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Study was based on hypothesis that electrical stimulation (ES) with parameters
obtained from analysis of vagal afferent discharge fed state may fake brain with
satiety state. We evaluated effect of denervation of vagal capsaicin-sensitive
afferents on food intake and body weight in rats with ES of vagal nerves using
microchip (MC). Group A was scheduled to MC implantation, B to sham operation
only, C to MC implantation and capsaicin vagal deafferentation, and D to capsaicin
denervation only. ES lasted 24 days. MC parameters were 0.05Hz, 0.1s, 0.55V. ES
of left vagus significantly reduced total food intake as well as the mean daily intake
in groups A and C in comparison to control and D group (ANOVA, F=18.55,
p=0.0038). Body weight was lower in group A (346,2 g) and C (272,7 g) then in
control (381,4 g) and D (356,8 g) (F=25.68, p=0.00068). Leptin decreased in C (165
pg/mL) in comparison to A (625 pg/mL), B (677 pg/mL), and D (612 pg/mL)
(p<0,05), mainly due to ES (F=7.27, p=0.019). Glucose was decreased in A (F=5.55,
p=0.036) - by 11 % and by 16% in C group. Proper vagal neuromodulation results in
central and peripheral effects causing food intake and body weight downregulation. 
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INTRODUCTION

Vagal afferent neural signals play a predominant role in determination of meal
size in regulation of food intake (1). It seems that electrical stimulation of vagal
nerves may decrease food intake by acting on vagal afferents with the final
consequence of weight loss (2, 3). Perivagal administration of capsaicin ablates
vagal afferents by binding to vanilloid receptors (3) and breaking a neural circuit
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known as the gut-brain axis. Another way to modulate gut-brain circuits is
electrical stimulation of a part of the feedback loop, which results in influencing
vago-vagal reflexes (4).  It is well known that vagal afferent discharge from
gastrointestinal receptors take an essential part in food intake behaviour (5). It has
been proposed lately that peripherally (6, 7) or centrally (8) applied capsaicin
increases food intake by attenuation of CCK and leptin effects. The effect of vagal
afferent destruction seems to be related to the absence of neural afferent discharge
informing about food presence and composition in the gastrointestinal tract. The
size of meal in the upper GI tract and its chemical content induce a negative
feedback loop in vagal nerves. Neural loop participation in food intake regulation
originates in peripheral gastrointestinal receptors located mainly on vagal afferents
(9, 10). Our study has been based on the hypothesis that using stimulation
parameters obtained from the analysis of vagal afferent discharge in the fasted and
fed state, the brain may be faked with a fasted discharge pattern resulting in food
intake and body weight downregulation.  In this study we evaluated effect of
denervation of vagal capsaicin-sensitive afferents on food intake and body weight
in rats chronically stimulated vagal nerves with an implanted microchip (MC).

MATERIALS AND METHODS

Twenty-four male Wistar rats were included into the study. Animals were housed individually
in transparent cages at constant temperature of 23°C. A light-dark cycle was provided for 12:12
hours. Animals had free access to standard laboratory food (Labofeed, Kcynia, Poland) and water.
Body weight and food intake was measured twice a day at 8.00 AM and 8.00 PM. After two weeks
of adaptation to laboratory surroundings and food, mean baseline values of food intake and body
weight were taken for three consecutive days. 

Animals were divided into four groups. Group A (n=6) was scheduled to MC implantation,
group B (n=6) to sham operation only, group C (n=6) to MC implantation and capsaicin vagal
deafferentation, and group D (n=6) to capsaicin denervation only. 

Animals were anesthetized with penthobarbital 0.25mg/kg (Vetbutal, Biowet, Pulawy, Poland),
and the MC was implanted subdiaphragmatically on the abdominal part of the left vagal nerve, as
described previously (11). For capsaicin deafferentation, a 1% solution of capsaicin was applied
locally on the right vagal nerve on a soaked swab for 30 minutes (solvent: 10% ethanol, 10% Tween
80, and 80% saline 0.9%). During sham operation, the abdominal vagal nerve was isolated and
treated with the solvent for the same period of time. 

Stimulation started immediately after implantation and lasted for 24 days. The MC were
preprogrammed for the following parameters: frequency 0.05Hz, impulse duration 0.1s, and
amplitude 0.55V (10). After a recovery period of 3 days, daily measurement of body weight and
food intake started. 

