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Key points

� Glucose regulates the density and function of 5-HT3 receptors on gastric vagal afferent neuro-
nes.

� Diet-induced obesity compromises the excitability and responsiveness of vagal afferents.
� In this study, we assessed whether exposure to a high fat diet (HFD) compromises the

glucose-dependent modulation of 5-HT responses in gastric vagal afferents prior to the
development of obesity.

� We show that HFD does not alter the response of gastric vagal afferent nerves and neurones to
5-HT but attenuates the ability of glucose to amplify 5-HT3-induced responses.

� These results suggest that glucose-dependent vagal afferent signalling is compromised by
relatively short periods of exposure to HFD well in advance of the development of obesity or
glycaemic dysregulation.

Abstract Glucose regulates the density and function of 5-HT3 receptors on gastric vagal afferent
neurones. Since diet-induced obesity attenuates the responsiveness of gastric vagal afferents to
several neurohormones, the aim of the present study was to determine whether high fat diet
(HFD) compromises the glucose-dependent modulation of 5-HT responses in gastric vagal
afferents prior to the development of obesity. Rats were fed control or HFD (14% or 60%
kilocalories from fat, respectively) for up to 8 weeks. Neurophysiological recordings assessed the
ability of 5-HT to increase anterior gastric vagal afferent nerve (VAN) activity in vivo before
and after acute hyperglycaemia, while electrophysiological recordings from gastric-projecting
nodose neurones assessed the ability of glucose to modulate the 5-HT response in vitro. Immuno-
cytochemical studies determined alterations in the neuronal distribution of 5-HT3 receptors.
5-HT and cholecystokinin (CCK) induced dose-dependent increases in VAN activity in all rats;
HFD attenuated the response to CCK, but not 5-HT. The 5-HT-induced response was amplified
by acute hyperglycaemia in control, but not HFD, rats. Similarly, although 5-HT induced an
inward current in both control and HFD gastric nodose neurones in vitro, the 5-HT response
and receptor distribution was amplified by acute hyperglycaemia only in control rats. These data
suggest that, while HFD does not affect the response of gastric-projecting vagal afferents to 5-HT,
it attenuates the ability of glucose to amplify 5-HT effects. This suggests that glucose-dependent
vagal afferent signalling is compromised by short periods of exposure to HFD well in advance of
obesity or glycaemic dysregulation.
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Introduction

Obesity, and its associated co-morbidities, including
hyperlipidaemia, type 2 diabetes, coronary heart disease,
stroke and hypertension, is now recognized as the second
leading cause of preventable death (Das, 2010). While
multifactorial in origin, obesity is essentially a disorder of
energy homeostasis. The vago-vagal neurocircuit between
the gastrointestinal (GI) tract and the brainstem is crucial
in the regulation of energy homeostasis and food intake
(Woods et al. 1998; Schwartz, 2000; Berthoud, 2008).
Sensory information from the GI tract is transmitted
through the afferent vagus nerve to the brainstem via a
glutamatergic synapse at the level of the nucleus of the
tractus solitarius (NTS) (Andresen & Kunze, 1994; Alywin
et al. 1997). The NTS integrates these afferent signals with
other inputs from CNS centres involved in regulation of
autonomic homeostatic functions creating an integrated
output response that is relayed to the nearby dorsal motor
nucleus of the vagus (DMV), using glutamate, GABA
or noradrenaline (norepinephrine) as neurotransmitters
(Travagli et al. 1991; Sivarao et al. 1998; Browning &
Travagli, 2014). The DMV contains the preganglionic
parasympathetic neurones that provide the motor output
to much of the upper GI tract via the efferent vagus nerve
(Shapiro & Miselis, 1985; Altschuler et al. 1989; Berthoud
et al. 1991; Browning & Travagli, 2014).

The GI tract is responsible for initiating homeo-
static processes that regulate short-term food intake and
regulate blood glucose levels (Rayner et al. 2001; Horowitz
et al. 2002). Nutrients within the intestinal lumen induce
the release of a variety of neuroendocrine hormones
that modulate GI functions, including inhibiting gastric
emptying and modulation of gastrointestinal motility
patterns and pancreatic secretion (Lloyd et al. 1993; Holzer
et al. 1994; Raybould, 1999; Li et al. 2001; Zhou et al.
2008; Holmes et al. 2009a; Babic et al. 2012a,b). Glucose,
in particular, induces the release of 5-hydroxytryptamine
(5-HT; serotonin) from enterochromaffin cells within the
intestine; the released 5-HT activates 5-HT3 receptors pre-
sent on vagal afferent terminals and relays the afferent
signal to the CNS (Li et al. 2001; Zhu et al. 2001; Raybould
et al. 2003). Furthermore, circulating platelet-free 5-HT
levels rise almost threefold following meal ingestion
(Houghton et al. 2003) and blood-borne substances have
relatively free access to vagal afferent cell bodies contained
within the paired nodose ganglia (Lacolley et al. 2006).
Once absorbed from the GI tract, glucose itself is also
able to act directly on vagal afferent neurones to modulate
neuronal activity (Grabauskas et al. 2006, 2010) as well
as modulate the response of GI vagal afferent neurones to
5-HT by trafficking of 5-HT3 receptors to the neuronal
membrane (Babic et al. 2012b).

Studies from many laboratories have demonstrated that
the excitability and responsiveness of GI vagal afferent
neurones and fibres is modulated by exposure to a high

fat diet (HFD) or by diet-induced obesity (Donovan et al.
2007; Daly et al. 2011; de Lartigue et al. 2011; Kentish
et al. 2012). Few studies, however, have investigated either
the effects of a high fat diet on the responsiveness of vagal
afferents before obesity develops or whether the attenuated
responsiveness of vagal afferents occurs in response to
obesity. The aim of the present study, therefore, was to use
neurophysiological, electrophysiological, and immuno-
cytochemical techniques to investigate whether exposure
to a HFD alters the ability of glucose to modulate 5-HT3

receptor signalling in gastric vagal afferents, prior to the
development of obesity or loss of glycaemic control.

