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Key points

• Obesity occurs when energy intake exceeds expenditure, and the excess energy is stored as fat.
• We show that, after a 14 h food deprivation or 12 weeks consumption of a high-fat diet, gastric

vagal afferent responses to mechanical stimulation in the presence of the satiety peptide leptin
are altered.

• Leptin has an excitatory effect on gastric mucosal vagal afferents, which is abolished after food
restriction or prolonged excess.

• In contrast, leptin has an inhibitory effect on gastric tension-sensitive afferents, but only after
food restriction or energy excess conditions.

• These changes in the response to leptin in the stomach, after food restriction or prolonged
high-fat feeding, occur in such a manner as to facilitate an increase in food intake in both
conditions.

Abstract Energy intake is strongly influenced by vagal afferent signals from the stomach, and
is also modulated by leptin. Leptin may be secreted from gastric epithelial cells, so we aimed to
determine the direct effect of leptin on gastric vagal afferents under different feeding conditions.
Female C57BL/6 mice were fed standard laboratory diet, high-fat diet or were food restricted. The
expression of leptin receptor (Lep-R) and its signal transduction molecules in vagal afferents
was determined by retrograde tracing and reverse-transcription polymerase chain reaction,
and the relationship between leptin-immunopositive cells and gastric vagal afferent endings
determined by anterograde tracing and leptin immunohistochemistry. An in vitro preparation
was used to determine the functional effects of leptin on gastric vagal afferents and the second
messenger pathways involved. Leptin potentiated vagal mucosal afferent responses to tactile
stimuli, and epithelial cells expressing leptin were found close to vagal mucosal endings. After
fasting or diet-induced obesity, potentiation of mucosal afferents by leptin was lost and Lep-R
expression reduced in the cell bodies of gastric mucosal afferents. These effects in diet-induced
obese mice were accompanied by a reduction in anatomical vagal innervation of the gastric
mucosa. In striking contrast, after fasting or diet-induced obesity, leptin actually inhibited
responses to distension in tension receptors. The inhibitory effect on gastric tension receptors
was mediated through phosphatidylinositol 3-kinase-dependent activation of large-conductance
calcium-activated potassium channels. The excitatory effect of leptin on gastric mucosal vagal
afferents was mediated by phospholipase C-dependent activation of canonical transient receptor
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potential channels. These data suggest the effect of leptin on gastric vagal afferent excitability is
dynamic and related to the feeding state. Paradoxically, in obesity, leptin may reduce responses to
gastric distension following food intake.
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transient receptor potential cation; WGA-HRP, horseradish peroxidase conjugate of wheat-germ agglutinin.

Introduction

The satiety hormone, leptin, which is secreted from
adipose tissue, provides a signal to the hypothalamus
reflecting the amount of fat stored (Considine et al. 1996;
Yannakoulia et al. 2003) and serves as a long-term regulator
of nutrient intake, adiposity and body weight (Owyang
& Heldsinger, 2011). Levels of circulating leptin reflect
the degree of adiposity (Considine et al. 1996). However,
despite elevated leptin levels obese individuals do not show
diminished appetite, suggesting a relative resistance to
leptin (Frederich et al. 1995). An alternative explanation
may be that leptin permits fat stores to be maintained
at or around a set point, that is genetically determined
but susceptible to environmental modification (Speakman
et al. 2011).

Leptin is also expressed in, and secreted by, chief cells
(Bado et al. 1998) and parietal (P) cells (Mix et al. 2000)
in the gastric mucosa. Leptin released from this site could
act on adjacent gastric vagal afferent endings to modulate
peripheral signals in response to food intake. Indeed, leptin
has been shown to directly activate cultured gastric and
duodenal vagal afferents from rats (Peters et al. 2004,
2006), and the leptin receptor (Lep-R) is expressed in rat
vagal afferent neurons (Buyse et al. 2001; Burdyga et al.
2002), many of which terminate in the stomach. A vagal
action of gastric leptin may serve to augment the acute
appetite-suppressant effects of circulating leptin (Peters
et al. 2005). However, recent evidence shows that the effects
of leptin on vagal afferents are lost with chronic high-fat
diet (HFD) feeding (de Lartigue et al. 2011a, 2012).

Within the stomach wall there are two classes of
mechanically sensitive gastric vagal afferents. In the
muscular layer, tension receptors detect fullness by
responding to distension and contraction of the stomach
wall (Blackshaw et al. 1987; Wang et al. 2008a). In
contrast, mucosal receptors are excited by mechanical
contact of larger food particles with the epithelium,
and may contribute to the discrimination of particle
size. The net effect of activating mucosal afferents is
to trigger vagal reflexes that slow gastric emptying and

facilitate mechanical digestion in the stomach (Becker
& Kelly, 1983). It is currently unknown whether leptin
has differential effects on gastric vagal afferent subclasses
or whether any such effects can be modified by caloric
restriction or excess. Furthermore, the mechanism by
which Lep-Rs trigger changes in the electrical activity of
vagal afferent endings has not been established.

We therefore determined the effect of leptin on
the mechanosensitivity of gastric vagal afferents under
different feeding conditions, including a short-term
restriction in food intake and long-term consumption of
a HFD, and examined the second messenger signalling
pathways activated by leptin. In addition, we established
the relationship between leptin-containing cells in the
gastric mucosa and vagal afferent endings.

Methods

Ethical approval

All studies were approved and performed in accordance
with the guidelines of the Animal Ethics Committees of
the University of Adelaide and SA Pathology, Adelaide,
Australia.

