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activation in the solitary tract nucleus via the vagal afferent pathway
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Natural toxic substances have a bitter taste and their
ingestion sends signals to the brain leading to aversive oral
sensations. In the present study, we investigated
chronological changes in c-Fos immunoreactivity in the
nucleus tractus solitarius (NTS) to study the bitter taste
reaction time of neurons in the NTS. Equal volumes (0.5 mL)
of denatonium benzoate (DB), a bitter tastant, or its vehicle
(distilled water) were administered to rats intragastrically.
The rats were sacrificed at 0, 0.5, 1, 2, 4, 8, or 16 h after
treatment. In the vehicle-treated group, the number of
c-Fos-positive nuclei started to increase 0.5 h after
treatment and peaked 2 h after gavage. In contrast, the
number of c-Fos-positive nuclei in the DB-treated group
significantly increased 1 h after gavage. Thereafter, the
number of c-Fos immunoreactive nuclei decreased over
time. The number of c-Fos immunoreactive nuclei in the
NTS was also increased in a dose-dependent manner 1 h
after gavage. Subdiaphragmatic vagotomy significantly
decreased DB-induced neuronal activation in the NTS.
These results suggest that intragastric DB increases
neuronal c-Fos expression in the NTS 1 h after gavage and
this effect is mediated by vagal afferent fibers.
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Introduction

Specific sensors lining the oral cavity and digestive tract
play important roles in the regulation of ingestive and
digestive functions [3,16]. There are two types of taste

sensor receptors, type 1 (T1R) and type 2 (T2R), in the
oral cavity and digestive tract. Heterodimers of TI1R
family members can detect sweet and L-amino acid
tastants. The T2R family consists of more than 30 diverse
members that can detect bitter tastants. T2Rs are present
in the human and rodent gastrointestinal tract, and are
activated by bitter tastants such as denatonium benzoate
(DB) and phenylthiocarbamide (PTC) [19,21]. DB is a
very bitter compound and an exogenous ligand of T2R4
[19]. Ingestion of exogenous bitter tastants serves as a
central warning signal against potentially harmful
substances [1].

c-Fos is widely used as an indirect marker of neuronal
activity because this factor is expressed when neurons
signal [2]. In addition, c-Fos is also used for the activation
of neuronal taste perception [8,10,12,22]. It has been
reported that gustatory stimulation induces c-Fos-like
immunoreactivity in various regions of the brain including
the nucleus tractus solitarius (NTS) [8,12,18]. Increased
c-Fos expression in the NTS 2 h after gavage was also
reported. Intragastric administration of T2R ligands
increased food intake during the first 30 min and elevated
octanoyl along with total ghrelin levels in plasma within 40
min of gavage [11], but inhibited gastric emptying in mice
[11]. Few reports on the chronological and dose-dependent
changes of neuronal activation by DB have been
published. Therefore, we conducted the present study to
investigate the chronological changes of neuronal
activation by intragastric administration of DB, a ligand
for T2R, in the rat NTS.
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Materials and Methods

Experimental animals

Male Sprague-Dawley rats (n = 128) were purchased
from the Japan SLC (Japan). The animals were used at 6
weeks of age and housed under standard laboratory
conditions with adequate temperature (22°C) and humidity
(60%) as well as a 12-h light/dark cycle. All rats had free
access to solid diet (D12450Bi; Research Diets, USA) and
tap water. Handling and care of the rats conformed to
guidelines that comply with current international laws and
policies (National Institutes of Health [NIH] Guide for the
Care and Use of Laboratory Animals, NIH Publication No.
85-23, 1985, revised 1996). The study protocols were also
approved by the Institutional Animal Care and Use
Committee (IACUC) of Seoul National University, Korea
(approval no. SNU-120103-10). All experiments were
conducted to minimize both the number of animals used
and their suffering due to the procedures performed.

Subdiaphragmatic vagotomy

The animals (n =5 in each group) were anesthetized with
a mixture of 2.5% isoflurane (Baxtor, USA) in 33% oxygen
and 67% nitrous oxide. Subdiaphragmatic vagotomy was
performed according to the technique described by
Gschossmann et al. [5]. Briefly, a midline laparotomy
incision was made to expose the peritoneal cavity. The
external muscle coat of the esophagus 1 cm from the cardia
distally was stripped. Since vagal branches are connected
to the muscle coat, this results in a subdiaphragmatic
vagotomy. To ensure completeness of the vagotomy, the
left gastric artery was isolated and stripped of all
connective tissues and nerves, including an accessory
branch of the vagus nerve. Another group of rats
underwent a sham operation. The animals were housed
individually after the surgery and received a liquid diet
(Ensure; Abbott Laboratories, USA) with water ad libitum.
The rats were allowed to recover for 7~ 10 days before the
subsequent experiment.

Intragastric gavage with DB

The rats (n = 7 per group) were treated with either 0.5 mL
of distilled water or 0.5 mL of DB (30 mg/kg; Sigma, USA)
after a 12-h fast. To monitor the dose-dependent effects of
DB on c-Fos expression, the animals received 0.5 mL DB
(30 mg/kg, 100 mg/kg, or 300 mg/kg, n = 5 for each
dosage) intragastrically after a 12-h fast.

