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Abstract
We investigated the temporal pattern of oral irritation elicited by sequential application of mustard oil (allyl-isothiocyanate),
and whether it exhibits self-desensitization and cross-desensitization with capsaicin. Mustard oil (0.125%, 40 µl) was
sequentially applied to one side of the tongue at 1 min intervals, and subjects rated the intensity of the irritant sensation
elicited by each stimulus. Ratings successively declined across trials, indicating desensitization. In contrast, sequential
application of capsaicin (10 ppm) elicited irritation that increased in intensity across trials (sensitization). To test for
self-desensitization by mustard oil, a 10 min hiatus was imposed following the series of unilateral mustard oil stimuli, after
which mustard oil was applied to both sides of the tongue. In a two-alternative forced-choice paradigm, subjects chose which
side had stronger irritation and also independently rated the irritant intensity on each side. A significant majority of subjects
chose the side not previously receiving mustard oil as more intense, and assigned significantly higher intensity ratings to that
side, indicating self-desensitization. In two additional sessions, the same paradigm was used to show mustard oil cross-
desensitization of irritation elicited by capsaicin, and capsaicin cross-desensitization of irritation from mustard oil. In a final
session, sequential application of mustard oil at faster (20 s) intervals initially evoked a sensitizing pattern followed by
desensitization. The temporal patterns of oral irritation exhibited by mustard oil, and its reciprocal cross-desensitization with
capsaicin, are similar to those of menthol and nicotine.
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Introduction
Mustard oil (allyl isothiocyanate) is a pungent chemical that
imparts the oral irritant sensation of mustard. Mustard oil
applied to the skin elicits a burning pain sensation, followed
by development of sensitization, which is characterized by
hyperalgesia (increased pain to a normally painful stimulus)
and allodynia (pain elicited by a non-painful stimulus)
(Koltzenburg et al., 1992). It is not known if mustard oil
induces sensitization in the oral cavity. Repeated oral
application of some irritants, such as capsaicin from chili
peppers, at 1 min interstimulus intervals elicits a progressive
rise in the intensity of oral irritation that is also called
sensitization (Green, 1989; Green and Rentmeister-Bryant,
1998). However, following a hiatus of >3.5 min, re-
application of capsaicin induces much weaker irritation
due to the development of desensitization (Green, 1989).
Repetitive application of other irritants such as nicotine,
menthol or zingerone, induces irritation which declines in
intensity across trials, a phenomenon also called desensi-
tization (Cliff and Green, 1994; Prescott and Stevenson,
1996; Dessirier et al., 1999, 2001a). However, application of

menthol at a shorter interstimulus interval (20 s) initially
elicits a sensitizing pattern of irritation, followed in later
trials by desensitization (Dessirier et al., 2001a). One aim of
the present study was to determine if repetitive application
of mustard oil at either short (20 s) or longer (1 min) inter-
stimulus intervals elicits a sensitization or desensitization
in the intensity of oral irritation, in comparison with
capsaicin.

Pretreating the oral cavity with capsaicin not only reduces
the intensity of irritation elicited by subsequent capsaicin
(self-desensitization), but also that evoked by other irritants
(cross-desensitization) (Green, 1991). The second aim of
this study was to determine if mustard oil exhibits self-
desensitization and cross-desensitization with  capsaicin-
evoked oral irritation.

Methods
This study was approved by the UC Davis Human Subjects
Review Committee. Twenty-eight subjects (18  F,  10 M;
19–51 years of age) participated in four experimental
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sessions that were counterbalanced across subjects. All were
students or staff at the university. Subjects were requested
not to consume spicy food for 3 days prior to each experi-
mental session, as verified by post hoc interview.

The chemical stimuli used were mustard oil (allyl iso-
thiocyanate; 0.125% in dH2O; Fluka, St Louis, MO) and
capsaicin (10 ppm = 3.3 µM; dissolved in dH2O from a
1% stock solution in 80% ethanol; Sigma Chemical Co.,
St Louis,  MO).  The  mustard oil  and capsaicin concen-
trations were approximately matched for sensory intensity as
described previously (Dessirier et al., 1997, 1999, 2001b).
Briefly, laboratory personnel were tested in a two-alternative
forced-choice (2-AFC) procedure in which one filter paper
with mustard oil and another with capsaicin were placed
onto opposite sides of the tongue. Subjects stated which side
had a stronger irritancy. That the mustard oil and capsaicin
treated sides were selected in approximately equal numbers
verified that the two chemicals were approximately matched
in intensity, as confirmed in the Results (see Figure 2A,B,
open bars).