Mice

All mice used for this study were housed with littermates
in groups of four, unless otherwise stated. For the fed
and fasted treatment groups, 8-week-old female C57BL/6
mice, housed individually, were fed ad libitum or fasted for
14 h prior to experimentation. In diet studies, 7-week-old
female C57BL/6 mice were allowed to acclimatize for a
period of 1 week, after which control mice were continued
on a standard laboratory mouse diet (SLD; 7% energy from
fat, n = 52), whilst the HFD mice (n = 51) were placed
on a diet high in fat (60% of energy from fat; Specialty
Feeds, Glen Forrest, WA, Australia) for a further 12 weeks.
During this period the mice were weighed weekly. We
have previously determined that female C57BL/6 mice
fed a HFD have increased total body weight and fat
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mass over a 12 week feeding period compared with SLD
mice (Kentish et al. 2012). Reduced mechanosensitivity of
gastric afferents observed in female HFD mice (Kentish
et al. 2012) has also been observed in intestinal afferents of
male mice (Daly et al. 2011), suggesting that diet-induced
modulation of vagal afferent satiety signals is independent
of gender.

In vitro mouse gastro-oesophageal afferent
preparation

This preparation has been described in detail previously
(Page et al. 2002). In short, C57BL/6 mice were killed
via CO2 inhalation and the thorax opened by a mid-
line incision. The stomach and oesophagus, with intact
vagal nerves, were removed. The stomach and oesophagus
were opened out longitudinally midway between the two
main vagal branches, either side of the oesophagus, and
along the greater curvature of the stomach. The tissue
was then pinned down mucosa side up in an organ bath
containing a modified Krebs solution composed of (in
mM): NaCl, 118.1; KCl, 4.7; NaHCO3, 25.1; NaH2PO4,
1.3; MgSO4·7H2O, 1.2; CaCl2, 1.5; citric acid, 1.0; glucose,
11.1; nifidipine, 0.001; bubbled with 95% O2–5% CO2.
The dissection process was carried out at 4◦C.

Characterization of gastric vagal afferent properties

Receptive fields of mechanically sensitive vagal afferents,
described earlier, were initially located using mechanical
stimulation by brushing gently along the mouse
gastro-oesophageal preparation. Once located, specific
stimuli were then applied. Mucosal stroking was
performed using calibrated von Frey hairs (10–1000 mg),
which were stroked across the mucosa at a rate of 5 mm s−1.
Each receptive field was stroked 10 times, and mechanical
responses from the middle eight strokes were taken for
analysis. Circular tension was applied using a threaded
hook attached to an underpinned point adjacent to the
receptive field. The threaded hook was attached to a
cantilever via a pulley close to the preparation. Standard
weights (0.5–5 g) were then placed on the opposite end of
the cantilever. Each weight was applied for 1 min with a
break of 1 min between removing one weight and applying
the next. After analysing the two stimulus–response
curves, we classified a receptive field as either a mucosal or
tension receptor.

Single-unit vagal afferent recordings

Single units were discriminated on the basis of action
potential shape, duration and amplitude by use of Spike
2 software (Cambridge Electronic Design, Cambridge,
UK). After mechanosensitivity of a receptive field was
established, the effect of leptin on this mechanosensitivity

was assessed by adding leptin (0.1 nM) to the Krebs
solution and allowing it to equilibrate for 20 min.
This equilibration period was observed so as to ensure
penetration of the drug into all layers of the tissue.
After this time the tension–response and stroke–response
curves were redetermined. This procedure was repeated
for leptin at increasingly higher doses (1–10 nM).
Time-controlled experiments were performed in which
there was no significant change in the mechanical
responses over a comparable duration. The second
messenger system used by leptin to elicit its effects on
mechanosensitivity was established using inhibitors of
Janus kinase 2 (JAK2)–AG490 (5 μM; Liu et al. 2011),
phosphatidylinositol 3-kinase (PI3K)–wortmannin
(5 nM; Shyu et al. 2010), phosphodiesterase 3
(PDE3)–cilostamide (5 μM; Williams & Malik, 1990),
phospholipase C (PLC)–U73122 (10 μM; Rogers &
Hermann, 2008), large-conductance calcium-activated
potassium channels (BKCa)–iberiotoxin (100 nM;
Womack & Khodakhah, 2002) and canonical transient
receptor potential cation (TRPC) channels–2-APB
(30 μM; Lievremont et al. 2005), at concentrations
previously reported in the literature before and after
the addition of leptin (10 nM) in a separate series of
experiments to the leptin dose–response experiments.

Drugs

Stock solutions of all drugs were kept frozen at −80◦C
and diluted to their final concentration in Krebs solution
immediately prior to their use in the experiment. Leptin
was obtained from Sigma-Aldrich (Sydney, Australia).
Iberiotoxin, wortmannin, cilostamide, U73122, 2-APB
and AG490 were obtained from Tocris Bioscience (Bristol,
UK).

Nodose ganglia (NDG) quantitative
reverse-transcription polymerase chain reaction
(RT-PCR)

NDG were removed bilaterally from mice from all four
experimental groups. Total RNA was extracted using
an RNeasy Micro Kit (Qiagen, Doncaster, Australia)
according to the manufacturer’s instructions. RNA was
quantified by measuring the absorbance at 260 nm
(A260) using a NanoDropTM ND 1000 spectrophotometer
(Thermo Scientific), and RNA purity was estimated via the
260/280 absorbance ratio. Quantitative RT-PCR reactions
were performed as described in detail previously (Hughes
et al. 2007). Primers targeting Lep-R, TRPC1, TRPC5
and β-tubulin were pre-designed Quantitect Primer assays
(Qiagen). The primer pairs for KCa1.1 were designed using
Primer 3.0 software (Applied Biosystems, Foster City,
USA). Forward primer (TCTACTTTGGCTTGCGGTTT)
and reverse primer (CAAGCCAAGCCAACTTCTGT) for
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KCa1.1 were supplied by Geneworks (Adelaide, Australia).
RT-PCR reactions were carried out using 10 ng of RNA
under the following conditions: reverse transcription,
50◦C for 30 min; initial PCR activation, 95◦C for 15 min:
PCR cycles 94◦C for 15 s, 55◦C for 30 s and 72◦C for
30 s repeated for 50 cycles. A melt curve was obtained
to confirm the specificity of the products produced, and
products were visualised using 3% agarose gel electro-
phoresis with ethidium bromide staining. Relative RNA
levels were calculated using the comparative computed
tomography method as described previously (Pfaffl et al.
2002). Quantitative data are expressed as mean ± SEM.