Methods

Ethical approval

All experiments were approved by the Pennsylvania
State University’s Institutional Animal Care and Use
Committee. Male Sprague–Dawley rats were used for
the gastric vagal afferent nerve (VAN) recordings while
rats of both sexes were used for electrophysiological and
immunocytochemical studies. At 28 days of age, rats were
divided into two diet groups and fed either a control diet
(kilocalories: 14% from fat, 27% from protein and 59%
from carbohydrate) or high fat diet (HFD; kilocalories:
60% from fat, of which 9% is from soybean oil and 91%
from lard, 20% from protein and 20% from carbohydrate;
both Harlan Teklad, Madison, WI, USA). Rats were
maintained on these diets for periods of time ranging from
3 days to 8 weeks prior to experimentation. Briefly, in total
the study used 13 rats (6 male, 7 female) after 3 days HFD
exposure and 14 age-matched control rats (11 female, 3
male). After 1 week HFD exposure, 14 rats were used
(8 male, 6 female) and compared to 16 age-matched
control rats (7 male, 9 female). After 2 weeks HFD
exposure, 16 rats were used (10 male, 6 female) and
compared to 17 age-matched control rats (13 male, 4
female). After 4 weeks HFD exposure, 28 rats were used
(11 male, 17 female) and compared to 21 age-matched
control rats (9 male, 13 female). Finally, after 8 weeks
HFD exposure, 22 rats were used (17 male, 5 female)
and compared to 16 age-matched control rats (9 male, 7
female). Body weight and peripheral blood glucose levels
(OneTouch glucometer; LifeScan, Inc., Wayne, PA, USA)
were measured at the time of experimentation in all rats.

Gastric vagal afferent nerve (VAN) recording

Male rats were fed either a control (n = 10) or HFD
(n = 10) for 2 or 8 weeks prior to experimentation.
Rats were anaesthetized with isoflurane (2–3% in 100%
O2) and instrumented with catheters in the jugular vein
(anaesthetic and fluids), femoral vein (glucose infusions)
and brachial artery (blood pressure and blood glucose
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measurement). To deliver 5-HT to the stomach and upper
GI tract only, an arterial catheter (heat-stretched micro-
renathane tubing MRE-025, Braintree Scientific, Inc.,
Braintree, MA, USA) was introduced into the coeliac
artery via the femoral artery and advanced 3–5 mm past
the coeliac–aorta junction. After tracheal cannulation, rats
were artificially ventilated and tidal volume (�1 ml (100 g
body weight)−1) or respiratory rate (60–80 breaths min−1)
was adjusted to maintain end-tidal CO2 between 3.5 and
4.5%. Rectal temperature was maintained at 37 ± 0.5°C
with a water-circulating blanket. At the end of the
experiments, toluidine blue dye (0.5%, 100 μl) was
injected through the intra-coeliac artery to confirm the
placement of the catheter.

Through a mid-line laparotomy, the anterior gastric
branch of the vagus nerve, which provides innervation to
the anterior stomach and upper small intestine (Berthoud
& Powley, 1991), was isolated, placed on a bipolar stainless
steel electrode, crushed proximally, and insulated with
KWIK-SIL (World Precision Instruments, Sarasota, FL,
USA). Gastric VAN activity was amplified (×10,000)
and filtered (100–1000 Hz) using a differential AC
amplifier (Model 1700, A-M Systems, Sequim, WA, USA).
Signals were digitized (2 kHz), rectified and integrated
(1 s time constant) using Spike 2 software (Cambridge
Electronic Design, Cambridge, UK). Baseline VAN was
normalized to 100% after noise subtraction and assessed
at the end of experiments by crushing the distal nerve.
Following completion of all surgical procedures, iso-
flurane anaesthesia was replaced by thiobutabarbital
(Inactin; 120 mg kg−1). Rats were allowed to stabilize
for 60 min prior to experimentation. The response to
intra-coeliac administration of CCK (0.03–0.1 μg kg−1)
or 5-HT (0.03–10 μg kg−1) was assessed through 100 μl
infusions over 15 s. In a second set of experiments, VAN
responses to intra-coeliac 5-HT (1 μg kg−1) were assessed
at 3 time-points separated by 10 min before and after acute
hyperglycaemia produced by I.V. infusion of 50% glucose
for 10–30 min.

Retrograde tracing

Gastric-projecting vagal afferent neurones were
labelled with the fluorescent neuronal tracer
1,1-dioctadecyl-3,3,3,3-tetramethyl-indocarbocyanine
perchlorate (DiI; Life Technologies, Grand Island,
NY, USA) via application to the GI tract as described
previously (Browning et al. 1999; Babic et al. 2012b).
Briefly, after induction of anaesthesia with isofluorane
(2.5% in 100% O2), the abdominal area of 14-day-old
rats (n = 51) was cleaned before exposing the stomach
and proximal intestine via a laparotomy. After isolating
the stomach from the surrounding viscera, crystals of
DiI were placed onto the greater curvature of the fundus,
corpus or antrum/pylorus area. Using a fast-hardening

epoxy resin, the DiI crystals were embedded in place; prior
to closing the abdomen, the surgical area was washed with
sterile saline. Rats were allowed a minimum of 17 days to
recover before experimentation.

