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Itch, also known as pruritus, is a common, intractable symptom of several skin diseases, such as atopic der-
matitis and xerosis. TLRs mediate innate immunity and regulate neuropathic pain, but their roles in pruri-
tus are elusive. Here, we report that scratching behaviors induced by histamine-dependent and -independent 
pruritogens are markedly reduced in mice lacking the Tlr3 gene. TLR3 is expressed mainly by small-sized pri-
mary sensory neurons in dorsal root ganglions (DRGs) that coexpress the itch signaling pathway components 
transient receptor potential subtype V1 and gastrin-releasing peptide. Notably, we found that treatment with 
a TLR3 agonist induces inward currents and action potentials in DRG neurons and elicited scratching in WT 
mice but not Tlr3−/− mice. Furthermore, excitatory synaptic transmission in spinal cord slices and long-term 
potentiation in the intact spinal cord were impaired in Tlr3−/− mice but not Tlr7−/− mice. Consequently, central 
sensitization–driven pain hypersensitivity, but not acute pain, was impaired in Tlr3−/− mice. In addition, TLR3 
knockdown in DRGs also attenuated pruritus in WT mice. Finally, chronic itch in a dry skin condition was 
substantially reduced in Tlr3−/− mice. Our findings demonstrate a critical role of TLR3 in regulating sensory 
neuronal excitability, spinal cord synaptic transmission, and central sensitization. TLR3 may serve as a new 
target for developing anti-itch treatment.

Introduction
Itch, also known as pruritus, is an unpleasant cutaneous sensation 
that evokes desire or reflex of scratching behavior, which is distinct 
from pain that elicits withdrawal reflex (1). Like pain, itch serves as a 
self-protective/warning system in the normal conditions (1). However, 
chronic itch is recurrent and intractable and greatly reduces the life 
quality of patients with skin diseases (e.g., atopic dermatitis, contact 
dermatitis, allergic contact dermatitis, and xerosis), liver diseases (e.g., 
cholestasis), kidney diseases (e.g., uremia), and metabolic disorders 
(e.g., diabetes) (2). Although itch is transiently relieved by scratching, 
itch-scratch cycles often result in further skin damage that exacer-
bates the problem. Antihistamines are normally used for itch relief 
but many chronic itchy conditions are resistant to them (3).

TLRs mediate innate immune responses via recognition of patho-
gen-associated molecular patterns (4). While TLR3 recognizes dou-
ble-stranded RNA (dsRNA), TLR7 detects single-stranded RNA or 
imidazoquinoline derivatives (4). It has been shown that microglia 
recognize dsRNA-producing virus in the CNS via activation of 
TLR3 (5). TLR3 also mediates West Nile virus (a mosquito-borne 
RNA flavivirus) entry into the brain, causing lethal encephalitis (6). 
Of interest, TLR2, TLR3, and TLR4 contribute to the development 
of nerve injury-induced neuropathic pain by inducing glial activa-
tion and expression of proinflammatory cytokines in the spinal 
cord (7–9). Although TLRs are typically expressed by immune and 
glial cells, increasing evidence indicates that primary sensory neu-

rons also express TLRs (e.g., TLR3, TLR4, TLR9) (10–12). But the 
functions of these TLRs in sensory neurons are largely unknown. 
Recently, we demonstrated that TLR7 is functionally expressed in 
transient receptor potential cation channel subfamily V member 1– 
positive (TRPV1-positive) nociceptors and contributed to hista-
mine-independent pruritus, without affecting mechanical, thermal, 
inflammatory, and neuropathic pain (13). In this study, we tested 
the hypothesis that TLRs play distinct roles in pain and itch. We 
found that TLR3 is essential for eliciting both histamine-dependent 
and -independent pruritus, whereas TLR7 is only partially required 
for producing histamine-independent itch. We also demonstrated 
that chronic itch following dry skin–induced dermatitis is abrogat-
ed in Tlr3−/− mice. By contrast, acute pain after thermal, mechani-
cal, and chemical stimulation is normal in Tlr3−/− mice. Further, we 
found that TLR3 ligands are sufficient to induce inward currents 
and action potentials in dorsal root ganglion (DRG) neurons and 
further elicit scratching behaviors in mice.

Central sensitization, i.e., hyperactivity of spinal cord dorsal horn 
neurons after tissue injury or persistent nociceptive input (e.g.,  
C-fiber activation), is believed to cause hypersensitivity to pain (14) 
and itch (15). Spinal cord long-term potentiation (LTP) is a unique 
form of synaptic plasticity (16) and central sensitization (14). In this 
study, we also examined the role of TLR3 in central sensitization and 
spinal cord synaptic plasticity. We found that spinal LTP was induced 
in Tlr7−/− mice but not Tlr3−/− mice. Consequently, behavioral expres-
sion of central sensitization, i.e., the formalin-induced second-phase 
pain and the capsaicin-induced secondary mechanical hyperalgesia 
(17), was impaired in Tlr3−/− mice. Thus, TLR3 might control itch 
via novel neuronal mechanisms, including peripheral mechanisms 

Authorship note: Tong Liu and Temugin Berta contributed equally to this work.

Conflict of interest: The authors have declared that no conflict of interest exists.

Citation for this article: J Clin Invest. 2012;122(6):2195–2207. doi:10.1172/JCI45414.



research article

2196 The Journal of Clinical Investigation   http://www.jci.org   Volume 122   Number 6   June 2012

(altering excitability of primary sensory neurons) and central mecha-
nisms (modulating synaptic plasticity) as well as classic nonneuro-
nal/immune mechanisms in the pathological conditions.

Results
Tlr3−/− mice display intact acute nociceptive pain but impaired central 
sensitization–driven pain. To determine the role of TLR3 in acute 
pain sensation, we performed multiple behavioral tests of acute 
pain in WT mice and mice lacking TLR3 (Tlr3−/− mice) (18). Con-
sistent with previous reports (18), we did not observe any gross 
anatomical defects in Tlr3−/− mice (Supplemental Figure 1A; sup-
plemental material available online with this article; doi:10.1172/
JCI45414DS1). The rotarod test revealed that the falling latency 
of Tlr3−/− mice was similar to that of WT mice, indicating there 
is no motor impairment in Tlr3−/− mice (Figure 1A). Acute ther-
mal sensitivity, as assessed by radiant heat (Hargreaves; Figure 1B) 
and hot water immersion (Figure 1C), and innocuous and noxious 
mechanical sensitivity, as evaluated by von Frey filament (Figure 
1D) and the Randall-Selitto test (Figure 1E), respectively, were also 
indistinguishable in Tlr3−/− and WT mice (Figure 1, B–E). Further, 
Tlr3−/− mice showed normal spontaneous flinching/licking behav-
iors in response to the TRPV1 agonist capsaicin (Figure 1F) and 
the transient receptor potential cation channel, member ankyrin 1  
(TRPA1) agonist mustard oil (Figure 1G).