Anterograde tracing

This procedure has been previously documented (Page
et al. 2009). In brief, mice from the SLD (n = 7) and
HFD (n = 7) groups were anaesthetised with isoflurane
(1–1.5% in oxygen). The left NDG was exposed, and 0.5 μl
of a horseradish peroxidase conjugate of wheat-germ
agglutinin (WGA-HRP; 4 mg ml−1; Vector Laboratories)
was pressure injected into the NDG via a glass micro-
pipette (i.d. 25 μm). The injection site was dried and
skin incision closed. Antibiotic (terramycin; 10 mg kg−1)
and analgesic (butorphanol; 5 mg kg−1) were administered
subcutaneously. Two days following injection of tracer
(WGA-HRP), into the left nodose, the stomach was
removed and dissected into ventral and dorsal flat sheets
along the greater and lesser curvature. Frozen serial trans-
verse sections of ventral flat sheet (10 μm) were then cut
for immunohistochemistry. The dorsal flat sheet had sub-
mucosa and mucosa gently removed leaving the smooth
muscle layers and myenteric plexus intact.

Permanent visualization of WGA-HRP was carried out
using tyramide signal amplification (Perkin Elmer, USA;
Page et al. 2009). Briefly, dorsal sheet whole-mounts and
on-slide sections were rinsed in TNT buffer (0.05% Tween
20, 0.15 M NaCl and 0.1 M Tris–HCl, pH 7.5), blocked for
30 min in TNB (supplied with Perkin-Elmer TSA reagent
kit) and then reacted for 20 min with tyramide-biotin,
diluted 1:50 in amplification diluent. The tissue was
then rinsed in TNT buffer and reacted with streptavidin
conjugated to Alexa Fluor R© 647 (1:200; Invitrogen) for
1–2 h at room temperature. Frozen sections were sub-
sequently processed for leptin immunohistochemistry,
then both sections and whole-mount specimens were
mounted on slides and coverslipped using ProLong anti-
fade (Invitrogen).

Retrograde tracing

Cell bodies of gastric vagal afferents innervating specific
stomach layers were identified using differential tracing
from the stomach as previously documented (Page et al.
2009).

Gastric muscle. SLD (n = 5) and HFD (n = 5) mice
were anaesthetised with isoflurane (1–1.5% in oxygen),
a laparotomy performed, and an Alexa Fluor R© 555
conjugate of cholera toxin β-subunit (CTB-AF555 (0.5%);
Invitrogen) injected subserosally into the muscularis
externa of the proximal stomach using a 30-gauge
Hamilton syringe. Multiple equally spaced injections
of 2 μl were made parallel to and 1–2 mm from the
lesser curvature on both dorsal and ventral surfaces
(total volume 10 μl). The injection sites were dried,
the laparotomy incision was closed, and antibiotic and
analgesic were administered as above.

Gastric mucosa. SLD (n = 5) and HFD (n = 5) mice
were anaesthetised with isoflurane (1–1.5% in oxygen),
a laparotomy performed and a mucolytic (10%
N-acetylcysteine; 200 μl) was injected into the stomach
lumen, then removed via syringe after 5 min, followed
by two saline rinses (200 μl each). Subsequently, 10 μl of
0.5% CTB-AF555 was injected into the proximal gastric
lumen via a 30-gauge Hamilton syringe, and the proximal
stomach walls gently opposed to expose the dorsal and
ventral surfaces to tracer. The laparotomy incision was
then closed, and antibiotic and analgesic administered
as above. Food and water were withheld for 2 h post-
operatively to maximize exposure of tracer.

After 2 days, traced mice were anaesthetised and
perfused as indicated above. The left and right NDG
were then removed and fixed in 4% paraformaldehyde/
phosphate buffer at room temperature for 4 h and sub-
sequently cryoprotected in 30% sucrose at 4◦C for 24 h.
Frozen serial transverse sections (10 μm) were then cut
for immunohistochemistry.

Due to the ethical consideration of restricting food
intake in mice a few days after surgery, these studies were
only performed on SLD and HFD mice. We use the tracer
WGA-HRP because WGA is widely accepted as one of the
optimal anterograde tracers for filling of fine varicosity
endings in vagal afferent pathways, while HRP allows for
tyramide signal amplification to resolve fine anatomical
structures (Kressel, 1998).

Laser capture microdissection

Retrogradely traced NDG were removed and dissociated
before being cultured on a duplex dish for 2 h at 37◦C
in 5% CO2. Cells were then subject to laser-capture
microdissection, performed on a P.A.L.M. R© microbeam
microdissection system (Carl Zeiss, Jena, Germany).
Fluorescent-labelled nodose neurons were microdissected
and catapulted directly into a lysis and stabilisation buffer
(Buffer RLT, RNeasy Micro RNA extraction Kit, Qiagen)
containing 0.14 M β-mercaptoethanol (Sigma-Aldrich,
Australia). The number of neurons captured varied with
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diet so that the maximum neurons possible were captured
in order to maximise the RNA yield. RNA was extracted
from these cells using the same protocol as for whole NDG
(Hughes et al. 2007). There was no significant difference
in RNA yield between the diet groups.

