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Abstract

Aim

Within the gastrointestinal tract vagal afferents play a role in control of food intake and sati-

ety signalling. Activation of mechanosensitive gastric vagal afferents induces satiety. How-

ever, gastric vagal afferent responses to mechanical stretch are reduced in high fat diet

mice. Transient receptor potential vanilloid 1 channels (TRPV1) are expressed in vagal

afferents and knockout of TRPV1 reduces gastro-oesophageal vagal afferent responses to

stretch. We aimed to determine the role of TRPV1 on gastric vagal afferent mechanosensi-

tivity and food intake in lean and HFD-induced obese mice.

Methods

TRPV1+/+ and -/- mice were fed either a standard laboratory diet or high fat diet for 20wks.

Gastric emptying of a solid meal and gastric vagal afferent mechanosensitivity was

determined.

Results

Gastric emptying was delayed in high fat diet mice but there was no difference between

TRPV1+/+ and -/- mice on either diet. TRPV1 mRNA expression in whole nodose ganglia of

TRPV1+/+ mice was similar in both dietary groups. The TRPV1 agonist N-oleoyldopamine

potentiated the response of tension receptors in standard laboratory diet but not high fat diet

mice. Food intake was greater in the standard laboratory diet TRPV1-/- compared to

TRPV1+/+ mice. This was associated with reduced response of tension receptors to stretch

in standard laboratory diet TRPV1-/- mice. Tension receptor responses to stretch were

decreased in high fat diet compared to standard laboratory diet TRPV1+/+ mice; an effect

not observed in TRPV1-/- mice. Disruption of TRPV1 had no effect on the response of

mucosal receptors to mucosal stroking in mice on either diet.
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Conclusion

TRPV1 channels selectively modulate gastric vagal afferent tension receptor mechanosen-

sitivity and may mediate the reduction in gastric vagal afferent mechanosensitivity in high

fat diet-induced obesity.

Introduction
Transient receptor potential (TRP) channels comprise a superfamily of nonselective cation chan-
nels [1]. Initially described as “Thermo TRPs” [2], more recent investigations have shown that
they respond to a number of different stimuli. For example, it has been demonstrated that several
TRP vanilloid (V) channels, including TRPV1, are also mechano- and osmo-sensitive [3]. The
TRPV1 channel is best known as a mediator of noxious or painful stimuli [4]. However, since its
discovery, physiological roles of TRPV1, not associated with pain are becoming apparent, includ-
ing roles in the regulation of energy balance and intermediary metabolism [5, 6]. It has been sug-
gested that activation of TRPV1 channels might be a target for the management of obesity [7].

Gastrointestinal (GI) vagal afferent nerves play an important role in the control of food
intake and satiety signalling. An important component of these satiety signals involves gastric
vagal afferents which respond to mechanical distension of the stomach [8, 9]. Within the wall
of the stomach there are two classes of mechanically sensitive gastric vagal afferents. As men-
tioned, in the muscular layer, tension receptors detect fullness by responding to distension and
contraction of the stomach wall [8, 10]. In contrast, mucosal receptors are excited by mechani-
cal forces associated with contact of larger food particles with the epithelium, and thus are
likely to be involved in the discrimination of particle size. The net effect of activating mucosal
afferents is to trigger vagal reflexes which slow gastric emptying and facilitate mechanical
digestion in the stomach [11]. In high fat diet (HFD) induced obesity there is a dampened
response of gastric tension receptors to stretch [12] which may contribute to the facilitation of
ongoing food intake despite energy sufficiency and an expanded adipose tissue store.

TRPV1 channels are expressed in the nodose ganglia [13] and more specifically in cell bodies
of vagal afferents innervating the upper GI tract [14]. Gastro-oesophageal vagal afferent
responses to distension are attenuated in TRPV1-/- mice [15] indicating a role in gastric tension
receptor mechanosensitivity. It is plausible that the HFD induced reduction in gastric vagal affer-
ent mechanosensitivity is due to changes in TRPV1 mediated signalling. Therefore we aimed to
determine whether this was the case, by using an in vitro gastro-oesophageal vagal afferent prep-
aration from TRPV1 intact and deficient mice fed either a standard laboratory or high fat diet.

Materials and Methods
All studies were approved and performed in accordance with the guidelines of the Animal Eth-
ics Committees of the University of Adelaide and Institute for Medical and Veterinary Science,
Adelaide, Australia. Every attempt was made to limit the number of animals used and mini-
mize their suffering.

Animals
All mice in these studies were bred from Jackson Laboratories (Bar Harbour, ME, USA) C57BL/
6J (TRPV1+/+) and B6.129X1-TRPV1tm1Jul/J (TRPV1-/-) mice. 20 male TRPV1+/+ and 20
male TRPV1-/- mice were individually housed under a 12 hour light: dark cycle (lights on at
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06:00) with free access to food and water. After a week to acclimatize 8 week old mice were
assigned randomly to either a 20 week standard laboratory diet (SLD) group (Energy: 12% from
fat, 65% from carbohydrate and 23% from protein; Specialty feeds, Glen Forest, Western Austra-
lia, Standard meat free rat and mouse diet; N = 20 (N = 10 TRPV1+/+ and N = 10 TRPV1-/-))
or a 20 week HFD group (Energy: 60% from fat, 20% from carbohydrate and 20% from protein;
Research diets Inc., New Brunswick, USA, #D12492); N = 20 (N = 10 TRPV1+/+ and N = 10
TRPV1-/-)). The mice were weighed weekly and food intake monitored over the 20 week diet
period. Gonadal fat pad mass and stomach content were determined from all mice on the day
they were used for the ex-vivomouse gastro-oesophageal vagal afferent preparation. A separate
cohort of male C57Bl/6J mice (N = 12) were assigned either a SLD (N = 6) or a HFD (N = 6) for
20 weeks prior to electrophysiology studies to investigate the effect of a TRPV1 agonist, N-
oleoyldopamine (OLDA), on gastric vagal afferent mechanosensitivity.

Breath test analysis to determine gastric emptying rate
The effect of diet and disruption of TRPV1 channels on gastric half emptying time of a solid
meal (t ½) was determined at the 18 week time point using breath test analysis as previously
described [16, 17]. Briefly, mice were fasted overnight. Following the baseline breath sample
collection, mice were given 0.1 g of baked egg yolk containing 1 μg ml-1 of 13C-labelled octanoic
acid (99% enrichment, Cambridge Isotope Laboratories) to consume within 1min. Breath sam-
ples were collected at regular intervals (0–150 min) and analysed, with an isotope ratio mass
spectrometer (ABCA 20/20 Europa Scientific, Crewe, UK), for 13CO2 content. Nonlinear
regression analysis for curve fitting was used to calculate gastric half-emptying time (t ½).

