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Suppression of Central Taste Transmission by Oral Capsaicin

Christopher T. Simons,"? Yves Boucher,’ and E. Carstens’
1Section of Neurobiology, Physiology, and Behavior and 2Department of Food Science and Technology, University of California, Davis, Davis, California
95616, and *Laboratorie de Physiologie de la Manducation, Université Paris 7, 75231 Paris, France

Because intraoral capsaicin is reported to reduce the perceived intensity of certain taste qualities, we investigated whether it affects the
central processing of gustatory information. The responses of gustatory neurons in the nucleus tractus solitarius (NTS) to tastant stimuli
were recorded before and after lingual application of capsaicin in anesthetized rats. Thirty-four NTS units were characterized as respond-
ing best to sucrose (0.3 m), NaCl (0.1 m), citric acid (0.03 M), monosodium glutamate (0.2 M), or quinine (0.001 M). During lingual
application of 330 um capsaicin for 7 min, the firing rate increased for five units and decreased for four units; the remainder were
unaffected. Immediately after capsaicin, responses to each tastant were in nearly all cases depressed (mean, 61.5% of control), followed
by recovery in most cases. NTS tastant-evoked unit responses were unaffected by lingual application of vehicle (5% ethanol). Capsaicin
elicited an equivalent reduction (to 64.5%) in tastant-evoked responses of nine additional NTS units recorded in rats with bilateral
trigeminal ganglionectomy, arguing against a trigeminally mediated central effect. Furthermore, capsaicin elicited a puncate pattern of
plasma extravasation in the tongue that matched the distribution of fungiform papillae. These results support a peripheral site of
capsaicin suppression of taste possibly via direct or indirect effects on taste transduction or taste receptor cell excitability. The depressant

effect of capsaicin on gustatory transmission might underlie its ability to reduce the perceived intensity of some taste qualities.
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Introduction

Integration of sensory information from separate modalities is an
important process influencing perception and behavior. Sensa-
tions of taste, olfaction, and oral irritation contribute to food
flavor, which significantly impacts food choice and nutritional
status (Scott and Verhagen, 2000). Much of the integration of
taste and smell appears to occur in the orbitofrontal cortex (Rolls
and Baylis, 1994). Psychophysical evidence suggests that oral no-
ciceptive input can suppress some taste qualities (Lawless and
Stevens, 1984; Prescott and Stevenson, 1995; Simons et al.,
2002a), but it is not clear whether this occurs at the cortical level
(as flavor) or at earlier gustatory relays, as we have investigated
presently.

Sapid tastants depolarize taste receptor cells in the tongue
(Herness and Gilbertson, 1999) to excite primary gustatory neu-
rons whose afferent fibers pass in the chorda tympani branch of
the facial nerve to project to the rostral pole of the nucleus of the
solitary tract (NTS) (Hamilton and Norgren, 1984; Hettinger and
Frank, 1992), where the initial processing of taste quality and
intensity occurs. Neurons responsive to both gustatory and lin-
gual somatosensory stimuli have been identified in the NTS
(Ogawa et al., 1984, 1988; Hayama et al., 1985; Travers and Nor-
gren, 1995), but it is not known whether these neurons are mod-
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ulated by noxious stimuli. Capsaicin, the pungent chemical in
chili peppers, excites nociceptive trigeminal nerve endings in oral
epithelia (Liu and Simon, 1996; Caterina et al., 1997) whose
afferent fibers project via the lingual nerve to the brainstem tri-
geminal complex, most notably the subnucleus caudalis (Vc)
(Sessle and Greenwood, 1976; Hu et al., 1981; Dubner and Ben-
nett, 1983), which contains neurons responsive to oral chemical
irritants (Carstens et al., 1998; Simons et al., 1999; Dessirier et al.,
2000; Sudo et al., 2002). To investigate a possible effect of oral
irritation on taste processing, we tested whether capsaicin re-
duced tastant-evoked responses of gustatory N'TS neurons. Find-
ing this to be the case, we also investigated whether the suppres-
sion occurs at a central or peripheral site. A substrate for central
trigeminal modulation of gustatory processing in the NTS is sup-
ported by anatomical studies showing projections to the NTS
from branches of trigeminal afferents (Jacquin et al., 1982;
Whitehead and Frank, 1983; Hamilton and Norgren, 1984) as
well as from neurons in Vc and paratrigeminal nucleus (Men-
étrey and Basbaum, 1987; Saxon and Hopkins, 1998). Some tri-
geminal fibers projecting to the NTS contain substance P (South
and Ritter, 1986), which modulates NTS responses to NaCl
(Davis and Smith, 1997). The possibility of a trigeminally medi-
ated central effect was tested by determining whether capsaicin
still depressed NTS tastant-evoked responses in animals with bi-
lateral trigeminal ganglionectomy. Alternatively, a peripheral lo-
cus for capsaicin suppression of taste processing is supported by
reports that oral capsaicin, or lingual nerve stimulation, de-
presses chorda tympani fiber responses to NaCl (Wang et al.,
1995; Osada et al., 1997). As a potential peripheral substrate for
trigeminal—gustatory interactions, we investigated whether cap-
saicin induces plasma extravasation in taste papillae. Portions of
this work have been published previously in abstract form (Si-
mons et al., 2001b; Carstens et al., 2002).
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Materials and Methods

Animals

A total of 73 adult male Sprague Dawley rats (Simonsen Inc., Gilroy, CA),
weighing between 350 and 480 gm were used in these experiments. They
were housed two per cage in a vivarium maintained on a 12 hr light/dark
cycle at ~21°C. Food and water were available ad libitum. All procedures
were in accordance with the National Institutes of Health animal welfare
guide and were approved by the University of California Davis Animal
Use and Care Advisory committee.