For unilateral sequential stimulation, a filter paper disc
(1.5 cm diameter, 176.7 mm2; Whatmann, Maidstone, UK)
soaked with 40 µl of the mustard oil or capsaicin was placed,
with the aid of forceps, onto one side of the anterior dorsal
surface of the subject’s tongue. The mustard oil was pipetted
onto the filter paper just prior to lingual application. The
capsaicin  filter papers were prepared  2–3 days prior to
the experimental session by pipetting the capsaicin onto the
filter paper and then air-drying them to allow evaporation
of the ethanol vehicle. They were then rewetted with 40 µl
dH2O just prior to lingual application. For bilateral stimulus
application, two smaller filter paper discs (1 cm diameter,
78.5 mm2; Whatmann) soaked with 20 µl of mustard oil or
capsaicin were placed onto each side of the dorsal tongue
surface in a location within the region corresponding to that
covered by the larger filter paper stimulus.

For sequential application of mustard oil at 1 min
intervals, the first filter paper was applied to one side of the
dorsal tongue (side of application was counterbalanced
across subjects) and left on for 15 s, after which it was
removed. Subjects were asked to rate the intensity of the
irritant sensation 10 s after stimulus application. The second
stimulus was applied 1  min  after  the onset  of the first
stimulus. The procedure was repeated 10 times. For sequen-
tial application of capsaicin, the same procedure was
followed except that ratings were given 20 s after stimulus
application, with the filter paper removed 5 s later. The 10 s
difference in timing of mustard oil vs capsaicin ratings was
necessary because mustard oil-evoked irritation peaked and
subsided more rapidly compared to the irritation elicited by
capsaicin. After each application of filter paper subjects
held the tongue inside the mouth to avoid any spurious
effects of cooling. Subjects were trained to hold the tongue
still and not to touch it against the hard palate or cheek so as
to avoid spread of the stimulus. Subjects additionally had

the choice to use a dental suction device to remove saliva
from the mouth in between filter paper applications.

For sequential application of mustard oil at the shorter,
20 s interval, the first stimulus was applied, the rating given
10 s later, the filter paper removed 5 s after that, and the next
filter paper was applied 5 s after that (20 s after the onset of
the first stimulus). This procedure was repeated 20 times.

Sequential ratings of irritant intensity were made using
a bipolar category scale (Dessirier et al., 1999, 2000a,b,
2001a,b). The scale was centered at ‘1’ and numbers in-
creased to the left and right up to 15 on each side. Ten such
scales were printed on a single sheet presented to the subject
[see Figure 1 of Dessirier et al. (Dessirier et al., 1999)].
Extensions (16–30, or higher) were available to attach at
either end of the scale if needed; the scale was open-ended to
reduce or eliminate end effects. No assumptions were made
about the nature of the numerical estimates produced (e.g.
ratio scale), nor do we claim that the numbers represent
absolute values. In this respect, scores were treated as relative
measures. Subjects had access to their prior ratings so as to
reduce errors of memory (Kim and O’Mahony, 1998). Our
rationale  is  that subjects  can judge whether a stimulus-
evoked sensation was stronger or weaker than a preceding
one, but may give a numeric rating that does not correspond
to the perceived change in intensity if they cannot remember
the previous number.

Subjects were instructed to rate the first stimulus as having
an intensity of 1. Subsequent ratings were made relative to
the initial rating. If the intensity was higher, subjects were
instructed to mark the number to the right of 1 corres-
ponding to the relative increase in intensity. If the intensity
was lower, subjects marked a corresponding number to the
left of 1. Subjects thus had continuous access to all prior
ratings. For data analysis, the 1 was transformed to 0. Each
number to the left of 0 was reduced by 1 and made negative,
while each number to the right of 0 was increased by 1 and
remained positive. Rating data were subjected to analysis of
variance (ANOVA) followed by post hoc Least Significant
Difference (LSD) tests to determine if ratings increased or
decreased across trials. Significance was assumed at the
P < 0.05 level.

Following each sequential stimulus series, a 10 min rest
period was imposed during which the subject sat quietly with
the mouth closed except during suctioning of saliva. After
the rest period, subjects were tested for self- or cross-
desensitization.

Either mustard oil or capsaicin (20 µl; 1 cm diameter filter
paper) was applied bilaterally to the dorsal tongue surface
within the corresponding region that had received the
prior stimulus. In a two-alternative forced choice (2-AFC)
paradigm, subjects were asked to state which side of the
tongue had a stronger irritant sensation. In addition, they
rated the irritant intensity independently on each side of the
tongue using a 0–10 category scale with 0 = no sensation
and 10 = most intense irritation imaginable. The rationale
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for using separate rating scales for the bilateral vs sequential
ratings is provided in our prior publications (Dessirier et al.,
1999, 2001b).