In vitromouse gastro-oesophageal afferent preparation
This preparation has been described in detail previously [18, 19]. In short, TRPV1+/+ or
TRPV1-/- male mice on the SLD or HFD diets were anaesthetised with isoflurane and sacri-
ficed via exsanguination between 0900 and 0930hr. The stomach and oesophagus, with intact
vagal nerves, were removed and placed mucosa side up in an organ bath containing a modified
Krebs solution comprised of (in mM): 118.1 NaCl, 4.7 KCl, 25.1 NaHCO3, 1.3 NaH2PO4, 1.2
MgSO4.7H2O, 1.5 CaCl2, 1.0 citric acid, 11.1 glucose and 0.001 nifedipine, bubbled with 95%
O2- 5% CO2.

Characterization of gastric vagal afferents
In mice two types of mechanosensitive gastric vagal afferent have been reported [18]: mucosal
receptors respond to mucosal stroking, but not to circular tension and tension receptors
respond to both mucosal stroking and circular tension. Mucosal stroking was performed using
calibrated von Frey hairs (10–1000mg) stroked across (5mms-1) the receptive field. The
mechanical response of the middle eight of ten strokes was taken for analysis. Circular tension
was applied using a threaded hook attached to a cantilever system via a pulley close to the prep-
aration. Weights (1–5g) were placed on the opposite end of the cantilever for one minute. A
break of at least a minute was allowed between removing one weight and applying the next.

Effect of N-oleoyldopamine on the mechanosensitivity of gastric vagal
afferents
After mechanical sensitivity of the gastric vagal afferents had been established, the effect of the
TRPV1 agonist N-oleoyldopamine (OLDA) on mechanical sensitivity was determined. OLDA
(0.1μM) was added to a ring placed over the receptive field and allowed to equilibrate for 5 min
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after which time the ring was removed and the responses to 3g circumferential stretch for ten-
sion receptors and the stroke-response (10–1000mg) curves for mucosal receptors were rede-
termined. This procedure was repeated for OLDA at increasingly higher doses (1–10 μM).
Time-controlled experiments were performed in which there was no significant change in the
mechanical responses over a comparable duration.

Data recording
Afferent impulses were amplified with a biological amplifier (DAM 50, World Precision Instru-
ments, Sarasota, FL, USA), and filtered (band-pass filter 932, CWE, Ardmore, PA, USA). 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).

Nodose ganglia quantitative RT-PCR
Nodose ganglia were removed bilaterally from TRPV1+/+ mice on both diets. Total RNA was
extracted using an Invitrogen PureLink RNAMicro Kit (Life Technologies, Mulgrave, Austra-
lia), according to the manufacturer’s instructions, and included an on-column DNase step for
DNA-free RNA. Total RNA yield and quality were quantified on a NanoDrop Lite spectropho-
tometer (Thermo Fisher Scientific, Scoresby, Australia) with an OD260/280 of greater than 1.8
accepted as sufficiently pure for downstream amplification. cDNA synthesis from total RNA
was performed using the Superscript III First-Strand Synthesis Supermix Kit (Cat. No.18080-
400, Life Technologies) according to manufacturer’s instructions. Taqman Fast Advanced
Master Mix (Cat. No. 4444964, Life Technologies) and pre-designed, pre-formulated Taqman
Gene Expression Assays with FAM dye labelled MGB probe which targeted protein-coding
transcripts for TRPV1 (Assay ID: Mm01246302_m1) and beta-2-microglobulin (B2m, Assay
ID: Mm00437762_m1) were used to perform the real-time RT-PCR reactions on a 7500 Fast
Real-time PCR System (Life Technologies). The control assay, B2m, was chosen to normalise
the amount of cDNA added for each sample as it did not vary significantly between diet groups.
No template controls, for each gene expression assay, were performed in duplicate and four
technical replicates were run for each reaction. For each individual PCR reaction the mix con-
tained; Taqman Fast Advanced Master Mix 5μL, cDNA template 2.5μL (5ng), 0.5μL Taqman
Gene Expression Assay and 2μL nuclease-free water to make a total volume of 10μL. Thermal-
cycling profile included; UNG incubation 2min 50°C, polymerase activation 20sec 95°C, PCR
(40 cycles) 0.3sec 95°C (Denature) and 30sec 60°C (Anneal/extend).

Data were analysed using the 2-ΔCT method with DataAssistTMReal Time PCR Analysis
Software (Life Technologies).

Statistical analysis
All data in graphs are expressed as mean values ± SEM with N = number of animals studied.
Vagal afferent stimulus-response curves and weight change were analysed using two-way anal-
ysis of variance (2-way ANOVA) and Bonferroni post hoc tests. RNA levels, fat mass, food
intake and gastric emptying rate were analysed using a one-way ANOVA with a Tukey post
hoc test. Significance was defined at p<0.05.

Results

Diet induced changes to mouse weight and fat mass
The HFDmice gained more weight than the SLD mice (Fig 1A and 1B; p<0.001 in both
TRPV1+/+ and-/- mice). There was no difference in weight between TRPV1+/+ and-/- mice
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on either diet (Fig 1A and 1B). The gonadal fat pad mass was significantly higher in mice fed a
HFD compared to mice fed a SLD (Fig 1C; p<0.001 in both TRPV1+/+ and-/- mice). There was
no difference in gonadal fat pad mass between TRPV1+/+ and-/- mice on either diet (Fig 1C).

High fat diet induced changes in gastric mechanosensitivity are not
observed in TRPV1-/- mice
Gastric tension receptor mechanosensitivity in TRPV1+/+ HFDmice is significantly reduced
compared to the TRPV1+/+ SLD mice (Fig 2Ai, p<0.001). In contrast, there was no difference
in the mechanosensitivity of TRPV1-/- mice fed either a SLD or HFD (Fig 2Aii). There was no
difference in the response to mucosal stroking by mucosal receptors between any of the groups
of mice (Fig 2Bi and ii).

TRPV1 mRNA content was observed in the whole nodose ganglia of TRPV1+/+ mice (Fig
2C). There was no significant difference in the level of TRPV1 mRNA content in the whole
nodose ganglia of TRPV1+/+ mice fed either a SLD or HFD (Fig 2C).

