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Abstract
The incidence of chronic oral pain such as burning mouth syndrome is greater in perimenopausal
females, and was postulated to be associated with gustatory nerve damage. We investigated if
bilateral transection of the chorda tympani, with or without accompanying ovariectomy, affected
oral capsaicin avoidance in rats. Female rats had restricted access to 2 bottles, one containing
capsaicin (concentration range: 0.33–33 μM) and the other vehicle. Percent volume of capsaicin
consumption and lick counts were measured. The concentration series was tested before and 0.5,
3, 6, 9 and 12 mo after the following surgical procedures: (a) bilateral transection of the chorda
tympani (CTx), (b) ovariectomy (OVx), (3) CTx plus OVx, or (4) sham CT surgery. Presurgery
there was a concentration- dependent decrease in licks and volume of capsaicin consumed with a
threshold between 0.1–0.3 ppm. The majority of drink licks occurred during the first 9 min of
access. Over the 12-month test period, the CTx group did not exhibit reduced capsaicin
consumption, and consumed significantly more capsaicin at 6 and 9 months postsurgery. Rats in
the OVx group consistently consumed significantly less capsaicin and exhibited significantly
higher counts of capsaicin-evoked c-fos-like immunoreactivity in dorsomedial trigeminal
subnucleus caudalis (Vc) compared to all other treatment groups. That CTx, with or without OVx,
did not enhance capsaicin avoidance indicates that damage to the gustatory system does not
disinhibit trigeminal nociceptive transmission.
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Introduction
While trigeminal stimulation of the oral cavity can reduce gustatory transmission and the
perceived intensity of certain tastants [11, 31, 33, 36, 40, 42, 47, 50, 54], it is less certain if
oral gustatory stimulation affects trigeminal transmission including pain. Psychophysical
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studies have reported that certain tastants, particularly sucrose, reduce oral irritation elicited
by capsaicin [46, 51, 52], and that sucrose can reduce pain in human infants [8, 12, 39] and
nocifensive behavior in neonatal rats [2, 7, 43]. We recently reported that gustatory
stimulation with NaCl and monosodium glutamate (MSG) acutely inhibits responses of
neurons in trigeminal subnucleus caudalis to noxious lingual stimulation [10]. Inhibitory
interactions between cranial nerves innervating the oral cavity have been previously reported
[31], and anesthesia of the chorda tympani (CT) was reported to enhance lingual capsaicin
irritation [53], prompting the hypothesis that damage to the gustatory system may relieve the
trigeminal system of tonic inhibition [3]. Such interactions could potentially contribute to
the etiology of chronic orofacial pain conditions such as burning mouth syndrome [3, 5, 32].
Indeed, burning mouth syndrome has been associated with dysgeusia [25, 28–30].

We presently tested the hypothesis that damage to gustatory nerves results in hyperalgesia
within the oral cavity. We investigated if bilateral CT transection (CTx) in rats increases
their sensitivity to the irritant capsaicin using a 2-bottle avoidance paradigm [9, 49]. As the
prevalence of several disorders within the area innervated by the trigeminal nerve is
increased in women [13, 20], we assessed the effect of ovariectomy (OVx) in our model.
The trigeminal sensory complex is rich in neurons expressing estrogen receptors, and OVx
has been reported to induce hyperalgesia in animal studies [1, 16, 17, 26, 27, 38, 41, 45].
Moreover, the incidence of burning mouth syndrome (BMS) and other chronic orofacial
pain conditions is higher in perimenopausal females [20, 23, 28, 37, 55, 56]. We therefore
further hypothesized that capsaicin avoidance would be enhanced in ovariectomized (OVx)
rats as well as rats with both CTx and OVx. Finally, at the conclusion of the behavioral
study we used c-fos immunohistochemistry to assess the numbers of neurons in trigeminal
subnucleus caudalis (Vc) and the nucleus of the solitary tract (NTS) activated by lingual
capsaicin. We hypothesized that groups exhibiting enhanced capsaicin avoidance in the
behavioral study would exhibit increased c-fos expression in Vc.