Tissue processing

For histology, vehicle- or DB-treated rats were
anesthetized with 30 mg/kg Zoletil 50 (Virbac, France) at 0
(immediately after gavage), 0.5 (30 min), 1,2,4,8,0or 16 h
after gavage (n =7 for each time point). The rats were then
perfused transcardially with 0.1 M phosphate-buffered

saline (PBS, pH 7.4) followed by 4% paraformaldehyde in
0.1 M phosphate buffer (PB, pH 7.4). Brains were then
removed and postfixed in 4% paraformaldehyde in 0.1 M
phosphate buffer for 12 h at room temperature. The brains
were cryoprotected by infusion with 30% sucrose
overnight at 4°C and cut coronally into 30-pum-thick
sections using a cryostat (Leica Biosystems, Germany).
The sections were transferred to six-well plates (SPL life
science, Korea) containing PBS for further processing.

Immunohistochemistry for c-Fos

To assess c-Fos expression, the sections were carefully
processed simultaneously under identical conditions.
Brain tissue sections from —12.80 mm and —13.30 mm
posterior to the bregma according to the rat atlas [14] were
selected for each animal. The sections were sequentially
treated with 0.3% hydrogen peroxide (H2O;) in PBS for 15
min at room temperature and 5% normal goat serum
(Vector Laboratories, USA) in 0.1 M PBS. They were next
incubated with rabbit anti-c-Fos antibody (1 : 10,000;
EMD Millipore, USA) overnight at room temperature, and
subsequently exposed to biotinylated goat anti-rabbit IgG
(1:200; Vector Laboratories) with streptavidin peroxidase
complex for 2 h at room temperature (1 : 200, Vector
Laboratories). Next, antibody binding was visualized by
staining with 3,3’-diaminobenzidine tetrahydrochloride
(Sigma). c-Fos-positive nuclei in all groups were
examined using an image analysis system equipped with a
computer-based  Charge-Coupled Device camera
(Optimas 6.5 software; CyberMetrics, USA). The number
of c-Fos-positive cells was counted per section and the
average was calculated.

Statistical analysis

All statistical analyses were carried out using GraphPad
Prism 4.0 (GraphPad Software, USA). The data are
presented as the mean + standard error of the mean (SEM)
for each group. Differences between the two groups were
analyzed by Student’s #-test. Multiple parameters were
assessed by a one-way or two-way analysis of variance
(ANOVA). P-values < 0.05 were considered statistically
significant.

Results

Effects of vehicle on c-Fos expression

In the vehicle-treated group, few c-Fos-positive nuclei
were detected in the NTS 0 h after gavage (panel A in Fig.
1). The average number of c-Fos-positive nuclei was 0.89
+ 0.38 per section. The number of c-Fos-positive nuclei
increased in the NTS 30 min after gavage and peaked 2 h
after gavage (panels B-D in Fig. 1) although differences
between groups were not significant. In the 2-h group, the
number of c-Fos-positive nuclei was 4.91 + 1.11 per



section (Fig. 2). Thereafter, the number of c-Fos-positive
nuclei decreased in a time-dependent manner (panels E-G
in Fig. 1, and Fig. 2). At 8 and 16 h after gavage, the number
of c-Fos-positive nuclei was similar to that found 0 h after
gavage (panels F and G in Fig. 1, and Fig. 2).

Effects of DB on c-Fos expression

In the DB-treated group, few c-Fos-positive nuclei were
observed in the NTS 0 h after gavage (panel A in Fig. 3).
The number of c-Fos-positive nuclei slightly increased in
the NTS 30 min after gavage compared to that observed in
the vehicle-treated group (Fig. 2, and panel B in Fig. 3). The
number of c-Fos-positive nuclei peaked 1 h after gavage
and was significantly higher than that found in the
vehicle-treated group (Fig. 2, and panel C in Fig. 3). The
number of c-Fos-positive nuclei was 12.9 +2.75 per section
(Fig. 2). Thereafter, the number of c-Fos-positive nuclei

Fig. 1. c-Fos-specific immunohistochemistry in the area
postrema (AP) and nucleus tractus solitarius (NTS) of rats at 0
(A),0.5(B), 1(C),2 (D), 4 (E), 8 (F), and 16 h (G) after gavage
with distilled water. Few c-Fos-positive nuclei were observed in
the NTS 0 h after gavage. The number of c-Fos-positive nuclei
(arrows) was increased 1~2 h after gavage and decreased
thereafter over time. Scale bar = 50 um.
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Fig. 2. The number of c-Fos-positive nuclei per section for each
group at 0, 0.5, 1,2, 4, 8, and 16 h after gavage with distilled water
or denatonium benzoate (DB) (n =7 per group; *p < 0.05 vs. the
0 h post-gavage group; 'p < 0.05 vs. the vehicle-treated group).
Data are presented as the mean £ SEM.