Next, we examined formalin-induced (5%) biphasic spontane-
ous pain in Tlr3−/− and WT mice. While the first-phase response is a 
result of acute activation of peripheral nociceptors, the second-phase 

response is attributed to activity-dependent central sensitization and 
ongoing afferent input (14). Notably, the second-phase responses but 
not the first-phase responses were significantly decreased in Tlr3−/− 
mice (Figure 1H; P < 0.05, compared with WT mice, Student’s t test). 
Additionally, capsaicin-induced secondary but not primary mechani-
cal hyperalgesia was reduced in Tlr3−/− mice (Figure 1I; P < 0.05, com-
pared with WT mice, Student’s t test). Together, these results suggest 
that TLR3 is essential for central sensitization–driven pain hypersen-
sitivity but not required for acute nociceptive pain.

Tlr3−/− mice exhibit deficiency in both histamine-dependent and -inde-
pendent itch. We examined the scratching behaviors in Tlr3−/− and 
WT mice after intradermal injection of histamine-dependent and 
-independent pruritic agents into the nape of the neck. While com-
pound 48/80 induces histamine-dependent itch, via histamine 
release from mast cells, chloroquine (CQ; an anti-malarial drug) 
induces histamine-independent itch via activation of sensory neu-
ron-specific GPCR MrgprA3 (19). Compared with that of WT mice, 
Tlr3−/− mice exhibited a dramatic reduction in scratching behaviors 
evoked by compound 48/80 (Figure 2A; P < 0.05, 2-way repeated-
measures ANOVA) and CQ (Figure 2B; P < 0.05, 2-way repeated-
measures ANOVA). We did not find any difference when compar-
ing sexes in the compound 48/80–induced scratching when testing 
the age-matched male and female Tlr3−/− mice (data not shown). 
Spinal c-Fos expression was widely used as a functional marker of 
spinal neuronal activation after pruritic stimuli (20). c-Fos expres-
sion in dorsal horn neurons, induced either by compound 48/80 
or CQ, was significantly decreased in Tlr3−/− mice (Figure 2C;  

Figure 1
Intact acute pain but impaired central sensitization in Tlr3−/− mice. (A) Motor function assessed by recording the falling latency in a Rotarod test 
of WT and Tlr3−/− mice. (B and C) Thermal sensitivity, measured by (B) Hargreaves and (C) tail immersion test, is comparable in WT and Tlr3−/− 
mice. (D and E) Mechanical sensitivity, assessed by (D) von Frey test and (E) Randall-Selitto test, is indistinguishable in WT and Tlr3−/− mice. (F 
and G) Acute spontaneous pain assessed by the number of flinches or duration of licking and flinching behaviors after intraplantar injection of 
(F) capsaicin and (G) mustard oil in WT and Tlr3−/− mice. (H) Spontaneous pain in the second phase (10–45 minutes) but not in the first phase 
(0–10 minutes) in the formalin test is decreased in Tlr3−/− mice. (I) Primary and secondary mechanical hypersensitivity after intraplantar injection 
of capsaicin (5 μg), assessed by percentage response (frequency) to a von Frey filament (0.16 g), in WT and Tlr3−/− mice. Tlr3−/− mice have intact 
primary mechanical hyperalgesia but impaired secondary mechanical hyperalgesia. BL, baseline. *P < 0.05, compared with WT mice, Student’s 
t test; n = 5–9 mice for each group. All the data are mean ± SEM.
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P < 0.05, compared with WT mice, Student’s t test). These data sug-
gest that both the pruritogen-induced itch behaviors and spinal 
neuronal activation were impaired in Tlr3−/− mice.

We also tested additional histaminergic pruritogens, including 
histamine, histamine-trifluoromethyl-toluidine (HTMT, a hista-
mine H1 receptor agonist), and 4-methylhistamine (4-MeHA, a 
histamine H4 receptor agonist). Scratching elicited by these pru-
ritogens was significantly reduced in Tlr3−/− mice (Supplemental 
Figure 1, B–D; P < 0.05, 2-way repeated-measures ANOVA). Further, 
scratching induced by endothelin-1 and serotonin, as well as non-
histaminergic pruritogens SLIGRL-NH2 (PAR2 agonist) (21, 22) 
and trypsin, was abrogated in Tlr3−/− mice (Supplemental Figure 1, 
E–H; P < 0.05, 2-way repeated-measures ANOVA). Finally, we tested 
scratching by using a low concentration of formalin (0.6%) (23) and 
the TLR7 agonist imiquimod, which was shown to induce robust 
itch in mice (13, 24). Both formalin- and imiquimod-induced 
scratches were substantially reduced in Tlr3−/− mice (Supplemental 
Figure 1, I and J; P < 0.05, 2-way repeated-measures ANOVA).

Together, our analyses of scratching during a 30-minute period 
further confirmed that all forms of itch mentioned above were 
substantially decreased in Tlr3−/− mice (Supplemental Figure 1K; 

P < 0.05, Student’s t test). Thus, TLR3 is indispensable for the 
full expression of acute itch behaviors in mice, regardless of the 
histamine dependency.

TLRs are involved differently in pain and itch in a cheek model. To fur-
ther determine the distinct roles of TLRs in pain and itch, we used 
a recently developed cheek model that can distinguish pain versus 
itch (25, 26), as indicated by distinct pain-like wiping by forelimbs 
and itch-like scratching by the hind limbs (25, 26). Tlr3−/− mice 
displayed a dramatic reduction in the compound 48/80− and CQ-
induced scratching (P < 0.05, Student’s t test) but not the wiping 
(Figure 3A), confirming a role of TLR3 in itch but not acute noci-
ception. Interestingly, Tlr7−/− mice only showed a partial reduction 
in CQ-induced scratching (Figure 3B; P < 0.05, Student’s t test) but 
no changes in the compound 48/80− and CQ-induced wiping and 
the compound 48/80−induced scratching (Figure 3B), in support 
of our previous observation that TLR7 is only involved in hista-
mine-independent itch (13).

TLR3 is expressed in a subset of DRG neurons. TLR3 was shown 
to be expressed by most embryonic DRG neurons during 
development (27). We further characterized TLR3 expression 
in postnatal DRG neurons using several different methods. 

