Analysis of cellular and behavioral responses to
imiquimod reveals a unique itch pathway in transient
receptor potential vanilloid 1 (TRPV1)-expressing neurons
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Despite its clinical importance, the mechanisms that mediate or
generate itch are poorly defined. The identification of pruritic com-
pounds offers insight into understanding the molecular and cellular
basis of itch. Imiquimod (IQ) is an agonist of Toll-like receptor 7
(TLR7) used to treat various infectious skin diseases such as genital
warts, keratosis, and basal cell carcinoma. Itch is reportedly one of
the major side effects developed during 1Q treatments. We found
that 1Q acts as a potent itch-evoking compound (pruritogen) in mice
via direct excitation of sensory neurons. Combined studies of
scratching behavior, patch-clamp recording, and Ca?* response re-
vealed the existence of a unique intracellular mechanism, which is
independent of TLR7 as well as different from the mechanisms
exploited by other well-characterized pruritogens. Nevertheless,
as for other pruritogens, 1Q requires the presence of transient re-
ceptor potential vanilloid 1 (TRPV1)-expressing neurons for itch-
associated responses. Our data provide evidence supporting the
hypothesis that there is a specific subset of TRPV1-expressing neu-
rons that is equipped with diverse intracellular mechanisms that
respond to histamine, chloroquine, and IQ.

tch can be induced by a variety of chemical stimuli when applied

to the skin, which is innervated by a diverse array of primary
afferents, including a heterogeneous subset of unmyelinated
C-fiber afferents. In general, C-fibers have been thought to be
involved primarily in nociception. However, as more has been
learned about C-fibers, it is increasingly evident that they also
appear to mediate itch produced by various types of pruritogens
(1-4). Electrophysiological recording experiments in human skin
showed the presence of a small subset of histamine-sensitive
fibers among heterogeneous C-fiber nociceptors (1). This neu-
ronal population was assumed to be itch-specific. In support of
this view, several reports have provided evidence for the existence
of specific itch neurons at the spinal level to which primary
afferents are targeted (5-7). However, histamine-sensitive fibers
were found to respond to painful stimuli such as capsaicin or heat
(2, 8), arguing against the specificity theory. It is possible that
some painful stimuli applied to the itch-specific neurons can re-
sult in scratching behavior. Alternatively, itch-specific neurons
may have the ability to generate either itch or pain-specific
electrophysiological signals via distinct firing patterns or dis-
charge rates, which would allow the central nervous system to
interpret them alternatively as pain or itch signals. To address
these possibilities, it became important to manipulate different
subsets of C-fiber nociceptors and to correlate sensory modalities
with these neurons. In this regard, we previously discovered im-
portant features of the specific contribution of the nociceptor
population to itch behavior. Our studies using selective deletion
of a transient receptor potential vanilloid 1 (TRPV1) population
from primary afferents provided evidence that the TRPV1 pop-
ulation is composed of itch fibers that respond to different types
of pruritogens (9). In addition, itch-specific signaling molecules
have been identified. For example, intracellular signal trans-
duction via PLCP3 is critical to scratching produced by specific
pruritogens (10). Very recently, MrgprA3, one of the members of

www.pnas.org/cgi/doi/10.1073/pnas. 1019755108

Mrgpr family of G-protein—coupled receptors (GPCRs), was
found to be responsible for mediating chloroquine (CQ)-induced
itch responses in TRPV1 neurons (11). These studies suggest that
our understanding of the role of TRPV1 neurons as pruriceptors
is still limited with respect to how they are able to process
responses to a number of different pruritogens.