Immunohistochemistry

Immunohistochemistry was carried out in
anterograde-traced stomach sections as described
previously (Page et al. 2009). The primary anti-leptin
antibody (rabbit polyclonal, Santa Cruz) was diluted
1:200 and a chicken anti-rabbit Alexa Fluor R© 488
secondary antibody (1:200; Invitrogen) was used. Slide
sections and whole-mounts were visualized using an
epifluorescence microscope (BX-51, Olympus, Australia)
equipped with filters for Alexa Fluor R© 488 and 647,
with images acquired by a CoolSnapfx monochrome
digital camera (Roper Scientific, Tuscon, AZ, USA).
Pseudocoloured fluorescence images were overlaid and
fluorescence imaging software (Analysis LifeScience,
Olympus) used to calculate the percentage of complete
traced NDG neurons and density of traced vagal afferent
endings in the stomach. Luminance of images was not
adjusted. Counts were performed on a minimum of 10
sections per animal.

Statistical analysis

All data in graphs are expressed as mean ± SEM with
n = the number of individual animals used. Vagal
afferent stimulus–response curves and weight change were
analysed using two-way ANOVA and Bonferroni post hoc
tests. We compared the effects of leptin and mechanical
stimuli on the response of tension and mucosal receptors
using a two-way ANOVA, to establish if leptin affected
the response to mechanical stimulation. The effect of
diet on the modulatory action of leptin on responses to
mechanical stimulation was determined by assessing the
response to either stroking (50 mg von Frey hair; mucosal
receptors) or tension (3 g; tension receptors) at different
concentrations of leptin (0.1, 1 and 10 nM). Significant
differences between diets and leptin concentration were
assessed using two-way ANOVA to determine if diet
caused a change in leptin effect. RNA levels, fat mass and
vagal afferent profiles were analysed using unpaired t tests.
Significance was defined at P < 0.05.

Results

Effect of leptin on gastric vagal afferent
mechanosensitivity in fed and fasted mice

As previously reported (Kentish et al. 2012), short-term
restriction of food intake consistently decreased the
mechanosensitivity of tension receptors to circumferential

stretch (P < 0.05; two-way ANOVA: data not shown), but
not mucosal afferent responses to stroking.

In normal fed mice, leptin (0.1–10 nM) potentiated
the mechanosensitivity of mucosal receptors (P < 0.01;
leptin effect: two-way ANOVA; Fig. 1Aa and C). This
effect was completely lost in fasted mice (Fig. 1Ab). When
the response to mucosal stroking (50 mg) at varying
concentrations of leptin was plotted (Fig. 1Ac), it was
evident that fasting reduces mucosal receptor sensitivity
to leptin (P < 0.001; diet effect; two-way ANOVA). Leptin
had no effect on tension receptor mechanosensitivity in
fed mice (Fig. 1Ba); however, in fasted mice the mechano-
sensitivity of these receptors was reduced by leptin
(P < 0.05; leptin effect: two-way ANOVA; Fig. 1Bb and D).
When the percentage change in response to a 3 g load was
plotted against varying concentrations of leptin (Fig. 1Bc),
it was evident that a restricted diet increased sensitivity
of tension receptors to inhibition by leptin (P < 0.01;
diet effect; two-way ANOVA). Recordings were also made
from oesophageal receptors that showed effects of leptin
similar to those in gastric afferents (Supplementary Fig. 1A
and B).

Effect of leptin in diet-induced obese mice

Mice fed the HFD gained a greater amount of body
weight (P < 0.001; two-way ANOVA) and fat mass
(P < 0.01; unpaired t test) than age-matched controls
(Supplementary Fig. 2).

As previously reported (Kentish et al. 2012), the
mechanosensitivity of tension receptors was reduced
in HFD compared with SLD mice (P < 0.05, two-way
ANOVA), and there was no difference in the mechano-
sensitivity of gastric mucosal receptors between HFD and
SLD mice (data not shown).

In SLD mice, leptin (0.1–10 nM) increased the
mechanosensitivity of mucosal receptors (P < 0.001;
leptin effect: two-way ANOVA; Fig. 2Aa and C), a result
similar to that reported in 8-week-old fed mice (above),
indicating no change in leptin effect with age. Leptin failed
to increase the mechanosensitivity of mucosal receptors
in HFD mice (Fig. 2Ab). When the response to mucosal
stroking (50 mg) was plotted against leptin concentration
(Fig. 2Ac), it was evident that a HFD diet reduced the
sensitivity of gastric mucosal receptors to leptin (P < 0.05;
diet effect; two-way ANOVA). Correspondingly, the effect
of leptin on tension receptor mechanosensitivity was
switched from no effect in SLD (Fig. 2Ba) to inhibition in
HFD mice (P < 0.001; leptin effect: two-way ANOVA; Fig.
2Bb and D). When the percentage change in response to 3 g
load was plotted against concentration of leptin (Fig. 2Bc),
it was evident that a HFD diet increased the sensitivity of
tension receptors to leptin (P < 0.01; diet effect; two-way
ANOVA). Oesophageal vagal afferents were also recorded,
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and their modulation by leptin closely mirrored that
reported for gastric afferents (Supplementary Fig. 1C
and D).