Serum leptin levels (pg/mL) were measured by enzyme-linked immunosorbent assay ELISA
(Quantikine M, R&D System Inc.) (12). Insulin levels (uU/mL) were measured by conventional
radioimmunoassay. Glucose levels (mmol/L) were measured by oxidation-reduction method. 

Baseline data on food intake, body mass, and serum levels of leptin, insulin, and glucose were
statistically compared to post-stimulation levels by two-way ANOVA and paired (post-hoc) t-test
when appropriate, with the level of significance set at 5 % for all tests.
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Ethical permission was obtained from the Ethical Committee of the Jagiellonian University
Medical School. 

RESULTS

Electrical stimulation of the left vagal nerve significantly reduced the total
food intake (Fig. 1) as well as the mean daily intake (data not shown) in groups
A and C in comparison to both control group B and capsaicin pretreated group D
(ANOVA, F=18.55, p=0.0038). The food intake lowering effects of capsaicin per
se (groups C and D) did not reach significance (F=3.85, p=0.64).

Post-hoc t-tests showed the differences in food intake between control groups
B and D to be not significant (p>0.05) while both capsaicin pretreated and
stimulated (C) as well as MC stimulated (A) rats significantly decreased food
intake as compared to control (p<0.05).

Consequently, final body weight was significantly lower in the group A (346,2
g) and C (272,7 g) then in control (B: 381,4 g) and capsaicin-only treated rats (D:
356,8 g) (F=25.68, p=0.00068). Capsaicin per se also significantly reduced body
weight (F=16.97, p=0.0058) irrespective of electrical stimulation (Fig. 2).

The overall body weight gain (Fig. 3) demonstrates the additive effects of MC
stimulation plus capsaicin treatment in comparison to MC or capsaicin
denervation alone.
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Fig. 1. Total food intake (g, mean ± SD) during the experiment in MC stimulated rats with and
without concominant capsaicin denervation, in capsaicin-only treated rats, and in control animals.
(** indicates p<0.05 in post-hoc t-tests)
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Fig 2. Mean body weight (g) on the last day of the experiment in MC stimulated rats with and
without concominant capsaicin denervation, in capsaicin-only treated rats, and in control animals.

Fig. 3. Body weight change (g) during the experiment in MC stimulated rats with and without
concominant capsaicin denervation, in capsaicin-only treated rats, and in control animals. 
(** indicates p<0.05 in post-hoc t-tests)
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Fig. 4. Blood leptin level (uU/L) in MC stimulated rats with and without concominant capsaicin
denervation, in capsaicin-only treated rats, and in control animals. (** indicates p<0.05 in post-
hoc t-tests)

Fig. 5. Blood glucose level (mmol/L) in MC stimulated rats with and without concominant
capsaicin denervation, in capsaicin-only treated rats, and in control animals. (** indicates p<0.05
in post-hoc t-tests)



Leptin level decreased in the group C (165 pg/mL) in comparison to groups A
(625 pg/mL), B (677 pg/mL), and D (612 pg/mL) (p<0,05), mainly due to MC
stimulation (F=7.27, p=0.019) (Fig. 4). No effect of capsaicin on leptin levels was
seen (data not shown). There were no changes in insulin levels with MC and
capsaicin (C), but glucose level was decreased significantly with MC stimulation
(A) (F=5.55, p=0.036) - by 11 % with MC alone (A) and by 16% with MC
stimulation combined with capsaicin (C) (Fig. 5). Only the leptin levels
correlated significantly (r=0.75, p<0.05) with the final body weight.

DISCUSSION

Vagal afferents conduct signals form the stomach to nucleus tractus solitarius
carring information about the size and chemical composition of a meal, which is
transmitted by other specific connections to the satiety center in the hypothalamus
and the collateral ventro-medial nucleus. The hypothesis could be stated that
electrical stimulation of the ventral vagal nerve increases the afferent traffic and
by influencing the function of satiety centers, at the central level decreases food
intake and body weight (11). This idea is partly supported by studies of Forster
who stimulated the antral part of the stomach with a low energy signal and
achieved a decrease in the severity and frequency of nausea and vomiting. He
confirmed that processing afferent vagal information could be modulated not only
by vagal but also by gastric stimulation (13). The possibility to affect food intake
and body weight with elecrical stimulation has already been reported. As was
shown by Cigaina chronic antral stimulation with high-energy signal influences
the alimentary behaviour in pigs and is believed by author to introduce
antiperistaltic gastric waves which were responsible for decreased food intake
(14). Also chronic stimulation of ventral vagus in rabbits resulted in food intake
reduction with consequences of body weight loss (15). These studies confirm our
hypothesis that vagal stimulation with the MC mimics a full stomach.

