTS
and the midbrain are well established ((Stern et al., 2011) for review),
the activation of midbrain structures in animals following i.c.v.
exendin-4 is not critically dependent upon activation of the NTS (or
AP). It also argues against descending pathways from the midbrain
(closer to 3rd ventricle) leading to NTS activation. However, we are un-
able to exclude the possibility that when the brainstem is activated by
i.c.v. exendin-4, it provides an additional drive to themidbrain although
there is no difference in magnitude of c-Fos activation under the two
conditions (Fig. 10A).

4.2. Exendin-4 suppression of food intake and increase in behaviours indic-
ative of nausea can occur in the absence of emesis and brainstem c-Fos
activity

The reduction in food intake and increased BIN can occur in the ab-
sence of emesis and an increase in brainstem c-Fos activity. This obser-
vation is consistent with the view that suppression of food intake and
increase in BIN are not critically dependent upon an action of exendin-
4 on the brainstemwith subsequent activation of midbrain or forebrain
structures and hence both effects can be produced by a primary effect of
exendin-4 on sites accessible from the third ventricle. The level of c-Fos
activity in the midbrain and forebrain in animals without emesis but
with suppressed food intake and increased BIN does not differ (Figs. 4
and 10), supporting the view that even in animals with emesis the
brainstem may not be the primary site at which exendin-4 acts to pro-
duce these effects. Exendin-4 could act on regions in the third ventricle
where the BBB/CSFB barrier is relatively permeable (SFO, OVLT, median
eminence, sub-commissural organ), or by transport across the CSFB bar-
rier to nuclei subjacent to the third ventricle. Identification of the exact
site requires local microinjection studies but GLP-1 receptors arewidely
distributed in the brain, including several structures with c-Fos activity
increased by exendin-4 (Gu et al., 2013; Lu et al., 2014; Merchenthaler
et al., 1999).

4.3. The GLP-1 receptor antagonist, exendin (9–39), appears to have a dif-
ferential effect on food intake suppression, BIN and c-Fos in the forebrain

Cautionmust be exercised over interpretation of the studieswith the
GLP-1 receptor antagonist, exendin (9–39), as only a relatively small
number of animals were studied (n = 4), and because only a single
dose was used (100 nmol) although this was ten times the dose of
exendin-4 (10 nmol), and the pharmacological profile of exendin (9–
39) is incompletely characterised in the ferret (Lu et al., 2014).

We found that an increase in BIN induced by i.c.v. exendin-4
(10 nmol) in the absence of an emetic response was significantly re-
duced by exendin (9–39), without affecting the other behavioural
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measurements including the suppressed food intake. Similar studies in
Suncus murinus have shown that exendin (9–39) blocked the exendin-
4-induced emesis, but not the inhibition of food intake (Chan et al.,
2013). However, in Suncus murinus, exendin (9–39) blocked c-Fos acti-
vation by exendin-4 in the brainstem and hypothalamus, and reduced
c-Fos activation in the CeA. In the present study in the ferret, the
exendin-4 induced c-Fos activity in CeA was the only brain region
where exendin (9–39) had an effect producing a reduction of 89%. It ap-
pears that with the possible exception of the CeA, BIN are not reflected
by c-Fos activity in other limbic regions or the hypothalamus in the fer-
ret. Certainly, exendin-4 does not produce complex behavioural chang-
es in Suncus murinus that could be considered equal to the repertoire of
BIN recorded in ferrets (Rudd, unpublished data). This raises the ques-
tion of the differential role of the CeA between species and the control
of motor outputs and possibly the gating or expression of information
perceived as “nausea”. An alternative explanation is that whilst the
pathway(s) by which exendin-4 induces BIN are antagonised by
exendin (9–39) in ferrets, the pathways leading to c-Fos activation
and the reduction in food intake involve exendin-4 acting on a non-clas-
sical GLP-1 receptor. The involvement of the CeA in “nausea” induced by
GLP-1 receptor agonists is further supported by rodent studies, showing
that injection of GLP-1 into this brain area induced CTA when paired
with a flavour and CTA induced by lithium chloride was reduced by in-
jection of a GLP-1 receptor antagonist, des His1 Glu9 exendin-4 (Kinzig
et al., 2003). The CeA was also activated in a previous ferret study fol-
lowing peripherally administered lithium chloride and cholecystokinin
evoked behavioural signs of “nausea” (Billig et al., 2001). However,
again, the cluster of exendin-4-induced BIN we report here in ferrets
is not seen in rodents; this may again explain why c-Fos expression
could be antagonised by the GLP-1 receptor antagonist. Further studies
of GLP-1 receptor antagonists are required using wider range of doses
but if the i.c.v. route is used the technical issues relating to the saline
control injection reported here will need to be resolved.