Lep-R expression

To determine if the differential effects of leptin were
due to changes in Lep-R expression, we first compared
mRNA levels of Lep-R in whole NDG. We found there
was no difference in Lep-R expression in the fed and
fasted mice (Fig. 3Aa), or SLD and HFD mice (Fig.
3Ab). However, following differential retrograde tracing to
identify muscular or mucosal gastric afferents (Page et al.
2009), we observed a 94% reduction in Lep-R expression
in mucosal afferents from HFD compared with SLD mice

(P < 0.001; unpaired t test; Fig. 3Ba). In contrast, Lep-R
expression in muscular afferents was similar in mice fed
a HFD or SLD (P > 0.05; Fig. 3Bb). It appears, therefore,
that Lep-R expression is regulated by feeding state only
in mucosal afferents. Quantitative (Q)RT-PCR products
were confirmed to be of appropriate size by agarose gel
electrophoresis (Fig. 3C).

Leptin localization

To determine if the effects of leptin on mechanosensitivity
of mucosal afferents can occur locally, we examined the
relationship between leptin-immunopositive cells in the
gastric mucosa and vagal afferent endings. Anterogradely
traced mucosal vagal afferents were abundant in SLD mice

   

 

   

 

 

 

  

Figure 1. Fasting changes the effects of leptin on gastric vagal afferent mechanosensitivity
Single fibre recording stimulus–response curves of mucosal (Aa, n = 5; Ab, n = 6) and tension (Ba, n = 5; Bb,
n = 5) receptors to mucosal stroking and circular tension, respectively, in fed (Aa and Ba) and fasted mice (Ab
and Bb) before ◦ and after exposure to leptin 0.1 nM �, 1 nM � and 10 nM ♦. Ac and Bc, percentage change in
response to a 50 mg von Frey hair and 3 g tension, respectively, compared with control at varying concentrations
of leptin in fed (•) and fasted (�) mice. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 vs. control (two-way ANOVA). Data
are expressed as mean ± SEM. C, original recording, from a fed mouse, of a mucosal receptor response to mucosal
stroking with a 50 mg von Frey hair (a) prior to leptin and (b) after addition of leptin (10 nM). D, original recording,
from a fasted mouse, of a tension receptor response to 3 g circular tension (a) prior to leptin, (b) after addition of
leptin (10 nM), and (c) the average spike shape of the tension receptor prior to leptin (continuous line) and after
addition of leptin (dashed line) illustrating that both responses were obtained from the same unit.
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and were closely associated with leptin-immunopositive
cells (Fig. 3Da). In contrast, the number of mucosal
afferents traced in HFD mice was reduced by 80%
(P < 0.001; unpaired t test; Fig. 3Dc) and they were located
at an increased distance from leptin-immunopositive
cells (Fig. 3Db). In retrograde labelling experiments, the
number of mucosal afferents that could be traced to
the NDG was 50% lower in HFD compared with SLD
mice (P < 0.01; unpaired t test; Fig. 3Ea–c), presumably
due to the increased distance of the afferent endings from
the lumen of the stomach where the tracer is added. In
contrast, there was no change in the location or number
of muscular afferents in either the stomach or NDG
(Supplementary Fig. 3).

The second messaging systems utilized by leptin

The potentiating effect of leptin on mucosal afferents
(fed (8 weeks old), SLD (20 weeks old) mice) and the
inhibitory effect of leptin on tension-sensitive afferents
(fasted (8 weeks old), HFD (20 weeks old) mice) suggests
that the Lep-R is coupled to different second messenger
systems. Evidence from previous work indicates that JAK2,
PI3K, PDE3, PLC and TRPC channels may be involved in
the potentiating effects of leptin on hypothalamic neuro-
nal function (Zhoa et al. 2002; Hill et al. 2008; Jiang
et al. 2008; Qiu et al. 2010). Using a range of blockers for
these molecules, we show that the potentiating effect of
leptin on afferent mechanosensitivity is abolished when

 

   

 

   

 

 
 

 

Figure 2. The effect of leptin on gastric vagal afferent mechanosensitivity is modified by high fat diet
(HFD)-induced obesity
Single fibre recording stimulus–response curves of mucosal (Aa, n = 5; Ab, n = 6) and tension (Ba, n = 5; Bb,
n = 5) receptors to mucosal stroking and circular tension, respectively, in standard laboratory diet (SLD; Aa and Ba)
and high-fat diet (HFD)-fed mice (Ab and Bb) before ◦ and after exposure to leptin 0.1 nM �, 1 nM � and 10 nM

♦. Ac and Bc, percentage change in response to 50 mg von Frey hair and 3 g tension, respectively, compared with
control at varying concentrations of leptin in SLD (•) and HFD (�) mice. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001 vs.
control (two-way ANOVA). Data are expressed as mean ± SEM. C, original recording, from a SLD mouse, of a
mucosal receptor response to mucosal stroking with a 50 mg von Frey hair (a) prior to leptin and (b) after addition
of leptin (10 nM). D, original recording, from a HFD mouse, of a tension receptor response to 3 g circular tension
(a) prior to leptin, (b) after addition of leptin (10 nM), and (c) the average spike shape of the tension receptor prior
to leptin (continuous line) and after addition of leptin (dashed line), illustrating that both responses were obtained
from the same unit.
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Figure 3. Changes in leptin receptor (Lep-R) expression and neuronal innervation of the mucosa induced
by fasting and diet-induced obesity
Aa, expression of Lep-R mRNA in whole nodose ganglia (NDG) of fed (n = 6) or fasted (n = 7) 8-week-old female
C57BL/6 mice. Ab, expression of Lep-R mRNA in standard laboratory diet (SLD; n = 7) or high-fat diet (HFD;
n = 7)-fed mice. Ba and b, expression of Lep-R mRNA in gastric mucosal and tension afferent neurons, respectively,
in SLD (n = 5) or HFD (n = 6) mice. ∗∗∗P < 0.001 vs. SLD (unpaired t test). C, agarose gel electrophoresis confirming
quantitative reverse-transcription polymerase chain reaction (QRT-PCR) product size from the mucosal traced cells.
D, combined leptin immunohistochemistry and anterogradely traced vagal afferent fibres in the mouse stomach (a:
SLD; b: HFD), showing the relationship between leptin-containing epithelial cells (white arrows) and anterograde
labelled vagal afferent fibres (yellow arrows). The stomach sections show a cross-section through glands at the
base of villi. Dc, proportion of vagal afferent profiles in gastric mucosa of SLD (n = 6) or HFD (n = 6) mice following
anterograde tracing (∗∗∗P < 0.001; unpaired t test). E, vagal afferent cell bodies (white arrows) traced from the
gastric mucosa in the NDG of SLD (a) or HFD (b) mice. Ec, proportion of vagal afferent cell bodies labelled in SLD
(n = 3) or HFD (n = 3) mice (∗∗P < 0.01; unpaired t test). Scale: 50 μm in all instances. Graphed data are expressed
as mean ± SEM.