We choose vagal stimulation as a method of afferent vagal neuromodulation
for two reasons: first it is less energy consuming than direct stimulation of the
gastric smooth muscles, and secondly it may be more precise for long term used.
Local vagal deafferentation with capsaicin, a selective neurotoxin of
unmyelinated C-fibers, attenuates a short-term satiety loop determined mainly by
cholecystokinin release (6). However, capsaicin deafferentation does not affect
food intake in long-term energy balance regulation (7), which is supported by our
data. Differences in food intake between control and capsaicin pretreated rats in
our studies were not significant. In long-term stimulation no metabolic effects
could be elicited.

Capsaicin causes chemical lesion of visceral afferents carrying information to
terminate meals by a negative feedback signal (6). This is supported by authors
who observed attenuated suppression of food intake produced by intestinal
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infusion of nutrient or CCK administration in capsaicin treated rats (16, 17).
These results suggest that transient intervention in vagal afferents may cause
alteration in alimentary behaviour. Roth et al. (18) stimulated the rats vagal nuclei
through a period of several months with 2 deoxyglucose (2DG). 2DG increased
efferent activity, reduced glucose fluxes and decreased peripheral insulin level but
did not change food intake. In our study low frequency of vagal afferent
stimulation reduced both body weight gain and food intake without affecting the
insulin level - probably because the long-term stimulation resulted in engagement
of an anti-insuline hormonal counterbalancing mechanisms. 

On the other hand in a group of rats pretreated with capsaicin the effects of
vagal stimulation of ventral vagus on food intake were augmented by afferent
dorsal nerve denervation with capsaicin. This suggests that in this experimental
set-up the dorsal vagus could compensate somehow central effects of ventral
vagal stimulation. Similar bilateral compensation was observed in esophageal
motility (19). Continuous electrical stimulation on one side increases the afferent
traffic but probably also induces compensatory response from the opposite nerve,
which inhibits the effects of this peripheral neuromodulation because of bilateral
hypothalamic projections of both nerves. Consequently, afferent denervation of
the dorsal vagus attenuates compensation and potentiates primary effects of the
stimulation with MC. Satiety effects may be also related to direct or indirect
effects via vagus-released hormonal satiety signals like GLP, as described by
Hellstrom (20). Thus, only part of the vagal afferents is desensitised by
capsaicinas as wasshown by Blackshaw, the remaining gastrointestinal receptors
still being active and supply additional control of food intake (21). In our opinion,
capsaicin denervation clears the oncoming afferent activity in such way that the
false microchip-signal from deep gastric tension receptors can become more
effective.

The main hormone which conveys feedback information from adipose tissue
to the brain and which is produced by the adipose tissue is leptin. Leptin
expression and leptin level are consistently associated with body adiposity and
the body mass index. Leptin is not a short-term satiety factor (22). In our
experiments long-term vagal stimulation induced satiety and decreased body
weight gain through a decrease in plasma leptin level. Chang et al. showed that
the canine vagus stores and releases CCK-8 upon electrical vagal stimulation.
CCK stimulates vagus activity and satiety by acting on CCK-1 receptors on vagal
afferents (23) Our data suggest also a mechanism of MC action similar to CCK,
namely augmenting the afferent vagal activity. Capsaicin augments the MC action
on food intake by destroying vagal afferents presenting CCK-A receptor (16).
However besides the central, peripheral effects of vagal stimulation must be also
stressed. We observed that vagal stimulation with the same frequency decreased
the amplitude but not frequency of gastric contraction, which was reversed by L-
NMA (24). Our results were partly confirmed by Takahashi and Owyang who
showed relaxatory effects of CCK on proximal stomach in rats (25). They showed
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that CCK stimulates vagal and splanchnic afferents resulting in vago-splanchnic
and splanchno-splanchnic reflexes via alpha-2 and beta-adrenergic receptors
located on gastric smooth muscles. Thus, probable mechanisms of MC
neuromodulation are mediated not only by capsaicin-sensitive vagal afferents but
also by others like splanchnic circuits, suggesting redundancy of the nervous
control mechanisms of food intake (5). 

In summary it could be concluded that vagal MC neuromodulation results in
central and peripheral effects leading to decrease of food intake partially
dependent upon capsaicin-sensitive afferents with both vaguses involved.
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