Dissociation of nodose ganglia

Rats were killed via anaesthetic overdose (isofluorane, 5%)
followed by administration of a bilateral pneumothorax.
Under microscopic guidance, nodose ganglia were
removed and placed in chilled, oxygenated Hanks’
balanced salt solution (HBSS; Gibco Laboratories, Life
Technologies, Grand Island, NY, USA) and dissociated
as described previously (Babic et al. 2012b). Dissociated
neurones were plated on poly-L-lysine-coated coverslips
and incubated in a humid incubator (5% CO2) at 37°C.
Cells were fed after 2 h and electrophysiological recordings
and immunocytochemical studies were carried out within
24 h of dissociation.

Electrophysiological recordings

Cover glasses with plated dissociated nodose ganglion
neurones were placed in a custom-made perfusion
chamber (volume, 500 μl; Michigan Precision
Instruments, Parma, MI, USA) and maintained at
35°C by perfusion with warmed Krebs solution at a
rate of 2.5–3.0 ml min−1. A Nikon E600FN micro-
scope (Nikon Corporation, Tokyo, Japan) equipped
with tetramethylrhodamine isothiocyanate (TRITC)
epifluorescent filters was used to identify DiI labelled
neurones. Once identified, DiI-filled neurones were
recorded electrophysiologically under bright-field
illumination.

Whole-cell recordings were made with patch pipettes of
resistance 2–4 M� when filled with potassium gluconate
intracellular solution (see below). Data were acquired
using an Axopatch 200A amplifier (Molecular Devices,
Sunnyvale, CA, USA) at a rate of 10 kHz, filtered
at 2 kHz, and digitized via a Digidata 1440 interface
(Molecular Devices), before being stored and analysed
on a personal computer using pCLAMP10 software
(Molecular Devices). Only those neurones with a series
resistance of <15 M� were considered acceptable. The
basic membrane properties (action potential duration at
threshold, after-hyperpolarization amplitude from base-
line, after-hyperpolarization duration, firing frequency,
input resistance) were assessed for recorded neurones as
described previously (Browning et al. 1999). A separate
patch pipette placed close to the recorded neurone was
used to assess the response of neurones (voltage clamped
at −50 mV) to picospritz application of 5-HT (100 μM;
10–50 ms duration; Parker Hannifin Corp., Cleveland,
OH, USA). Each neurone served as its own control and
the response to 5-HT was assessed before, during and after
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perfusion with equi-osmolar Krebs solution containing
different glucose concentrations (2.5–20 mM) using
ANOVA with repeated measures. Results are expressed as
means ± SEM with statistical significance set at P < 0.05.

Immunocytochemistry

Prior to fixation in 4% paraformaldehyde (15 min),
dissociated nodose neurones were exposed to feeding
medium with varying glucose concentrations (30 min;
1.25–20 mM). Cells were washed (5 min) in 50% ethanol,
followed by 3 × 5 min washes in phosphate-buffered
saline (PBS; Babic et al. 2012b) containing 0.1% bovine
serum albumin (PBS-BSA). Coverslips were then placed
in rabbit anti-5-HT3B receptor antibody (1:500; ab39629,
Abcam, Cambridge, MA, USA; diluted in PBS-BSA) and
incubated overnight at room temperature. Coverslips were
washed (3 × 10 min) with PBS-BSA before incubation
in secondary antibody (AlexaFluor488-conjugated goat
anti-rabbit IgG, 1:100; Life Technologies Corp., Grand
Island, NY, USA) for 1 h at room temperature, washed
3 × 5 min in PBS-BSA and mounted in Fluoromount-G
(Southern Biotech, Birmingham, AL, USA).

Confocal microscopy

Confocal photomicrographs of 5-HT3 receptor-
immunoreactive neurones were taken on an Olympus
IX81 microscope equipped with Olympus Fluoview 1000
software (Olympus America Inc., Center Valley, PA,
USA) and were imported into ImageJ software (http://
rsbweb.nih.gov/ij). Membrane-associated 5-HT3 receptor
density was quantified as described previously (Babic
et al. 2012b) and the percentage of membrane-associated
5-HT3 receptors relative to total 5-HT3 receptor density
calculated. Data were analysed by comparing the
percentage of membrane-associated receptor density
between different groups using an ANOVA followed by
Student’s t test. Results are expressed as means ± SEM
and statistical significance was set at P < 0.05. Linear
regression analysis was used to determine the correlation
between the glucose concentration and the percentage of
membrane-associated 5-HT3 receptor density.

Oral glucose tolerance testing

Oral glucose tolerance testing was performed on rats
(n = 10 control and n = 10 HFD) at each experimental
time point. Rats were fasted overnight (water ad libitum),
and received a 1.25 mg kg−1 oral glucose gavage as pre-
viously described (Kawano et al. 1992). Peripheral blood
glucose was measured via blood drawn from the tail
vein at time 0, and then at 15, 30, 60 and 90 min
post-gavage. Results were averaged and plotted as glucose
level (mg dl−1) over time.

Statistics

Neurophysiological data were analysed with Systat 10.2
software (Systat Software Inc., San Jose, CA, USA)
using a two-way ANOVA with repeated measures; post
hoc comparisons were made using independent or
paired t tests with a layered Bonferroni correction.
Electrophysiological data were analysed with GraphPad
Prism software using an unpaired t test. Immuno-
histochemical data were analysed with GraphPad Prism
software (GraphPad Software Inc., La Jolla, CA, USA)
using an ANOVA followed by Student’s t test. Linear
regression analysis was used to determine the correlation
between the glucose concentration and the percentage of
membrane-associated 5-HT3 receptor density. All results
are expressed as means ± SEM and statistical significance
was set at P < 0.05.