Results
When applied to the tongue at an interstimulus interval (ISI)
of 1 min, mustard oil elicited a burning sensation that
decreased significantly (F9,243 = 8.6; P < 0.001) in intensity
across trials (Figure 1, open circles). Post hoc LSD tests
indicated that by the fifth mustard oil application, the inten-
sity of the perceived burning sensation was significantly
(P < 0.001) lower than that elicited by the first application.
Ten minutes after the end of the unilateral series of mustard
oil stimuli, we tested for self-desensitization by applying
mustard oil bilaterally. Indicative of self-desensitization, a
significant majority of subjects (27/28; P < 0.001) chose the
previously untreated side of the tongue as having the
stronger irritant sensation (Figure 2A, 2-AFC, hatched bar)
and assigned significantly (P < 0.001) higher ratings to that
side of the tongue (Figure 2A, NT, open bar) as compared
with the treated side (Figure 2A, T, filled bar). Cross-
desensitization to capsaicin was also tested. When capsaicin
was applied bilaterally following unilateral mustard oil
application, a significant (26/28; P < 0.001) majority of
subjects chose the previously untreated side as having a
stronger irritant sensation (Figure 2B, 2-AFC, hatched bar).
Subjects also assigned significantly (P < 0.001) higher
intensity ratings to the untreated side (Figure 2B, NT, open
bar) compared with the treated side (Figure 2B, T, filled
bar).

In contrast to mustard oil, capsaicin elicited a burning
sensation that increased significantly (F9,243 = 10.9; P <
0.001) in intensity across trials when applied at an ISI of
1 min (Figure 1; filled triangles). Post hoc LSD tests
indicated that the perceived irritant sensation elicited by the
fifth capsaicin application was significantly (P < 0.001)
higher than that elicited by the first. The ability of capsaicin

to cross-desensitize mustard oil irritation was tested 10 min
after the end of the unilateral capsaicin series. Following
bilateral mustard oil application, a significant majority
(25/28; P < 0.001) of subjects chose the untreated side as
having the stronger burning sensation (Figure 2C, 2-AFC,
hatched bar) and similarly gave significantly (P < 0.001)
higher intensity ratings to this side (Figure 2C, NT, open
bar)  as compared  with the  side  previously treated with
capsaicin (Figure 2C, T, filled bar).

To further compare the magnitudes of self- and cross-
desensitization, d´ values can be calculated from both
2-AFC and rating data (Ennis, 1993; Bi et al., 1995). Cal-
culated d´ values are provided in Table 1, which also includes
data for capsaicin (5 ppm) from a prior study (Dessirier et
al., 2001b).

When mustard oil was applied unilaterally to the tongue

Figure 2. Mustard oil self-desensitization and reciprocal cross-
desensitization with capsaicin. (A) The hatched bar graph to the right plots
the percentage of subjects choosing the side that had not previously
received mustard oil (non-treated = NT) as having stronger irritation in the
2-AFC. Mustard oil was applied bilaterally 10 min after the end of the
unilateral series of mustard oil stimuli. *Significant majority chose the NT
side (P < 0.001). Left-hand bars plot mean intensity ratings for the non-
treated (NT; open bar) and mustard oil-treated (T; filled bar) sides of the
tongue. *Significant difference between NT and T (P < 0.001). (B) Graphs
as in (A) showing mustard oil cross-desensitization of capsaicin-evoked
irritation. Capsaicin was applied bilaterally 10 min after the end of the
unilateral  series of mustard oil stimuli. (C) Graphs as in (A) showing
capsaicin cross-desensitization of mustard oil-evoked irritation. Mustard oil
was applied bilaterally 10 min after the end of the unilateral series of
capsaicin stimuli.

Figure 1. Desensitization by mustard oil and sensitization by capsaicin.
Graph plots mean ratings of irritant intensity across 10 successive
presentations of mustard oil (open circle) or capsaicin (filled triangle) at
1 min ISI. Capsaicin and mustard oil irritancy ratings were significantly
higher and lower, respectively, at the fifth trial compared with trial 1 (*).
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at the faster ISI of 20 s, a different pattern of sensation
emerged where an initial sensitization was followed by
desensitization (Figure 3); the effect of trial was found to be
significant (F19,513 = 3.6; P < 0.001). Irritancy ratings tended
to increase over the initial three trials and then decreased
significantly (LSD; P < 0.05) by the twelfth application.