Electrophysiological experiments

Surgery. Animals were anesthetized with sodium pentobarbital (65 mg/
kg, i.p.). Core body temperature was maintained at ~37°C by placing the
animal on a heating pad. A midline incision was made over the trachea,
and the hypoglossal nerve was cut bilaterally to prevent spontaneous
tongue movement, followed by tracheotomy and cannulation of the
jugular vein to allow constant infusion of pentobarbital (10
mg - kg ™'+ hr '). The head was fixed in a stereotaxic frame using atrau-
matic earbars, and the transverse sinus was exposed and ligated bilater-
ally with silk suture. The cerebellum was then aspirated to expose the
underlying medulla. The mouth was maintained in an open position to
allow access to the oral cavity, which was wetted with distilled water to
prevent desiccation.

For rats receiving bilateral trigeminal ganglionectomy (n = 9), the
identical procedures were followed with the addition that the trigeminal
ganglia were bilaterally exposed and sectioned with a microknife. The
completeness of the ganglionectomy was verified by visual inspection.
This procedure ensured complete blockade of input from the three
branches of the trigeminal nerve bilaterally.

Recording and stimulation. A Teflon-insulated tungsten recording
electrode (18—20 M{); Frederick Haer Company. Brunswick, ME) was
advanced into the brainstem (2.7 mm anterior to obex; 1.8 mm lateral to
midline) using a hydraulic microdrive (David Kopf Instruments, Tu-
junga, CA). Extracellular single-unit activity was amplified and displayed
by conventional means and fed to a computer for analysis and storage.
Recordings were made from gustatory neurons in the NTS with receptive
fields anterior to the premolar eminence. Single units responsive to gus-
tatory stimuli were routinely observed at depths ranging from ~700 to
1000 wm below the brainstem surface.

Gustatory NTS units were searched for using a taste mixture contain-
ing the following reagent-grade chemicals: sucrose (0.3 m; Mallinkrodt,
Paris, KY), NaCl (0.1 m; Fisher Scientific, Fair Lawn, NJ), citric acid (0.03
M; Mallinkrodt), quinine HCI (0.01 m; Sigma, St. Louis, MO), and
monosodium glutamate (MSG) (0.2 M; Sigma). Once a responsive unit
was isolated, each of the five tastants was applied individually by hand-
held syringe at a constant flow rate (~0.2 ml/sec) to the anterior lingual
surface for 15 sec and left on for an additional 15 sec, followed immedi-
ately by a distilled water rinse (3 ml). Activity was recorded beginning 30
sec before the gustatory stimulus until 30 sec after stimulus cessation.
Responses were quantified as the total number of impulses during the 30
sec stimulus period. Each tastant was applied at least two times to estab-
lish which one elicited the relatively largest response. The “best” tastant
identified in this manner was then reapplied three times successively to
establish response reproducibility. All solutions were delivered at room
temperature to avoid any confounding effects of heating or cooling.

Those units exhibiting stable responses (within =10% of mean re-
sponse level to three applications) were then tested with capsaicin. Cap-
saicin [330 um (100 ppm) in 5% ethanol; Sigma] was applied by hand-
held syringe at a constant flow rate (~0.1 ml/sec) to the anterior lingual
surface bilaterally for 7 min. We hypothesized that any depressant effect
of capsaicin is mediated by activation of the trigeminal system, and there-
fore chose a concentration and duration of capsaicin application that is
known to excite central trigeminal neurons (Dessirier et al., 2000). The 7
min stimulus duration was selected because most V¢ neurons exhibited a
plateau in maximal firing rate to intermittent or continual application of
capsaicin by this time (Dessirier et al., 2000). Although the capsaicin
concentration used presently exceeds levels (~1 um) capable of activat-
ing vanilloid receptor-1 receptors expressed in trigeminal ganglion cells
in vitro (Liu and Simon, 1996), the lingual epithelium represents a sub-
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stantial diffusion barrier to reduce intraepithelial concentrations of cap-
saicin applied to the lingual surface. Recent studies indicate that <2% of
topically applied capsaicin diffuses through the epidermal layer within a
7 min period (Kasting et al., 1997; Magnusson and Koskinen, 2000),
allowing us to estimate an intraepithelial capsaicin concentration on the
order of 6 uM in the present study. Moreover, anesthetic depression of
trigeminal nociceptive activity elicited by lingual capsaicin is another
factor explaining the higher threshold for capsaicin to excite Vc neurons
(~100 ppm or 330 um) (Carstens et al., 1998; Dessirier et al., 2000)
compared with behavioral capsaicin detection thresholds (0.1-1 ppm or
1 uMm) (Simons et al., 2001a, 2002b). Finally, the concentration used
presently is comparable with capsaicin concentrations used in relevant
human psychophysical studies (198 33,000 uMm) of the effect of capsaicin
on taste perception (Szolcsanyi, 1977; Lawless and Stevens, 1984; Karrer
and Bartoshuk, 1995) not to mention the high concentrations encoun-
tered everyday by consumers of spicy food.

Immediately after the end of the 7 min period of capsaicin application,
the tastant eliciting the largest response was reapplied, as before, every 3
min for 12 min. This procedure was followed for 34 NTS units in intact
rats and for nine additional rats receiving bilateral trigeminal ganglionec-
tomy. As a vehicle control, the effect of identical application of 5% eth-
anol on tastant-evoked responses of NTS units was determined sepa-
rately in 12 units. One unit was tested per animal.

Histology. At the conclusion of each experiment, an electrolytic lesion
was made at the recording site by passing direct current (6 V) through the
microelectrode for 30 sec. Animals were killed by an overdose of pento-
barbital delivered through the jugular cannula. The brainstems were re-
moved and postfixed in 10% formalin. Atleast 2 weeks later they were cut
in 50 wm frozen sections and counterstained with neutral red; lesions
located within the NTS were identified under the light microscope. The
anterior level of the lesion was estimated based on anatomical landmarks
(Paxinos and Watson, 1998), and the distance from the midline (in mil-
limeters) was measured. Using these two coordinates, the location of
each lesion was transferred onto a representative horizontal brainstem
section through the NTS (see Fig. 1 D). No attempts were made presently
to correct for interanimal differences in brain size, variations in the rel-
ative size and position of the NTS, or tissue shrinkage during histological
processing.