The TRPV1 agonist, OLDA (1–10μM), significantly increased the response of gastric tension
receptors to 3g circular tension in mice fed a SLD (N = 6; Fig 3A & 3B) but not in mice fed a
HFD (N = 6; Fig 3C). When the percentage potentiation was plotted against the concentration of

Fig 1. Diet dependent changes to mouse body parameters. (A) The weight gain of TRPV1+/+ (solid symbols) and TRPV1-/- (open symbols) mice fed
either a standard laboratory diet (SLD, N = 10/group; ● and �) or a high fat diet (HFD, N = 10/group; ■ and □). The final body weight (B) and gonadal fat pad
mass (C) of TRPV1+/+ and-/- mice fed a SLD (solid bars) or HFD (open bars) at the end of the 20 week diet regime., ***p<0.001 vs. SLD

doi:10.1371/journal.pone.0135892.g001
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Fig 2. Mechanosensitivity of gastric vagal afferents in TRPV1+/+ and-/- mice. Stimulus response functions of tension-sensitive (A) and mucosal (B)
gastric vagal afferents from (i) TRPV1+/+ and (ii) TRPV1-/- mice fed a SLD (● or �, N = 10) or HFD (■ or □, N = 10). *** p<0.001 vs. SLD. (C) TRPV1 channel
mRNA content in whole nodose ganglia of TRPV1+/+ mice fed a SLD (closed bar; N = 6) or HFD (open bar; N = 6).

doi:10.1371/journal.pone.0135892.g002

TRPV1 in Gastric Vagal Afferent Signalling

PLOS ONE | DOI:10.1371/journal.pone.0135892 August 18, 2015 6 / 15



OLDA it was evident that diet significantly altered the response to mechanical stimulation in the
presence of OLDA (Fig 3D: p<0.001; diet effect, two-way ANOVA). OLDA (1–10μM) had no
effect on the response of gastric mucosal receptors to stroking with a 50mg von Frey hair in mice
fed a SLD or HFD (N�4; Fig 4).

Disruption of TRPV1 channels reduces the mechanosensitivity of gastric
tension receptors and leads to associated changes in food intake in mice
fed a SLD
Gastric tension receptor mechanosensitivity is significantly reduced in TRPV1-/- compared to
TRPV1+/+ mice fed a SLD (Fig 5A; p<0.001). There was no difference in the rate of gastric
emptying of a solid meal between TRPV1+/+ and-/- mice fed a SLD (Fig 5B). Consistent with
the observed differences in gastric vagal afferent mechanosensitivity daily food intake was
higher in the TRPV1-/- mice compared to the TRPV1+/+ mice fed a SLD (Fig 5C; p<0.001).

Fig 3. Mechanosensitivity of gastric vagal afferent tension receptors in the absence and presence of N-oleoyldopamine (OLDA). (A) In mice fed a
SLD (N = 6), the response of gastric tension receptors to 3 g circular stretch. * p<0.05 vs. 0μMOLDA. (B) Typical response of a gastric tension receptor from
a SLDmouse to 3 g tension in the (i) absence and (ii) presence of the TRPV1 agonist OLDA (10μM). (C) In mice fed a HFD (N = 6), the response of gastric
tension receptors to 3 g circular stretch. (D) Percentage potentiation, in the presence of OLDA (0.1–10 μM), of gastric tension receptor responses to 3 g
circular stretch in mice fed a SLD (■; N = 6) or a HFD (●: N = 6). ***p<0.001; diet effect, two-way ANOVA.

doi:10.1371/journal.pone.0135892.g003
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In addition, stomach content at the end of the diet period was significantly greater in the
TRPV1-/- mice compared to the TRPV1+/+ mice fed a SLD (Fig 5D; p<0.001).

Disruption of the TRPV1 channel fails to affect the mechanosensitivity of
gastric tension receptors in mice fed a HFD
Gastric tension receptor mechanosensitivity of TRPV1+/+ and-/- mice fed a HFD is compa-
rable (Fig 6A). There was no difference in the rate of gastric emptying of a solid meal in
TRPV1+/+ and-/- mice fed a HFD (Fig 6B). However, the rate of gastric emptying was signif-
icantly delayed in the mice fed a HFD (Fig 6D) compared to mice fed a SLD (Fig 5B; p<0.001
for both TRPV1+/+ and-/- mice; data not illustrated on the same graph). There was no dif-
ference in the daily food intake (Fig 6C) or the final stomach content (Fig 6D) between
TRPV1+/+ and-/- mice fed a HFD. On the first day of the diet, food intake in the HFD

Fig 4. Mechanosensitivity of gastric vagal afferent mucosal receptors in the absence and presence of
N-oleoyldopamine (OLDA). The response of gastric mucosal receptors to mucosal stroking with a 50mg von
Frey hair in (A) mice fed a SLD (N = 4) and (B) mice fed a HFD (N = 5).

doi:10.1371/journal.pone.0135892.g004
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groups was significantly higher than SLD groups (TRPV1+/+: SLD, 3.24±0.22g; HFD, 4.27
±0.17g (p<0.05); TRPV1-/-: SLD, 3.36±0.16g; HFD, 4.97±0.17g (p<0.05)). This was followed
by a reduction in food intake up to the 2 week time point, in the HFD group, and then a grad-
ual increase in food intake over the remaining diet period (Fig 6C).

Discussion
These data provide the first evidence that the reduced activity of gastric vagal afferents to dis-
tension in HFD conditions is likely due to disruption of TRPV1 channel signalling. The reduc-
tion in gastric tension receptor mechanosensitivity in HFD-induced obesity was not observed
in TRPV1-/- mice. In addition, pharmacological studies revealed that the TRPV1 agonist
OLDA potentiates responses of gastric tension receptors to circular tension in mice fed stan-
dard mouse chow but not in mice fed a HFD. The mechanosensitivity of gastric mucosal recep-
tors was unaffected by HFD-induced obesity and/or TRPV1 channel disruption.

Fig 5. Tension receptor mechanosensitivity, food intake and gastric emptying in TRPV1+/+ and-/- SLDmice. (A) The response of gastric tension
receptors to circular stretch (1–5g) in TRPV1+/+ (●) and TRPV1-/- (�) mice fed a SLD. (B) Gastric half emptying time (t1/2) of a solid meal in TRPV1+/+
(closed bar; N = 10) and TRPV1-/- (open bar; N = 10) mice fed a SLD. (C) Daily food intake in TRPV1+/+ (●; N = 10) and TRPV1-/- (�; N = 10) mice fed a SLD.
(D) Stomach content at the end of the 20 week diet period at the point of collection of tissue for experimentation (0900–0930hr) in TRPV1+/+ (closed bar;
N = 10) and TRPV1-/- (open bar; N = 10) mice fed a SLD. *** p<0.001 vs TRPV1+/+ mice.