Discussion
When applied at the relatively long ISI of 1 min, mustard oil
elicited a desensitizing pattern of oral irritation such that
intensity ratings of irritancy progressively decreased across
trials. In contrast, capsaicin elicited a sensitizing pattern of
oral irritation when applied at the same ISI. When mustard
oil was delivered at the more rapid interval of 20 s, the
intensity ratings for irritation initially increased before de-
creasing, indicating different time courses for the sensitizing
and desensitizing properties of this irritant. Furthermore,
mustard oil exhibited self-desensitization and a reciprocal
cross-desensitization with capsaicin. These properties of
mustard oil are discussed further below in comparison
with other oral irritant chemicals and possible cellular
mechanisms.

Sensitization and self-desensitization of mustard oil
irritation

The desensitizing pattern of oral irritation elicited by
sequentially delivered mustard oil (Figure 1) confirms a
recent report that mustard oil vapor delivered to the nasal
epithelium elicits a burning sensation that exhibits desensi-
tization when reapplied at long ISIs of 3–4 min (Brand and
Jacquot, 2002). The desensitizing pattern observed with
mustard oil is very similar to that observed when nicotine
(Dessirier et al., 1997), menthol (Cliff and Green, 1994;
Dessirier et al., 2001) or zingerone (Prescott and Stevenson,
1996) is sequentially applied at 1 min ISI. When mustard oil
was applied at a faster (20 s) ISI, there was an initial pattern
of sensitization followed by desensitization (Figure 3) very
similar to the biphasic pattern of oral irritation observed
with rapid sequential application of menthol (Dessirier et
al., 2001), and consistent with the recent report that
reapplication of mustard oil vapor to the nasal mucosa at a
relatively short ISI (<2 min) elicited increased irritancy
ratings (Brand and Jacquot, 2002). These findings suggest

that mustard oil (and menthol) initially excite trigeminal
nociceptors to elicit irritation and at the same time engage
neural mechanisms for both sensitization and desensitiza-
tion (Green, 1996; Carstens et al., 2002). The desensitizing
pattern observed with mustard oil differs from that of
capsaicin-evoked irritation in which sensitization predomin-
ates at short ISIs (Figure 1), and a longer hiatus (>3.5 min)
is required in order for desensitization to overcome
sensitization (Stevens and Lawless, 1987; Green, 1989;
Dessirier et al., 1997; Green and Rentmeister-Bryant, 1998;
Prescott, 1999).

Inspection of Figure 3 reveals an apparent variation in
irritancy ratings for mustard oil at the fast (20 s) ISI with a
period of ~6 min. It may be speculated that this represents a
periodic variation in sensitizing (e.g. release of local
inflammatory mediators) vs desensitizing processes.

Cross-desensitization

In addition to mustard oil self-desensitization, we presently
observed a reciprocal cross-desensitization between mustard
oil- and capsaicin-evoked oral irritation. Capsaicin cross-
desensitization of oral irritation elicited by other irritant
chemicals has been previously reported (Green, 1991) while
the present report is, to our knowledge, the first showing
mustard oil cross-desensitization. Capsaicin excites cutaneous
nociceptors via the molecular VR-1 receptor (Caterina et
al., 1997). Capsaicin cross-desensitization to other irritants
has been shown in trigeminal ganglion cells (Liu and Simon,
1996a). If capsaicin and mustard oil excite the same
trigeminal nociceptive nerve endings in the oral mucosa,
then cross-desensitization might be explained if capsaicin
reduces the excitability of these nociceptors to subsequent
stimulation with mustard oil. Such a reduction in cellular
excitability might be mediated by capsaicin acting through
VR-1 receptors to induce Ca2+ influx into the fiber ending
which would, in turn, engage intracellular pathways. Self-
desensitization of capsaicin-evoked inward currents is
abolished by removal of Ca2+ (Liu and Simon, 1996b) or by
inhibition of calcineurin, a Ca2+-dependent phosphatase
(Docherty et al., 1996; Piper et al., 1999). One potential
outcome is reduced excitability of voltage-gated Na+

Table 1. Listed are d′ values calculated from 2-AFC and rating data
(Ennis, 1993; Bi et al., 1995). All d′ values were significant at P < 0.001