Imiquimod (IQ) was first discovered in the course of screening
compounds for anti-herpes virus activity (12). Topical application
of the compound is currently approved for treatment of genital
warts, a highly contagious sexually transmitted disease caused by
human papillomavirus. IQ has also been reported to be suitable
for the treatment of molluscum contagiosum, basal cell carcinoma,
and Bowen’s disease (13-15). Although the exact mechanism of
action of IQ is unknown, it is believed that imiquimod modulates
immune responses by activating dendritic cells, macrophage, or
other cells via Toll-like receptor 7 (TLR7), releasing IFN-o/p and
proinflammatory cytokines (16-18). In addition, it has been
reported that there are adverse side effects resulting from the
treatments. Patients most frequently complained of itch and to
a lesser extent of a burning sensation, but rarely of pain (19-22).

In this report, we found that IQ provokes potent scratching in
various strains of mice. To gain insight into the processing of IQ in
sensory neurons, we studied cellular and behavioral responses to
1Q. Our data revealed that 1Q-evoked itch is TLR7-independent
and involves direct excitation of sensory neurons through the
activation of inositol triphosphate receptors (IP3Rs) in TRPV1-
expressing neurons. These results further support the idea that
a small subset of TRPV1 neurons corresponds to the pruriceptors
that process responses to a variety of ligands.

Results

1Q, a TLR7 Agonist Is Pruritic in Mice. In searching for novel itch-
evoking compounds, we have routinely screened proinflammatory
compounds by testing their scratching behavioral responses in
mice. Among various compounds tested, IQ robustly produced
a typical scratching behavioral response when subcutaneously
injected into the skin (at the nape of the neck). To determine the
effective range of 1Q, we examined dose-dependent scratching of
1Q in wild-type (WT) mice (Fig. 14). Scratching was not observed
at lower doses up to 5 pg, but began to be reliably elicited with
higher doses (10 pg), reaching a maximum at 200 pg. However,
when more than 200 pg was applied, scratching was dramatically
decreased. Thus, the scratching dose-response curve of 1Q was
bell-shaped. We chose 100 pg of IQ for further studies of IQ-

Author contributions: M.L.S., S.J.L., and S.-K.H. designed research; S.-J.K., G.H.P.,, D.K,, J.L,,
H.M., EW., S.J.L,, and S.-K.H. performed research; S.-J.K., G.H.P,, J.L,, CJ.L, M.LS., SJ.L,
and S.-K.H. analyzed data; and M.I.S., S.J.L., and S.-K.H. wrote the paper.

The authors declare no conflict of interest.
1s.-J.K. and G.H.P. contributed equally to this work.

2To whom correspondence may be addressed. E-mail: m1simon@ucsd.edu, sjlee87@snu.
ac.kr, or sah008@ucsd.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1019755108/-/DCSupplemental.

PNAS | February 22,2011 | vol. 108 | no.8 | 3371-3376



mailto:m1simon@ucsd.edu
mailto:sjlee87@snu.ac.kr
mailto:sjlee87@snu.ac.kr
mailto:sah008@ucsd.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1019755108/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1019755108/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1019755108

L T

/

D\

induced scratching. Fig. 1B shows the time course of scratching
responses measured for 30 min at 5-min intervals after the in-
jection of 1Q. Interestingly, the time to onset of scratching fol-
lowing injection of IQ was the shortest among the variety of
pruritogens tested (Fig. 1C). The first bout of scratching was
observed within ~20 s after injection of 1Q, which is 615 times
faster than for other pruritogens. This suggests that the mecha-
nism underlying 1Q-evoked scratching is unique.