Methods
Animals

Experiments were performed using 35 adult female Sprague-Dawley rats. The experimental
protocol was approved by the UC Davis Institutional Animal Care and Use Committee. The
animals were housed in polycarbonate cages in a vivarium with reversed 12:12 light cycle
and were always tested at the same time each day during the dark phase. Rat chow was
available ad libitum. Two water bottles were also available ad libitum during off-study
periods. Presurgery behavioral testing commenced when all rats were 8 months old (mean
weight >270 g; Fig. 1). On test days, the animals were water-restricted for 22 hr and had
restricted 2-hr access to water as described below.

Surgery
Following the completion of pre-surgery behavioral testing, the rats were assigned to one of
four groups: (a) bilateral CTx, (b) bilateral CTx plus OVx, (c) OVx, and (d) and CT sham
surgery controls. All surgical procedures were conducted approximately 6 weeks after the
conclusion of pre-surgery behavioral testing. For CTx, rats were anesthetized with sodium
pentobarbital (60 mg/kg ip) and the CT on each side accessed according to a procedure
described previously [19]. Briefly, one skin incision was made ventrally and part of the
mylohyoid muscle was resected. The medial pterygoid muscle was then carefully dissected
to avoid bleeding of the adjacent venous sinuses. The CT was isolated central to its
separation from the lingual nerve. A cotton thread was pulled loosely under the exposed CT,
after which it was cut with ophthalmologic scissors. Removal of the intact thread confirmed
transection. In sham-operated control rats the CT was exposed bilaterally in the same
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manner, but not transected. For OVx, the ovary was exposed through a lateral incision
(approx. 1 cm) in the abdomen, ligated and transected. The same procedure was performed
on the opposite side. In the CTx + OVx group, both surgical procedures were performed
successively. All surgical incisions were sutured closed. Two wk following surgery, rats
were retested behaviorally in the 2-bottle paradigm.

Two-bottle preference test
Prior to formal testing, the rats were accommodated to a metal box with access to two
drinking bottles containing water in one 2-hr session per day for 3 successive days. During
formal testing in the 2-bottle paired preference paradigm, rats that had been water-restricted
for the previous 22 hr were transferred from the home cage to the metal box. The sipper tube
of each bottle, and the floor of the metal box, were connected to a lickometer (DM-8;
Columbus Instruments, Columbus OH) to simultaneously monitor licking from each of 32
bottles (2 per cage), thus allowing us to monitor drinking from 16 rats at once [9]. Each
lickometer output channel was routed to computer via an interface (Columbus Instruments)
and lick counts from each bottle were registered at 1-min intervals over the 2-hr access
period. In addition, each bottle was weighed before and after the 2-hr drinking period to
measure the volume of fluid consumption.

Prior to surgery, and at 0.5, 3, 6, 9 and 12 months post-surgery, rats were tested in the
restricted access 2-bottle preference paradigm with an ascending series of capsaicin
concentrations: 0.1 ppm (0.33 μM), 0.3 ppm (0.99 μM), 0.5 ppm (1.65 μM), 1 ppm (3.3 μM)
and 10 ppm (33 μM). Capsaicin at a given concentration was provided in one bottle and the
matching vehicle (0.005, 0.015, 0.025, 0.05 and 0.5% ethanol in distilled water) in the other.
Each concentration of capsaicin was tested over 2 consecutive days, with the position of
capsaicin- and vehicle-containing bottles switched each day to avoid positional preference.
After the 2 test days at a given capsaicin concentration, water was provided in both bottles
for the next 2 (or more) days prior to testing the next capsaicin concentration. Capsaicin was
tested in an ascending concentration series. At the conclusion of the concentration series,
rats received ad libitum water from 2 bottles in their home cages until the next test series.