doi:10.1371/journal.pone.0135892.g005
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Satiety signals from the stomach and small intestine, mediated by the vagus, are reduced in
HFD conditions [12, 20]. In addition, consistent with previous reports on colonic [21], jejunal
[22] and gastro-oesophageal vagal afferent mechanosensitivity [15], the response of gastric ten-
sion receptors to stretch are also reduced in TRPV1-/- mice. However, there was no further
reduction in gastric tension receptor mechanosensitivity in TRPV1-/- mice fed a HFD. This
suggests that the reduction in mechanosensitivity, observed in HFD mice in this study and by
others [12, 20], may be due to disruption of the TRPV1 signalling pathway. This is supported
by the observation that OLDA, a TRPV1 agonist, potentiated the response of gastric tension
receptors to stretch in mice fed a SLD but not in mice fed a HFD. An alternative hypothesis is
that TRPV1-/- or HFD feeding reduces gastric tension receptor mechanosensitivity to its low-
est point so that both interventions fail to have an additive effect. However, we know that we
can further reduce gastric tension receptor mechanosensitivity in HFD mice by exposing the
afferent endings to leptin [23] and thus these afferents are capable of further reduction. In this
study, only the maximum response to stretch was reduced in TRPV1-/- mice, and not the

Fig 6. Tension receptor mechanosensitivity, food intake and gastric emptying in TRPV1+/+ and-/- HFDmice. (A) The response of gastric tension
receptors to circular stretch (1–5g) in TRPV1+/+ (●) and TRPV1-/- (�) mice fed a HFD. (B) Gastric half emptying time (t1/2) of a solid meal in TRPV1+/+
(closed bar; N = 10) and TRPV1 -/- (open bar; N = 10) mice. (C) Daily food intake in TRPV1+/+ (●; N = 10) and TRPV1-/- (�; N = 10) mice fed a HFD. (D)
Stomach content at the end of the 20 week diet period at the point of collection of tissue for experimentation (0900–0930hr) in TRPV1+/+ (N = 10) and
TRPV1-/- (N = 10) mice fed a HFD.

doi:10.1371/journal.pone.0135892.g006
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threshold. In contrast, a previous report [15] indicated the threshold for activation of gastro-
esophageal vagal afferents is increased in TRPV1-/-, with no change in maximum response.
Therefore, a more detailed evaluation of the mechanisms behind TRPV1 effects on gastric
vagal afferents is required. In adipose tissue expression of TRPV1 mRNA and protein is
reduced in obesity [5], however, in the whole nodose ganglia TRPV1 mRNA content was not
significantly altered in HFD mice. Thus the change in mechanosensitivity in HFD conditions
cannot be simply explained by changes in TPRV1 channel expression. It should be noted, in
the current study TRPV1 mRNA content was determined in the whole nodose ganglia and this
may not reflect receptor expression in specific vagal afferent populations. Gastric afferents rep-
resent only about 10% of neurones in the nodose ganglia [24] and therefore it is feasible that
changes in TRPV1 channels within select subpopulations of gastric afferents may not be appar-
ent especially considering that about half of the cells within the whole nodose ganglia are
TRPV1 positive [25]. In addition to direct gating mechanisms TRP channels are known to be
modulated downstream of G protein-coupled receptors via a variety of second messenger path-
ways [26, 27]. Thus in neurons TRP channels can serve as cellular sensors to a variety of chemi-
cal stimuli. For example, endocannabinoids can modulate the activity of TRPV1 channels
either directly or via G protein-coupled cannabinoid receptors [28]. In GI vagal afferent neu-
rons this modulation of TRPV1 channels may play an important role in vagal afferent satiety
signalling. In HFD conditions, where the circulating levels of appetite regulating hormones are
known to change considerably [29–31], it is likely that the modulation of TRPV1 channels is
altered. An understanding of how TRPV1 channels, in gastric vagal afferents, are modulated
and how these interactions change in HFD induced obesity may lead to more targeted treat-
ments of obesity. An anatomical study, by Ward et al., indicates that only a proportion of gas-
tric vagal afferent endings are TRPV1 positive [32]. Therefore, the observed effect of global
TRPV1 knockout on gastric vagal afferents may be secondary to knockout of TRPV1 channels
on gastric epithelial or intrinsic mesenteric nerves [32, 33] potentially involved in modulation
of gastric vagal afferent mechanosensitivity. This requires further investigation.

In the stomach the role of TRPV1 in gastric vagal afferent mechanosensitivity appears to be
specific to gastric tension receptors as the mechanosensitivity of gastric mucosal receptors was
unaffected by TRPV1 deletion. Determination of gastric mucosal receptor TRPV1 mRNA con-
tent remains to be established. However, considering the lack of effect of disrupting TRPV1 on
mucosal receptor mechanosensitivity, perhaps it is not surprising that there is no change in
gastric mucosal receptor mechanosensitivity in HFD conditions observed previously [12] and
confirmed in this study.

Consistent with previous reports [12, 20, 34, 35] the mice fed a HFD gained more weight
than the mice fed a SLD. The effect of disrupting TRPV1 channels on weight gain appears to
depend on both the quantity and type of fat in the diet. In response to a diet with 26% energy
from fat (lard based diet), TRPV1-/- mice gained less weight than their wild type counterparts
[36]. However, in another study [34] and the current study TRPV1+/+ and-/- mice gained an
equivalent amount of weight on a diet containing ~ 60% energy from fat (lard based diet). Fur-
ther, a recent study reports TRPV1-/- mice on a 55% energy from fat diet (vegetable fat based
diet) gain more weight than TRPV1+/+ mice [37]. Mice fed a diet with 49% energy from fat
(ingredients unreported) and treated with the TRPV1 agonist capsaicin were found to be resis-
tant to obesity [5]. In all of these studies there were no differences in weight gain between
TRPV1+/+ and-/- mice fed a SLD, although one study has reported a lesser weight gain in
TRPV1-/- mice fed a SLD [38]. TRPV1 channels are increasingly implicated in various meta-
bolic processes or syndromes, related to high saturated fat intake, such as adipogenesis, lipid
metabolism and type 2 diabetes [39], therefore, the observed changes in body weight under
specific dietary conditions may be a result of a multitude of TRPV1 mediated metabolic effects.
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The reduction in mechanosensitivity of gastric tension receptors in TRPV1-/- mice was
associated with an increase in daily food intake in mice fed a SLD. From the data obtained it is
difficult to determine whether this is due to an increase in meal size or the number of meals.
The stomach content, measured at the end of the diet period, provides a snapshot of food
intake with the limitation that the time between the meal and the measurement of food content
is unknown. In TRPV1-/- mice fed a SLD stomach content was significantly greater than
TRPV1+/+ mice suggesting meal size was increased. Although this is consistent with a role for
the vagus in the short-term regulation of food intake and meal termination[40], it is recognised
that the association between reduced mechanosensitivity of gastric vagal afferents and food
intake does not imply a direct cause and effect relationship and further investigation is
required. Although little is known about the role of TRPV1 channels in the nucleus of the soli-
tary tract [41, 42] and the dorsal motor nucleus of the vagus (DMV) [43] in terms of food
intake there is some evidence for a possible interaction between TRPV1 channels and leptin
signalling [44] in the DMV. Therefore the observed effects on food intake in TRPV1-/- mice in
the current study could be due to disruption of TRPV1 channels in central regions associated
with food intake. Further studies, for example, using mice with a conditional knockout of
TRPV1 channels in vagal afferents, are required. In addition to food intake gastric emptying
rate was also measured. In TRPV1 +/+ and-/- mice fed a SLD there appears to be a slight delay
in gastric emptying, however, this did not reach significance and thus the increase in stomach
content was not due to alterations in the rate of gastric emptying further supporting the
hypothesis that meal size is increased. The observation that a reduction in gastric tension
receptor mechanosensitivity does not result in reduced gastric emptying is unpredicted and
highlights the current limited knowledge of the physiological role of specific subtypes of vagal
afferent. An alternative hypothesis for reduced gastric vagal afferent mechanosensitivity in
TRPV1-/- mice is that increased food intake stretches the stomach which subsequently leads to
decreased sensitivity of the gastric tension sensitive afferents. A more detailed analysis of stom-
ach compliance and gastric vagal afferent mechanosensitivity in TRPV1-/- mice needs to be
undertaken to determine the importance of this alternate hypothesis. Although there was an
increase in daily food intake in TRPV1-/- mice, in line with the reduction in gastric vagal affer-
ent mechanosensitivity, there was no associated increase in body mass compared to TRPV1
+/+ mice. This discrepancy is possibly due to the increased energy expenditure necessary for
the hyperactivity observed in young TRPV1-/- mice [45]. Consistent with the lack of differ-
ence, between TRPV1+/+ and-/- mice fed a HFD, in gastric tension receptor mechanosensitiv-
ity there was no difference in food intake over the 20 week diet period or stomach content at
the end of the diet period. In the first day of the HFD, presumably due to the high palatability
of the diet, there was a significant increase in food intake. This was followed by a dramatic
drop in food intake possibly due to the satiety effects of fat mediated in the small intestine [46].
There was no difference in the rate of gastric emptying between HFD fed TRPV1+/+ and-/-
mice, however, the rate of gastric emptying was significantly delayed compared to the SLD
mice. Again, this is probably due to dietary fat induced small intestinal gut peptide inhibition
of gastric motility [47, 48].