Because many pruritogens in humans were reported to induce
pain as well as itch (2), we next asked if IQ is able to contribute to
pain or is dedicated to itch-associated responses. To address this,
we tested WT mice using the “cheek” assay, which reportedly
distinguishes itch and pain responses (23). As previously repor-
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Fig. 1. Pain and scratching behavioral analysis following injection of 1Q. (A)
Dose-response curve for 1Q-induced scratching behavior in C57BL/6 mice (n =
4-8/each dose). Inset indicates structure of 1Q. (B) Time course of scratching
following s.c. injection of 1Q (100 pg) (n = 12). The number of scratches is
indicated at each 5-min interval during a 30-min test period. (C) Time to onset
of scratching after injection of eight different pruritic compounds. Each
symbol indicates an individual mouse tested for each compound. The fol-
lowing substances were tested: I1Q (100 pg), histamine (100 pg), CQ (200 pg),
compound 48/80 (100 pg), 5-HT (100 pg), ET-1 (10 pmol), SLIGRL-NH, (100
nmol), and U-46619 (3.5 pg). Seven to eight mice were used for each pruritic
compound. (D) Scratching and wiping directed toward the site of injection of
each compound into the cheek. The tested compounds are as follows: cap-
saicin (10 pg), histamine (20 pg), 1Q (20 pg), and CQ (20 pg). At least 4-10 mice
were used for each substance. (E) Latency to paw withdrawal from radiant
heat before (BL) and after 1Q injection into a hind paw (n = 10). (F) Paw-
withdrawal threshold (g) to von Frey filaments before (BL) and after 1Q in-
jection into a hind paw (n = 10). No significant differences at any point were
found in both thermal sensitivity and mechanical sensitivity between saline
treated and I1Q treated groups (P >0.05; two-way ANOVA with Bonferroni
correction). The paw-withdrawal theshold or latency time obtained from IQ
treated and saline treated groups was compared using two-way ANOVA with
Bonferroni correction to test the significance of the difference. All data are
presented as means + SEM.
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ted, capsaicin injections into the cheek resulted in wiping with the
forelimb, indicative of a pain response, whereas histamine elicited
only scratching with the hind paw, indicative of an itch response
(Fig. 1D). As with histamine, IQ injection produced only
scratching, and not wiping (Fig. 1D). By contrast, another pruri-
togen, CQ, elicited both pain- and itch-associated responses when
injected at the same dosage as IQ (Fig. 1D). We next determined
whether 1Q contributed to pain sensitivity. To measure thermal
sensitivity, the paw was stimulated by a radiant heat source fol-
lowing injection of IQ into the hind footpad, and the time to paw
withdrawal was measured (Fig. 1E). For mechanical sensitivity,
the paw withdrawal threshold was measured with calibrated von
Frey filaments (Fig. 1F). However, we did not find any significant
differences in the magnitude of either thermal or mechanical
hypersensitivity compared with mice injected with saline. No
significant alteration in pain sensitivities persisted during the
course of the 7-d observation period. Taken together, our results
indicate that IQ at a given dosage acts as a purely itch-evoking
compound in mice.

1Q Directly Excites Dorsal Root Ganglia Neurons and Increases Intra-
cellular Calcium Through Release from Internal Calcium Stores. Some
pruritogens such as histamine or CQ are known to evoke calcium
responses in neurons dissociated from dorsal root ganglia (DRG).
The calcium responses have been associated with scratching be-
havioral responses (10, 11, 24 2 Thus, we tested the possibility that
1Q is also able to evoke Ca? responses in DRG neurons in cul-
ture. Significant calcium responses were observed when more
than 10 pg/mL of IQ was applied and the portion of responding
neurons reached a maximum at 50 pg/mL of 1Q. However, the
20-pg/mL concentration was chosen for studying itch-relevant
cellular responses because 1Q is purely pruritic when applied at
this level. The application of IQ at a concentration of 20 ug/mL
elicited an increase in [Ca®*); in 23.8% (240/1007) of total neu-
rons. Two different types of calcium responses were observed
in different populations of DRG neurons (Fig. 24); one corre-
sponded to transient calcium responses. The other corresponded
to initial transients and was followed by subsequent Ca** in-
creases, thus creating oscillations, which represented ~30% (247/
825) of the IQ-responding neurons and 11% (91/825) of the total
DRG neurons.