Figure 2
Impaired scratching behaviors and reduced c-Fos expression in the spinal cords in Tlr3−/− mice. (A and B) Scratches in every 5 minutes (left) and 
0–30 minutes (right) induced by intradermal injection of 50 μl compound 48/80 (100 μg) and CQ (200 μg). Note a reduction of both histaminergic 
(compound 48/80) and nonhistaminergic (CQ) itch in Tlr3−/− mice. *P < 0.05, Student’s t test; n = 11–13 mice for each group. Mean ± SEM. Two-
way repeated-measures ANOVA analysis also shows a significant difference in the time course of compound 48/80– and CQ-induced scratching 
between the 2 groups (P < 0.05). (C) c-Fos–like immunoreactivity in the dorsal horn of the cervical spinal cord in WT and Tlr3−/− mice 2 hours 
after intradermal injection of compound 48/80 (48/80) or CQ. Right panels show the number of c-Fos–positive neurons in the dorsal horn. Scale 
bars, 100 μm. *P < 0.05, Student’s t test; n = 4–6 mice. All the data are mean ± SEM.
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(a) RT-PCR analysis revealed that Tlr3 mRNA was expressed 
in DRG, spinal cord, brain, and spleen tissues of adult mice 
(Supplemental Figure 2A). (b) In situ hybridization showed 
that Tlr3 mRNA was expressed by approximately 25% of DRG 
neurons (468 out of 1,849 neurons), mainly in small-sized 
neurons and some medium-sized neurons (Supplemental Fig-
ure 2B). (c) Single-cell RT-PCR analysis, conducted selectively 
in small-sized DRG neurons, further revealed that TLR3 and 
TLR7 were expressed by distinct but overlapping populations 
of small-sized DRG neurons (Figure 4A). Approximately 40%, 
50%, and 70% of small neurons expressed TLR3, gastrin-releas-
ing peptide (GRP), and TRPV1, respectively (Figure 4B). Nota-
bly, all TLR3+ neurons expressed TRPV1 and GRP (Figure 4B). 
(d) Immunohistochemistry further confirmed that TLR3 was 
highly colocalized with GRP (Figure 4C). TLR3+ and GRP+ neu-
rons also exhibited similar size distribution patterns (Figure 
4D). (e) Immunocytochemistry validated that all TLR3+ neu-
rons coexpressed TRPV1 (Figure 4E) but not neurofilament 200 
(NF200), a marker for myelinated A-fiber neurons (Figure 4E). 
Given the unique roles of TRPV1- and GRP-expressing neurons 
in itch signaling (28, 29), the distinct localization of TLR3 in 
GRP/TRPV1-expressing neurons (Figure 4F) would provide a 
cellular basis for the involvement of TLR3 in pruritus.

TLR3 agonist poly (I:C) induces inward currents and action potentials 
in DRG neurons and also elicits scratching in mice in a TLR3-depen-
dent manner. To further define whether TLR3 expressed by DRG 
neurons is functional, we examined DRG neuronal responses to 
a synthetic TLR3 agonist, poly (I:C) (PIC), in vitro. Whole-cell 
patch-clamp recording revealed that PIC elicited dose-depen-
dent inward currents (200–1,000 ng/ml; Figure 5, A and B) in 
capsaicin-sensitive DRG neurons (Figure 5, A–C). Notably, PIC 
failed to induce inward currents in Tlr3−/− mice (Figure 5, A and 
B). Single-cell RT-PCR analysis confirmed that all PIC-respon-
sive neurons (40% of the recorded small-sized neurons) indeed 
expressed TLR3. Conversely, TLR3-negative neurons failed to 
respond to PIC (Figure 5C). Thus, the TLR3 expression in DRG 
neurons correlates well with the TLR3 function (PIC sensitivity). 
Additionally, current-clamp recordings demonstrated that PIC 

could elicit robust action potentials in capsaicin-sensitive DRG 
neurons of WT mice but not Tlr3−/− mice (Figure 5D), suggesting 
that TLR3 activation can directly excite DRG neurons.

To correlate DRG neuronal activation with mouse behaviors, we 
also tested the PIC-induced itching. Intradermal injection of PIC 
induced dose-dependent scratching behaviors in WT mice (Figure 5E; 
P < 0.05, 1-way ANOVA). Strikingly, PIC-induced scratching was com-
pletely abolished in Tlr3−/− mice (Figure 5F; P < 0.05, Student’s t test).

We also observed TLR3 immunoreactivity in the substance P–
expressing (SP-expressing) peptidergic axons of the sciatic nerve 
(Supplemental Figure 3A) as well as in the skin nerve terminals 
(Supplemental Figure 3, B–D), indicating that TLR3 can be trans-
ported from the DRG cell bodies to the peripheral axons, in which 
TLR3 could detect endogenous or exogenous ligands. Although 
TLR3 is highly colocalized with TRPV1 in DRG neurons, PIC-
induced inward currents were only mildly reduced in Trpv1−/− mice 
(19.0% ± 8.2% reduction, P < 0.05, Student’s t test, n = 8–15 neu-
rons). PIC-induced scratching was unaltered in the Trpv1−/− mice 
compared with that in WT mice (Figure 5F).

To explore possible endogenous ligands of TLR3, we extracted 
total RNAs from mouse brain tissues and stimulated DRG neu-
rons with the RNAs. Patch-clamp recordings showed that the 
extracted total RNAs were sufficient to induce dose-dependent 
inward currents in the dissociated small-sized DRG neurons that 
also responded to PIC and capsaicin (Figure 5, G and H). However, 
total RNAs failed to induce inward currents in DRG neurons of 
Tlr3−/− mice (Figure 5, G and H). Thus, the total RNAs (presumably 
dsRNAs) can activate DRG neurons via TLR3.

Lack of Tlr3 does not affect overall development of DRG neurons and spinal 
cord circuits. We asked whether itch deficiency is a result of abnormal 
development of the DRGs and spinal cords in Tlr3−/− mice. First, 
we analyzed the size-distribution profile of DRG neurons using 
the pan-neuronal marker SCG-10 and found no evidence of cell 
loss or size changes (Supplemental Figure 4A). Second, Tlr3−/− mice 
exhibited normal expression patterns of the neurochemical mark-
ers TRPV1, CGRP, P2X3, and NF200 in DRGs (Supplemental Fig-
ure 4B). Third, the expression of the neuronal markers NeuN and 
PKCγ and the innervations of the primary afferents (CGRP/IB4) in 

Figure 3
Distinct role of TLRs in regulating pain and itch in a mouse cheek 
model. Intradermal injection of compound 48/80 (50 μg) and CQ  
(100 μg) in the cheek induces either pain-like wiping by forelimbs or 
itch-like scratching by the hind limb. (A) Substantial reduction of com-
pound 48/80– and CQ-induced scratching behaviors in Tlr3−/− mice. (B) 
CQ-induced but not compound 48/80−induced scratching is reduced 
in Tlr7−/− mice. Note that wiping behavior induced by compound 48/80 
or CQ is normal in both Tlr3−/− and Tlr7−/− mice. *P < 0.05, Student’s  
t test; n = 5–8 mice. All the data are mean ± SEM.
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the spinal dorsal horn were also indistinguishable between WT and 
Tlr3−/− mice (Supplemental Figure 4C). Fourth, we examined nerve 
innervations in the hairy and glabrous skin of Tlr3−/− mice. Stain-
ing with PGP9.5, a pan-neuronal marker, in both hairy and paw 
glabrous skin revealed comparable nerve innervations in WT and 
Tlr3−/− mice (Supplemental Figure 5A). The skin innervations of the 
large A-fiber axons (NF200+) and small peptidergic axons (CGRP+) 
were also normal in Tlr3−/− mice (Supplemental Figure 5, B and C). 
Finally, real-time RT-PCR analysis showed the normal expression of 
the other TLR family members (TLR2, TLR4, and TLR7) in DRGs 
of Tlr3−/− mice (data not shown). Thus, it is unlikely that the itch 
deficiency that we observed in the Tlr3−/− mice resulted from the 
developmental defects in DRGs and spinal cords.