C© 2013 The Authors. The Journal of Physiology C© 2013 The Physiological Society



J Physiol 591.7 Leptin and gastric vagal afferent satiety signals 1929

any of these targets were inhibited individually (fed:
Fig. 4Aa–e; SLD: Fig. 5Aa–e; indicating no age effect).
However, the potentiating effect of leptin was not affected
by the BKCa blocker iberiotoxin (fed: Fig. 4Af ; SLD: Fig.
5Af ). This suggests that the potentiating effect of leptin
may involve in-series activation of signal transduction
molecules illustrated in Fig. 5B. The presence of TRPC
channels in vagal afferents was corroborated by QRT-PCR

   

   

   

 
 

 

 
 

 

   

   

   

Figure 4. The excitatory effect of leptin on mucosal afferents
from fed mice is conveyed through phospholipase C
(PLC)-mediated activation of a canonical transient receptor
potential cation (TRPC) channel
Single fibre recording stimulus–response curves of mucosal receptors
to mucosal stroking in fed mice (Aa–f , n = 5) before ◦ and after
exposure to second messenger inhibitors (a: AG490 – 5 μM; b:
wortmannin – 5 nM; c: cilostamide – 5 μM; d: 2-APB – 30 μM; e:
U73122 – 10 μM; f : iberiotoxin – 100 nM) �, and in the presence of
the respective second messenger inhibitor and leptin 10 nM �.
∗∗∗P < 0.001 vs. control (leptin effect: two-way ANOVA). B and C,
expression of TRPC5 and C1 mRNA, respectively, in whole nodose
ganglia (NDG) of fed and fasted mice (∗P < 0.05; unpaired t test).
Data are expressed as mean ± SEM.

on whole NDG. We assessed levels of TRPC1 and TRPC5
previously shown to be expressed in NDG (Zhoa et al.
2009) and suggested to be activated by leptin in hypo-
thalamic proopiomelanocortin (POMC) neurons (Qiu
et al. 2010). There was no difference in mRNA transcript
expression of TRPC5 in whole NDG of fed and fasted
mice (P > 0.05; Fig. 4B). However, transcript expression
of TRPC1 was higher in fed compared with fasted mice

   

   

   

   

   

   

Figure 5. The excitatory effect of leptin on mucosal afferents
from 20-week-old standard laboratory diet (SLD) mice is
conveyed through phopholipase C (PLC)-mediated activation
of a canonical transient receptor potential cation (TRPC)
channel and therefore not affected by age
A Single fibre recording stimulus–response curves of mucosal
receptors to mucosal stroking in SLD (Aa–f , n = 5) before ◦ and after
exposure to second messenger inhibitors (a: AG490 – 5 μM; b:
wortmannin – 5 nM; c: cilostamide – 5 μM; d: 2-APB – 30 μM; e:
U73122 – 10 μM; f : iberiotoxin – 100 nM) �, and in the presence of
the respective second messenger inhibitor and leptin 10 nM �.
∗∗∗P < 0.001 vs. control (leptin effect: two-way ANOVA). Data are
expressed as mean ± SEM. B, schematic showing proposed signal
transduction used by leptin to exert potentiation.
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(P < 0.05; unpaired t test; Fig. 4C) and SLD compared
with HFD mice (P < 0.01; unpaired t test: data not shown),
suggesting this may be the channel subtype activated by
leptin to potentiate function of mucosal afferents.

The inhibitory effect of leptin on mechanosensitivity
of tension receptors (fasted, HFD mice) was eliminated
by inhibitors targeting JAK2, PI3K and BKCa (fasted: Fig.
6Aa–c; HFD: Fig. 7Aa–c), but was unaffected by inhibitors
targeting PDE3, PLC and TRPC (fasted: Fig. 6Ad–f ; HFD:
Fig. 7Ad–f ). These data demonstrate a divergence in
the signalling pathway prior to the effector channel, as

  

 
 

 

 

  

 

Figure 6. Leptin inhibits gastric tension receptors through
phosphatidylinositol 3-kinase (PI3K) activation of
large-conductance calcium-activated potassium channel
(BKCa) in fasted mice
Single fibre recording stimulus–response curves of tension receptors
to circular tension in fasted mice (Aa–f , n = 5) before ◦ and after
exposure to the second messenger inhibitors (a: AG490 – 5 μM; b:
wortmannin – 5 nM; c: iberiotoxin – 100 nM; d: cilostamide – 5 μM;
e: U73122 – 10 μM; f : 2-APB – 30 μM) �, and in the presence of the
respective second messenger inhibitor and leptin 10 nM �.
∗∗P < 0.01, ∗∗∗P < 0.001 vs. control (leptin effect: two-way ANOVA).
B, expression of KCa1.1 mRNA in whole nodose ganglia (NDG) of
fed and fasted mice (∗P < 0.05; unpaired t test). Data are expressed
as mean ± SEM.

illustrated in Fig. 7B. Performing QRT-PCR targeting the
KCa1.1 subunit of BKCa, we found that transcript levels
were higher in the whole NDG of fasted compared with
fed mice (P < 0.05; unpaired t test; Fig. 6B) and HFD
compared with SLD mice (P < 0.05; unpaired t test; data
not shown).