Data analysis. For each neuron, the effect of capsaicin (or vehicle)
treatment was assessed by comparing the averaged precapsaicin (or pre-
vehicle) response with tastant-evoked responses elicited immediately, 3,
6,9, and 12 min after capsaicin (or vehicle) administration using two-
way ANOVA (neuron and time as main effects) followed by post hoc least
significant difference (LSD) multiple comparison tests. In addition, the
percentage of suppression and the degree of specificity (entropy, H ) were
calculated (Smith and Travers, 1979) for each unit, and a correlational
analysis was performed to determine whether the magnitude of suppres-
sion varied with breadth of neural tuning. An alternative analysis was also
conducted in which neurons were classified as narrowly or broadly tuned
according to the method of Pfaffmann et al. (1976). An unpaired ¢ test
was used to ascertain whether significant differences in the degree of
suppression existed between the two groups. To determine whether the
gustatory neurons responded to capsaicin (or vehicle) per se, the total
number of spikes elicited during each 1 sec or 1 min period before and
after capsaicin (or vehicle) delivery were compared using ANOVA fol-
lowed by post hoc LSD tests. For each tastant stimulation condition (be-
fore capsaicin and after capsaicin), unit responses were averaged in 1 sec
bins to construct averaged peristimulus-time histograms (PSTHs). All
data are presented as means = SE, and p < 0.05 was taken as significant.

Plasma extravasation

We investigated the possibility that capsaicin-induced plasma extravasa-
tion and localized edema within the lingual epithelium may contribute to
taste suppression, using Evans blue. Rats (n = 14) were anesthetized with
sodium pentobarbital (65 mg/kg, i.p.). Evans blue dye (50 mg/kg) was
injected intravenously, and either capsaicin (330 um) or vehicle (5%
ethanol) was applied lingually, in a manner identical to that used in the
electrophysiological experiments, for a duration of 7 min. Animals were
then perfused intracardially with saline. Digital images were made of the
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dorsal surface of the tongue and areas of dye concentration, appearing as
blue spots, were counted independently by two blinded investigators.
Four additional rats underwent the same procedures except that before
capsaicin application, they were subjected to unilateral (n = 2) or bilat-
eral (n = 2) ganglionectomy. Between-group comparisons were made by
ANOVA, with p < 0.05 taken as significant. Some tongues were also cut
in 100 wm frozen sections and viewed under the light microscope.

Results

Electrophysiology (intact animals)

Unit characterization

Of the 34 units responding to the taste mix and subsequently
tested with capsaicin, 24% (8 of 34) responded best to the sucrose
stimulus and were thus categorized as sucrose-best, 24% (8 of 34)
were characterized as citric acid-best, 26% (9 of 34) were catego-
rized as glutamate-best, and 26% (9 of 34) were categorized as
salt-best. The majority (27 of 34) of cells responded to multiple
taste stimuli. One salt-best cell also responded to quinine and,
because of the infrequency of bitter-sensitive neurons in the ros-
tral NTS, quinine rather than NaCl was tested in this unit. The
majority (30 of 34) were spontaneously active at rates usually <5
Hz. Most histologically verified recording sites were at the ros-
tral-lateral border of the gustatory NTS (Fig. 1 D).

Responses to capsaicin

When analyzed in 1 min bins, there was no significant change in
the average firing rate during the 7 min after the onset of the
capsaicin stimulus (Fg 597y = 0.30; p = 0.964). However, when
analyzed in 1 sec bins, there was a significant (F(s39 15360) = 1.145;
p = 0.012) change in activity, most likely reflecting transient
changes in firing rate that appear to be of little physiological
significance (Fig. 1 A). The majority of units (25 of 34) showed no
change in activity after the initiation of capsaicin, while five (two
salt-best, one each sucrose-best, citric acid-best, and glutamate-
best) exhibited a relative increase (>100% above spontaneous
levels) in firing rate (Fig. 1 B). The firing rate of these 5 units was
significantly higher (Fg 35y = 3.2; p = 0.007) than precapsaicin
levels at 2 min after the onset of capsaicin, although the mean
tastant-evoked response (232 spikes per 30 sec) was significantly
(p = 0.004) larger than the peak capsaicin-evoked response (89
spikes per 30 sec). In comparing the relative responses to tastants
versus capsaicin, it should be noted that only single concentra-
tions of stimuli were used. Four units (two glutamate-best, one
each NaCl-best and citric acid-best) showed a significant (Fg ,,) =
5.2; p < 0.001) reduction (to <50% of spontaneous levels) after the
onset of capsaicin (Fig. 1C).

Effect of capsaicin on taste responses

All taste units. Pooling data from all gustatory units, there was a
significant (F(s 144, = 11.6; p < 0.001) reduction (to 61.5%) in the
mean tastant-evoked response after lingual capsaicin treatment
compared with the precapsaicin response. At 12 min after capsa-
icin, the mean response, while still depressed ( p < 0.05), had
begun to return to precapsaicin levels. Pooled data for all 34 units
are shown in Figure 2 A, with the left panel showing the mean
precapsaicin response, the middle panel showing the mean re-
sponse immediately after capsaicin cessation, and the right panel
showing recovery of the mean response 12 min after the cessation
of capsaicin. The breadth of tuning (H) across all cells ranged
from 0.13 to 0.94 (mean, 0.75 * 0.03), and there was no apparent
correlation between H and the magnitude of capsaicin suppres-
sion (r = 0.096; p = 0.596). Similarly, there was no significant
(p = 0.193) difference in the mean suppression of the narrowly
tuned (to 47%) or broadly tuned (to 63%) cells as classified ac-
cording to Pfaffmann et al. (1976).
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Figure 1.  Responses of gustatory NTS units to lingual capsaicin. A, Averaged PSTH (bin

width, 1 sec) of responses of 34 units to lingual application of capsaicin; stimulus duration is
indicated by the bar above the PSTH. Error bars indicate SEM. B, Averaged PSTH (as in A) of
responses of 5 units that were excited by capsaicin. (, Averaged PSTH (as in A) of responses of 4
units that were inhibited by capsaicin. D, Recording sites (@) of gustatory NTS units are com-
piled on a horizontal section through the right NTS, taken from the atlas of Paxinos and Watson
(1998). Markers indicate mediolateral (millimeters from midline) and rostrocaudal (from
bregma) stereotaxic coordinates. AP, Area postrema.