c-fos immunohistochemistry
After behavioral testing was completed, rats were anesthetized with sodium pentobarbital
(60 mg/kg ip). The mouth was gently held open and 0.1 ml of capsaicin (100 ppm; 330 μM)
was placed on the anterior tongue bilaterally. This concentration was chosen because it, but
not lower (10 ppm) concentrations, excited Vc neurons when applied to the tongue of
barbiturate-anesthetized rats [14, 21]. Underlying gingiva was covered with Parafilm® to
avoid stimulation of tissue other than the tongue. After 10 min the mouth was closed. Two
hr after capsaicin application, the animal was perfused transcardially with 250 ml of
phosphate-buffered saline followed immediately by 500 ml of 4% paraformaldehyde. The
brainstem was removed, postfixed, and transferred to 30% sucrose for cryoprotection.
Brainstems were cut in 50 μm frozen sections and immunohistochemically processed as
described previously [15, 48]. Cell nuclei displaying black Fos-like immunoreactivity (FLI)
were counted bilaterally in all sections at 150 μm intervals between the level of the
pyramidal decussation caudally up to the rostral pole of the NTS. We specifically counted
FLI in the dorsomedial aspect of Vc, as well as in the NTS at levels caudal (NTSc) and
rostral to (NTSr) to the area postrema. The investigator counting FLI was blinded as to the
experimental treatment. For each region of interest in each animal, the 5 sections with the
highest counts of FLI were selected and imaged with a digital camera (MP-5, Q-Imaging,
Technical Instruments, San Francisco CA) using Scion Image QCapture-Pro 6.0 software
(Q-Imaging).
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Data analysis
At each pre- and post-surgery time point, the volume of capsaicin solution consumed at each
concentration was expressed as a % of total volume consumed from both bottles. The
number of licks from the bottle containing capsaicin was also expressed as % of total licks
from both bottles. Capsaicin consumption and lick counts were subjected to a repeated
measures analysis of variance (ANOVA) with treatment group, capsaicin concentration and
time as main effects. Post-hoc 2-way ANOVAs (group and capsaicin concentration as main
effects) with Tukey’s test were subsequently conducted at each time point to directly assess
group differences in consumption and licks as a function of time. Similarly, body weight
was analyzed using repeated measures ANOVA with group and time as main effects. In
addition, the microstructure of licking behavior was assessed for each capsaicin
concentration presurgery. At each capsaicin concentration, the number of licks from the
capsaicin- and vehicle-containing bottles were counted at 1-min intervals during the initial
30 min, averaged, and compared by repeated measures ANOVA and post-hoc Tukey’s tests
with rat, time, replication and capsaicin concentration as main effects. Statistical analyses
were done using Minitab 16 (Minitab Inc., State College, PA).

Counts of FLI in Vc, NTSrc and NTSr were averaged for each animal, and compared
between treatment groups using one-way ANOVA followed by post hoc Tukey’s tests. P
<0.05 was considered to be significant.

Results
Body weight

There was a significant effect of treatment on body weight (F3,206=69.41, p<0.001). Post-
surgery, rats undergoing OVx weighed significantly more than rats in the sham group or
group receiving CTx only. At 3 months post-surgery there was a small, but significant, drop
in mean body weight in each group (F5,206=8.95; p<0.001), followed by weight gain over
the ensuing 9 month period that was similar across treatment groups (group*time interaction
F15,206=1.43, p=0.136; Fig. 1).

Microstructure of licking
We assessed lick counts, measured at 60 sec intervals, to determine the time course of
drinking during the access period. As expected, as capsaicin concentration increased, the
number of licks directed to the capsaicin-treated bottle decreased significantly
(F5,11650=28.59, p<0.001). There was also a significant effect of time (F30,11650=24.93,
p<0.001). Post-hoc analyses indicated that for all capsaicin concentrations, the majority of
licks occurred within the first 9 minutes of the access period (Fig. 2). Interestingly, as
capsaicin concentration increased, rats ceased drinking capsaicin solutions at progressively
earlier time points as indicated by the significant concentration*time interaction
(F150,11650=2.02, p<0.001). This trend can be seen in Fig. 2, where the peak number of licks
occurred progressively earlier as capsaicin concentration increased. Finally, there was a
significant difference in numbers of licks directed to the capsaicin-treated bottle between the
first and second test days, with more licks occurring during the first compared to the second
exposure (F1,11650=20.34, p<0.001). These results might reflect sensitization to capsaicin in
contrast to a previous report [49], or a learning effect whereby rats used specific sensory
cues from the initial exposure that allowed them to more quickly identify and avoid
capsaicin in subsequent exposures.