Algesic or pruritic agents induce normal responses in DRG neuronal 
somata of Tlr3−/− mice. We used Ca2+ imaging to investigate the 
responsiveness of DRG neuronal cell bodies to algesic and pru-

ritic agents, including capsaicin, histamine, and CQ. In WT mice, 
capsaicin, histamine, and CQ induced intracellular Ca2+ increases 
in 39%, 10%, and 5% of neurons, respectively, in agreement with a 
previous observation (19). Of note, these Ca2+ responses were the 
same as those in Tlr3−/− mice (Supplemental Figure 6). Consistent-
ly, the amplitude of capsaicin-induced currents was comparable 
between WT and Tlr3−/− mice (Figure 5A). Thus, TLR3 deficiency 
does not alter responsiveness of DRG neurons to the frequently 
used algesic or pruritic agents in mice.

TLR3 is critically involved in spinal cord excitatory synaptic transmission. 
As DRG neurons project centrally to the spinal cord, we asked wheth-
er TLR3 can be transported to the spinal central terminals. Double 
staining demonstrated that TLR3 was expressed in both the TRPV1-
containing dorsal root axons and SP-containing primary afferent 
terminals in the dorsal horn (Supplemental Figure 7, A and B). Next, 
we performed patch-clamp recordings in lamina II neurons of spinal 

Figure 4
Expression of TLR3 in a subset of small-sized DRG neurons. (A) Single-cell RT-PCR analysis from dissociated small-sized DRG neurons show-
ing the distinct and overlapped distribution patterns of TLR3 and TLR7 in DRG neurons. The lanes were run on the same gel but were noncon-
tiguous. M, marker; NC, negative control. (B) Single-cell RT-PCR analysis from dissociated small-sized DRG neurons showing colocalization 
of TLR3 with TPRV1 and GRP. Similar results were obtained from 3 independent experiments in 30 cells collected from different animals. (C) 
Double immunostaining in DRGs showing co-colocalization of TLR3 and GRP. Red and yellow arrows indicate GRP+ only and double-labeled 
neurons, respectively. Scale bars: 50 μm. (D) Cell size distribution frequency of TLR3+ and GRP+ neurons. (E) Double immunostaining in cultured 
DRG neurons showing co-colocalization of TLR3 with TRPV1 but not with NF200. Green arrows indicate NF200+ or TRPV1+ neurons, red arrows 
indicate TLR3+ neurons, and yellow allows indicate double-labeled neurons. Scale bars: 50 μm. (F) A Venn diagram showing the relationship of 
TLR3+, GRP+, and TRPV1+ populations in a DRG. Note that all TLR3+ cells also express GRP and TRPV1.
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cord slices to investigate whether TLR3 would modulate glutamater-
gic neurotransmission. Notably, PIC increased the frequency but not 
the amplitude of spontaneous excitatory postsynaptic currents (sEP-
SCs) in the lamina II neurons of WT mice but not Tlr3−/− mice (Figure 
6, A and B; P < 0.05, Student’s t test), as a result of TLR3-mediated 
glutamate release from the presynaptic terminals (30).

Since the central terminals of TRPV1-expressing nociceptors are 
indispensable for itch (29), we also examined whether TLR3 defi-
ciency could cause functional deficits in the spinal central terminals. 
Application of capsaicin to spinal cord slices induced a dramatic 
increase of sEPSC frequency in lamina II neurons of WT mice, but 
this increase was abrogated in Tlr3−/− mice (Figure 6, C and D). In 
parallel, the intensity of TRPV1-expressing axons/terminals in the 
superficial dorsal horn was significantly reduced in Tlr3−/− mice 
(Supplemental Figure 8, A and B; P < 0.05, Student’s t test). Col-
lectively, these data point to a specific deficit of TRPV1 signaling in 
the spinal central terminals but not in the cell bodies and peripheral 
terminals of DRG neurons in Tlr3−/− mice. In sharp contrast, basal 
synaptic transmission (sEPSC) and capsaicin-evoked enhancement 
of sEPSC were normal in Tlr7−/− mice (Figure 6, E and F).

We also assessed whether spinal injection of PIC or capsaicin 
would elicit TLR3-dependent behaviors. Intrathecal PIC evoked 
a dose-dependent licking behavior (Figure 6G; P < 0.05, 1-way 
ANOVA), which was abolished in Tlr3−/− mice (Figure 6H; P < 0.05, 
Student’s t test). Intrathecal capsaicin also induced biting, licking, 
and scratching behaviors in WT mice, which were substantially 
reduced in Tlr3−/− mice (Figure 6I; P < 0.05, Student’s t test). Despite 
a mild decrease in baseline sEPSC in Trpv1−/− mice, PIC was still 
able to increase spinal sEPSC in these mice (Supplemental Figure 
9, A and B). Thus, TLR3 signaling is largely TRPV1 independent, 
although TRPV1 signaling requires TLR3 in the spinal cord.

Spinal LTP is a unique form of synaptic plasticity (16) and cen-
tral sensitization (14). Tetanic stimulation of the C-fibers of the 
sciatic nerve elicited LTP of the field potential in WT mice (Fig-
ure 6J). Strikingly, spinal LTP could not be induced in Tlr3−/− mice 
(Figure 6J; P < 0.05, 2-way repeated-measures ANOVA). By con-
trast, spinal LTP was fully induced and maintained in Tlr7−/− mice 
(Figure 6K). These results further support a distinct role of TLR3 
and TLR7 in modulating central sensitization.

Given a critical role of spinal GRP/GRP receptor signaling 
in pruritus (28, 31), we compared the spinal GRP expression 
in WT and Tlr3−/− mice. As previously reported (28), GRP is 
expressed in primary afferent axons and terminals in the super-
ficial dorsal horn of WT mice, but this expression was reduced 
in Tlr3−/− mice (Supplemental Figure 8, A and B; P < 0.05, Stu-
dent’s t test). Of interest, spinal administration of GRP18–27 res-
cued the itch deficits in Tlr3−/− mice and elicited comparable 
scratching in Tlr3−/− and WT mice (Supplemental Figure 8C), 
indicating that the ascending itch pathway from the secondary 
order spinal neurons to the brain is still intact in Tlr3−/− mice. 
Therefore, itch deficiency in Tlr3−/− mice may be attributed to 
impairment in the TRPV1- and GRP-mediated neurotransmis-
sion in the spinal cord.