The five NTS units that increased firing rates during applica-
tion of capsaicin exhibited a similar degree of suppression of
tastant-evoked responses immediately after capsaicin (to 55 *
20% of control). Similarly, the four units that decreased firing
rates during capsaicin application exhibited comparable suppres-
sion of tastant-evoked responses (to 46 = 18% of control).

Sucrose-best units. After capsaicin, the mean response of eight
sucrose-best units was significantly (Fs,o, = 4.1; p = 0.007)
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Figure2. Suppression of tastant-evoked responses of NTS units by oral capsaicin. Each triad of panels shows averaged PSTHs of NTS unit responses to the indicated tastant, before capsaicin (left
PSTHs), immediately after cessation of capsaicin (middle PSTHs), and 12 min after cessation of capsaicin (right PSTH). Horizontal bars indicate 30 sec duration of tastant stimulus. Error bars indicate
SEM. A, Data from all 34 units were pooled to show averaged responses to the best tastant. Note suppression of response (middle panel; to 57%) immediately after capsaicin with recovery (right
panel ). B, Sucrose. Note suppression (middle panel; to 63%) immediately after capsaicin with recovery (right panel ). C, NaCl. Note suppression (middle panel; to 44%) immediately after capsaicin with
recovery (right panel). D, Citric acid. Note suppression (middle panel; to 50%) immediately after capsaicin with partial recovery (right panel). E, MSG. Note suppression (middle panel; to 73%)
immediately after capsaicin with little or no recovery (right panel). F, Quinine; individual example showing that the response of the unit to quinine (left panel) was depressed immediately after
capsaicin (middle panel ) with recovery (right panel ).
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Figure3. Time course and variability of capsaicin suppression of NTS unit responses to tastants. A, Graph plots averaged response of NTS units to glutamate () or sucrose (O) versus time relative

to capsaicin application. Error bars indicate SEM. B, Graph as in A for averaged NTS unit responses to NaCl (Il or citricacid (A). Also shown is the response of one unit to quinine (+). C, Graph plots
the response of each NTS unit to itts best tastant before capsaicin (x-axis) versus its response to the same tastant immediately after cessation of capsaicin ( y-axis). Symbols indicate the tastant that
was tested for each plotted unit. The dashed diagonal line indicates no effect of capsaicin on tastant-evoked response.

reduced (to 62.8% of control). Figure 2 B shows averaged PSTHs
of these units before capsaicin, immediately after cessation of
capsaicin, and 12 min after capsaicin cessation, respectively. Av-
eraged responses are plotted in Figure 3A (O), showing a reduc-

tion immediately after capsaicin that began to recover within 6
min and was no longer significantly different from precapsaicin
levels at 9 min after capsaicin. Figure 3C plots the response of
each gustatory unit to its best tastant before capsaicin against its
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ethanol; format as in Fig. 3). D, Graph plots mean tastant-evoked responses of NTS units versus time relative to lingual application of ethanol, to show absence of effect.

response to the same tastant immediately after cessation of cap-
saicin stimulation. It can be seen that the magnitude of the effect
of capsaicin on sucrose-evoked responses varied (range, 15.9—
121.2% of control); responses of six of eight units were reduced to
=75% of control levels.

Salt-best units. The mean response of eight salt-best units to
NaCl was significantly (F(s 30, = 5.1; p = 0.002) attenuated (to
43.6%) immediately after capsaicin (Fig. 2C), although there was
some variability in the magnitude of suppression (range, 4.8—
85.7% of control) (Fig. 3C, ). Within 3 min after the cessation of
capsaicin, the response to NaCl began to recover (Fig. 3B, l) and
reached precapsaicin levels at 9 min after capsaicin (Figs. 2C, right
panel, 3B).

Citric acid-best units. Responses of all eight citric acid-best
units were depressed to variable degrees (range, 16.8—82.1% of
control) after capsaicin (Fig. 3C, A). The mean response of these
units to citric acid was significantly (F s ,5, = 6.2; p = 0.001) reduced
(to 49.7%) immediately after capsaicin application compared with
the precapsaicin response (Fig. 2D), and showed a partial recovery
over time after capsaicin (Fig. 3B, AA). However, the mean response
12 min after capsaicin was still significantly different from the pre-
capsaicin response (Figs. 2 D, right panel, 3B).

Glutamate-best units. The mean response of nine units to
MSG was significantly (F, ;) = 3.8; p = 0.013) reduced (to
72.6%) after lingual capsaicin (Fig. 2 E, middle panel) compared
with the precapsaicin level (Fig. 2 E, left panel ). The magnitude of
effect of capsaicin varied (range, 50.2-95.6% of control) (Fig. 3C,
*). However, unlike other tastants, the MSG-evoked responses
showed very little recovery after capsaicin (Fig. 3A, ). Indeed, 12
min after the cessation of capsaicin, the response to MSG was not
significantly different from the response seen immediately after
capsaicin administration (Figs. 2 E, right panel, 3A).

Quinine-responsive unit. One NaCl-best unit was tested with
quinine, which also evoked a response (Fig. 2 F, left panel) that
was substantially suppressed (to 45.8%) immediately after capsa-
icin pretreatment (Figs. 2 F, middle panel, 3C, + ) with subsequent
recovery (Figs. 2 F, right panel, 3B, +).