Postsurgery capsaicin consumption
Figs. 3A-E plot capsaicin consumption vs. capsaicin concentration for each treatment group
at the indicated times postsurgery (●, CTx + OVx, n=10; ▲, CTx, n=9;▼, sham, n=9;◆,
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OVx, n=7). Fig. 3A additionally shows consumption data presurgery (■; all animals; n=35).
Three-way, repeated measures ANOVA showed significant effects of group (F3,1949=12.50,
p<0.001), time (F5,1949=3.85; p=0.002) and capsaicin concentration (F4,1949-171.00;
p<0.001) on capsaicin consumption. Additionally, there were significant group*time
(F15,1949=1.96; p=0.015), capsaicin concentration*time (F20,1949=1.79; p=0.017) and
group*capsaicin concentration (F12,1949=1.96, p=0.024) interactions. To further explore the
group differences at each capsaicin concentration, we subsequently performed separate two-
way ANOVAs (group and capsaicin concentration as main effects) at each time point. These
analyses allowed us to specify any between-group differences in capsaicin consumption for
each capsaicin concentration tested, as detailed below.

Pre-surgery, there were no significant differences in capsaicin consumption between groups
(F=3,330=1.21, p=0.308). Consumption was significantly affected by capsaicin concentration
(F4,330=30.68, p<0.001). Indeed, across all groups, capsaicin consumption generally
decreased as the concentration increased. This trend is substantiated by a non-significant
group*concentration interaction (F12,330=1.07, p=0.385).

At 2 wk postsurgery (Fig. 3A) the OVx group consumed significantly less capsaicin across
all concentrations (F3,330=4.44, p=0.004). Not all groups showed a consistent concentration
dependent decrease in capsaicin consumption as indicated by the significant
group*concentration effect (F12,330=2.19, p=0.012). The OVx group drank less capsaicin as
the concentration increased whereas all other groups showed some degree of inconsistency
in this pattern (e.g. the sham group actually consumed more of the 0.3 ppm solution than the
0.1 ppm solution). At 3 months postsurgery there were no significant differences among
groups in the amount of capsaicin consumed (F3,320=0.49; p=0.693; Fig. 3B) nor was there a
significant group*concentration interaction (F12,320=1.59; p=0.094). At 6 months
postsurgery, there was a significant group effect (F3,320=7.96, p<0.001) as well as a
group*concentration effect (F12,320=1.99, p=0.025) with the OVx and CTx groups
exhibiting the least and most capsaicin consumption, respectively (Fig. 3C). At 9 months
postsurgery, the OVx group consumed the least amount of capsaicin (significant group
effect F3,310=5.31, p= 0.001). However, consistent with the significant group*concentration
effect, the CTx group consumed more capsaicin at intermediate concentrations
(F12,310=2.58, p=0.003; Fig. 3D). At 12 months postsurgery there was no significant group
effect(F3,310=1.03, p=0.310) or significant group*concentration interaction (F12,310=0.91,
p=0.540) (Fig. 3E).

The lick count data were largely consistent with the consumption data. Three-way, repeated
measures ANOVA showed significant effects of group (F3,1941=13.29, p<0.001), time
(F5,1941=3.61; p=0.003) and capsaicin concentration (F4,1941=42.61; p<0.001) on the
percentage of licks directed towards the capsaicin bottle. Additionally, there were significant
group*time (F15,1941=1.89; p=0.021) and capsaicin concentration*time (F20,1941=1.79;
p=0.017) interactions. To further explore the group differences at each capsaicin
concentration, we subsequently performed separate two-way ANOVAs (group and capsaicin
concentration as main effects) at each time point. These analyses allowed us to specify any
between group differences in the percentage of licks directed towards the capsaicin bottle for
each capsaicin concentration tested. At all time points, all groups showed a concentration-
dependent decrease in licks on the capsaicin side as concentration increased. This was
supported by significant concentration effects (F3,330=2.5–16.4; p<0.05 on all occasions,)
but no significant group*concentration interaction (F12,330=1.0–1.45; p>0.1 on all
occasions) ). Importantly, the OVx group consistently exhibited lower capsaicin lick counts
at 0.5, 3 and 9 mo postsurgery (0.5 mo: F3,322=3.07, p= 0.028, vs. shams; 3 mo: F3,320=6.10,
p<0.001, vs. CTx and CTx + OVx; 9 mo: F3,310=3.28, p= 0.021, vs. shams).
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FLI
After behavioral testing was completed, FLI evoked by lingual application of 100 ppm
capsaicin was assessed in all rats. The photomicrographs in Fig. 4A and B show examples of
FLI in NTSr, Vc and NTSc, respectively. Counts of FLI are shown in Fig. 4C. There was a
significant group effect with counts in Vc of the OVx group significantly greater compared
to all other groups (F=4.30, p= 0.014). There were no significant between-group differences
in Fos counts in the caudal or rostral NTS.