Because DRG neurons generally rely on external calcium to
elicit increases in intracellular calcium when stimulated with
algogens or pruritogens (11, 25), we examined the contribution of
external calcium to IQ- 1nduced calcium responses. In an external
Ca**-free condition, the Ca®* responses were not affected, but
the oscillations followmg the initial peak were completely abol-
ished (Fig. 2B). This indicates that external calcium is not nec-
essary for triggering the initial Ca** response, but is required for
the subsequent oscillations. Thus, IQ-evoked Ca®* responses are
likely to be initiated by the release of internal Ca** stored in the
endoplasmic reticulum through the activation of ryanodine
receptors (RyRs) or IP3Rs. To address this possibility, we ex-
amined the effects of the cell-permeable inhibitors dantrolene
and 2-amino-ethoxydiphenylborate (2-APB) that inhibit RyR and
IP3R activities, respectively. Pretreatment of dantrolene did not
affect the 1Q- induced calcium | responses, whereas 2- APB almost
completely eliminated the Ca®* responses, including Ca** oscil-
lation (Fig. 2C). These experiments suggest that the activity of
IP3Rs is essential for the initial 1Q-induced Ca®* responses as
well as for causing Ca>" oscillation. It has been established in
many cellular systems that the receptor-G-protein—PLCp-signaling
system and/or the receptor tyrosine kinase (RTK)-PLCy-signaling
circuit are the major intracellular signal transduction pathways
that regulate the activity of IP3Rs (26). In G-protein-mediated
processes, Gaq can activate PLCp isoforms, which in turn hydro-
lyzes membrane phospholipids and produces IP3, a ligand for
IP3Rs. Alternatively, this signaling event can be mediated by Gy
dissociated from Gai, another a-subunit of heterotrimeric com-
plexes. However, neither U73122 (a PLC inhibitor) nor pertussis
toxin (PTX) that blocks Gai signaling decreased IQ-induced
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calcium responses (Fig. 2C). In addition, ruthenium red, known as
an inhibitor of several TRP channels, and RyRs also did not affect
the IQ-evoked calcium responses. These results suggest that the
1Q-evoked calcium response may not be attributable to the action
of cell-surface receptors such as GPCRs or RTKs.

Next, we determined whether DRG neurons in culture were
excited directly by IQ. To this end, whole-cell patch-clamp
recordings were carried out on medium-size DRG neurons with
diameters of 19-28 pm. This is the class in which 1Q-induced
calcium responses were most frequently observed (Fig. S1).
Among five DRG neurons recorded, two neurons showed a train
of action potentials in response to IQ (Fig. 2D), indicating that
1Q is able to directly excite a subset of DRG neurons.

Cellular and Behavioral Evidence Indicates That TLR7 Is Not Required
for Itch-Relevant Responses to 1Q. Because IQ is known to be
a specific agonist for TLR7, we investigated whether 1Q-induced
scratching requires the presence of TLR7. We monitored
scratching behavioral responses after injection of IQ in TLR7-
deficient mice and in their wild-type counterparts. Compared with
wild-type littermates, the IQ-induced scratching neither de-
creased nor increased in TLR7-deficient animals (Fig. 34). To
confirm this result, we also tested a second line of TLR7-deficient
mice for scratching responses because the two lines of TLR7-
deficient mice were independently generated by different groups
using different targeting strategies (27, 28). The same result was
reproduced in this line, confirming that TLR7 does not contribute
to IQ-induced scratching. Next, we examined the 1Q-induced
calcium responses in DRG neurons derived from adult wild-type
and TLR7-deficient mice. As seen with the scratching behavioral
responses, IQ-induced calcium responses were not affected by the
deficiency of TLR7 (Fig. 3B). Furthermore, we prepared mac-
rophage or microglia cells derived from bone marrow or neonatal
brain that are known to express TLR7 endogenously and de-
termined whether IQ can elicit calcium responses in these pri-
mary cell cultures (Fig. S2). Neither macrophage nor microglia
elicited notable calcium responses to 1Q. These results indicate
that IQ-induced calcium responses are independent of TLR7.
We also asked whether TLR7 deficiency affected the generation
of action potentials in DRG neurons. Patch-clamp recording was
performed on DRG neurons derived from WT and TLR7~~ adult
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cultured DRG neurons. (A) Application of 1Q (20 pg/mL)
increased intracellular Ca®* in DRG neurons. Each trace
indicates responses of representative DRG neurons in cal-
cium imaging assay. (B) Extracellular calcium was not re-
quired for 1Q-induced Ca?* responses in DRG neurons. (C)
Effects of inhibitors in blocking 1Q-induced Ca?* responses.
The cells were pretreated with U73122 (10 pM) or 2-APB (20
pM) for 3-5 min before the addition of IQ. For PTX (200 ng/
ml), at least 4 h of preincubation preceded application of
1Q. Note that pretreatment of 2-APB profoundly impaired
1Q-induced Ca?* responses [only 2.2% (14/633) cells
responded]. The percentages are given as the number of
1Q-responding neurons of total DRG neurons counted.
Approximately 400-800 cells were studied in at least four
separate experiments. Asterisks mark significant differ-
ences compared with control (P < 0.05, Student's t test,
unpaired). Error bars represent SEM. (D) Patch-clamp re-
T 2sec cording: the treatment of 1Q (20 ug/mL) generated a train
of action potentials in DRG neurons.