Chemicals and drugs

Supplemented minimal essential medium (sMEM):
minimal essential medium (Gibco, Life Technologies)
supplemented with 0.15 g (100 ml)−1 NaHCO3 and
29.2 mg L-glutamine, pH 7.4.

Plating medium: sMEM supplemented with fetal calf
serum (10%), penicillin–streptomycin (1%), and CaCl2
(4 mM).

Feeding medium: sMEM supplemented with fetal calf
serum (10%), and penicillin–streptomycin (1%).

Phosphate buffered saline (mM): 115 NaCl, 75
Na2HPO4, 7.5 KH2PO4.

Paraformaldehyde fixative: 4% paraformaldehyde in
PBS.

Krebs solution (mM): 126 NaCl, 25 NaHCO3, 2.5 KCl,
1.2 MgCl2, 2.4 CaCl2, 1.2 NaH2PO4 and 5 D-glucose
maintained at pH 7.4 by bubbling with 95% O2–5% CO2.

Intracellular pipette solution (mM): 128 potassium
gluconate, 10 KCl, 0.3 CaCl2, 1 MgCl2, 10 Hepes, 1 EGTA,
2 NaATP and 0.25 NaGTP adjusted to pH 7.35 with KOH.

Dispase was purchased from Roche Diagnostics
(Indianapolis, IN, USA); all other chemicals were
purchased from Sigma Chemical Co. (St Louis, MO, USA).

Results

HFD exposure for up to 8 weeks does not induce
obesity or glycaemic dysregulation

The weight and blood glucose levels did not differ
between controls and HFD rats until 8 weeks exposure
to HFD, when male rats were significantly heavier than
their age-matched control counterparts (604 ± 38 g vs.
488 ± 10 g, respectively, P < 0.05; Fig. 1A), although not
obese, defined as 20% increase in body weight relative
to control. Additionally, after 8 weeks exposure to HFD,
male rats had significantly elevated blood glucose levels
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compared to age-matched control rats (248 ± 42 mg dl−1

vs. 149 ± 10 mg dl−1, respectively, measured between 09.00
and 10.00 h; P < 0.05; Fig. 1B). To examine whether
exposure to a HFD altered the ability of rats to release
and respond to insulin, oral glucose tolerance testing was

performed on rats (n = 10 control and n = 10 HFD).
HFD did not alter the response of rats to oral glucose
administration at any of the time points studied (Fig. 1C).

These results suggest that after 8 weeks of exposure
to HFD (i) rats are overweight but not obese, and (ii)
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Figure 1. HFD exposure for up to 8 weeks does not induce obesity or glycaemic dysregulation
A, graphical representation of body weights of control (black) and HFD (red) rats at the experimental time-points
used in the present study illustrating the median, upper and lower quartile weights and, where appropriate, the
10th and 90th percentile weights. Note that the HFD-fed rats were not significantly heavier than control rats
until 8 weeks exposure to diet, when male HFD rats were significantly heavier than their age-matched control
counterparts. B, graphical representation of blood glucose levels of control (black) and HFD (red) rats at the
experimental time-points used in the present study illustrating the median, upper and lower quartile glycaemic
levels and, where appropriate, the 10th and 90th percentile glycaemic levels. Note that blood glucose levels were
unaffected by diet, until 8 weeks of exposure to diet, when male rats had significantly higher blood glucose levels
compared to their age-matched controls. C, oral glucose-tolerance testing in control (black) and HFD (red) rats
after 3 days, 1 week and 8 weeks HFD. Note that neither the peak response nor the time course of hyperglycaemia
was altered by HFD.
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in this pre-obese state, HFD does not alter the ability of
rats either to release insulin in response to oral glucose
administration, or lower blood glucose in response to that
released insulin.

The ability of CCK to increase gastric VAN activity is
attenuated by HFD

Rats were fed either control diet (n = 10) or HFD (n = 10)
for either 2 or 8 weeks prior to experimentation. There
were no differences in baseline or evoked VAN responses
to CCK or 5-HT between age groups for either control or
HFD animals, therefore, results were combined. Baseline
VAN activity did not differ between control and HFD
animals (0.86 ± 0.19 vs. 1.06 ± 0.27 μV, respectively;
P > 0.05). Intra-coeliac application of CCK induced a
dose-dependent increase in gastric VAN activity (Fig. 2).
As described previously (Covasa & Ritter, 2000; Covasa
et al. 2000b; Daly et al. 2011), the gastric VAN response to
CCK was attenuated by exposure to a HFD (Fig. 2B and C).

The ability of 5-HT to increase gastric vagal afferent
nerve activity is not affected by HFD

Intra-coeliac application of 5-HT (0.3–10 μg kg−1)
induced a dose-dependent increase in gastric VAN activity

in both control (n = 10) and HFD (n = 10) rats
(Fig. 3A–C; P > 0.05 vs. control). The responses were
not different between control and HFD rats (P > 0.05
from overall ANOVA) but were attenuated significantly
(>75%) by intra-coeliac infusion of the 5-HT3 antagonist
ondansetron (1 mg kg−1, data not shown). To test whether
glucose modulates the 5-HT-induced increases in gastric
VAN activity, responses to intra-coeliac application of
5-HT (1 μg kg−1) were assessed before and during acute
hyperglycaemia (>10 min). In control rats, acute hyper-
glycaemia (71 ± 4 to 498 ± 15 mg dl−1) enhanced the VAN
response to 5-HT (Fig. 3D and F). In contrast, the 5-HT
response in HFD rats was not altered by acute hyper-
glycaemia (78 ± 6 to 510 ± 17 mg dl−1; Fig. 3E and
F). Acute hyperglycaemia itself did not significantly alter
baseline gastric VAN nerve activity in control (baseline:
0.88 ± 0.17 μV vs. hyperglycaemia: 0.78 ± 0.12 μV) or
HFD rats (baseline: 0.91 ± 0.27 μV vs. hyperglycaemia:
0.80 ± 0.12 μV).