Discussion
The concentration-dependent avoidance of capsaicin observed presently in female rats is
consistent with our previous studies with male rats [9, 49]. A salient finding is that CTx,
with or without OVx, did not enhance capsaicin avoidance, arguing against the original
hypothesis that gustatory nerve damage releases inhibition of trigeminal nociceptive
pathways. Another salient finding is that OVx alone had a pronociceptive effect, enhancing
capsaicin avoidance at several time points postsurgery and resulting in increased Fos
expression by neurons in Vc. These findings are discussed, below.

Microstructure of drinking
Most drinking occurred within the first 9 min of exposure to the bottles. Rats initially
sampled the capsaicin- and vehicle-treated sides in approximately equal proportions, and
then exhibited a preference for the vehicle-treated side although the number of licks on the
capsaicin-treated side also increased (for 0.1–1 ppm capsaicin concentrations). Presumably,
the initial exposure to capsaicin was not so aversive that the rat permanently switched to the
vehicle side; rather, the rat continued to sample capsaicin although with a lower probability.
The rat may have continued to drink from the first bottle it encountered, even if it contained
capsaicin, implying either that the motivation to drink outweighed aversion to the capsaicin
burn or that the capsaicin burn required more time to develop. After its first encounter with
capsaicin, the rat was more likely to select vehicle for the next lick bout presumably due to
spatial memory (and avoidance) of the burn elicited by prior capsaicin. The probability of
“correctly” choosing the vehicle-treated side may relate to the strength of aversive
conditioning by prior capsaicin, consistent with concentration-dependent avoidance (Fig. 3).
The licking pattern appeared to differ at the highest (10 ppm) capsaicin concentration (Fig.
2, magenta). There was a reduced probability of licking capsaicin during the first min of
exposure, with very little increase over the next 6 min. This suggests that aversion to 10 ppm
capsaicin developed rapidly, after which rats exhibited a preference for vehicle with a lower
probability of returning to the capsaicin side. Nevertheless, some rats intermittently switched
to the capsaicin side, suggesting that they forgot the association between position and
capsaicin burn, or were unsure of the source of capsaicin due to the delayed onset of
irritation.

CTx did not enhance capsaicin avoidance
A major outcome is that CTx rats did not exhibit increased sensitivity to capsaicin, and in
fact exhibited reduced sensitivity to capsaicin at 6 and 9 mo postsurgery (Fig. 3C,D). This
indicates that CTx does not result in chronic hyperalgesia to oral capsaicin due to the release
of the trigeminal system from tonic gustatory inhibition. However, we cannot exclude the
possibility of a short-lasting effect of CTx on trigeminal transmission that may have
recovered by the time we began testing the rats 2-wk post-surgery. The reduced sensitivity at
6 and 9 mo after CTx was unexpected, but might be accounted for by the loss of capsaicin-
sensitive CT afferents. We previously reported that while the majority of gustatory NTS
neurons were unaffected by lingual capsaicin, 15% were excited [47] indicating that
capsaicin may provide afferent drive via gustatory nerves, in addition to stimulating

Boucher et al. Page 6

Pain. Author manuscript; available in PMC 2015 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



trigeminal afferents. Overall, the data do not support the idea that CT damage leads to oral
hyperalgesia, at least within a 1 yr period.

Of interest was our observation that the OVx group consumed significantly less capsaicin
over most of the 12 mo period of observation, consistent with enhanced sensitivity to oral
irritation. Moreover, the OVx group exhibited significantly higher counts of FLI in Vc (Fig.
4C), suggesting peripheral and/or central sensitization of nociceptive Vc neurons. Many
previous studies have reported that gonadal hormones modulate pain [1, 6, 18, 24].
Ovariectomized female rats showed significantly greater rubbing of the upper lip after
formalin injection compared to males or sham-operated females [41], and several additional
studies have reported pronociceptive effects of OVx in rat and mouse models of persistent
pain [16, 17, 26, 27, 38, 45]. Importantly, we presently show that gustatory nerve damage
alone, or in combination with OVx, did not result in oral hyperalgesia to capsaicin. Thus, if
OVx induces a pro-nociceptive effect, this was presumably mitigated by an antinociceptive
effect of CTx (as observed at 6 and 9 months in the CTx only group) to result in no overall
change in capsaicin avoidance.