Previous studies have shown that the TRPV1 agonist capsaicin can acutely sensitize humans
to gastric distension [49] and reduces food intake [50]. In addition, the lipid messenger oleoy-
lethanolamide reduces short term food intake in a TRPV1-dependent manner [51]. The obser-
vation, albeit in mice, that TRPV1 channels modulate gastric vagal afferent tension receptor
mechanosensitivity and may mediate the reduction in gastric vagal afferent mechanosensitivity
in response to HFD induced obesity suggests that modulation of TRPV1 channels may be an
important target for the regulation of food intake.

TRPV1 in Gastric Vagal Afferent Signalling

PLOS ONE | DOI:10.1371/journal.pone.0135892 August 18, 2015 12 / 15



Author Contributions
Conceived and designed the experiments: AP GW. Performed the experiments: AP SJK CF TO
GH SK HL. Analyzed the data: AP SJK SK HL. Contributed reagents/materials/analysis tools:
AP GW. Wrote the paper: AP SJK SK GW.

References
1. Ramsey IS, Delling M, Clapham DE. An introduction to TRP channels. Annual review of physiology.

2006; 68:619–47. Epub 2006/02/08. doi: 10.1146/annurev.physiol.68.040204.100431 PMID:
16460286.

2. Dhaka A, Viswanath V, Patapoutian A. Trp ion channels and temperature sensation. Annual review of
neuroscience. 2006; 29:135–61. Epub 2006/06/17. doi: 10.1146/annurev.neuro.29.051605.112958
PMID: 16776582.

3. LiedtkeW, Kim C. Functionality of the TRPV subfamily of TRP ion channels: add mechano-TRP and
osmo-TRP to the lexicon! Cellular and molecular life sciences: CMLS. 2005; 62(24):2985–3001. Epub
2005/11/30. doi: 10.1007/s00018-005-5181-5 PMID: 16314934.

4. O'Neil RG, Brown RC. The vanilloid receptor family of calcium-permeable channels: molecular integra-
tors of microenvironmental stimuli. News in physiological sciences: an international journal of physiol-
ogy produced jointly by the International Union of Physiological Sciences and the American
Physiological Society. 2003; 18:226–31. Epub 2003/11/14. PMID: 14614154.

5. Zhang LL, Yan Liu D, Ma LQ, Luo ZD, Cao TB, Zhong J, et al. Activation of transient receptor potential
vanilloid type-1 channel prevents adipogenesis and obesity. Circulation research. 2007; 100(7):1063–
70. Epub 2007/03/10. doi: 10.1161/01.RES.0000262653.84850.8b PMID: 17347480.

6. Ludy MJ, Moore GE, Mattes RD. The effects of capsaicin and capsiate on energy balance: critical
review and meta-analyses of studies in humans. Chemical senses. 2012; 37(2):103–21. Epub 2011/
11/01. doi: 10.1093/chemse/bjr100 PMID: 22038945; PubMed Central PMCID: PMC3257466.

7. Cioffi DL. The skinny on TRPV1. Circulation research. 2007; 100(7):934–6. Epub 2007/04/14. doi: 10.
1161/01.RES.0000265139.10277.62 PMID: 17431193.

8. Wang GJ, Tomasi D, BackusW, Wang R, Telang F, Geliebter A, et al. Gastric distention activates sati-
ety circuitry in the human brain. Neuroimage. 2008; 39(4):1824–31. PMID: 18155924.

9. Powley TL, Phillips RJ. Gastric satiation is volumetric, intestinal satiation is nutritive. Physiology &
behavior. 2004; 82(1):69–74. Epub 2004/07/06. doi: 10.1016/j.physbeh.2004.04.037 PMID: 15234593.

10. Blackshaw LA, Grundy D, Scratcherd T. Vagal afferent discharge from gastric mechanoreceptors dur-
ing contraction and relaxation of the ferret corpus. J Auton Nerv Syst. 1987; 18(1):19–24. PMID:
3819312.

11. Becker JM, Kelly KA. Antral control of canine gastric emptying of solids. Am J Physiol. 1983; 245(3):
G334–8. PMID: 6614178.

12. Kentish S, Li H, Philp LK, O'Donnell TA, Isaacs NJ, Young RL, et al. Diet-induced adaptation of vagal
afferent function. The Journal of physiology. 2012; 590(Pt 1):209–21. Epub 2011/11/09. doi: 10.1113/
jphysiol.2011.222158 PMID: 22063628; PubMed Central PMCID: PMC3300057.

13. Zhao H, Sprunger LK, Simasko SM. Expression of transient receptor potential channels and two-pore
potassium channels in subtypes of vagal afferent neurons in rat. American journal of physiology Gastro-
intestinal and liver physiology. 2010; 298(2):G212–21. Epub 2009/12/05. doi: 10.1152/ajpgi.00396.
2009 PMID: 19959819; PubMed Central PMCID: PMC2822499.