TLR3 in DRGs is required for the full expression of itch in adult mice. 
To validate our findings in the transgenic mice, we also used 
antisense oligodeoxynucleotides (AS-ODNs) to knock down 
the TLR3 expression in DRGs of adult WT mice. Intrathecal 
injections of the TLR3 AS-ODNs led to a partial knockdown 
of TLR3 protein and mRNA levels in DRGs (P < 0.05, Student’s  
t test), without changing the TLR4 expression (Figure 7, A and B). 
Notably, TLR3 AS-ODNs significantly inhibited the compound 
48/80− and CQ-induced scratching (Figure 7B; P < 0.05, Stu-
dent’s t test), without effects on thermal sensitivity (Figure 7C). 
Similarly, intrathecal injections of the selective siRNA targeting 
TLR3 also decreased the expression of Tlr3, but not that of Tlr7 
and Tlr9, in DRGs and further inhibited CQ-induced scratching 
(Figure 7, D and E).

Since TLR3 signals exclusively through the adaptor protein 
TIR domain–containing adaptor-inducing interferon-β (TRIF) 
(4), we also tested the effects of a membrane-permeable peptide 
inhibitor of TRIF (32). Intrathecal TRIF inhibitor suppressed the 
scratching induced by both compound 48/80 and CQ (Figure 7F;  
P < 0.05, Student’s t test). These results suggest that TLR3 signal-
ing in DRGs is also important for the full expression of histamine-
dependent and -independent itch in adult WT mice that do not 
have the genetic complications of the Tlr3−/− mice.

TLR3 plays an essential role in dry skin–induced chronic pruritus. 
Chronic itch is often associated with skin diseases such as atopic 
dermatitis, contact dermatitis, and xerosis (dry skin) in humans 
(33). We further investigated the involvement of TLR3 in a dry 
skin–induced chronic itch condition.

As the first step, we examined whether the skin of Tlr3−/− mice 
exhibit morphological and biochemical changes. Histological 
evaluation did not reveal obvious changes in the thickness of 
epidermis and dermis (Supplemental Figure 10, A–D). Also, the 
number of hair follicles and the percentile of hair follicles at differ-
ent growth stages (anagen/catagen/telogen) remained unchanged 
(Supplemental Figure 10, B and C).

Given a crucial role of skin mast cells in pruritus, we also checked 
the number and functions of mast cells in Tlr3−/− mice. We found 
that the number of mast cells in hairy skin was unchanged in 
Tlr3−/− mice (Supplemental Figure 10, D and E). ELISA analysis 
revealed that the expression and release of histamine in response 
to compound 48/80 was similar in the skin of WT and Tlr3−/− mice 
(Supplemental Figure 10, F and G). The expression of other mast 
cell markers, such as mouse tryptase α/β 1 (TPSAB1), chymases 
(CMA), c-Kit (CD117), and nerve growth factor (NGF), was also 
unaltered in skin of Tlr3−/− mice compared with that in WT mice 
(Supplemental Figure 10H).

Figure 5
PIC induces inward current and action potentials in dissociated DRG 
neurons and elicits scratching in WT mice via TLR3 activation. (A) 
Inward currents evoked by PIC and capsaicin (CAP) in dissociated 
small-sized DRG neurons from WT and Tlr3−/− mice. Note that PIC fails 
to induce inward currents in Tlr3−/− mice. (B) Dose-dependent inward 
currents induced by PIC. The number of responsive neurons is indi-
cated on the top of each bar. (C) A combination of patch-clamp record-
ing and single-cell RT-PCR in small-sized DRG neurons shows that 
all 4 neurons (out of 10) that respond to PIC (200 ng/ml) also express 
Tlr3 mRNA. (D) Action potentials evoked by PIC and capsaicin in DRG 
neurons from WT and Tlr3−/− mice. Note that PIC does not induce 
action potentials in Tlr3−/− mice (n = 18 neurons). (E) Intradermal PIC 
induces dose-dependent scratching in WT mice. *P < 0.05, compared 
with vehicle; n = 6 mice. (F) Intradermal PIC induces scratching in WT 
mice but not Tlr3−/− mice. *P < 0.05, compared with WT, Student’s 
t test; n = 6 mice. (G) Inward currents evoked by the extracted total 
RNAs, PIC, and capsaicin in small-sized DRG neurons from WT and 
Tlr3−/− mice. (H) Dose-dependent inward currents induced by the total 
RNAs. The number of responsive neurons is indicated on the top of 
each bar. All the data are mean ± SEM.
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Figure 6
Impaired synaptic transmission and LTP induction in the spinal cord dorsal horn of Tlr3−/− mice but not Tlr7−/− mice. (A–F) Patch-clamp recording 
of sEPSCs in lamina II neurons in spinal cord slices. (A, C, and E) Traces of sEPSCs in spinal cord slices of WT and Tlr3−/− mice after (A) PIC 
(100 ng/ml) and (C) capsaicin (1 μM) treatment and (E) of WT and Tlr7−/− mice after capsaicin treatment (1 μM). (B, D, and F) sEPSC frequency 
and amplitude after the same treatments in A, C, and E. PIC and capsaicin only increase the frequency but not amplitude of sEPSC frequency in 
WT mice but not in Tlr3−/− mice. *P < 0.05, †P < 0.05, compared with WT pretreatment baseline; #P < 0.05, compared with WT-PIC or WT-capsa-
icin group, Student’s t test; n = 5–6 neurons. (G) Intrathecal (i.t.) PIC induces dose-dependent licking and biting in WT mice. *P < 0.05, Student’s 
t test, compared with vehicle; n = 6 mice. (H) Intrathecal PIC or (I) capsaicin induces licking and biting in WT mice but not Tlr3−/− mice. *P < 0.05, 
Student’s t test, compared with WT, n = 6 mice. (J and K) In vivo recordings of LTP of C-fiber–evoked filed potentials in the spinal cords of (J) 
Tlr3−/− and (K) Tlr7−/− mice and their corresponding WT controls. Note that spinal LTP is induced in Tlr7−/− mice but not in Tlr3−/− mice. *P < 0.05, 
compared with WT mice, 2-way repeated-measures ANOVA; n = 5 mice. All the data are mean ± SEM.
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To determine the role of TLR3 in chronic itch, we painted back 
skin with acetone and diethyether followed by water (AEW) for 7 
days to induce dry skin lesions in mice (34, 35). Seven days after 
AEW treatment, WT mice showed robust spontaneous scratching 
on day 8 and 9, but this spontaneous itch was eliminated in Tlr3−/− 
mice (Figure 8A; P < 0.05, Student’s t test). Notably, AEW treatment 
also elicited a dramatic (25-fold) increase of TLR3 expression in 
the dry skin (P < 0.05, Student’s t test) but not in the DRGs (Figure 
8B). Further, AEW treatment induced marked NGF upregulation, 
which was TLR3 dependent (Figure 8C; P < 0.05, Student’s t test). 
However, AEW-induced upregulation of TNF-α and histamine did 
not require TLR3 (Figure 8, D and E).