300 400

mice, respectively. As seen in wild-type DRG neurons, action
potentials were also induced in TLR7”~ DRG neurons when
stimulated with 20 pg/mL of IQ, the same concentration used for
inducing calcium responses (Fig. 3C). Consistent with this, no
differences between control and knockout were observed in the
magnitude of depolarization (Fig. 3C). Finally, we tested loxor-
ibine, another TLR7 agonist for both scratching and Ca**
responses. As illustrated in the time course of the scratching, IQ
evoked robust scratching in wild-type mice, whereas loxoribine did
not show notable scratching at the same dose as 1IQ (Fig. 3D).
Likewise, loxoribine did not cause any increase in intracellular
calcium in wild-type DRG neurons (Fig. 3E). Taken together, these
results indicate that TLR7 is not required for inducing scratching,
action potentials, or calcium responses in response to 1Q.

As TLR7 did not appear to be required for itch-relevant
responses, we asked if the TLR7~~ mice that we used were in-
deed deficient for the TLR7 gene product and its function. To
determine whether TLR7 mRNA was expressed in knockout
mice, we performed RT-PCR analysis in four different tissues
derived from WT and TLR7~~ mice, respectively. TLR7 mRNA
was clearly detected in WT, but not in TLR7-deficient, tissues
(Fig. S3). In addition, TLR7-dependent functions such as TNF-a
production or cell proliferation were completely impaired in
TLR7-deficient cells when stimulated with IQ or loxoribine (for
more details, see Fig. S3). These results confirmed that the TLR7
agonists that we used for cellular and behavioral responses acti-
vated TLR7 and that TLR7~~ mice were deficient in TLR7 ex-
pression and function.

TRPV1-Expressing Neurons Are Essential for the Itch Responses to 1Q.
Our previous studies and those of others have shown that PLCB3 or
TRPV1 are required for scratching responses to some pruritogens
such as histamine, serotonin, trypsin, or their related compounds
(9, 10, 29). To determine if the functions of these genes are asso-
ciated with IQ-induced itch, we examined 1Q-evoked scratching
in PLCB3- or TRPV1-deficient mice and their wild-type controls.
The scratching responses were not significantly affected in these
mutant mice compared with their control mice. In addition, IQ-
induced Ca®* response was identical between WT and mutant
(PLCP37'~ or TRPV1~") DRG neurons (Fig. S4). Next, we tested
the possibility that mast cells contribute to IQ-induced scratching.
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Fig. 3. TLR7 does not affect scratching, calcium, and electrophysiological
responses to 1Q. (A) 1Q-induced scratches in TLR7** and TLR7~"~ mice. There
was no significant difference between TLR7-deficient mice (n = 12) and their
control animals (n = 5). (B) Compared with wild-type neurons, IQ-induced Ca**
responses were not impaired in TLR7~~ DRG neurons. (C) Representative
1Q-elicited action potentials from WT (n = 4) and TLR7-deficient DRG neurons
(n =7). Three of four WT and six of seven mutant DRG neurons responded to
1Q (20 pg/mL), causing depolarization. Among depolarized neurons, one WT
and three TLR7~'~ DRG neurons generated action potentials in the presence
of 1Q. IQ induced comparable magnitudes of membrane depolarization in
WT and TLR7 deficient neurons. (bar graph). (D) Compared with 1Q, a
scratching behavioral response to loxoribine (100 pg) was not significant in
wild-type mice (n = 8). (E) Loxoribine (20 pg/mL) did not evoke Ca®*
responses without affecting 1Q-induced Ca®* responses.