14. Zhang L, Jones S, Brody K, Costa M, Brookes SJ. Thermosensitive transient receptor potential chan-
nels in vagal afferent neurons of the mouse. American journal of physiology Gastrointestinal and liver
physiology. 2004; 286(6):G983–91. Epub 2004/01/17. doi: 10.1152/ajpgi.00441.2003 PMID:
14726308.

15. Bielefeldt K, Davis BM. Differential effects of ASIC3 and TRPV1 deletion on gastroesophageal sensa-
tion in mice. American journal of physiology Gastrointestinal and liver physiology. 2008; 294(1):G130–
8. Epub 2007/11/03. doi: 10.1152/ajpgi.00388.2007 PMID: 17975130.

16. Symonds E, Butler R, Omari T. The effect of the GABAB receptor agonist baclofen on liquid and solid
gastric emptying in mice. European journal of pharmacology. 2003; 470(1–2):95–7. Epub 2003/06/06.
PMID: 12787836.

17. Page AJ, Brierley SM, Martin CM, Martinez-Salgado C, Wemmie JA, Brennan TJ, et al. The ion channel
ASIC1 contributes to visceral but not cutaneous mechanoreceptor function. Gastroenterology. 2004;
127(6):1739–47. Epub 2004/12/04. PMID: 15578512.

TRPV1 in Gastric Vagal Afferent Signalling

PLOS ONE | DOI:10.1371/journal.pone.0135892 August 18, 2015 13 / 15

http://dx.doi.org/10.1146/annurev.physiol.68.040204.100431
http://www.ncbi.nlm.nih.gov/pubmed/16460286
http://dx.doi.org/10.1146/annurev.neuro.29.051605.112958
http://www.ncbi.nlm.nih.gov/pubmed/16776582
http://dx.doi.org/10.1007/s00018-005-5181-5
http://www.ncbi.nlm.nih.gov/pubmed/16314934
http://www.ncbi.nlm.nih.gov/pubmed/14614154
http://dx.doi.org/10.1161/01.RES.0000262653.84850.8b
http://www.ncbi.nlm.nih.gov/pubmed/17347480
http://dx.doi.org/10.1093/chemse/bjr100
http://www.ncbi.nlm.nih.gov/pubmed/22038945
http://dx.doi.org/10.1161/01.RES.0000265139.10277.62
http://dx.doi.org/10.1161/01.RES.0000265139.10277.62
http://www.ncbi.nlm.nih.gov/pubmed/17431193
http://www.ncbi.nlm.nih.gov/pubmed/18155924
http://dx.doi.org/10.1016/j.physbeh.2004.04.037
http://www.ncbi.nlm.nih.gov/pubmed/15234593
http://www.ncbi.nlm.nih.gov/pubmed/3819312
http://www.ncbi.nlm.nih.gov/pubmed/6614178
http://dx.doi.org/10.1113/jphysiol.2011.222158
http://dx.doi.org/10.1113/jphysiol.2011.222158
http://www.ncbi.nlm.nih.gov/pubmed/22063628
http://dx.doi.org/10.1152/ajpgi.00396.2009
http://dx.doi.org/10.1152/ajpgi.00396.2009
http://www.ncbi.nlm.nih.gov/pubmed/19959819
http://dx.doi.org/10.1152/ajpgi.00441.2003
http://www.ncbi.nlm.nih.gov/pubmed/14726308
http://dx.doi.org/10.1152/ajpgi.00388.2007
http://www.ncbi.nlm.nih.gov/pubmed/17975130
http://www.ncbi.nlm.nih.gov/pubmed/12787836
http://www.ncbi.nlm.nih.gov/pubmed/15578512


18. Page AJ, Martin CM, Blackshaw LA. Vagal mechanoreceptors and chemoreceptors in mouse stomach
and esophagus. Journal of neurophysiology. 2002; 87(4):2095–103. Epub 2002/04/04. doi: 10.1152/jn.
00785.2001 PMID: 11929927.

19. Li H, Kentish SJ, Kritas S, Young RL, Isaacs NJ, O'Donnell TA, et al. Modulation of murine gastric vagal
afferent mechanosensitivity by neuropeptide W. Acta physiologica. 2013; 209(2):179–91. Epub 2013/
08/10. doi: 10.1111/apha.12154 PMID: 23927541.

20. Daly DM, Park SJ, ValinskyWC, Beyak MJ. Impaired intestinal afferent nerve satiety signalling and
vagal afferent excitability in diet induced obesity in the mouse. The Journal of physiology. 2011; 589(Pt
11):2857–70. Epub 2011/04/14. doi: 10.1113/jphysiol.2010.204594 PMID: 21486762; PubMed Central
PMCID: PMC3112560.

21. Jones RC 3rd, Xu L, Gebhart GF. The mechanosensitivity of mouse colon afferent fibers and their sen-
sitization by inflammatory mediators require transient receptor potential vanilloid 1 and acid-sensing ion
channel 3. The Journal of neuroscience: the official journal of the Society for Neuroscience. 2005; 25
(47):10981–9. Epub 2005/11/25. doi: 10.1523/JNEUROSCI.0703-05.2005 PMID: 16306411.

22. RongW, Hillsley K, Davis JB, Hicks G, Winchester WJ, Grundy D. Jejunal afferent nerve sensitivity in
wild-type and TRPV1 knockout mice. The Journal of physiology. 2004; 560(Pt 3):867–81. Epub 2004/
08/28. doi: 10.1113/jphysiol.2004.071746 PMID: 15331673; PubMed Central PMCID: PMC1665286.

23. Kentish SJ, O'Donnell TA, Isaacs NJ, Young RL, Li H, Harrington AM, et al. Gastric vagal afferent mod-
ulation by leptin is influenced by food intake status. The Journal of physiology. 2013; 591(Pt 7):1921–
34. Epub 2012/12/26. doi: 10.1113/jphysiol.2012.247577 PMID: 23266933; PubMed Central PMCID:
PMC3624860.

24. Young RL, Cooper NJ, Blackshaw LA. Chemical coding and central projections of gastric vagal afferent
neurons. Neurogastroenterol Motil. 2008; 20(6):708–18. doi: 10.1111/j.1365-2982.2007.01071.x
PMID: 18266614.

25. Bielefeldt K, Zhong F, Koerber HR, Davis BM. Phenotypic characterization of gastric sensory neurons
in mice. Am J Physiol Gastrointest Liver Physiol. 2006; 291(5):G987–97. doi: 10.1152/ajpgi.00080.
2006 PMID: 16728726.