Vehicle controls. Twelve units (five citric acid-best, three
sucrose-best, three salt-best, and one glutamate-best) were tested
with vehicle (5% ethanol). There was no significant change in the
mean firing rate of these units during application of vehicle
(Fg09) = 0.172; p = 0.994) nor were tastant-evoked responses
significantly affected (F(555, = 1.660; p = 0.160) after vehicle
(104.6% of mean prevehicle response). Figure 4 A—C shows aver-
aged PSTHs of tastant-evoked responses of the NTS units before,
immediately after, and 12 min after ethanol, and Figure 4 D shows

the absence of an appreciable change in response relative to the
time of ethanol application.

Electrophysiology (ganglionectomized animals)

Recordings were made from nine gustatory NTS units (two
sucrose-best, three NaCl-best, three citric acid-best, and one
glutamate-best) in nine rats that had received bilateral trigeminal
ganglionectomy. All units were histologically localized to the ros-
tral-lateral border of the NTS (Fig. 5F). Figure 5A—C shows av-
eraged PSTHs of responses before capsaicin (Fig. 54), immedi-
ately after capsaicin (Fig. 5B), and 12 min after capsaicin (Fig.
5C). After lingual capsaicin administration, the mean tastant-
evoked response of these units was significantly suppressed
(F(s39) = 12.81; p < 0.001) to a level (65.4%) comparable with
that seen in intact rats (compare Figs. 2 A, middle panel, and 5B).
As in the intact animals, there was some variability in the time
course of recovery from capsaicin suppression (Fig. 5D) as well as
the degree of suppression of the best tastant-evoked response of
each unit (Fig. 5E).

Plasma extravasation

Each of the nine intact rats receiving lingual capsaicin exhibited
plasma extravasation manifested by a punctate distribution of
dye spots in a pattern consistent with that of fungiform papillae
(Miller and Preslar, 1975) (Fig. 6 A). In transverse frozen sections
through capsaicin-treated tongues, areas of dye accumulation
were microscopically verified to be fungiform papillae, with little
or no dye seen in surrounding tissues (Fig. 6C). This is in marked
contrast to the five animals receiving vehicle, in which none of the
tongues displayed signs of inflammation or extravasation (Fig.
6 B). In the four animals subjected to trigeminal ganglionectomy,
the pattern of dye distribution was indistinguishable from that
seen in the intact rats. Indeed, the mean number of stained pa-
pillae in intact rats (110 = 5) and ganglionectomized rats (101 =
6) was not significantly different (LSD; p = 0.211), whereas both
groups were found to have significantly (F, 5, = 135.6; p <
0.001) higher counts compared with ethanol-treated controls
(0= 0).

Discussion

The main finding of this study is that capsaicin significantly de-
pressed responses of gustatory NTS units to each of the five tas-
tants tested, thus demonstrating a physiological interaction be-
tween oral irritation and taste that is presumably expressed at the
perceptual level. The depressant effect of capsaicin was not signifi-
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pressant effect of capsaicin on tastant-
evoked NTS unit responses. The gustatory
NTS is densely innervated by opioid
peptide- and GABA-containing neurons
(Lynch et al., 1985; Davis, 1993; Davis and
Kream, 1993), and GABA exerts inhibitory
effects on gustatory NTS neurons (Bradley
and Grabauskas, 1998). We therefore can-
not rule out the possibility that capsaicin
may excite extratrigeminal pathways to in-
duce a central suppression of taste process-
ing via release of these inhibitory
neurotransmitters.

A peripheral action of capsaicin on
taste transduction is more parsimonious
with the present results. Previous studies
have shown that electrical stimulation of
the lingual nerve (Wang et al., 1995) or
chemical excitation of the tongue by cap-
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Figure 5.

compiled onto a horizontal section through the right NTS. Graph as in Figure 10.

cantly different in intact compared with trigeminal ganglionecto-
mized animals, arguing against a trigeminally mediated central ef-
fect. It is more likely that capsaicin influences taste processing at a
peripheral site, possibly via mechanisms related to the punctate dis-
tribution of plasma extravasation in the tongue that was observed
after capsaicin. A secondary finding was that a fraction of the gusta-
tory NTS units responded during capsaicin application alone, al-
though these responses were smaller in magnitude than those elic-
ited by the best tastant, suggesting either that such units signal oral
irritation or that capsaicin has gustatory properties.

Sites and mechanisms of capsaicin suppression of taste
Consistent with many previous studies of central gustatory neu-
rons, NTS units were categorized according to the tastant that
elicited the relatively largest (best) response, although they typi-
cally responded to two or more of the five tastants. Responses
elicited by the best tastant of each unit were in nearly all cases
markedly suppressed immediately after capsaicin application,
with some variability in the magnitude and duration of the effect
that was independent of the breadth of tuning for a given neuron.
This is in contrast to a previous study showing capsaicin to have
differential effects on NaCl responsiveness in narrowly versus
broadly tuned chorda tympani fibers (Osada et al., 1997). This
difference might reflect the high degree of convergence of pri-
mary afferents within the NTS in which the suppressive effect of
capsaicin on chorda tympani fibers dominates.

Overall, tastant-evoked responses were reduced to 61.5%, a level
that was not significantly different from that of capsaicin suppres-
sion in rats with bilateral trigeminal ganglionectomy (65.4%). These
results indicate that a centrally mediated mechanism dependent on
capsaicin activation of trigeminal afferents is not critical to the de-

800
Response pre-capsaicin

Suppression of NTS unit responses to tastant stimuli in animals with bilateral ganglionectomy. A-(, Data from nine
neurons pooled to show averaged responses to the best tastant before capsaicin ( A), immediately after capsaicin ( 8), and 12 min
() after the cessation of capsaicin. Horizontal bars indicate 30 sec duration of tastant stimulus. Error bars indicate SEM. D, Graph
plots averaged tastant-evoked response of NTS units versus time relative to capsaicin application. Error bars indicate SEM. ***p <<
0.001. £, Graph plots the response of each NTS unit to its best tastant before capsaicin (x-axis) versus its response to the same
tastant immediately after cessation of capsaicin ( y-axis). Symbols indicate the tastant that was tested for each plotted unit. The
dashed diagonal line indicates no effect of capsaicin on tastant-evoked response. F, Recording sites (O) of gustatory NTS units

saicin (Osada et al., 1997) resulted in de-
creased responsiveness of NaCl-sensitive
primary afferent fibers in the chorda tym-
pani, a finding that is consistent with the
present results showing capsaicin sup-
pression of NaCl-evoked NTS unit re-
sponses. In this regard, it was reported re-
cently that capsaicin inhibits the
activation of voltage-gated ion channels
in trigeminal ganglion neurons (Liu et al.,
2001) and in taste receptor cells respon-
sive to NaCl (S. A. Simon, personal com-
munication), suggesting that capsaicin
may inhibit the generation of action potentials in these cells as
well as primary gustatory afferents. Whether the responses of
chorda tympani fibers or taste receptor cells to other tastants are
also inhibited by capsaicin, as observed presently for gustatory
NTS neurons, remains to be determined.