2-AFC Rating

Mustard oil self-desensitization 2.55 2.131
Mustard oil cross-desensitization to capsaicin 2.07 0.958
Capsaicin cross-desensitization to mustard oil 1.76 1.164
Capsaicin (5 ppm) self-desensitizationa >2.25 1.2

aData from Dessirier et al. (2001b). Figure 3. Sensitization followed by desensitization to sequential unilateral
application of mustard oil at a faster (20 s) ISI. Ratings tended to increase
over the first three trials and then decreased significantly by trial 12 (*).
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channels (Su et al., 1999; Liu et al., 2001), which would
render the fibers less sensitive to subsequent stimuli.
Cross-desensitization by mustard oil is more difficult to
explain, given the current paucity of information regarding
its cellular effects. It is not known if mustard oil interacts
with a specialized molecular receptor analogous to VR-1
for capsaicin or the cold-menthol receptor (CMR-1) for
menthol (McKemy et al., 2002), or if it excites nerve endings
via a non-specific action on the plasma membrane (Kress
and Reeh, 1996). In any event, the excitatory action of
mustard oil presumably engages cellular mechanisms that
render the mucosal nociceptors less sensitive to subsequent
capsaicin stimulation.

The relative magnitudes of cross-desensitizing effects can
be expressed as d´ values that can be calculated from 2-AFC
data and bilateral intensity ratings (Ennis, 1993; Bi et al.,
1995); these values are provided in Table 1. Although we
presently did not assess capsaicin self-desensitization, we
used comparable data from a previous study employing the
same bias-free 2-AFC procedure and using a lower (5 ppm)
capsaicin concentration (Dessirier et al., 2001b). The d´
values from both 2-AFC and rating data from that study are
give in Table 1, and we assume that the higher (10 ppm)
capsaicin concentration used in the present study would have
resulted in equivalent or stronger self-desensitization.
Comparison of d´ values indicates that the magnitude of
capsaicin self-desensitization was similar to (or slightly
greater than) that of capsaicin cross-desensitization of
mustard  oil (Table  1).  This  supports the  argument that
mustard oil primarily excited capsaicin-sensitive noci-
ceptors, although the slightly greater d´ values for self- vs
cross-desensitization suggests that mustard oil may have also
excited a small population of capsaicin-insensitive fibers.
Conversely, the degree of mustard oil self-desensitization
was greater than mustard oil cross-desensitization of capsaicin,
implying that capsaicin activated mustard oil-insensitive
nociceptors.

Modeling the temporal dynamics of oral irritation

McBurney and colleagues (McBurney et al., 1997, 2001;
Balaban et al., 1999) have developed a theoretical model to
explain temporal changes in the intensity  of capsaicin-
evoked oral irritation. Capsaicin (100 ppm) was applied by
filter paper at 1 min intervals to the tongue and subjects
provided ratings of the intensity of irritation after the first
minute and at 3 min intervals thereafter for 34 min. Overall,
intensity ratings increased to a plateau after ~15–20 min and
tended to decline thereafter. However, there were individual
differences, with some subjects’ ratings increasing to a
plateau (‘tonic’ pattern), while others showed an initial
increase followed by a decline (‘phasic’ pattern), and still
others continued to rise (‘rising’ pattern). The model takes
account of the different patterns by including a low-pass
filter with a 7 min time constant (tonic component or level
detector), a high-pass filter with 15 min time constant

(phasic component or change detector), and a double
integrator (rising component), respectively. By adjusting the
gain of the different components, the model successfully fit
the different temporal patterns as well as adaptation of
capsaicin irritation across days (McBurney et al.,  1997)
and cross-adaptation between zingerone and vanilloids
(Affeltranger et al., 2002).

We assume that the components of the McBurney and
Balaban model should ultimately have underlying cellular
mechanisms. We propose that sensitization is mediated
largely by spatial recruitment of nociceptors as the irritant
chemical diffuses through epithelial tissue, and that desensi-
tization involves cellular process leading to reduced excit-
ability of the nociceptor nerve endings (see above). These
two processes may occur simultaneously. Capsaicin has
limited diffusion through the epithelium so  that spatial
recruitment occurs over a longer time course. During this
time, desensitization also starts to build up. The net
perception is the difference between the two processes.
During sensitization spatial recruitment is greater than
desensitization, whereas both processes are in equilibrium
when the sensation reaches a plateau. When the maximal
degree of spatial recruitment is reached (the rate of diffusion
equals the rate of clearance of the irritant chemical), overall
irritation ratings should start to decline due to continued
desensitization; this pattern was observed by McBurney et
al. (McBurney et al., 1997). In contrast, mustard oil diffuses
more readily through epithelial tissue, such that maximal
spatial recruitment of nociceptors may already be achieved
after the first application. The overall decline in irritant
ratings thereafter can be attributed to progressive desensi-
tization of the nociceptors. Conceivably, spatial recruitment
and physiological desensitization of nerve endings may
represent the cellular bases for the ‘tonic’ and ‘phasic’ pro-
cesses of the model proposed by McBurney and colleagues.