26. Yao X, Kwan HY, Huang Y. Regulation of TRP channels by phosphorylation. Neuro-Signals. 2005; 14
(6):273–80. Epub 2006/06/15. doi: 10.1159/000093042 PMID: 16772730.

27. Rohacs T. Phosphoinositide regulation of non-canonical transient receptor potential channels. Cell cal-
cium. 2009; 45(6):554–65. Epub 2009/04/21. doi: 10.1016/j.ceca.2009.03.011 PMID: 19376575;
PubMed Central PMCID: PMC2720793.

28. Toth A, Blumberg PM, Boczan J. Anandamide and the vanilloid receptor (TRPV1). Vitamins and hor-
mones. 2009; 81:389–419. Epub 2009/08/04. doi: 10.1016/S0083-6729(09)81015-7 PMID: 19647120.

29. Balistreri CR, Caruso C, Candore G. The role of adipose tissue and adipokines in obesity-related
inflammatory diseases. Mediators of inflammation. 2010; 2010:802078. Epub 2010/07/31. doi: 10.
1155/2010/802078 PMID: 20671929; PubMed Central PMCID: PMC2910551.

30. Ouchi N, Parker JL, Lugus JJ, Walsh K. Adipokines in inflammation and metabolic disease. Nature
reviews Immunology. 2011; 11(2):85–97. Epub 2011/01/22. doi: 10.1038/nri2921 PMID: 21252989;
PubMed Central PMCID: PMC3518031.

31. Rasouli N, Kern PA. Adipocytokines and the metabolic complications of obesity. The Journal of clinical
endocrinology and metabolism. 2008; 93(11 Suppl 1):S64–73. Epub 2008/12/04. doi: 10.1210/jc.2008-
1613 PMID: 18987272; PubMed Central PMCID: PMC2585759.

32. Ward SM, Bayguinov J, Won KJ, Grundy D, Berthoud HR. Distribution of the vanilloid receptor (VR1) in
the gastrointestinal tract. The Journal of comparative neurology. 2003; 465(1):121–35. Epub 2003/08/
20. doi: 10.1002/cne.10801 PMID: 12926020.

33. Faussone-Pellegrini MS, Taddei A, Bizzoco E, Lazzeri M, Vannucchi MG, Bechi P. Distribution of the
vanilloid (capsaicin) receptor type 1 in the human stomach. Histochemistry and cell biology. 2005; 124
(1):61–8. Epub 2005/07/26. doi: 10.1007/s00418-005-0025-9 PMID: 16041554.

34. Marshall NJ, Liang L, Bodkin J, Dessapt-Baradez C, Nandi M, Collot-Teixeira S, et al. A role for TRPV1
in influencing the onset of cardiovascular disease in obesity. Hypertension. 2013; 61(1):246–52. Epub
2012/11/15. doi: 10.1161/HYPERTENSIONAHA.112.201434 PMID: 23150506.

35. Kentish SJ, O'Donnell TA, Frisby CL, Li H, Wittert GA, Page AJ. Altered gastric vagal mechanosensitiv-
ity in diet-induced obesity persists on return to normal chow and is accompanied by increased food
intake. International journal of obesity (2005: ). 2013. Epub 2013/07/31. doi: 10.1038/ijo.2013.138
PMID: 23897220.

36. Motter AL, Ahern GP. TRPV1-null mice are protected from diet-induced obesity. FEBS letters. 2008;
582(15):2257–62. Epub 2008/05/28. doi: 10.1016/j.febslet.2008.05.021 PMID: 18503767; PubMed
Central PMCID: PMC2486372.

TRPV1 in Gastric Vagal Afferent Signalling

PLOS ONE | DOI:10.1371/journal.pone.0135892 August 18, 2015 14 / 15

http://dx.doi.org/10.1152/jn.00785.2001
http://dx.doi.org/10.1152/jn.00785.2001
http://www.ncbi.nlm.nih.gov/pubmed/11929927
http://dx.doi.org/10.1111/apha.12154
http://www.ncbi.nlm.nih.gov/pubmed/23927541
http://dx.doi.org/10.1113/jphysiol.2010.204594
http://www.ncbi.nlm.nih.gov/pubmed/21486762
http://dx.doi.org/10.1523/JNEUROSCI.0703-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/16306411
http://dx.doi.org/10.1113/jphysiol.2004.071746
http://www.ncbi.nlm.nih.gov/pubmed/15331673
http://dx.doi.org/10.1113/jphysiol.2012.247577
http://www.ncbi.nlm.nih.gov/pubmed/23266933
http://dx.doi.org/10.1111/j.1365-2982.2007.01071.x
http://www.ncbi.nlm.nih.gov/pubmed/18266614
http://dx.doi.org/10.1152/ajpgi.00080.2006
http://dx.doi.org/10.1152/ajpgi.00080.2006
http://www.ncbi.nlm.nih.gov/pubmed/16728726
http://dx.doi.org/10.1159/000093042
http://www.ncbi.nlm.nih.gov/pubmed/16772730
http://dx.doi.org/10.1016/j.ceca.2009.03.011
http://www.ncbi.nlm.nih.gov/pubmed/19376575
http://dx.doi.org/10.1016/S0083-6729(09)81015-7
http://www.ncbi.nlm.nih.gov/pubmed/19647120
http://dx.doi.org/10.1155/2010/802078
http://dx.doi.org/10.1155/2010/802078
http://www.ncbi.nlm.nih.gov/pubmed/20671929
http://dx.doi.org/10.1038/nri2921
http://www.ncbi.nlm.nih.gov/pubmed/21252989
http://dx.doi.org/10.1210/jc.2008-1613
http://dx.doi.org/10.1210/jc.2008-1613
http://www.ncbi.nlm.nih.gov/pubmed/18987272
http://dx.doi.org/10.1002/cne.10801
http://www.ncbi.nlm.nih.gov/pubmed/12926020
http://dx.doi.org/10.1007/s00418-005-0025-9
http://www.ncbi.nlm.nih.gov/pubmed/16041554
http://dx.doi.org/10.1161/HYPERTENSIONAHA.112.201434
http://www.ncbi.nlm.nih.gov/pubmed/23150506
http://dx.doi.org/10.1038/ijo.2013.138
http://www.ncbi.nlm.nih.gov/pubmed/23897220
http://dx.doi.org/10.1016/j.febslet.2008.05.021
http://www.ncbi.nlm.nih.gov/pubmed/18503767


37. Lee E, Jung DY, Kim JH, Patel PR, Hu X, Lee Y, et al. Transient receptor potential vanilloid type-1 chan-
nel regulates diet-induced obesity, insulin resistance, and leptin resistance. FASEB journal: official pub-
lication of the Federation of American Societies for Experimental Biology. 2015. Epub 2015/04/19. doi:
10.1096/fj.14-268300 PMID: 25888600.