4.4. The emetic, food intake, BIN and forebrain c-Fos effects of exendin-4
(10 nmol, i.c.v.) with and without preceding i.c.v. saline administration

Exendin-4 (10 nmol) completely abolished food intake in all animals
in both studies reported here and there was an increase in BIN, but
when animals received i.c.v. saline (15 μl) 15 min prior to exendin-4,
no emesis occurred. This observation suggests that emetic and food in-
take effects of exendin-4 are not critically linked and taken together
with the c-Fos observations indicate that suppression of food intake
can occur without activation of either the AP or NTS. Although baseline
BINwas not different between the studies, and increased in both studies
in response to exendin-4, the magnitude of the increase was smaller in
the group that also received i.c.v. saline. The baseline level of general lo-
comotor behaviour was lower (63%) in the saline/saline treated ani-
mals, but the percentage time curled up vs laying down was not. It is
also notable that although the level of c-Fos activity in the midbrain
was very similar between the exendin-4 alone and the saline exendin-
4 groups, the activity in the forebrain was lower in the saline +
exendin-4 group (Fig. 10A).

How can the difference between the two studies with exendin-4
which differ in the administration of i.c.v. saline be explained? It is
Fig. 10. Panel A. The total number of c-Fos positive cells in all brainstem (NTS + AP),
midbrain (DMH + VMH + Arc + PVN + BNST + SON) and forebrain regions
(CeA + CC) studied in animals given i.c.v. injections of saline (Sal,15 μl), saline/saline
(Sal/Sal, 15 μl × 2), exendin-4 (Ex-4, 10 nmol) or saline followed by exendin-4 (Sal
15 μl/Ex-4, 10 nmol). The data from the Sal/Sal and Sal/Ex-4 groups is replotted from
Fig. 9 and the data for Sal and Ex-4 (10 nmol) groups replotted from Fig. 4, with both
studies using identical methodology (see text for details). Note the marked difference
between Ex-4 (10 nmol) and Sal/Ex-4 (10 nmol) in the brainstem; three of four animals
had emesis in response to Ex-4 (10 nmol) whereas no animal given Sal/Ex-4 (10 nmol)
had emesis. Data are mean ± s.e.m. (n = 4 in each group). Note that statistical
comparisons between the studies are not valid as animals were not randomised to all
study groups at the same time. Panel B. Correlation between midbrain and forebrain
total c-Fos counts combining data from Fig. 4C and D and Fig. 10A. Filled circles (●):
data from animals given Sal; Open circles (○): data from animals given Sal/Sal; Filled
squares (■): data from animals given i.c.v. Ex-4, 10 nmol with emesis; Open square(□):
data from animals given i.c.v. Ex-4, 10 nmol without emesis; Open triangles (Δ): Data
from animals given Sal/Ex-4 (15 μl, 10 nmol) without emesis. Filled inverted triangle
(▼): Data from animals given i.c.v. Ex-4, 30 nmol with emesis; Open inverted triangle
(▽): Data from animals given i.c.v. Ex-4, 30 nmol without emesis. Panel C. Correlation
(excluding Ex-4 animals without emesis) between brainstem and midbrain total c-Fos
counts using all the c-Fos data from the present study. Symbols as panel B. Note that in
contrast to panel B where data from animals with and without emesis all cluster along
the same line in panel C, data from animals without emesis in both Ex-4 10 nmol
studies reported study cluster together but away from all other points and illustrating
that whilst the brainstem is relatively inactive in the animals given i.c.v. Ex-4 when
emesis does not occur, themidbrain level of activity is comparable to animalswith emesis.
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possible that the emetic response incidence (75%; 3 out of 4 animals) to
exendin-4 (10 nmol) in the first dose-response studywas not represen-
tative of the overall sensitivity of the ferret population. However, it
seems unlikely (but theoretically possible) that by chance from the
same initial batch of animals we selected one group of four animals,
three of which were responsive to 10 nmol and another four none of
which had an emetic response to the same dose. Even at a dose of
30 nmol emesis does not occur in all animals (83%; 5 out of 6) indicating
inter-animal variability in the emetic sensitivity to exendin-4.