In addition to possible direct actions of capsaicin on taste
receptor cells, capsaicin evokes an axon reflex resulting in the
release of substance P and other neuroactive peptides from the
peripheral terminals of nociceptors (Cao et al., 1998) causing
localized plasma extravasation and edema (Holzer, 1998). We
observed that capsaicin elicited a punctate pattern of plasma ex-
travasation in the tongue (Fig. 6A,C) consistent with the distri-
bution of fungiform papillae (Miller and Preslar, 1975). This
finding was consistent in both intact and ganglionectomized rats
and suggests a mechanism whereby localized plasma extravasa-
tion and edema in taste papillae could result in the closure of taste
pores and thereby impede access of tastant molecules to taste
receptor cells. An additional possibility involves an irritant-
induced contractile mechanism in mouse taste buds that has been
hypothesized to protect against potentially damaging effects of
noxious stimuli (Mattern and Paran, 1974). Finally, there is a
relatively high density in and around taste buds of substance
P-containing fibers (Nagy et al., 1982; Nishimoto et al., 1982;
Finger, 1986) that are primarily of trigeminal origin (Nagy et al.,
1982). Moreover, the neurokinin-1 receptor, to which substance
P preferentially binds, is expressed in the basolateral membrane
of taste receptor cells but not in the surrounding epithelium or in
primary gustatory neurons (Chang et al., 1996). It is therefore
possible that substance P, released via the axon reflex (Holzer,
1998), could act directly on taste receptor cells to alter their gus-
tatory responsiveness.

1000 0 1
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Figure 6.  Capsaicin-induced plasma extravasation. A, Photograph of rat tongue treated
previously with topical capsaicin. Note accumulation of blue dye within taste papillae across the
lingual surface. B, Photograph of rat tongue pretreated with ethanol. ¢, Photomicrograph of
section through fungiform papillae (100X magnification). The black arrowhead indicates the
dorsal lingual surface, whereas the white arrowhead shows afilliform papilla. Note that blue dye
accumulates within the taste bud, with little or none in surrounding tissues.

Perceptual correlates

Regular consumers of spicy foods often contend that pungent
spices enhance the flavor of foods, whereas infrequent consumers
claim that taste is suppressed (Lawless et al., 1985). Psychophys-
ical evidence supports an inhibitory effect of capsaicin on certain
suprathreshold taste sensations, particularly sweetness (Lawless
et al.,, 1985; Cowart, 1987; Prescott et al., 1993; Prescott and
Stevenson, 1995) and bitterness (Lawless and Stevens, 1984;
Cowart, 1987). We recently reported significant reductions in the
perceived intensity of sweetness, bitterness, and umami (from
MSG) after capsaicin pretreatment; salt and sour qualities were
unaffected (Simons et al., 2002a). These psychophysical findings
are partly at odds with the present results, which show significant
suppression of NTS unit responses to all tastants tested. In par-
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ticular, the marked suppression by capsaicin of NaCl- and citric
acid-evoked NTS unit responses (to 44 and 50% of control, re-
spectively) is inconsistent with the psychophysical observations
that capsaicin does not affect the perceived intensity of salt or
sour taste qualities. This disparity may be explained by the higher
capsaicin concentration used presently compared with that used
in human studies (109 um) or by species differences that may also
contribute.

In the present study, the capsaicin vehicle (5% ethanol) had
no effect on the firing rates of NTS units or on their responses to
tastants. It has been reported previously that the responses of
NaCl-sensitive chorda tympani fibers were slightly reduced when
the NaCl was applied in mixture with 5% ethanol compared with
their responses to NaCl alone (Osada et al., 1997). Any minor
effect of ethanol on the sensitivity of chorda tympani fibers to
sapid stimuli thus appears to be lost at the level of the NTS and
cannot account for the significant depressant effect of capsaicin
on tastant-evoked responses.

NTS unit responses to capsaicin

Although most gustatory N'TS units were unaffected by capsaicin,
a fraction exhibited small but significant excitatory or inhibitory
responses (Fig. 2), possibly via convergent input from capsaicin-
sensitive trigeminal fibers. Gustatory NTS neurons are known to
be excited by innocuous somatosensory stimuli (Ogawa et al.,
1984, 1988; Hayama et al., 1985; Travers and Norgren, 1995), and
anatomical studies have shown projections to the NTS from tri-
geminal afferents (Jacquin et al., 1982; Hamilton and Norgren
1984; Marfurt and Rajchert, 1991) as well as from neurons in the
V¢ and paratrigeminal nucleus (Menétrey and Basbaum, 1987;
Saxon and Hopkins, 1998). A second possibility is that some
gustatory NTS units receive input directly from capsaicin-
sensitive chorda tympani fibers (Okuni, 1977), although other
studies indicate that chorda tympani fibers are not capsaicin sen-
sitive (Silver et al., 1985; Hiura et al., 1990). A third possibility is
that the capsaicin-evoked NTS unit responses reflect a gustatory
component of capsaicin, which is sometimes reported to have a
bitter taste, particularly at the back of the tongue (Lawless and
Stevens, 1988; B.G. Green, personal communication).