Comparison with hairy skin

Most prior psychophysical studies investigating the irritant
properties of mustard oil have been conducted on hairy skin
(LaMotte et al., 1982; Margerl et al., 1990; Handwerker et
al., 1991; Koltzenburg et al., 1992). When applied to the
skin, mustard oil evoked a burning sensation and induced
primary and secondary hyperalgesia (Koltzenburg et al.,
1992) that may be due to peripheral and central sensi-
tization, respectively (Torebjörk et al., 1992). In human
microneurography experiments, sensations of pain evoked
by cutaneous mustard oil application correlated with
activity in C-fiber polymodal nociceptors (Handwerker et
al., 1991). The recruitment of myelinated nociceptive fibers
may also contribute to hyperalgesia (Treede et al., 1995).
The development of hyperalgesia following cutaneous
mustard oil application is at odds with our observation of
self-desensitization in the oral cavity, suggesting important
differences in the chemosensory properties of these two
tissues that deserve further investigation. One obvious
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difference is the greater accessibility of irritant chemicals to
nociceptive endings in lingual and nasal epithelia as
compared with skin.

In animal studies, mustard oil injected under the skin
(Handwerker et al., 1987; Lippe et al., 1993a,b; Dux et al.,
1996) or into the temporomandibular joint (Haas et al.,
1992; Bereiter and Benetti, 1996; Yu et al., 1996; Fiorentino
et al., 1999) has been used extensively to study the neuro-
inflammatory properties of this chemical. The inflam-
matory response evoked by mustard oil was unaffected by
pretreatment with histamine H1 and 5-HT receptor
antagonists as well as ruthenium red, a non-specific VR-1
channel blocker (Inoue et al., 1997), suggesting that neither
mast cell degranulation nor VR-1 are important com-
ponents in mustard oil sensitization. Similarly, tachykinin
NK2 and NK3 antagonists were not effective in reducing
mustard oil-induced inflammation (Inoue et al., 1997).
However, pre-treating the skin with the NK1 antagonist
SR 140 333 completely blocked the neurogenic skin inflam-
mation in mouse skin (Inoue et al., 1997), suggesting that
substance-P is an important mediator of the mustard
oil-induced inflammatory response.

Acknowlegements
Supported by grants from the National Institutes of Health (DE
13685) and the California Tobacco-Related Disease Research
Program (6RT-0231, 11RT-0053, 11-FT-0101).

References
Affeltranger, M.A., McBurney, D.H. and Balaban, C.D. (2002)

Interaction of burn between capsaicin, piperine and zingerone. Chem.
Senses, 27, A25.

Balaban, C.D., McBurney, D.H. and Stoulis, M. (1999) Time course of
burn to repeated applications of capsaicin. Physiol. Behav., 66, 109–112.

Bereiter, D.A. and Benetti, A.P. (1996) Excitatory amino release within
spinal trigeminal nucleus after mustard oil injection into the
temporomandibular joint region of the rat. Pain, 67, 451–459.

Bi, J., Ennis, D.M. and O’Mahony, M. (1995) How to estimate and use the
variance of d’ from difference tests. J. Sens. Stud., 12, 87–104.

Brand, G. and Jacquot, L. (2002) Sensitization and desensitization to all
isothiocyanate (mustard oil) in the nasal cavity. Chem. Senses, 27,
593–598.

Carstens, E., Iodi Carstens, M., Dessirier, J.M., O’Mahony, M.,
Simons, C.T., Sudo, M. and Sudo S. (2002) It hurts so good: oral
irritation by spices and carbonated drinks and the underlying neural
mechanisms. Food Qual. Pref., 13, 431–443.

Caterina, M.J., Schumacher, M.A., Tominaga, M., Rosen, T.A., Levine,
J.D. and Julius, D. (1997) The capsaicin receptor: a heat-activated ion
channel in the pain pathway. Nature, 389, 816–824.

Cliff, M.A. and Green, B.G. (1994) Sensory irritation and coolness
produced by menthol: evidence for selective desensitization of irritation.
Physiol. Behav, 56, 1021–1029.