HFD does not alter the basic membrane properties of
acutely dissociated gastric nodose neurones

As shown in Table 1, the basic membrane properties of
gastric nodose neurones did not differ either between
control and HFD groups at any time-point studied or with
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increased duration of HFD exposure, suggesting that, in
the pre-obese state, HFD does not alter the membrane
properties or excitability of gastric nodose neurones.

HFD does not alter the response of gastric nodose
neurones to 5-HT

To determine the effect of HFD on the inward current
induced by picrospritz application of 5-HT (100 μM),
gastric nodose neurones were voltage clamped at −50 mV.
In the presence of 5 mM extracellular glucose, 5-HT
induced an inward current in approximately 62% of
control neurones (41 out of 67 neurons recorded from
30 rats); the proportion of responsive neurones did not
change across time-points studied (P > 0.05; Fig. 4A and
B). Additionally, in the presence of 5 mM extracellular
glucose, the magnitude of the 5-HT-induced inward
current in response to picospritz application of 5-HT was
not affected by age of rat or duration of HFD (55 out of 90
neurons recorded from 37 HFD rats; P > 0.05; Fig. 4C).

These results suggest that, in the absence of obesity,
HFD does not affect either the magnitude of the
5-HT-induced inward current in gastric nodose neuro-
nes or the proportion of responsive neurones.

HFD attenuates the ability of glucose to modulate
5-HT currents in gastric vagal afferent neurones

Previous studies have demonstrated that the 5-HT-
induced inward current in gastric vagal afferent neurons
is sensitive to extracellular glucose concentration.
Specifically, elevating extracellular glucose levels increases,
while lowering glucose levels decreases, the magnitude of
the 5-HT-induced inward current (Babic et al. 2012b).
In the presence of 5 mM extracellular glucose, 5-HT
induced an inward current in control gastric nodose
neurones in 43 neurons recorded from 32 rats across all
the experimental time-points (ranging in weight from
102 to 500 g). In 42 out of these 43 neurones (98%),
the magnitude of the 5-HT-induced inward current
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in response to intra-coeliac application of 5-HT in a control (A) and HFD (B) rat. C, graphical summary of the
dose-dependent increase in gastric VAN activity in control and HFD rats in response to 5-HT. Representative
rectified and integrated recordings of gastric VAN activity in a control (D) and HFD (E) rat in response to intra-coeliac
application of 5-HT (1 µg kg−1) at normal blood glucose (BG) levels (control BG 72, 75 mg dl−1; HFD BG 83,
86 mg dl−1) and following acute elevation of blood glucose levels (control BG 520, 560 mg dl−1; HFD BG 533,
542 mg dl−1). Note the increased response to 5-HT following hyperglycaemia in the control, but not HFD, rat. F,
graphical summary of the increased gastric VAN activity in response to 5-HT following hyperglycaemia in control
(grouped data = 71 ± 4 to 498 ± 15 mg dl−1), but not HFD (grouped data = 78 ± 6 to 510 ± 17 mg dl−1), rats.
∗P < 0.05 vs. normal blood glucose level.
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Table 1. Basic membrane properties of gastric vagal afferent neurones

3 days diet 1 week diet 2 weeks diet 4 weeks diet 8 weeks diet
(n = 12) (n = 12) (n = 13) (n = 17) (n = 9)
(n = 15) (n = 12) (n = 12) (n = 26) (n = 23)

Input resistance (M�) Control 299 ± 45 310 ± 38 397 ± 39 295 ± 40 286 ± 50
HFD 287 ± 40 357 ± 36 299 ± 40 341 ± 29 343 ± 39

Action potential duration (ms) Control 4.5 ± 0.5 4.8 ± 0.4 3.9 ± 0.3 4.2 ± 0.3 4.6 ± 0.4
HFD 4.1 ± 0.2 4.4 ± 0.5 4.3 ± 0.3 4.4 ± 0.2 3.9 ± 0.2

After-hyperpolarization amplitude (mV) Control 13.6 ± 1.4 12.6 ± 1.7 15.5 ± 1.3 15.6 ± 1.0 13.1 ± 1.4
HFD 15.0 ± 0.9 18.7 ± 1.4a 14.3 ± 1.5 17.1 ± 0.9 13.6 ± 1.1

After-hyperpolarization duration (ms) Control 64.4 ± 14.6 63.6 ± 16.3 62.4 ± 9.0 45.5 ± 6.7 47.4 ± 7.7
HFD 58.7 ± 11.5 51.6 ± 8.5 51.3 ± 11.1 98.1 ± 26.9 50.3 ± 7.5

aP < 0.05 vs. control.

was affected by the extracellular glucose concentration.
Specifically, increasing extracellular glucose concentration
from 5 to 10 mM increased the 5-HT-induced inward
current from 274 ± 32 pA to 332 ± 50 pA, i.e. a

28±4% increase in amplitude (P<0.05), while decreasing
extracellular glucose concentration to 2.5 mM decreased
the amplitude of the 5-HT-induced inward current to
234 ± 37 pA, i.e. a 26 ± 4% decrease in amplitude
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(P < 0.05; Fig. 5A and B). This ability of glucose to
modulate the 5-HT-induced inward current was similar
across all time-points studied (Fig. 5C).