Fig. 3. c-Fos-specific immunohistochemistry in the NTS of rats
at 0 (A), 0.5 (B), 1 (C), 2 (D), 4 (E), 8 (F), and 16 h (G) after
gavage with DB. Few c-Fos-positive nuclei were observed in the
NTS 0 h after gavage. c-Fos-positive nuclei (arrows) were
abundantly detected 1 h after gavage and the number decreased
thereafter over time. The distribution pattern of c-Fos-positive
nuclei 8 or 16 h after gavage was similar to that found 0 h after
gavage. Scale bar = 50 um.
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Fig. 4. c-Fos-specific immunohistochemistry in the NTS ofrats 1
h after gavage with vehicle (A) or 30 mg/kg (B), 100 mg/kg (C),
and 300 mg/kg (D) DB. In the vehicle-treated group, few
c-Fos-positive nuclei were observed in the NTS. In the
DB-treated group, the number of c-Fos-positive nuclei (arrows)
was dose-dependently increased in the NTS. (E) The number of
c-Fos-positive nuclei per section for each group (n=5 per group;
*p < 0.05 vs. the vehicle-treated group, p < 0.05 vs. the 30
mg/kg DB-treated group, 'p < 0.05 vs. the 100 mg/kg
DB-treated group). Data are presented as the mean + SEM. Scale
bar =50 um.

decreased in a time-dependent manner although the number
of these nuclei remained high in the DB-treated group
compared to that in the vehicle-treated group at the 4-h time
point (Fig. 2). At 8 and 16 h after gavage, the number of
c-Fos-positive nuclei was similar than that found in the
vehicle-treated group (Fig. 2, and panels F and G in Fig. 3).

Dose-dependent effects of DB on c-Fos expression
In the vehicle-treated group, few c-Fos-positive nuclei
were observed in the NTS 1 h after gavage (panel A in Fig.
4). In the DB-treated animals, c-Fos-positive nuclei were
abundantly detected in the NTS 1 h after gavage (panels

B-E in Fig. 4). Interestingly, the number of c-Fos-positive
nuclei increased in a dose-dependent manner. The number
of nuclei in the 300 mg/kg DB-treated group was about
3.36-fold of that found in the 30 mg/kg DB-treated group.

Effects of vagotomy on DB-induced c-Fos expression

In the sham group, some c-Fos-positive nuclei were
detected in the NTS 1 h after DB gavage (panel A in Fig. 5)
whereas only a few c-Fos-positive nuclei were observed in
the NTS of the vagotomized group 1 h after DB gavage
(panel B in Fig. 5). In the vagotomized group, the number
of c-Fos-positive nuclei (0.78 + 0.42 per section) was
significantly lower than that in the sham group (panel C in
Fig. 5).

Discussion

Nociception and perception of bitter tastants are facilitated
by T2R-expressing cells including brush cells in the rat
gastrointestinal tract [9,13,15,17]. Detection and perception
induce signal transduction by vagal afferents, and play an
important role in gut-brain communication. Activation of
vagal afferents causes neuron excitation in the NTS



followed by reflex activation of the vagal efferent neurons
that alters gastrointestinal function [4]. In the current study,
we monitored chronological changes of c-Fos-positive cells
in the NTS following T2R ligand gavage at various time
points that mimics neuronal taste perception [8,12,22]. The
number of c-Fos-positive nuclei in the NTS increased 1 h
after gavage with distilled water although this increase was
not statistically significant. In contrast, c-Fos-positive
nuclei numbers in the NTS significantly increased 2 h after
gavage before decreasing in a time-dependent manner.
These results suggest that volume distension of the stomach
may enhance neuronal c-Fos expression in the NTS. In the
DB-treatment group, the number of c-Fos-positive nuclei
was significantly increased 1 h after DB gavage. This
finding indicates that gavage with a T2R ligand further
activates the neuronal expression of c-Fos in the NTS along
with volume distension.

It was reported that c-Fos expression does not significantly
increased 2 h after gavage with DB alone although this
procedure tends to increase the number of c-Fos-positive
neurons in the NTS compared to control conditions [6]. In
the present study, we observed a further increase of c-Fos
expression in the NTS 2 h after DB gavage. We also
observed a dose-dependent increase of c-Fos-positive cells
in the NTS at the same time points. The discrepancy
between our data and findings published in the literature
may be associated with the dosages used. It has been
reported that antinoceptive effects in the brain are mediated
by the gastric vagal nerve [5]. Additionally, DB serotonin
delivered by intragastric administration has been found to
discharge in the brain via the vagus nerve and is blocked by
p-chlorophenylalanine that selectively depletes brain
serotonin [19].

We also performed subdiaphragmatic vagotomy to
investigate the correlation between vagal afferents and
increased c-Fos expression in the NTS after DB gavage.
The vagotomized group showed a significant loss of c-Fos
expression in the NTS after DB gavage. This result was
similar to ones from a previous study indicating that
increases in the number of Fos-positive NTS neurons by a
T2R ligand mixture are prevented by subdiaphragmatic
vagotomy [7]. Thus, DB potently activates the NTS soon
after gavage via the vagal afferent pathway. In conclusion,
our results demonstrated that DB, a T2R ligand, enhances
neuronal c-Fos expression in the NTS in a dose-dependent
manner after gavage through the vagal afferents.
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