Dessirier, J.M., O’Mahony, M. and Carstens, E. (1997) Oral irritant
effects of nicotine: psychophysical evidence for decreased sensation
following repeated application and lack of cross-desensitization to
capsaicin. Chem. Senses, 22, 483–492.

Dessirier, J.M., Nguyen, N., Sieffermann, J.M., Carstens, E. and
O’Mahony, M. (1999) Oral irritant properties of piperine and nicotine:
psychophysical evidence for asymmetrical desensitization effects. Chem
Senses, 24, 405–413.

Dessirier, J.M., O’Mahony, M., Iodi-Carstens, M. and Carstens, E.
(2000a) Sensory properties of citric acid: psychophysical evidence
for sensitization, self-desensitization, cross-desensitization and cross-
stimulus-induced recovery following capsaicin. Chem. Senses, 25,
769–780.

Dessirier, J.M., Simons,  C.T., Carstens, M.I.,  O’Mahony,  M. and
Carstens, E. (2000b) Psychophysical and neurobiological evidence that
the oral sensation elicited by carbonated water is of chemogenic origin.
Chem. Senses, 25, 277–284.

Dessirier, J.M., O’Mahony, M. and Carstens, E. (2001a) Oral irritant
properties of menthol: sensitizing and desensitizing effects of repeated
application and cross-desensitization to nicotine. Physiol. Behav., 73,
25–36.

Dessirier, J.M., O’Mahony, M., Iodi-Carstens, M., Yao, E. and
Carstens, E. (2001b) Oral irritation by sodium chloride: sensitization,
self-desensitization, and cross-sensitization to capsaicin. Physiol. Behav.,
72, 317–324.

Docherty, R.J.,  Yeats, J.C., Bevan, S. and Boddeke, H.W. (1996)
Inhibition of calcineurin inhibits the desensitization of capsaicin-evoked
currents in cultured dorsal root ganglion neurones from adult rats.
Pflugers Arch., 431, 828–837.

Dux, M., Jancso, G., Sann, H. and Pierau, F.K. (1996) Inhibition of the
neurogenic inflammatory response by lidocaine in rat skin. Inflamm. Res.
1996, 45, 10–13.

Ennis, D.M. (1993) The power of sensory discrimination methods. J. Sens.
Stud., 8, 353–370.

Fiorentino, P.M., Cairns, B.E. and Hu, J.W. (1999) Development of
inflammation after application of mustard oil or glutamate to the rat
temporomandibular joint. Arch. Oral Biol., 44, 27–32.

Green, B.G. (1989) Capsaicin sensitization and desensitization on the
tongue produced by brief exposures to a low concentration. Neurosci.
Lett., 107, 173–178.

Green, B.G. (1991) Capsaicin cross-desensitization on the tongue:
psycophysical evidence that oral chemical irritation is mediated by more
than one sensory pathway. Chem. Senses, 16, 675–689.

Green, B.G. (1996) Rapid recovery from capsaicin desensitization during
recurrent stimulation. Pain, 68, 245–253.

Green, B.G. and Rentmeister-Bryant, H. (1998) Temporal characteristics
of capsaicin desensitization and stimulus-induced recovery in the oral
cavity. Physiol. Behav., 65, 141–149.

Handwerker, H.O., Anton, F., Kocher, L. and Reeh, P.W. (1987)
Nociceptor functions in intact skin and in neurogenic or non-neurogenic
inflammation. Acta Physiol. Hung., 69, 333–342.

Handwerker, H.O., Forster, C. and Kirchhoff, C. (1991) Discharge
patterns of human C-fibers induced by itching and burning stimuli. J.
Neurophysiol., 66, 307–315.

Haas, D.A., Nakanishi, O., MacMillan, R.E., Jordan, R.C., and Hu, J.W.
(1992) Development of an orofacial model of acute inflammation in the
rat. Arch. Oral Biol., 37, 417–422.

Inoue, H., Asaka, T., Nagata, N. and Koshihara, Y. (1997) Mechanism of
mustard oil-induced skin inflammation in mice. Eur. J. Pharmacol., 333,
231–240.

464 C.T. Simons, M.I. Carstens and E. Carstens

D
ow

nloaded from
 https://academ

ic.oup.com
/chem

se/article/28/6/459/275173 by guest on 24 April 2024



Kim, K.-O. and O’Mahony, M. (1998) A new approach to category scales
of intensity I. Traditional versus rank-rating. J. Sens. Stud., 13, 241–249.

Koltzenburg, G. Lundberg, L.E.R., and Torebjörk, H.E. (1992) Dynamic
and static components of mechniacal hyperalgesia in human hairy skin.
Pain, 51, 207–219.