To this end, we studied mast-cell-deficient WBB6F1-W/W" and its
control WBB6F1*/* mice. IQ-induced scratching did not decrease
in mast-cell-deficient mice; on the contrary, it increased by 2.8-fold
over that of control mice (Fig. 44). Accordingly, our results illus-
trate that IQ-evoked itch did not involve the specific genes or mast
cells that have thus far been implicated in some cases of itch
responses in the periphery of the skin.

In previous studies, we demonstrated that TRPV1-expressing
neurons play a central role in mediating scratching in response to
various types of pruritogens (9). We therefore investigated
whether TRPV1-expressing neurons are required for IQ-evoked
scratching. To address this, we selectively ablated the central
terminals of TRPV1-expressing neurons through intrathecal (i.z.)
injection of capsaicin and then studied the behavioral con-
sequences upon stimulating with 1Q. Because the i.t. capsaicin
approach eliminates lumbosacral TRPV1 afferents, we measured
licking, which acts as a surrogate for scratching, by injecting IQ
into the hind paw. Although licking is generally thought to be a
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nociceptive behavioral response, our previous study showed that
pruritogen-induced licking is associated with itch rather than
with a pain response (9). As expected, capsaicin treatment led to
a profound and long-lasting behavioral insensitivity to radiant
heat (Fig. 4B). Consistent with this, i.z. injection of capsaicin
caused the complete loss of immunoreactivity for TRPV1*
central terminals targeted to the lumbar spinal cord, indicating
that the TRPV1™ central fibers were destroyed (Fig. 4C). Im-
portantly, capsaicin-treated mice showed greatly reduced licking
produced by IQ (Fig. 4D). Compared with vehicle-treated mice,
licking was reduced by about 80%, indicating that TRPV1-
expressing neurons are essential for IQ-induced itch.