Finally, we tested whether TLR3-mediated itch could be potenti-
ated in the dry skin condition. After AEW treatment, a low dose 
of PIC (100 μg) markedly potentiated dry skin–induced sponta-
neous scratching, which was abolished in Tlr3−/− mice (Figure 8F;  
P < 0.05, Student’s t test). Thus, TLR3 and its upregulation in the 
dry skin contribute importantly to the induction and sensitization 
of chronic itch.

Discussion
As key pathogen-responsive receptors, TLRs recognize pathogen-
associated molecular patterns from foreign pathogens to mediate 
innate immunity. TLRs are typically expressed by immune cells, 
and activation of TLRs results in upregulation of proinflamma-
tory cytokines via activation of the transcription factors NF-κB 

and interferon regulatory factor-3 (4). TLR2–TLR4 are also 
expressed by glial cells in the CNS and contribute to neuropathic 
pain development through glial activation and induction of proin-
flammatory cytokines/chemokines in the spinal cord (7–9). In this 
study, we demonstrated that TLR3 is also expressed by a subset of 
primary sensory neurons, namely TRPV1-expressing nociceptors. 
Importantly, the TLR3 agonist PIC is sufficient to induce inward 
currents and action potentials in DRG neurons and further elicit 
scratching in WT mice but not Tlr3−/− mice. Further, the extracted 
total RNAs induced inward currents in DRG neurons via TLR3. At 
the spinal cord level, PIC also modulated the excitatory synaptic 
transmission by increasing sEPSC frequency. It appears that TLR3 
synthesized in DRG cell bodies could be transported to the spinal 
central terminals to modulate synaptic transmission (30). Thus, 
primary sensory neurons express TLR3 to detect foreign patho-
gens and endogenous ligands (e.g., dsRNAs), leading to rapid pro-
tective behaviors such as scratching.

Although itch and pain share many similarities (1, 3, 36), increas-
ing evidence points to distinct molecular mechanisms of itch (19, 
31). Primary sensory neurons located in the trigeminal ganglion 
and DRG transduce itch stimuli to the CNS (1, 3). As the best-
characterized itch mediator, histamine is released from mast cells 
and binds H1/H4 receptors on skin nerve terminals to elicit itch 
(37) via activation of PLCβ3 and TRPV1 (29, 38). CQ (an agonist of 
sensory neuron-specific GPCR MrgprA3) and BAM8-22 (an endog-
enous agonist of MrgprC11) produce histamine-independent itch 

Figure 7
TLR3 signaling in DRGs of WT adult mice is required for pruritus. (A) Knockdown of TLR3 expression in DRGs after intrathecal injections of Tlr3 
AS-ODNs (10 μg daily for 5 days). The lanes ran on the same gel but were noncontiguous. Note that both TLR3 protein and mRNA levels but 
not Tlr4 mRNA levels in DRGs are decreased after AS-ODN treatment, revealed by Western blotting or quantitative PCR. *P < 0.05, Student’s 
t test; n = 4 mice. (B) Inhibition of compound 48/80− and CQ-induced scratching after treatment with TLR3 AS-ODNs. MM, mismatch oligode-
oxynucleotides. *P < 0.05, Student t test; n = 5 mice. (C) No effects of TLR3 AS-ODNs on basal heat sensitivity (n = 5 mice). (D) Quantitative 
PCR reveals knockdown of Tlr3 but not Tlr7 and Tlr9 mRNA expression in DRGs after intrathecal injections of Tlr3-targeting siRNA (3 μg daily 
for 3 days). *P < 0.05, Student’s t test; n = 5 mice. (E) Inhibition of CQ-induced scratching after siRNA treatment. *P < 0.05, Student t test;  
n = 5 mice. (F) Intrathecal inhibition of TLR3 signaling with a peptide inhibitor of TRIF reduces scratching in mice. *P < 0.05, Student’s t test;  
n = 5 mice. All the data are mean ± SEM.
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via TRPA1 activation (19, 39). Both histamine-dependent itch and 
histamine-independent itch (e.g., itch induced by proteases, sero-
tonin, and endothelin) require the TRPV1-expressing nociceptors 
(29, 40). Loss of vesicular glutamate transporter-2 in nociceptors 
results in reduced pain but enhanced itch, indicating that gluta-
mate release from these nociceptors is dispensable for itch in the 
absence of pain (41). At the spinal cord level, the peptides GRP 
and SP, released from TRPV1-expressing nociceptors, activate 
GRP receptor and NK1 to elicit pruritus (28, 31, 42). In this study, 
we further revealed TLR3 as a new player in itch control, to our 
knowledge, via its peripheral and central actions.

Of the most striking findings of this study are the marked defi-
cits in histamine-dependent and -independent pruritus in Tlr3−/− 
mice: there was a profound reduction of scratching behaviors elic-
ited by all the 9 pruritogens that we tested (Supplemental Figure 
1K). Of note Tlr3−/− mice showed (a) no gross anatomical defects, 
(b) no neuronal loss in DRGs and spinal cords, (c) no deficits in 
the skin and spinal cord nerve innervations, (d) no impairment in 
the ascending itch pathway, and (e) no changes in skin morphol-
ogy. Hence, it is unlikely that the itch phenotypes that we observed 
are results of developmental defects in Tlr3−/− mice. Consistent-
ly, knockdown of TLR3 in DRGs using AS-ODNs or siRNA and 
spinal inhibition of TLR3/TRIF signaling also reduced the com-
pound 48/80− and CQ-induced itch in adult WT mice. Further-
more, direct activation of TLR3 by intradermal PIC was sufficient 
to elicit TLR3-dependent scratching.

Although TLR7 was implicated in pruritus in our previous study 
(13), the present study has clearly demonstrated distinct roles of 
different TLRs in itch. Compared with a dramatic reduction in 
both histamine-dependent and -independent itch in Tlr3−/− mice, 
Tlr7−/− mice only showed a partial reduction in histamine-indepen-
dent itch. Our findings also showed the limited role of TLRs in 
pain using the cheek model (25): the wiping behaviors induced by 
compound 48/80 and CQ were unchanged after deletion of Tlr3 
and Tlr7. However, there are at least 12 members in the mouse TLR 
family; the involvement of other TLRs in pain and itch needs fur-
ther investigation.