38. Garami A, Pakai E, Oliveira DL, Steiner AA, Wanner SP, Almeida MC, et al. Thermoregulatory pheno-
type of the Trpv1 knockout mouse: thermoeffector dysbalance with hyperkinesis. The Journal of neuro-
science: the official journal of the Society for Neuroscience. 2011; 31(5):1721–33. Epub 2011/02/04.
doi: 10.1523/JNEUROSCI.4671-10.2011 PMID: 21289181; PubMed Central PMCID: PMC3430466.

39. Liu D, Zhu Z, Tepel M. The role of transient receptor potential channels in metabolic syndrome. Hyper-
tension research: official journal of the Japanese Society of Hypertension. 2008; 31(11):1989–95. Epub
2008/12/23. doi: 10.1291/hypres.31.1989 PMID: 19098369.

40. Woods SC. Gastrointestinal satiety signals I. An overview of gastrointestinal signals that influence food
intake. American journal of physiology Gastrointestinal and liver physiology. 2004; 286(1):G7–13. Epub
2003/12/11. doi: 10.1152/ajpgi.00448.2003 PMID: 14665437.

41. Doyle MW, Bailey TW, Jin YH, Andresen MC. Vanilloid receptors presynaptically modulate cranial vis-
ceral afferent synaptic transmission in nucleus tractus solitarius. The Journal of neuroscience: the offi-
cial journal of the Society for Neuroscience. 2002; 22(18):8222–9. Epub 2002/09/12. PMID: 12223576.

42. Jin YH, Bailey TW, Li BY, Schild JH, AndresenMC. Purinergic and vanilloid receptor activation releases
glutamate from separate cranial afferent terminals in nucleus tractus solitarius. The Journal of neurosci-
ence: the official journal of the Society for Neuroscience. 2004; 24(20):4709–17. Epub 2004/05/21. doi:
10.1523/JNEUROSCI.0753-04.2004 PMID: 15152030.

43. Derbenev AV, Monroe MJ, Glatzer NR, Smith BN. Vanilloid-mediated heterosynaptic facilitation of
inhibitory synaptic input to neurons of the rat dorsal motor nucleus of the vagus. The Journal of neuro-
science: the official journal of the Society for Neuroscience. 2006; 26(38):9666–72. Epub 2006/09/22.
doi: 10.1523/JNEUROSCI.1591-06.2006 PMID: 16988037.

44. Zsombok A, Jiang Y, Gao H, Anwar IJ, Rezai-Zadeh K, Enix CL, et al. Regulation of leptin receptor-
expressing neurons in the brainstem by TRPV1. Physiological reports. 2014; 2(9). Epub 2014/09/30.
doi: 10.14814/phy2.12160 PMID: 25263209; PubMed Central PMCID: PMC4270226.

45. Wanner SP, Garami A, Romanovsky AA. Hyperactive when young, hypoactive and overweight when
aged: connecting the dots in the story about locomotor activity, body mass, and aging in Trpv1 knockout
mice. Aging. 2011; 3(4):450–4. Epub 2011/04/13. PMID: 21483038; PubMed Central PMCID:
PMC3117461.

46. Beglinger C, Degen L. Gastrointestinal satiety signals in humans—physiologic roles for GLP-1 and
PYY? Physiology & behavior. 2006; 89(4):460–4. Epub 2006/07/11. doi: 10.1016/j.physbeh.2006.05.
048 PMID: 16828127.

47. Heddle R, Collins PJ, Dent J, Horowitz M, Read NW, Chatterton B, et al. Motor mechanisms associated
with slowing of the gastric emptying of a solid meal by an intraduodenal lipid infusion. Journal of gastro-
enterology and hepatology. 1989; 4(5):437–47. Epub 1989/09/01. PMID: 2491209.

48. Little TJ, Feinle-Bisset C. Effects of dietary fat on appetite and energy intake in health and obesity—oral
and gastrointestinal sensory contributions. Physiology & behavior. 2011; 104(4):613–20. Epub 2011/
05/21. doi: 10.1016/j.physbeh.2011.04.038 PMID: 21596051.

49. Lee KJ, Vos R, Tack J. Effects of capsaicin on the sensorimotor function of the proximal stomach in
humans. Alimentary pharmacology & therapeutics. 2004; 19(4):415–25. Epub 2004/02/12. PMID:
14871281.

50. Yoshioka M, St-Pierre S, Drapeau V, Dionne I, Doucet E, Suzuki M, et al. Effects of red pepper on appe-
tite and energy intake. The British journal of nutrition. 1999; 82(2):115–23. Epub 2000/04/01. PMID:
10743483.

51. Wang X, Miyares RL, Ahern GP. Oleoylethanolamide excites vagal sensory neurones, induces visceral
pain and reduces short-term food intake in mice via capsaicin receptor TRPV1. The Journal of physiol-
ogy. 2005; 564(Pt 2):541–7. Epub 2005/02/08. doi: 10.1113/jphysiol.2004.081844 PMID: 15695242;
PubMed Central PMCID: PMC1464447.

TRPV1 in Gastric Vagal Afferent Signalling

PLOS ONE | DOI:10.1371/journal.pone.0135892 August 18, 2015 15 / 15

http://dx.doi.org/10.1096/fj.14-268300
http://www.ncbi.nlm.nih.gov/pubmed/25888600
http://dx.doi.org/10.1523/JNEUROSCI.4671-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21289181
http://dx.doi.org/10.1291/hypres.31.1989
http://www.ncbi.nlm.nih.gov/pubmed/19098369
http://dx.doi.org/10.1152/ajpgi.00448.2003
http://www.ncbi.nlm.nih.gov/pubmed/14665437
http://www.ncbi.nlm.nih.gov/pubmed/12223576
http://dx.doi.org/10.1523/JNEUROSCI.0753-04.2004
http://www.ncbi.nlm.nih.gov/pubmed/15152030
http://dx.doi.org/10.1523/JNEUROSCI.1591-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/16988037
http://dx.doi.org/10.14814/phy2.12160
http://www.ncbi.nlm.nih.gov/pubmed/25263209
http://www.ncbi.nlm.nih.gov/pubmed/21483038
http://dx.doi.org/10.1016/j.physbeh.2006.05.048
http://dx.doi.org/10.1016/j.physbeh.2006.05.048
http://www.ncbi.nlm.nih.gov/pubmed/16828127
http://www.ncbi.nlm.nih.gov/pubmed/2491209
http://dx.doi.org/10.1016/j.physbeh.2011.04.038
http://www.ncbi.nlm.nih.gov/pubmed/21596051
http://www.ncbi.nlm.nih.gov/pubmed/14871281
http://www.ncbi.nlm.nih.gov/pubmed/10743483
http://dx.doi.org/10.1113/jphysiol.2004.081844
http://www.ncbi.nlm.nih.gov/pubmed/15695242