1Q Induces Intracellular Calcium Responses in DRG Neurons That
Responded to Capsaicin and Pruritogens. IQ-sensitive neurons were
found mainly in the medium-to-large diameter DRG neurons in
culture but not in small-diameter neurons (<10 pm) (Fig. 54; Fig.
S1). Some IQ-sensitive neurons appeared to respond to capsaicin.
We found that 26% (100/385) of 1Q-sensitive neurons responded
to capsaicin; these represented 35% (27/77) of the total capsaicin-
sensitive neurons (Fig. 5B). These capsaicin and IQ-sensitive
neurons were identified mainly in the medium-diameter range of
19-28 pm. Among IQ-responding neurons, most capsaicin-
insensitive neurons were found in large-diameter neurons. In-
terestingly, a small number of 1Q-sensitive capsaicin-respondin,
neurons also displayed a unique pattern of oscillating Ca®
responses after treatment with IQ (Fig. S5). These oscillations
frequently lasted over the entire 30-min observation period,
mimicking the time course of the scratching behavioral responses.
Many studies including ours have shown that histamine- or
CQ-sensitive neurons represent a subset of capsaicin-responding
neurons (9-11). We next determined whether these neurons are
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Fig. 4. TRPV1* neurons are responsible for mediating behavioral
responses to 1Q. (A) Scratching behavioral responses to 1Q in various mu-
tant mice (n = 12 for PLCB3*"* and PLCB3~'~ mice, n = 11 for TRPV1** and
TRPV1~~ mice, and n = 4 for mast-cell-deficient mice and their control
animals). (B) Capsaicin-treated mice exhibit a profound loss of heat pain
sensitivity. Withdrawal latency to radiant heat was measured 1 d after i.t.
injection of capsaicin or vehicle. (C) TRPV1 immunostaining in lumbar dorsal
horn after behavioral experiments. Shown are 1-um confocal optical sections
of adult mouse DRG neurons. (Scale bar, 100 um.) (D) Ablation of central
terminals of TRPV1-expressing neurons led to profound loss of behavioral
responses to 1Q (**P < 0.01, Student’s t test, unpaired). n = 10 for capsaicin-
treated or vehicle-treated mice.
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sensitive to IQ. As shown Fig. 5 C and D, significant fractions of
neurons that responded to either histamine or CQ also respon-
ded to 1Q. We found that 55% (18/33) of histamine-sensitive
neurons and 83.3% (10/12) of CQ-sensitive neurons responded
to IQ. Next, we stimulated DRG neurons by sequentially ap-
plying histamine, CQ, IQ, and capsaicin. Approximately 1% (4/
412) of DRG neurons were found to respond to all of these
chemical compounds (Fig. 5E). These results indicated that
there was a subset of TRPV1-expressing neurons that commonly
responded to histamine, CQ, and IQ.

Discussion

When IQ is topically applied for treating various infectious skin
diseases, itch is a common side effect. Because I1Q treatment
involves activation of the immune system by inducing the pro-
duction of a number of cytokines, IQ was thought to contribute
to itch sensation via indirect mechanisms associated with sys-
temic conditions. In this study, we showed that IQ is able to
induce itch-associated scratching via direct excitation of sensory
neurons. The magnitude (number of bouts of scratching per unit
of time) of IQ-evoked scratching was significantly greater than
that caused by histamine or CQ at the same dose. Of note is that
scratching or licking was elicited only when 1Q was applied
subcutaneously to various parts of the skin (nape of the neck,
caudal part of the dorsal back, thigh, or footpad). In contrast, the
behavioral responses were not observed when 1Q was applied
through intrathecal or i.p. injection, ruling out the possibility that
1Q can evoke itch responses via the central nervous system.

In addition, our observations that IQ does not contribute to
pain measured by various behavioral tests tell us that IQ acts
primarily as a pruritic compound. However, whether or not 1Q is
a pure itch compound seemed to depend on the dosage applied.

A Bright Before After

We observed that application of IQ at higher doses produced
wiping indicative of pain responses in the “cheek assay,” which
may in part explain the reason why IQ-induced scratching is
greatly decreased upon injecting high doses of I1Q as seen in the
dose-response curve for the scratching response.

1Q-Evoked Itch Responses Are Dissociated from TLR7-Mediated
Processes. During the process of preparing our manuscript,
a study by Liu et al. (30) that reported that TLR7 contributes to
1Q-evoked itch appeared. It is surprising, given our results, that
they observed a diminished scratching response to IQ in TLR7-
deficient mice. This discrepancy might be attributable to testing
conditions or to the high variability of 1Q-evoked scratching.
During our characterization of scratching responses to 1Q, we
noted that the degree of scratching was quite variable, depending
on the genetic background of the mice. For example, the
scratching responses in BALB/c and C3H strains were about
threefold less than in C57BL/6 mice. It is also notable that the
magnitude of IQ-induced scratching was variable between in-
dividual transgenic animals although they all shared the C57BL/6
genetic background. Nevertheless, our observation that the
scratching response in TLR7-deficient mice was comparable to
that in control mice must reflect the existence of a mechanism
that acts via a TLR7-independent process. In support of this, we
found that IQ-evoked calcium responses or action potentials
were not impaired in TLR7-deficient DRG neurons. However,
Liu et al. (30) reported that IQ-induced firing was not observed
in TLR7-deficient neurons that respond to capsaicin. Conceiv-
ably, those neurons could be different from the medium-size
neurons that we recorded. According to our calcium response
study, about 70% of capsaicin-sensitive neurons did not respond
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to 1Q, and IQ-responding neurons were barely detectable in the
small-sized neuron population.