Although the previous reports indicated roles of TLR3 in 
suppressing axonal growth of DRG neurons (12) and memory 
retention in the hippocampus (43), our study is the first to our 
knowledge to demonstrate a critical role of TLR3 in synaptic trans-
mission. Notably, the frequency of sEPSCs in spinal lamina II neu-
rons was reduced in Tlr3−/− mice, suggesting that TLR3 is required 
for glutamate release from the spinal presynaptic terminals. Con-
sistently, PIC increased sEPSC frequency in the lamina II neurons 
via TLR3 activation. Despite a moderate reduction in spinal cord 
basal synaptic transmission, basal pain perception after thermal, 
mechanical, and chemical stimuli was intact in Tlr3−/− mice (Figure 
1, B–G). However, the central sensitization–induced pain hyper-
sensitivity, i.e., the formalin-induced second-phase pain and the 
capsaicin-induced secondary mechanical hyperalgesia, was sig-
nificantly impaired in Tlr3−/− mice (Figure 1, H and I). In parallel, 

Figure 8
TLR3 is essential for dry skin–induced chronic itch. (A) Spontaneous scratching induced by acetone and diethyether (1:1) following by water 
(AEW, twice a day for 7 days) on day 8 and 9 in WT and Tlr3−/− mice. *P < 0.05. (B) Real-time quantitative RT-PCR analysis showing TLR3 
upregulation in skin but not DRGs of WT mice after AEW treatment. *P < 0.05. (C and D) Real-time quantitative RT-PCR analysis showing that 
AEW-induced upregulation of (C) NGF but not (D) TNF-α in the dry skin is abrogated in Tlr3−/− mice. *P < 0.05, #P < 0.05. (E) ELISA analysis 
showing that AEW-induced upregulation of histamine in skin is not altered in Tlr3−/− mice. *P < 0.05, compared with vehicle control (CTRL). (F) 
Intradermal injection of PIC enhances AEW-induced spontaneous scratching, which is abrogated in Tlr3−/− mice. *P < 0.05, Student’s t test;  
n = 5 mice in all cases. All the data are mean ± SEM.
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spinal cord synaptic plasticity underlying pain or itch hypersensi-
tivity was abrogated in Tlr3−/− mice. Importantly, TLR3 deficiency 
resulted in a failure in the induction of spinal LTP. Accordingly, 
the capsaicin-induced sEPSC frequency increase in dorsal horn 
neurons was substantially reduced in Tlr3−/− mice (Figure 6). In 
sharp contrast, Tlr7−/− mice displayed normal spinal cord synaptic 
transmission and LTP induction (Figure 6) and unaltered second-
phase pain in the formalin test (13), despite a reduction in non-
histaminergic pruritus (13). Thus, impairment in spinal synaptic 
plasticity and central sensitization should contribute additionally 
to profound itch deficits in Tlr3−/− mice.

We postulate that TLR3 expression on the DRG neuronal surface 
could be coupled to ion channels to induce inward currents and 
actions potentials, whereas TLR3 localization in intracellular com-
partments (endosomes) of DRG neurons (data not shown) could be 
involved in the trafficking and axonal transport of signaling mol-
ecules. A reduction in the axonal transport of TRPV1 and GRP, as 
observed in Tlr3−/− mice (Supplemental Figure 8), should also con-
tribute to deficits in central sensitization and itch. Of interest, a 
genome-scale functional screening reveals that the microtubule regu-
lator stathmin is a potential ligand of TLR3 (44). Whether stathmin 
plays a role in itch by interacting with TLR3 is of great interest.

Central sensitization has been implicated in itch hypersensi-
tivity. For example, scratching is greatly potentiated after loss of 
Bhlhb5-expressing inhibitory interneurons in the dorsal horn (23). 
Central sensitization appears to underlie the increasingly appre-
ciated “population coding” hypothesis of itch (20, 45). Accord-
ing to this hypothesis, itch-responsive neurons are localized to 
a small population of C-fiber nociceptors expressing MrgprA3/
MrgprC11/GRP/SP/TRPV1. While activation of this small popu-
lation of neurons with pruritogens elicits itch, activation of the 
larger population of nociceptors induces pain to suppress itch. 
Of interest, TLR3 is expressed in a subset of TRPV1+ nociceptors 
that contain GRP (Figure 4F). This unique distribution pattern of 
TLR3 may explain why acute pain is largely intact, whereas itch is 
impaired, in Tlr3−/− mice. A specific role of TLR3 in central sensiti-
zation is supported by (a) failure of spinal LTP induction in Tlr3−/− 
mice and (b) the observation that intrathecal PIC- and capsaicin-
induced licking behaviors were abolished in Tlr3−/− mice.

Although our data support a neuronal mechanism of TLR3 for 
itch control, we should not exclude other mechanisms that are 
important in disease conditions. It is known that skin cells, such 
as mast cells and keratinocytes, play important roles in itch sensa-
tion in skin disease conditions (3). TLR3 is expressed by mast cells 
and keratinocytes, and PIC activates mast cells and keratinocytes 
to release the proinflammatory cytokines (46, 47). Although we 
did not find obvious morphological and biochemical changes in 
the skin of Tlr3−/− mice under the normal conditions, we observed 
marked TLR3 upregulation in the dry skin condition, and this 
upregulation may drive chronic itch via producing the proinflam-
matory cytokines (3). In addition, TLR3-mediated upregulation of 
NGF in dry skin could also regulate chronic itch, since increased 
epidermal NGF expression was implied in the pathogenesis of pru-
ritic contact dermatitis and psoriasis (48).

In conclusion, we have identified TLR3 as a critical signaling mol-
ecule that is required for pruritus, regardless of histamine depen-
dence. Functional TLR3 is expressed by primary sensory neurons 
that coexpress TRPV1 and GRP, and it is known that this subset of 
nociceptors is indispensable for itch sensation. The TLR3 agonist 
PIC was sufficient to induce inward currents and action potentials in 

DRG neurons, increase synaptic transmission in spinal dorsal horn 
neurons, and elicit scratching in WT mice. In particular, TLR3 defi-
ciency resulted in impairment in central sensitization and spinal cord 
synaptic plasticity underlying itch hypersensitivity. TLR3 is further 
upregulated in dry skin and essential for the development of chronic 
itch. Given (a) the prevalence of chronic itch during skin diseases 
(e.g., atopic and contact dermatitis) as well as kidney, liver, and meta-
bolic diseases and (b) the ineffectiveness of current antihistamine 
treatments in these chronic itchy conditions (2, 3), targeting TLR3 
may provide a novel strategy for developing anti-itch therapies.

Methods
Additional details regarding this study are provided in the Supplemental 
Methods.

Mice. We used adult mice (25–32 g) for behavioral and histochemical 
studies. Tlr3−/− mice (B6;129S1-Tlr3tm1Flv/J mice) and WT control mice 
of the same genetic background (B6129SF1/J mice) as well as Trpv1−/− and 
Tlr7−/− mice and their WT control mice (C57BL/6J mice) were purchased 
from The Jackson Laboratory and bred at Harvard Thorn Building Ani-
mal Facility. To confirm the results from the transgenic mice, we also pur-
chased adult WT CD1 mice from Charles River for some behavioral and 
pharmacological studies.