Discussion

We have shown that the appetite-suppressant peptide
leptin has a potent potentiating effect on mucosal vagal

 

  

 

  

Figure 7. Leptin-induced inhibition of tension receptor
mechanosensitivity in mice fed a high-fat diet (HFD) is
mediated by activation of large-conductance
calcium-activated potassium channels (BKCa)
A, single fibre recording stimulus–response curves of tension
receptors to circular tension in HFD mice (Aa–f , n = 5) before ◦ and
after exposure to second messenger inhibitors (a: AG490 – 5 μM; b:
wortmannin – 5 nM; c: iberiotoxin – 100 nM; d: cilostamide – 5 μM;
e: U73122 – 10 μM; f : 2-APB – 30 μM) �, and in the presence of the
respective second messenger inhibitor and leptin 10 nM �.
∗∗∗P < 0.001 vs. control (leptin effect: two-way ANOVA). Data are
expressed as mean ± SEM. B, schematic showing proposed signal
transduction used by leptin to exert inhibition.

C© 2013 The Authors. The Journal of Physiology C© 2013 The Physiological Society



J Physiol 591.7 Leptin and gastric vagal afferent satiety signals 1931

afferents during feeding, which is lost in response to
fasting or HFD-induced obesity. In contrast, the mechano-
sensitivity of muscular vagal afferents was not affected by
leptin during feeding, but was reduced by leptin after
fasting or HFD-induced obesity. The varying effect of
leptin on specific vagal afferent subtypes is due to coupling
of the Lep-R to alternative second messenger systems. The
changes in effect of leptin with feeding status are due
to alterations in the coupling of Lep-R to these alternate
second messenger systems and partly through reduced
Lep-R expression. The data strongly suggest that leptin has
important but opposite effects on vagal afferent signalling
in normal and energy-imbalanced states.

The observation that leptin increases mechano-
sensitivity of mucosal receptors in fed mice, but not in
fasted or HFD-fed mice, indicates that at least in part, the
anorexigenic effect of leptin may be peripherally mediated.
Consistent with this notion is the observation that leptin
acts synergistically with cholecystokinin (CCK) on peri-
pheral intestinal vagal afferent neurons to potentiate the
effect of CCK on satiety (Barrachina et al. 1997; de Lartigue
et al. 2010). In our preparation, leptin potentiates the
mechanosensitivity of gastric vagal mucosal afferents. This
mechanism of action makes sense, as it is well described
that the tactile sensitivity of mucosal receptors facilitates
detection of food particle size in the gastric lumen, and
can initiate sensory feedback to delay gastric emptying
and food intake via a vagal pathway (Becker & Kelly, 1983;
Raybould & Tache, 1988). It has been reported that only
15% of vagal afferent cell bodies projecting to the rat
fundus are Lep-R immunoreactive (Peiser et al. 2002),
whereas in the current study all mucosal afferents from
fed and SLD mice were potentiated by leptin. We speculate
that, other than the possibility of species differences, Lep-R
protein is rapidly trafficked to vagal peripheral endings,
upon which leptin released from the gastric mucosa elicits
modulation, and that the residual low levels of Lep-R
in vagal cell bodies are difficult to detect with current
immunohistochemical techniques.

The loss of effect of leptin on mucosal receptors in
HFD mice is consistent with existing evidence of leptin
resistance in obesity (Frederich et al. 1995; de Lartigue
et al. 2011a, 2012), which we extend here to show is due to
a specific reduction in Lep-R expression in mucosal vagal
afferents, which may be paired with reduced expression
of the putative effector channel, TRPC1. Furthermore, we
identified a marked reduction in the close apposition of
mucosal afferents to leptin-secreting cells in HFD mice.
Such reorganisation of peripheral afferent endings would
reduce the likelihood of gastric leptin–vagal signalling
per se, further contributing to the net loss of signal
from vagal afferents due to reduced leptin potentiation
of individual mucosal afferents. We observed that Lep-R
transcript expression in mouse whole NDG was unaffected
by a short-term restriction in food intake or a HFD. In

contrast, it has previously been demonstrated that Lep-R
protein expression in the rat whole NDG is increased after
fasting (Buyse et al. 2001). These differences may be species
specific, or differences between transcript and protein
regulation. In our traced vagal afferents we observed a
quantitative reduction in Lep-R expression in mucosal
afferents from HFD mice, which is in accord with the lack
of effect of leptin on these afferents.

Evidence here of an inhibitory effect of leptin on tension
receptors in fasting and HFD mice contrasts significantly
with the extensive literature on leptin resistance in
obesity (Frederich et al. 1995; de Lartigue et al. 2011b,
2012). There is evidence that leptin can inhibit neurons,
for example, leptin has been shown to inhibit hypo-
thalamic appetite-stimulatory neuropeptide Y neurons in
rats, whilst also activating appetite-suppressing POMC
neurons (Cowley et al. 2001; Morrison et al. 2005; Qiu
et al. 2010). The novel observation in the current study is
that the peripheral inhibitory effect of leptin on muscular
afferents appears to occur in mutual exclusion to its
excitatory effect on mucosal afferents, dependent on
feeding status. However, due to the limited time points
studied it is not possible to determine whether there is a
point where both the potentiating and inhibiting effects
of leptin are present. We have previously shown that
mechanosensitivity of tension receptors is reduced after
fasting or HFD (Kentish et al. 2012). Our current findings
reveal that leptin causes a further decrease in the mechano-
sensitivity of tension receptors in both fasted and HFD
mice. Tension receptors in the stomach detect distension
(Powley & Phillips, 2004) following the ingestion of food.
Gastric distension has been shown to activate satiety
circuitry in the human brain and increase feelings of
fullness (Wang et al. 2008b). Therefore, reduced mechano-
sensitivity of these afferents by leptin may permit ingestion
of more food before satiation is reached, and although we
have yet to undertake the behavioural studies to confirm
this, rodents with diet-induced obesity have been shown to
consume larger meals (Farley et al. 2003). This may be an
adaptive function to allow an increase in energy intake
to occur when food is readily available and perceived
as ‘abundant’. The exact triggers for this ‘switch’ in the
effect of leptin require further investigation, but lead
candidates are specific nutrients and appetite-regulating
hormones/peptides.