In summary, the present finding that capsaicin significantly
attenuates responses of gustatory NTS neurons to tastants pro-
vides a solid physiological basis to explain the suppression of
certain tastes by spices in food.

References

Bradley RM, Grabauskas G (1998) Neural circuits for taste. Excitation, in-
hibition, and synaptic plasticity in the rostral gustatory zone of the nu-
cleus of the solitary tract. Ann NY Acad Sci 855:467—474.

Cao YQ, Mantyh PW, Carlson EJ, Gillespie AM, Epstein CJ, Basbaum Al
(1998) Primary afferent tachykinins are required to experience moderate
to intense pain. Nature 392:390-394.

Carstens E, Kuenzler N, Handwerker HO (1998) Activation of neurons in
rat trigeminal subnucleus caudalis by different irritant chemicals applied
to oral or ocular mucosa. ] Neurophysiol 80:465—-492.

Carstens E, Simons CT, Boucher YM (2002) Capsaicin suppresses tastant-
evoked neural activity via a peripheral mechanism. Soc Neurosci Abstr, in
press.

Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine JD, Julius D
(1997) The capsaicin receptor: a heat-activated ion channel in the pain
pathway. Nature 389:816—824.

Chang GQ, Vigna SR, Simon SA (1996) Localization of substance P NK-1
receptors in rat tongue. Regul Pept 63:85—-89.

Cowart BJ (1987) Oral chemical irritation: does it reduce perceived taste
intensity? Chem Senses 12:467—479.

Davis B] (1993) GABA-like immunoreactivity in the gustatory zone of the



Simons et al. « Capsaicin Suppresses NTS Taste Responses

nucleus of the solitary tract in the hamster: light and electron microscopic
studies. Brain Res Bull 30:69-77.

Davis BJ, Kream RM (1993) Distribution of tachykinin- and opioid-
expressing neurons in the hamster solitary nucleus: an immuno- and in
situ hybridization histochemical study. Brain Res 616:6—16.

Davis BJ, Smith DV (1997) Substance P modulates taste responses in the
nucleus of the solitary tract of the hamster. NeuroReport 8:1723-1727.

Dessirier JM, Simons CT, Sudo M, Sudo S, Carstens E (2000) Sensitization,
desensitization, and stimulus-induced recovery of trigeminal neuronal
responses to oral capsaicin and nicotine. ] Neurophysiol 84:1851-1862.

Dubner R, Bennett GJ (1983) Spinal and trigeminal mechanisms of noci-
ception. Annu Rev Neurosci 6:381-418.

Finger T (1986) Peptide immunohistochemistry demonstrates multiple
classes of perigemmal nerve fibers in the circumvallate papilla of the rat.
Chem Senses 11:135-144.

Hamilton RB, Norgren R (1984) Central projections of gustatory nerves in
the rat. ] Comp Neurol 222:560-577.

Hayama T, Ito S, Ogawa H (1985) Responses of solitary tract nucleus neu-
rons to taste and mechanical stimulations of the oral cavity in decerebrate
rats. Exp Brain Res 60:235-242.

Herness MS, Gilbertson TA (1999) Cellular mechanisms of taste transduc-
tion. Annu Rev Physiol 61:873-900.

Hettinger TP, Frank ME (1992) Information processing in mammalian gus-
tatory systems. Curr Opin Neurobiol 2:469-478.

Hiura A, Ishizuka H, Sakamoto Y (1990) Electron microscopic study of the
effect of capsaicin on the mouse chorda tympani nerves. Arch Oral Biol
35:913-916.

Holzer P (1998) Neurogenic vasodilatation and plasma leakage in the skin.
Gen Pharmacol 30:5-11.

Hu JW, Dostrovsky JO, Sessle B] (1981) Functional properties of neurons in
cat trigeminal subnucleus caudalis (medullary dorsal horn). I. Responses
to oral-facial noxious and nonnoxious stimuli and projections to thala-
mus and subnucleus oralis. ] Neurophysiol 45:173—-192.

Jacquin MF, Semba K, Rhoades RW, Egger MD (1982) Trigeminal primary
afferents project bilaterally to dorsal horn and ipsilaterally to cerebellum,
reticular formation, and cuneate, solitary, supratrigeminal, and vagal nu-
clei. Brain Res 246:285-291.

Karrer T, Bartoshuk L (1995) Effects of capsaicin desensitization on taste in
humans. Physiol Behav 57:421-429.

Kasting GB, Francis WR, Bowman LA, Kinnett GO (1997) Percutaneous
absorption of vanilloids: in vivo and in vitro studies. J] Pharm Sci
86:142—-146.

Lawless HT, Stevens DA (1984) Effects of oral chemical irritation on taste.
Physiol Behav 32:995-998.

Lawless HT, Stevens DA (1988) Responses by humans to oral chemical irri-
tants as a function of locus of stimulation. Percept Psychophys 43:72-78.

Lawless HT, Rozin P, Shenker ] (1985) Effect of oral capsaicin on gustatory,
olfactory, and irritant sensations and flavor identification in humans who
regularly or rarely consume chili pepper. Chem Senses 10:579-589.

Liu L, Simon SA (1996) Capsaicin and nicotine both activate a subset of rat
trigeminal ganglion neurons. Am J Physiol 270:C1807-C1814.

Liu L, Oortgiesen M, Li L, Simon SA (2001) Capsaicin inhibits activation of
voltage-gated sodium currents in capsaicin-sensitive trigeminal ganglion
neurons. ] Neurophysiol 85:745-775.

Lynch WC, Watt ], Krall S, Paden CM  (1985) Autoradiographiclocalization
of k opiate receptors in CNS taste and feeding areas. Pharmacol Biochem
Behav 22:699-705.

Magnusson BM, Koskinen LD (2000) In vitro percutaneous penetration of
topically applied capsaicin in relation to in vivo sensation responses. Int
J Pharm 195:55-62.

Marfurt CF, Rajchert DM (1991) Trigeminal primary afferent projections
to “non-trigeminal” areas of the rat central nervous system. ] Comp Neu-
rol 303:489-511.