Molecular Mechanisms Underlying 1Q-Induced Calcium Responses.
Our data indicate that neither TLR7 nor other well-characterized
cell-surface receptors are necessary for triggering calcium re-
sponses to 1Q. Instead, on the basis of our inhibition studies, the
responses appeared to rely on the activity of IP3Rs, which sug-
gest that IQ activates IP3Rs through either direct interaction or
by binding to an intracellular molecule. Thus, we would expect
that it could freely pass across the cell-surface membrane and
target IP3Rs or other molecules. This may also explain how I1Q
accesses the TLR7 receptor that is preferentially localized in in-
tracellular compartments such as the endosomes or lysosomes
(31). Considering that IP3Rs are found in all tissue types, the
direct activation is not likely because 1Q failed to increase cal-
cium in macrophage or microglia cells. However, we cannot
rule out the possibility that IQ may selectively or preferentially
activate a particular form of IP3Rs that is differentially distri-
buted in tissues or cell types. Further dissection of the molecular
basis underlying 1Q-induced calcium signaling will be required to
resolve this issue.

Is a Given Subset of TRPV1-Expressing Neurons Broadly Tuned to
Diverse Pruritogens? In a previous study, we demonstrated that
deletion of the TRPV1 population by intrathecal injection of
capsaicin also prevented the itch produced by different types of
pruritogens. Our current study reveals that 1Q-induced itch re-
sponse requires the presence of TRPV1-expressing neurons,
supporting the notion that TRPV1-expressing neurons comprise
pruriceptors. However, a caveat is that all IQ-responding neu-
rons are not restricted to TRPV1-expressing neurons. Only 26%
of I1Q-sensitive neurons responded to capsaicin. The remaining
74% of 1Q-responding neurons were not capsaicin responsive,
which raises the question of the roles that these neurons play in
other functions. One possible explanation is that they may con-
tribute to itch-associated subsensations that are not essential for
driving itch-associated full behavioral responses. Itch is fre-
quently accompanied by sensations such as stinging, pricking, or
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burning. It is rare, but itch may also involve tingling or tick
responses. Alternatively, it is possible that these neurons may
perform nonsensory functions.

How do TRPV1 pruriceptors process the signals generated by
numerous pruritogens? In a previous study, we showed that
different pruritogens signal through their own intracellular
pathways in TRPV1-expressing neurons. Furthermore, we found
that IQ also appears to have a unique mechanism that is distinct
from those used by other pruritogens. The results of these
studies provide evidence for one of two possibilities: (i) different
pruritogens signal via different subsets of TRPV1 pruriceptors or
(ii) given TRPV1 pruriceptors are specialized to process diverse
signaling mechanisms as a result of excitation by different pru-
ritogens. Intriguingly, we observed that a very small subset of
TRPV1 pruriceptors responded in common to histamine, CQ,
and IQ. Although it is not clear whether these neurons can act as
general pruriceptors, this finding indicates that a given subset of
TRPV1 pruriceptors is equipped with a variety of signal trans-
duction mechanisms to respond to different pruritogens.

Materials and Methods

Information concerning the mice used in these studies, immunofluorescence,
measurement, whole-cell patch-clamp recordings, calcium assays, behavioral
studies, intrathecal injection, preparation of primary cell cultures, ELISA, cell
proliferation assay, RNA extraction, and RT-PCR are described in S/ Materials
and Methods. All data are represented as mean + standard error of the
mean (SEM). The statistical significance of the differences was analyzed by
the GraphPad Prism software program. Further details for statistical analysis
are provided in S/ Materials and Methods.
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