Kress, M. and Reeh, P.W. (1996) Transduction mechanisms in nociceptors -
Chemical excitation and sensitization in nociceptors. In Cervero, F.,
Belmonte, C. (eds) Neurobiology of Nociceptors. Oxford University Press,
Oxford, pp. 258–297.

LaMotte, R.H., Thalhammer, J.G. and Torebjörk, H.E. (1982) Peripheral
neuronal mechanisms of cutaneous hyperalgesia following mild injury by
heat. J. Neurosci., 2, 756–781.

Liu, L. and Simon, S.A. (1996a) Similarities and differences in the currents
activated by capsaicin, piperine, and zingerone in rat trigeminal ganglion
cells. J. Neurophysiol., 76, 1858–1869.

Liu, L. and Simon, S.A. (1996b) Capsaicin-induced currents with distinct
desensitization and Ca2+ dependence in rat trigeminal ganglion cells. J.
Neurophysiol., 75, 1503–1514.

Liu, L., Oortgiesen, M., Li, L. and Simon, S.A. (2001) Capsaicin inhibits
activation of voltage-gated sodium currents in capsaicin-sensitive
trigeminal ganglion neurons. J. Neurophysiol., 85, 745–758.

Lippe, I.T., Stabentheiner, A. and Holzer, P. (1993a) Participation of nitric
oxide in the mustard oil-induced neurogenic inflammation of the rat
paw skin. Eur J. Pharmacol., 232, 113–120.

Lippe, I.T., Stabentheiner, A. and Holzer, P. (1993b) Role of nitric oxide in
the vasodilator but not exudative component of mustard oil-induced
inflammation in rat skin. Agents Actions, 38, C22–C24.

Margerl, W., Gramer, G. and Handwerker, H.O. (1990) Sensations and
local inflammatory responses induced by application of  carbachol,
dopamine, 5-HT, histamine and mustard oil to the skin of humans.
Pflugers Arch. 415, 107.

McBurney, D.H., Balaban, C.D., Christopher, D.E. and Harvey, C.
(1997) Adaptation to capsaicin within and across days. Physiol. Behav.,
61, 181–190.

McBurney, D.H., Balaban, C.D., Popp, J.R. and Rosenkranz, J.E. (2001)
Adaptation to capsaicin burn: effects of concentration and individual
differences. Physiol. Behav., 72, 205–216.

McKemy, D.D., Neuhausser, W.M. and Julius, D. (2002) Identification of
a cold receptor reveals a general role for TRP channels in
thermosensation. Nature, 416, 52–58.

Piper, A.S., Yeats, J.C., Bevan, S. and Docherty, R.J. (1999) A study of
the voltage dependence of capsaicin-activated membrane currents in rat
sensory neurones before and after acute desensitization, J. Physiol., 518,
721–733.

Prescott, J. and Stevenson, R.J. (1996) Desensitization to oral zingerone
irritation: effects of stimulus parameters. Physiol. Behav, 60, 1473–1480.

Prescott, J. (1999) The generalizability of capsaicin sensitization and
desensitization. Physiol. Behav., 66, 741–749.

Stevens, D.A. and Lawless, H.T. (1987) Enhancement of responses to
sequential presentation of oral chemical irritants. Physiol. Behav., 39,
63–65.

Su, X., Wachtel, R.E. and Gebhart, G.F. (1999) Capsaicin sensitivity and
voltage-gated sodium currents in colon sensory neurons from rat dorsal
root ganglia. Am. J. Physiol., 277, G1180–G1188.

Torebjörk, H.E., Lundeburg, L.E. and LaMotte, R.H. (1992) Central
changes in processing of mechnoreceptive input in capsaicin-induced
secondary hyperalgesia in humans. J. Physiol., 448, 765–780.

Treede, R.D., Meyer, R.A., Raja,  S.N. and Campbell, J.N. (1995)
Evidence ffor two different heat transduction mechanisms in nociceptive
afferents innervating monkey skin. J. Physiol., 483, 747–758.

Yu, X.M., Sessle, B.J., Haas, D.A., Izzo, A., Vernon, H. and Hu, J.W.
(1996) Involvement of NMDA receptor mechanisms in jaw electro-
myographic activity and plasma extravasation induced by inflammatory
irritant application to temporomandibular joint region of rats. Pain, 68,
169–178.

Accepted May 15, 2003

Oral Irritation by Mustard Oil 465

D
ow

nloaded from
 https://academ

ic.oup.com
/chem

se/article/28/6/459/275173 by guest on 24 April 2024