In contrast, the ability of extracellular glucose to
regulate the 5-HT-induced inward current in gastric
nodose neurones was attenuated by HFD at all time-points
studied (Fig. 5A and C). Specifically, the magnitude of
the 5-HT response was unaffected by extracellular glucose
concentration in 34 of the 51 gastric nodose neurones
tested (P < 0.05 vs. control neurones; 260 ± 41 pA in
2.5 mM glucose, 266 ± 31 pA in 5 mM glucose and
270 ± 63 pA in 10 mM glucose, P > 0.05). In the remaining
17 neurones, extracellular glucose controlled the 5-HT
current to the same degree as in control neurones (Fig. 5B).

Neither the duration of diet exposure nor the weight
of the rat appeared to play a role in attenuating the
actions of glucose to modulate the 5-HT-induced current
in gastric nodose neurones in the current study. At the

earliest time-point of the study (3 days HFD exposure),
for example, electrophysiological recordings were made
from eight neurones from seven HFD rats (weights ranging
from 111 to 130 g) as well as from 16 neurones from
10 control rats (weights ranging from 102 to 128 g).
While 10/16 (62%) control neurones were considered
‘responsive’, in that glucose modulated the amplitude of
the 5-HT-induced inward current, only four HFD neuro-
nes (50%; P � 0.05 vs. control) were responsive and they
were recorded from three rats weighing 111, 130 and 130 g.
Similarly, at the 8 week time-point of the study, electro-
physiological recordings were made from seven neuro-
nes from five control rats (weights ranging from 329 to
500 g) and from 13 neurones from six HFD rats (weights
ranging from 360 to 683 g). Whereas all seven control
neurones were responsive, only three HFD neurones were
responsive (one each from rats weighing 360 g, 465 g and
683 g) while the remaining 10 neurons were unresponsive.
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Furthermore, in every HFD rat in which a responsive
neurone was recorded, non-responsive neurones were also
recorded from the same animal.

HFD attenuates the ability of glucose to traffic 5-HT3

receptors in gastric vagal afferent neurones

The ability of glucose to traffic 5-HT3 receptors was
assessed in gastric-projecting nodose ganglion neurons
dissociated from control rats (n = 10, 10, 8, 11 and
6 rats at experimental time points 3 days, 1, 2, 4

and 8 weeks, respectively) and HFD rats (n = 7,
9, 4, 16 and 10 at experimental time points points
3 days, 1, 2, 4 and 8 weeks, respectively). Briefly, the
proportion of membrane-associated 5-HT3 receptors,
expressed as a percentage of total 5-HT3 receptor density,
was assessed following 30 min exposure to concentrations
of extracellular glucose ranging from 1.25 to 20 mM

(Fig. 6A). As described previously (Babic et al. 2012b), in
control gastric vagal afferent neurones the proportion of
membrane-associated 5-HT3 receptors was modulated by
extracellular glucose levels, across all time-points studied,
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Table 2. Effects of extracellular glucose to alter the proportion of membrane-associated 5-HT3 receptors in gastric-projecting vagal
afferent neurones

3 days diet 1 week diet 2 weeks diet 4 weeks diet 8 weeks diet
(n = 34–44) (n = 26–40) (n = 27–41) (n = 36–43) (n = 39–51)

[Glucose]ex Treatment group (n = 23–55) (n = 24–43) (n = 37–43) (n = 33–40) (n = 23–38)

1.25 mM Control 27.0 ± 0.6 26.9 ± 0.5 27.9 ± 0.6 27.0 ± 0.6 28.8 ± 0.5
HFD 28.7 ± 0.5 26.8 ± 0.6 28.3 ± 0.7 25.8 ± 0.2 28.3 ± 0.7

2.5 mM Control 29.1 ± 0.4 27.9 ± 0.6 28.0 ± 0.5 28.3 ± 0.4 28.4 ± 0.5
HFD 29.4 ± 0.6 27.3 ± 0.5 26.1 ± 0.5 26.8 ± 0.5 28.0 ± 0.9

5 mM Control 29.8 ± 0.4 29.5 ± 0.4 28.5 ± 0.5 29.1 ± 0.6 29.0 ± 0.4
HFD 29.6 ± 0.5 28.9 ± 0.6 27.8 ± 0.5 26.8 ± 0.5 28.9 ± 0.5

10 mM Control 30.6 ± 0.6 28.4 ± 0.6 27.6 ± 0.6 29.9 ± 0.5 29.5 ± 0.5
HFD 28.4 ± 0.7 29.0 ± 0.7 25.2 ± 0.5 26.0 ± 0.5 28.8 ± 0.6

20 mM Control 31.7 ± 0.4 29.8 ± 0.6 30.3 ± 0.6 30.3 ± 0.5 30.2 ± 0.5
HFD 29.2 ± 0.6 28.9 ± 0.5 26.8 ± 0.7 26.2 ± 0.5 28.4 ± 0.7

increasing from 27.1 ± 0.5% at 1.25 mM glucose to
31.7 ± 0.4% at 20 mM glucose (Table 2; Fig. 6B). In
contrast, even after 3 days HFD exposure, the proportion
of membrane-associated 5-HT3 receptors was no longer
modulated by extracellular glucose levels, ranging from
28.8 ± 0.5% at 1.25 mM to 29.2 ± 0.6% at 20 mM glucose
(P > 0.05; Table 2; Fig. 6A and B).

Taken together with the neurophysiological and electro-
physiological data, these data suggest that HFD exposure
diminishes the ability of extracellular glucose to modulate
both the response to activation of 5-HT3 receptors
in gastric-projecting vagal afferent neurones and the
proportion of 5-HT3 receptors present on the neuronal
membrane.