Behavioral analysis. All of the behavioral tests were done in strict sex- and 
age-matched adult mice by the observers blinded to the treatment or geno-
type of the animals. Mice were acclimatized to the testing environment 
daily for at least 2 days before the analysis. Itch and pain behavioral testing 
in mice was performed as previously described in detail (13, 19, 28).

Immunohistochemistry. Immunohistochemistry was performed according 
to standard protocols, and the following primary antibodies were used: 
rabbit anti-TLR3 antibody (1:1,000; Santa Cruz Biotechnology Inc.), guin-
ea pig anti-TRPV1 antibody (1:1,000; Neuromics), rabbit anti-GRP anti-
body (1:1,000; Immunostar), guinea pig anti-SP antibody (1:1,000; Neu-
romics), rabbit anti-Fos antibody (1:500; Santa Cruz Biotechnology Inc.), 
mouse anti-NF200 (1:2,000; Sigma-Aldrich), mouse anti-NeuN antibody 
(1:2,000; Millipore), rabbit anti-CGRP antibody (1 2,000; Neuromics), rab-
bit anti-PKCγ antibody (1:2,000; Santa Cruz Biotechnology Inc.), rabbit 
anti-PGP9.5 antibody (1:1,000; Biogenesis).

Drugs and administration. HTMT and 4-MeHA were obtained from Tocris. 
Endothelin-1 was from ALEXIS Biochemicals. SLIGRL-NH2 and GRP18-
27 were from Bachem. TRIF peptide inhibitor and control peptide were 
from Invivogen. AS-ODNs targeting TLR3 and mismatch oligodeoxynucle-
otides were synthesized by Invitrogen. siRNA targeting TLR3 and nontar-
geting control siRNA were synthesized by Dharmacon. All other chemicals 
were obtained from Sigma-Aldrich. We injected a pruritic agent intrader-
mally in the nape of the neck (50 μl) or cheek (10 μl) to elicit itch. We 
injected 20 μl capsaicin, mustard oil, or formalin into the plantar surface 
of 1 hind paw to elicit pain. We intrathecally injected 10 μl TLR3 AS-ODN 
(10 μg, daily for 5 days), TLR3 siRNA (3 μg, daily for 3 days), TRIF inhibitor 
(5 nmol), GRP-peptide (1 nmol), PIC (10-100 μg), or capsaicin (500 ng) via 
a lumbar puncture, under a brief anesthesia with isoflurane.

Single-cell RT-PCR. Single-cell RT-PCR was performed as previously 
described (13). A single cell was aspirated into a patch pipette with a tip 
diameter of about 25 μm, gently put into a reaction tube containing 
reverse transcription reagents, and incubated for 1 hour at 50°C (Super-
Script III, Invitrogen). The cDNA product was then used in separate PCR. 
The sequences of all the primers used for single-cell PCR are described in 
Supplemental Table 1. The first- and second-round PCR was preformed 
using “outer” primers and “inner” primers, respectively. A negative control 
was obtained from pipettes that did not harvest any cell contents but were 
submerged in the bath solution.
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Patch-clamp recordings in DRG neurons and spinal cord slices. Whole-cell patch-
clamp recordings were performed at room temperature to measure inward 
currents (voltage clamp, at –60 mV holding potential) and action poten-
tials (current clamp) in small-sized DRG neurons, using Axopatch-200B 
amplifier (49). Whole-cell patch-clamp recordings were also conducted in 
lamina II neurons in spinal cord slices (30) to measure sEPSC in a volt-
age clamp mode (–70 mV). We removed a portion of the lumbar spinal 
cord (L4–L5) from young mice (4–6 weeks old) under urethane anesthesia  
(1.5–2.0 g/kg, intraperitoneally) and cut transverse spinal cord slices  
(400–600 μm) on a vibrating microslicer.

Spinal cord LTP recordings in anesthetized mice. Mice were anesthetized with 
urethane (1.5 g/kg, intraperitoneally). After electrical stimulation of the 
sciatic nerve, the field potentials were recorded in the ipsilateral L4–L5 spi-
nal segments with glass microelectrodes 100–300 μm from the surface of 
the cord. After recording stable responses following test stimuli (2 times 
C-fiber threshold, 0.5-ms period, 1-minute interval, every 5 minutes) for 
more than 40 minutes, conditioning tetanic stimulation (5 times C-fiber 
threshold, 100 Hz, 1-s period, 4 trains, 10-s interval) was delivered to the 
sciatic nerve for inducing LTP of C-fiber–evoked field potentials in the spi-
nal cord, as we previously reported (49).

Real-time quantitative RT-PCR. We collected lumbar and cervical DRGs 
from WT and Tlr3−/− mice and isolated total RNAs using the RNeasy Plus 
Mini Kit (Qiagen). One microgram of RNA was reverse transcribed for each 
sample using Omniscript reverse transcriptase (Qiagen). Sequences for all 
the forward and reverse primers are described in Supplemental Table 2. 
Triplicate qPCR analyses were performed using the Opticon Real-Time 
PCR Detection System (Bio-Rad).

Histamine measurement. Histamine levels from the skin of normal and 
AEW-treated WT and Tlr3−/− mice were quantified using a histamine 
Enzyme Immunoassay Kit (Oxford Biomedical Research). Histamine 
release was also measured in skin organ cultures after treatment of com-
pound 48/80.

Western blotting. DRGs were rapidly removed and homogenized in a lysis 
buffer containing a cocktail of protease inhibitors and phosphatase inhibi-
tors. The protein concentrations were determined by a BCA Protein Assay 

(Pierce), and 30 μg of proteins were loaded for each lane and separated on 
SDS-PAGE gel (4%–15%; Bio-Rad). After the transfer, the blots were incu-
bated overnight at 4°C with polyclonal antibody against TLR-3 (rabbit, 
1:500; Imgenex) and GAPDH (rabbit, 1:10,000; Sigma-Aldrich).

Statistics. All the data are expressed as mean ± SEM. Most data were ana-
lyzed with 2-tailed Student’s t test (such as 2 groups from WT and KO 
mice). One-way ANOVA followed by post-hoc Bonferroni test was used 
for multiple comparisons. Two-way repeated-measures ANOVA was also 
used to analyze the data with multiple time points (e.g., time course of itch 
behaviors and spinal cord LTP). The criterion for statistical significance 
was P < 0.05. Supplemental Table 3 shows an example of quantification of 
immunohistochemistry in DRG sections.

Study approval. All animal procedures performed in this study were 
reviewed and approved by the Harvard Medical Area Standing Commit-
tee on Animals. The experiments were conducted in accordance with the 
NIH guidelines for care and use of animals and the recommendations of 
International Association for the Study of Pain.
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