Model of burning mouth syndrome (BMS)
We attempted to mimic conditions of BMS in perimenopausal females, using aged
(approaching 2 yr) ovariectomized female rats with damage to the gustatory nerves. The
rationale is that the prevalence of BMS is greatly increased in oophorectomized [23] and
hysterectomized [35] women. Moreover, it has been suggested that gustatory nerve damage
contributes to BMS by disinhibiting trigeminal nociceptive transmission [3]. We presently
assessed avoidance of orally ingested capsaicin solutions. BMS patients frequently avoid
spicy food containing chili peppers, and Tobasco sauce elicited a strong burning sensation in
a higher proportion of BMS patients compared to control subjects [22]. In seeming
contradiction, the detection threshold for capsaicin was reported to be elevated in BMS
patients [33]. This discrepancy might be explained by an overall reduction in lingual
innervation, coupled with a greater proportion of capsaicin-sensitive TRPV1-expressing
nerve fibers, in the lingual epithelium of BMS patients [57]. We presently observed that rats
with OVx + CTx did not exhibit increased sensitivity to capsaicin, arguing against the idea
that gustatory nerve damage enhances oral pain via disinhibition of trigeminal nociception.
The CTx group exhibited reduced capsaicin sensitivity at certain time points postsurgery,
consistent with a reduction in lingual innervation but not with increased expression of
TRPV1. The age-matched, sham-operated control group did not exhibit any significant
change in capsaicin sensitivity over time, arguing against age as a contributing factor. Only
the OVx group exhibited a significant increase in capsaicin sensitivity, suggesting that a
reduction in circulating gonadal hormones may contribute to the etiology of BMS. Overall,
the present animal model incorporated several factors thought to contribute to BMS, some of
which increased while others decreased capsaicin sensitivity. This supports the utility of the
present model to assess bidirectional changes in oral nociception. However, more research is
needed to determine if the aged female OVx rat represents a valid model for the human
condition of BMS.

In conclusion, our data argue against the hypothesis that gustatory nerve damage disinhibits
trigeminal nociceptive transmission to enhance orofacial pain and hyperalgesia, since CTx
animals did not exhibit increased capsaicin avoidance. OVx animals did exhibit enhanced
capsaicin avoidance and increased Fos expression in Vc, consistent with previous studies
showing pronociceptive effects of gonadectomy. The present combination of CTx and OVx
was intended to mimic conditions in perimenopausal female patients suffering from BMS.
However, animals with CTx and OVx did not exhibit enhanced capsaicin avoidance,
possibly because the two procedures induced opposing pro- and antinociceptive effects that
cancelled each other out.
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Summary

Transection of gustatory nerves, with or without ovariectomy, did not affect capsaicin
avoidance or trigeminal FOS expression. This argues against taste loss disinhibiting
trigeminal nociception.
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Fig. 1.
Body weights in each treatment group. Error bars: SEM.
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Fig. 2.
Pre-surgery microstructure of drinking bouts. Graph plots mean lick counts/ min during
initial 30 min of exposure; each capsaicin concentration is indicated by a different color.
Lick counts directed to the capsaicin-treated side were averaged (n= 35) over 2 days with
bottle positions switched daily.
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Figure 3.
Time course of capsaicin avoidance pre- and post-surgery. Graphs plot % volume of
capsaicin consumed vs. capsaicin concentration at indicated time points. A–E: 2 wk, 3 mo, 6
mo, 9 mo and 12 mo postsurgery, respectively. Error bars: SEM.
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Fig. 4.
FLI. A: Upper box shows FLI in NTSr; lower box connected by dashed lines shows higher-
power view. B: Upper boxes show FLI in Vc (left) and NTSc (right), connected by dashed
lines to higher-power views in lower boxes. C: Bar graph plots mean counts of FLI (error
bar: SEM) in Vc, NTSr and NTSc for each group. *: significant between-group difference (p
< 0.05, ANOVA).
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