Discussion

Our results indicate that brief periods of exposure to HFD
are sufficient, even in the absence of obesity, to attenuate
the ability of glucose to modulate (1) the response of
gastric vagal afferents to 5-HT, (2) the 5-HT-induced
inward current in gastric nodose neurones, and (3) the
density of 5-HT3 receptors associated with gastric nodose
neuronal membranes. Conversely, brief periods of HFD do
not alter either the 5-HT-induced increase in gastric vagal
afferent activity, the number of gastric nodose neurones
responsive to 5-HT or the magnitude of the 5-HT-induced
inward current.

While the regulation of energy food intake, energy
balance and energy homeostasis is generally thought
of as involving the integration of ‘higher’ CNS centres
with autonomic nuclei (Schwartz et al. 2000; Berthoud
& Morrison, 2008), the role of vago-vagal neurocircuits
in the regulation of early satiation has recently received
more attention and has been the focus of investigations
by several laboratories (Berthoud, 2004; Dockray, 2004;

de Lartigue, 2014). Previously assumed to be static relay
systems incapable of modulation, vagal neurocircuits
controlling the stomach and upper GI tract are now known
to be capable of a surprisingly large degree of modulation
and integration (Browning & Travagli, 2010). The type and
density of neurotransmitter receptors and ion channels
displayed by nodose neurones, for example, is modulated
by insult and injury (Myers et al. 2002; Bielefeldt et al.
2002a,b; Lamb et al. 2003; Kang et al. 2005; Kollarik et al.
2007) as well as by feeding and fasting (Burdyga et al. 2006,
2008; de Lartigue et al. 2007).

The ability of vagal afferent neurons to respond
to GI-related feeding signals appears to be
dependent, therefore, on ongoing physiological and
pathophysiological conditions. Several studies have
demonstrated that diet-induced obesity significantly
compromises the excitability and responsiveness of
GI vagal afferents (Woods et al. 1998; Schwartz et al.
2000; Berthoud, 2008; Berthoud & Morrison, 2008;
Paulino et al. 2009; de Lartigue et al. 2011; Kentish
et al. 2012; de Lartigue, 2014) suggesting that vagally
dependent signalling of early satiety and energy homeo-
stasis is compromised by obesity (Covasa et al. 2000a;
Daly et al. 2011; Kentish et al. 2012). The mechanism
responsible for this attenuated responsiveness has not
been elucidated fully, although electrophysiological
studies have shown that nodose neurones from obese
mice and vagal efferent motor neurones from obese
rats have a decreased input resistance and increased
membrane capacitance, suggestive of an increase in
resting background conductances (Daly et al. 2011;
Browning et al. 2013).

Few studies, however, have investigated the responses
of vagal afferents prior to the development of obesity and
whether the attenuated responsiveness of vagal afferents
is a cause of, or occurs in response to, obesity. In the
present study, rats were given ad libitum access to HFD
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from postnatal day 28 onwards, i.e. after vagal neuro-
circuits are known to be fully developed (Rinaman &
Levitt, 1993; Rinaman et al. 2000; Rinaman, 2003, 2004).
During the time period of this study (8 weeks), rats
became overweight but did not develop obesity, defined as
a 20% increase in body weight relative to control. Earlier
studies by several groups have demonstrated the tendency
for Sprague–Dawley rats to separate into obese-prone
and obese-resistant when fed a diet high in fat and/or
carbohydrates in adulthood. The duration of exposure to
a calorie-dense diet required to produce obesity varies
between studies and appears to depend on both diet
composition (high fat vs. high fat/high carbohydrate) as
well as the age of the rats at the start of the exposure
(juvenile vs. adult; Levin et al. 1986, 1987; Gao et al. 2002).
It is likely, therefore, that the duration of HFD exposure
in the current study was not sufficient to evoke obesity
within the 8 week time frame due to the young age of
the rats (4 weeks) when exposed initially to the diet. In
the current study, however, the effects of HFD to attenuate
the actions of glucose to modulate 5-HT-induced currents
were independent of obesity or rat weight, since neurones
in which glucose was unable to modulate 5-HT currents
were observed across the weight spectrum of rats at
every experimental time-point studied. The mechanism
responsible for this HFD-induced attenuation in vagal
afferent modulation is not yet clear.

Previous studies have also shown a feeding- or
obesity-dependent alteration in the distribution of neuro-
transmitter receptors (Burdyga et al. 2006, 2008; Paulino
et al. 2009; de Lartigue et al. 2011; de Lartigue, 2014)
providing a potential mechanism for the observed loss of
responsiveness to a variety of GI-related neurohormones,
including CCK (Covasa & Ritter, 2000; Covasa et al.
2000a,b; Swartz et al. 2010; Daly et al. 2011) and 5-HT
(Daly et al. 2011). In the present study, HFD attenuated
the response of rat gastric VAN to CCK; in contrast to pre-
vious reports, however, HFD did not decrease neuronal
excitability or attenuate the responsiveness of gastric VAN
or nodose neurones to 5-HT. There are several potential
reasons for the observed differences including species
differences (mice vs. rats), examination of the effects of
5-HT in an obese (Daly et al. 2011) vs. pre-obese state as
well as assay techniques used (calcium imaging vs. whole
cell patch clamp recordings; Daly et al. 2011). While the
doses and concentrations of 5-HT used in the present study
exceed those measured in the post-prandial circulation
(30–80 nM; Houghton et al. 2003), they are consistent
with those used in previous in vivo (Hillsley & Grundy,
1998; Hillsley et al. 1998; Daly et al. 2011) as well as in
vitro (Moore et al. 2002; Daly et al. 2011; Babic et al. 2012b)
studies. It should be noted that the rapid enzymatic break-
down of neuropeptides can lead to the underestimation of
their endogenous levels (Stengel et al. 2009). Furthermore,
it has long been recognized that neurophysiological studies

frequently require exogenous application of drugs up to
three orders of magnitude greater than those measured
in vivo and that systemic measurements of neuro-
transmitter or neurohormone levels may not accurately
predict those at the site of release or action (Katz &
Miledi, 1968); thus the present study is likely to be
measuring a physiological, rather than pharmacological,
response.