It is well established that the Lep-R is linked to JAK2
(Jiang et al. 2008) signalling through a PI3K pathway
(Hill et al. 2008). Our data indicate that the modulatory
effect of leptin on gastric afferent mechanosensitivity is
likewise mediated through JAK2 and PI3K. There appears,
however, to be a divergence in the second messenger
pathways utilised by tension and mucosal afferents after
this point. Importantly, our study suggests that the
excitatory effect of leptin on gastric mucosal afferents may
be mediated through PLC activation of a TRP channel,

C© 2013 The Authors. The Journal of Physiology C© 2013 The Physiological Society



1932 S. J. Kentish and others J Physiol 591.7

possibly TRPC1, which has been shown to be preferentially
expressed in capsaicin-sensitive vagal afferents (Zhoa et al.
2009). This view is further supported by studies showing
that the short-term appetite-suppressive effect of leptin is
abolished upon capsaicin pre-treatment, and by reports
that TRPC1 is highly expressed in POMC neurons that
are leptin activated (Qiu et al. 2010). TRPC1 knockout
mice are also known to gain more weight than their
wild-type counterparts, indicating a role for TRPC1 in
appetite regulation (Dietrich et al. 2007). The potentiating
effect of leptin on gastric mucosal afferents also appears to
rely on activity of PDE3. This could be due to an indirect
activation of TRPC1, as cAMP and protein kinase A can
inhibit PLC (Yada et al. 1989; Campbell et al. 1990), and
would therefore prevent PLC activation of TRP channels.
Accordingly, PDE3 may assist in mediating excitation by
inhibiting the activity of molecules that oppose excitatory
responses to leptin.

Leptin can activate ATP-activated potassium channels,
via a PDE3-mediated pathway (Harvey et al. 1997;
Williams et al. 2007), which represents a candidate
mechanism for the inhibitory action of leptin on tension
receptors in HFD and fasted mice. However, in the pre-
sent study, PDE3 inhibition did not alter the inhibitory
effect of leptin and therefore this pathway is less likely to
be involved. Another report demonstrated that leptin can
cause neuronal inhibition via BKCa (Shanley et al. 2002).
Consistent with this we found that the inhibitory effect of
leptin on gastric tension-sensitive afferents was abolished
by blockade of BKCas. This was further supported by an
increase in KCa1.1 expression seen in the whole NDG
of fasted and HFD mice, suggesting that the channel
responsible for signalling the inhibitory effect of leptin
is upregulated by energy restriction or excess.

The in vitro effects of leptin on gastric vagal afferents
were also observed in oesophageal afferents indicating that
changes in afferent sensitivity following a HFD extend
more generally to gastrointestinal afferent populations.
However, the close apposition of vagal afferent endings
and leptin-containing P-cells in the stomach mean that
only the gastric afferent populations would be likely
to undergo in vivo signalling changes based on leptin
sensitivity. This selectivity, however, may be reduced in
obesity where the plasma levels of leptin are significantly
increased (Frederich et al. 1995), and needs to be
considered in any potential targeted pharmacotherapy for
obesity.

In conclusion, we have established that leptin has an
excitatory effect on gastric mucosal vagal afferents that
is abolished after both food restriction and an excess of
energy intake. In contrast, leptin has an inhibitory effect
on gastric tension-sensitive vagal afferents, evident only
after food restriction or energy excess. These data highlight
the plasticity in the mechanism of action of leptin under
different feeding conditions and provide potential new

targets for novel peripherally acting pharmacotherapies to
modify food intake in obesity.
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Translational perspective

Obesity is resistant to behavioural intervention but, to date, pharmacological approaches mainly
aimed at appetite control in the CNS have had limited efficacy or unacceptable adverse effects.
Targeting the initiation of the satiety signal in the periphery is an attractive therapeutic approach,
and in the gut this involves integration of gastric and intestinal feedback signalling. Discovery of the
satiety hormone leptin promised a new approach in the pharmacotherapy of obesity, but after more
than 30 trials it was not possible to demonstrate that leptin was effective to ameliorate obesity. We
hypothesised that the effect of leptin on gastric vagal afferent satiety signals is dependent on feeding
status. This article reveals plasticity of the second messenger pathways activated by leptin, whereby
HFD-induced obesity is associated with a change in the signalling pathway so as to limit satiety. In
addition, we have shown that the response of gastric afferents to meal-related stimuli is dramatically
altered by both calorie restriction and calorie excess, and thus undergoes extensive plasticity. It is
important that this plasticity in the satiety signal is taken into account in any treatment regimes.
It remains to be determined whether any ‘switch back’ occurs with diet-induced weight loss, or
whether there is a time point beyond which any changes persist. However, the second messenger
pathways specifically activated by leptin in HFD conditions in the stomach are potential targets for
the treatment of obesity.
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