Mattern CF, Paran N (1974) Evidence of a contractile mechanism in the
taste bud of the mouse fungiform papilla. Exp Neurol 44:461-469.

Menétrey D, Basbaum Al (1987) Spinal and trigeminal projections to the
nucleus of the solitary tract: a possible substrate for somatovisceral and
viscerovisceral reflex activation. ] Comp Neurol 255:439—450.

Miller Jr IJ, Preslar A] (1975) Spatial distribution of rat fungiform papillae.
Anat Rec 181:679-684.

Nagy JI, Goedert M, Hunt SP, Bond A (1982) The nature of the substance

J. Neurosci., February 1,2003 - 23(3):978 -985 « 985

P-containing nerve fibres in taste papillae of the rat tongue. Neuroscience
7:3137-3151.

Nishimoto T, Akai M, Inagaki S, Shiosaka S, Shimizu Y, Yamamoto K, Senba
E, Sakanaka M, Takatsuki K, Hara Y, Takagi H, Matsuzaki T, Kawai Y,
TohyamaM (1982) On the distribution and origins of substance P in the
papillae of the rat tongue: an experimental and immunohistochemical
study. ] Comp Neurol 207:85-92.

Ogawa H, Imoto T, Hayama T (1984) Responsiveness of solitario-
parabrachial relay neurons to taste and mechanical stimulation applied to
the oral cavity in rats. Exp Brain Res 54:349-358.

Ogawa H, Hayama T, Yamashita Y (1988) Thermal sensitivity of neurons in
a rostral part of the rat solitary tract nucleus. Brain Res 454:321-331.
Okuni Y (1977) Response of chorda tympani fibers of the rat to pungent
spices and irritants in pungent spices. Shikwa Gakuho 77:1323-1349.
Osada K, Komai M, Bryant BP, Suzuki H, Goto A, Tsunoda K, Kimura S,
Furukawa Y (1997) Capsaicin modifies responses of rat chorda tympani

nerve fibers to NaCl. Chem Senses 22:249-255.

Paxinos G, Watson C (1998) The rat brain in stereotaxic coordinates, Ed 3.
San Diego: Academic.

Pfaffmann C, Frank M, Bartoshuk LM, Snell TC (1976) Coding gustatory
information in the squirrel monkey chorda tympani. In: Progress in psy-
chobiology and physiological psychology (Sprague JM, Epstein AN, eds),
pp 1-27. New York: Academic.

Prescott J, Stevenson RJ (1995) Effects of oral chemical irritation on tastes
and flavors in frequent and infrequent users of chili. Physiol Behav
58:1117-1127.

Prescott J, Allen S, Stephens L (1993) Interactions between oral chemical
irritation, taste, and temperature. Chem Senses 18:389—404.

Rolls ET, Baylis LL (1994) Gustatory, olfactory, and visual convergence
within the primate orbitofrontal cortex. ] Neurosci 14:5437-5452.

Saxon DW, Hopkins DA (1998) Efferent and collateral organization of
paratrigeminal nucleus projections: an anterograde and retrograde fluo-
rescent tracer study in the rat. ] Comp Neurol 402:93-110.

Scott TR, Verhagen JV (2000) Taste as a factor in the management of nutri-
tion. Nutrition 16:874—885.

Sessle BJ, Greenwood LF (1976) Inputs to trigeminal brain stem neurones
from facial, oral, tooth pulp, and pharyngolaryngeal tissues. I. Responses
to innocuous and noxious stimuli. Brain Res 117:211-226.

Silver WL, Mason JR, Marshall DA, Maruniak JA (1985) Rat trigeminal,
olfactory, and taste responses after capsaicin desensitization. Brain Res
333:45-54.

Simons CT, Dessirier JM, Carstens MI, O’Mahony M, Carstens E (1999)
Neurobiological and psychophysical mechanisms underlying the oral
sensation produced by carbonated water. ] Neurosci 19:8134—8144.

Simons CT, Dessirier JM, Jinks SL, Carstens E (2001a) An animal model to
assess aversion to intra-oral capsaicin: increased threshold in mice lacking
substance P. Chem Senses 26:491-497.

Simons CT, Boucher Y, Carstens E (2001b) Gustatory-irritant interactions:
suppression of taste by oral capsaicin. Soc Neurosci Abstr 27:759.

Simons CT, O’Mahony M, Carstens E (2002a) Taste suppression following
lingual capsaicin pretreatment in humans. Chem Senses 27:353-365.

Simons CT, Gogineni AG, Iodi Carstens M, Carstens E (2002b) Reduced
aversion to oral capsaicin following neurotoxic destruction of superficial
medullary neurons expressing NK-1 receptors. Brain Res 945:139-143.

Smith DV, TraversJB (1979) A metric for the breadth of tuning of gustatory
neurons. Chem Senses 4:215-229.

South EH, Ritter RC (1986) Substance P-containing trigeminal sensory neu-
rons project to the nucleus of the solitary tract. Brain Res 372:283-289.

Sudo S, Sudo M, Simons CT, Dessirier JM, Carstens E (2002) Sensitization
of trigeminal caudalis neuronal responses to intraoral acid and salt stimuli
and desensitization by nicotine. Pain 98:277-286.

Szolcsanyi] (1977) A pharmacological approach to elucidation of the role of
different nerve fibres and receptor endings in mediation of pain. J Physiol
(Paris) 73:251-259.

Travers SP, Norgren R (1995) Organization of orosensory responses in the
nucleus of the solitary tract of rat. ] Neurophysiol 73:2144-2162.

Wang Y, Erickson RP, Simon SA (1995) Modulation of rat chorda tympani
nerve activity by lingual nerve stimulation. ] Neurophysiol 73:1468 —1483.

Whitehead MC, Frank ME (1983) Anatomy of the gustatory system in the
hamster: central projections of the chorda tympani and the lingual nerve.
J Comp Neurol 220:378-395.