It is clear from the present study, however, that even
short periods of exposure to a HFD alter vagal afferent
neuronal signalling, suggesting that factors other than
weight gain itself are responsible for this attenuation,
providing further support for the idea put forth recently
that the effects of diet on vagal neurocircuits can be
distinguished from those of obesity (Daly et al. 2011;
Browning et al. 2013). While the underlying mechanisms
responsible for the loss of glucose-dependent modulation
of 5-HT signalling in gastric VAN or nodose neurons is not
yet clear, it is known that chronic ingestion of HFD alters
the gut microbiota and induces intestinal inflammation
(Cani et al. 2008; Hildebrandt et al. 2009; de La Serre
et al. 2010; Ding et al. 2010), insulin resistance in neurons
(reviewed in Kim & Feldman, 2012) and alters neuro-
nal glucose ‘sensing’ and transport (Levin et al. 1998,
1999; Parton et al. 2007). Of note, the trafficking of 5-HT3

receptors in model cell systems has been shown to occur via
actin- and protein kinase C (PKC)-dependent pathways
(Sun et al. 2003; Ilegems et al. 2004; Connolly, 2008).
PKC has been implicated as a ‘metabolic sensor’ and its
expression is increased by HFD (Newton, 2009), both
peripherally, in white adipose tissue (Bansode et al. 2008;
Huang et al. 2009), as well as centrally, in the hypothalamus
(Benoit et al. 2009). It remains to be determined, however,
whether the short periods of HFD exposure employed in
the present study alter PKC levels in VAN and nodose
neurons and whether this plays a role in the apparent loss
of 5HT3 receptor trafficking by glucose.

We have demonstrated previously that the response
of GI nodose neurones to 5-HT is modulated rapidly
and reversibly by extracellular glucose levels. Immuno-
cytochemical studies showed that increasing extracellular
glucose levels are accompanied by the trafficking of
5-HT3 receptors to the neuronal membrane whereas
lowering extracellular glucose levels induced receptor
internalization (Babic et al. 2012b). Since ingested
glucose induces the release of 5-HT from intestinal
enterochromaffin cells, this suggests that, by modulating
the ability of vagal afferent fibres to respond to
released 5-HT, glucose amplifies or prolongs its own
visceral sensory signalling. The present study, however,
demonstrated that the ability of glucose to modulate
the response of gastric VAN and neurones to 5-HT,
as well as the trafficking of 5-HT3 receptors, was
compromised by HFD exposure. Postprandial glucose
levels in humans typically range between 6 and 8 mM
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(108–144 mg dl−1) although glycaemic levels approaching
15–20 mM (270–360 mg dl−1) have been reported in poorly
controlled diabetic patients (Erlinger & Brancati, 2001;
Monnier et al. 2011) . While the level of hyperglycaemia
employed in the current study is higher than those used
previously to modulate VAN activity (Mei, 1978; Niijima,
1982) or to induce vagally dependent gastric relaxation
(Shi et al. 2005; Zhou et al. 2008), those studies used
either local application of glucose to VAN endings or much
longer periods of hyperglycaemia to induce their observed
responses (20–30 min). It is also important to note that, in
the present study, VAN activity was recorded only from
the anterior gastric branch, i.e. the subdiaphragmatic
vagal branch that provides most of the innervation to
the anterior stomach and proximal duodenum and, most
likely, underestimates the magnitude and sensitivity of the
total vagal nerve response, which would include activity
within the other four branches of the subdiaphragmatic
vagus. In contrast, the glucose concentrations used in the
current in vitro studies (1.5–20 mM; 27–260 mg dl−1) are
closer to physiological glycaemic levels demonstrated pre-
viously by ourselves and other groups to modulate the
activity of gastric nodose neurons (Grabauskas et al. 2006,
2010; Babic et al. 2012b).

While further studies will be required to assess the
impact of the HFD-induced loss in glucose-dependent
regulation of 5-HT signalling, as well as the mechanism
by which HFD induces this effect, it is clear that
nodose neuronal responsiveness is compromised even
after relatively short periods of HFD exposure, well in
advance of the development of obesity or loss of glycaemic
regulation. The present study also implies that vagal
afferents are remarkably sensitive to the adverse effects of
diet and, further, that altered vagal afferent responsiveness
may precede, and even contribute to, the development of
obesity and glycaemic dysregulation; loss of the ability of
glucose to amplify and prolong 5-HT-dependent vagal
afferent signalling would be expected to compromise
the glucose-induced gastric relaxation, altered gastric
motility and delayed gastric emptying, which are critically
important for early satiation and meal termination,
leading to increased food ingestion

Summary and conclusion

The present study suggests that HFD exposure disrupts
the actions of extracellular glucose to modulate 5-HT-
dependent vagal signalling. Since glucose induces the
release of 5-HT from enterochromaffin cells by also
regulating the number of functional 5-HT3 receptors
present on the membrane of gastric vagal afferent
neurons, glucose is able to modulate its own ‘perception’,
hence amplify or prolong vagal afferent signalling.
However, even relatively short periods of HFD exposure
disrupt this glucose-dependent modulation of vagal

afferent 5-HT-dependent signalling, suggesting that
diet, independently of obesity, may profoundly affect
vagal afferent responsiveness and, further, that altered
vagal afferent responsiveness may precede, and even
contribute to, the development of obesity and glycaemic
dysregulation.
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