The lack of reproducibility in the studies performed onemonth apart
with animals from the same initial batch could be due to a “technical or
methodological error” such as in drug preparation, but this is not sup-
ported by the consistent changes c-Fos changes in the supramedullary
structures in response to 10 nmol exendin-4 nor by the reduction of
food intake or increased BIN. Administration of saline requires animal
handling and restraint, so it is possible that this may contribute to the
baseline difference in general locomotor behaviour although the ani-
mals were adapted to the procedure by frequent handling. The similar-
ity of baseline c-Fos levels in brainstem, midbrain and forebrain in
animals with one saline injection (control for dose-response study) vs
two saline injections (control for exendin-(9–39) study) indicates that
saline itself is not having a gross effect on the brain. If our hypothesis
that emesis requires exendin-4 to act on the brainstem is correct (and
assuming no major inter group sensitivity differences) then it suggests
that the saline injection is preventing the subsequent injection of
exendin-4 accessing the brain stem possibly because of limited flow
through the narrow aqueduct of Sylvius. An alternative and perhaps
more plausible explanation is that the saline reduces the rate of access
of the subsequent exendin-4 injection to the brainstem so that the con-
centration drops below the threshold required for activation of the AP
and emesis. The dose–response study (Results Section 3.1) showed
that 3 nmol exendin-4 did not induce emesis or BIN, but did inhibit
food intake. An observation from a cat study (Borison, 1959) is relevant
as when adrenaline or apomorphine were given into the lateral ventri-
cle emesis and a range of behavioural responses occurred but when the
injection was confined to the fourth ventricle only emesis occurred.

Whilst we have only been able to speculate on the differences be-
tween the two studies and caution is essential in interpretation of the
data, particularly in making statistically robust conclusions because of
the relatively small number of animals involved, we argue that the
data does allow some conclusions to be drawn about the central effects
of exendin-4 and GLP-1 receptors.
5. Conclusion

This paper reports data from a studywith a partially unexpected and
unpredictable outcomewhichmay be due to amethodological issue re-
lated to a double i.c.v. injection necessitated by the experimental design
although other explanations are possible (see above). Irrespective of the
explanation for the variability in the emetic response to exendin-4 the
data provides insight into the sites and mechanisms by which i.c.v.
exendin-4 causes emesis, BIN and suppression of food intake. The be-
havioural observations combined with c-Fos provide evidence that
whilst the brainstem (NTS/AP) is critical for induction of emesis by
exendin-4, suppression of food intake and induction of BIN can be in-
duced by an action at brain sites accessible from the third ventricle
alone. Exendin-4-induced BIN in the ferret and c-Fos activation of the
CeA are sensitive to exendin (9–39), whereas the suppression of food
intake is not at the same dose of antagonist implicating different mech-
anisms in mediation of these actions of a GLP-1 receptor agonist.
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