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Itch is a common symptom of diseases of the skin but can also accompany diseases of other tissues including the nervous
system. Acute itch from chemicals experimentally applied to the skin is initiated and maintained by action potential activity in a
subset of nociceptive neurons. But whether these pruriceptive neurons are active or might become intrinsically more excitable
under the pathological conditions that produce persistent itch and nociceptive sensations in humans is largely unexplored.
Recently, two distinct types of cutaneous nociceptive dorsal root ganglion neurons were identified as responding to pruritic
chemicals and playing a role in itch sensation. One expressed the mas-related G-coupled protein receptor MRGPRA3 and the
other MRGPRD (MRGPRA3* and MRGPRD™ neurons, respectively). Here we tested whether these two distinct pruriceptive
nociceptors exhibited an enhanced excitability after the development of contact hypersensitivity, an animal model of allergic
contact dermatitis, a common pruritic disorder in humans. The characteristics of increased excitability of pruriceptive neurons
during this disorder may also pertain to the same types of neurons active in other pruritic diseases or pathologies that affect the
nervous system and other tissues or organs. We found that challenging the skin of the calf of the hind paw or the cheek of
previously sensitized mice with the hapten, squaric acid dibutyl ester, produced symptoms of contact hypersensitivity including
an increase in skin thickness and site-directed spontaneous pain-like (licking or wiping) and itch-like (biting or scratching)
behaviours. Ablation of MRGPRA3* neurons led to a significant reduction in spontaneous scratching of the hapten-challenged
nape of the neck of previously sensitized mice. In vivo, electrophysiological recordings revealed that MRGPRA3* and
MRGPRD " neurons innervating the hapten-challenged skin exhibited a greater incidence of spontaneous activity and/or abnor-
mal after-discharges in response to mechanical and heat stimuli applied to their receptive fields compared with neurons from the
vehicle-treated control animals. Whole-cell recordings in vitro showed that both MRGPRA3* and MRGPRD* neurons from
hapten-challenged mice displayed a significantly more depolarized resting membrane potential, decreased rheobase, and greater
number of action potentials at twice rheobase compared with neurons from vehicle controls. These signs of neuronal hyper-
excitability were associated with a significant increase in the peak amplitude of tetrodotoxin-sensitive and resistant sodium
currents. Thus, the hyperexcitability of MRGPRA3* and MRGPRD* neurons, brought about in part by enhanced sodium

Received August 12, 2013. Revised November 11, 2013. Accepted December 1, 2013.
© The Author (2014). Published by Oxford University Press on behalf of the Guarantors of Brain. All rights reserved.
For Permissions, please email: journals.permissions@oup.com

¥T0Z ‘Gz Afeniged uo AisieAlun uoydes e /Hio'seulnolpioixo urelq//:diny woly papeojumod


http://brain.oxfordjournals.org/
http://brain.oxfordjournals.org/

2 | Brain 2014: Page 2 of 12

L. Qu et al.

currents, may contribute to the spontaneous itch- and pain-related behaviours accompanying contact hypersensitivity and/or

other inflammatory diseases in humans.

Keywords: itch; pain; MRGPRA3; MRGPRD; allergic contact dermatitis
Abbreviations: CHS = contact hypersensitivity; GFP = green fluorescent protein; SADBE = squaric acid dibutyl ester;

TTX = tetrodotoxin

Introduction

Itch is a fundamental sensory quality that is different from pain,
but similar in its capacity to cause suffering and a decrease in the
quality of life (Kini et al.,, 2011; Chen, 2012). Recent evidence
suggests that chemical stimuli that elicit acute itch in humans
and animals evoke action potentials in a specific subset of cuta-
neous nociceptors. These nociceptors, termed ‘pruriceptive’ be-
cause they respond to a pruritic agent, also respond to one or
more noxious stimuli (Schmelz et al., 2003; Johanek et al.,
2008; Ringkamp et al., 2011; Liu et al., 2012; Han et al.,
2013). However, there is little information about whether activity
in pruriceptive neurons might be abnormally generated during dis-
orders that cause chronic itch. Neither is it known whether these
neurons might become intrinsically hyperexcitable, thereby making
them more responsive to endogenous stimuli normally present or
pathologically generated. Our purpose here was to examine the
changes in the excitability of pruriceptive neurons using a model
of an inflammatory cutaneous disease, allergic contact dermatitis,
which can be similarly produced in mice and humans (Scott et al.,
2002; Camouse et al., 2008; Sikand et al., 2012). It is anticipated
that the characteristics of the enhanced excitability of pruriceptive
neurons accompanying this disease may be of relevance to the
chronic itch and/or pruritic and nociceptive dysaesthesias that
can accompany injuries or disorders of the peripheral nerve or
other tissues or organs.

In mice, two distinct types of dorsal root ganglion neurons each
expressing a different mas-related G-protein-coupled receptor have
been implicated in chemically-evoked itch (Liu et al., 2012; Han
et al., 2013). One type of neuron expresses MRGPRA3, the recep-
tor for the agonist, chloroquine, and the other type, MRGPRD, the
receptor for the agonist beta-alanine (Shinohara et al., 2004; Liu
et al., 2012). Each neuronal type has unmyelinated axons that
exclusively innervate the stratum granulosum of the epidermis
(Liu et al., 2012; Han et al., 2013). MRGPRA3™* neurons are es-
sential for normal histamine-dependent itch behaviour (Han et al.,
2013). There is evidence that MRGPRD* neurons contribute to
mechanically evoked pain (Cavanaugh et al., 2009) but also to
the histamine-independent itch evoked by the MRGPRD receptor
agonist beta alanine (Liu et al., 2012). Though both types of noci-
ceptors play a role in mediating itch evoked by acutely delivered
pruritic stimuli, it is not known whether these neurons become
more excitable in mice under a pathological condition that pro-
duces itch and nociceptive sensations in humans.

In the present study we examined the changes in the excitability
of MRGPRA3™ and MRGPRD™* neurons innervating a cutaneous
region of inflammation induced by a Type IV delayed contact

hypersensitivity (CHS) reaction to an allergen to which the
animal was previously sensitized—a model of allergic contact
dermatitis. Preliminary results of this study were presented in
abstract form (Fan et al., 2012).

Materials and methods

Animals

The mice were C57BL/6 males, 2 to 3 months of age and weighing
20-30g. Wild-type mice were used for behavioural testing. The
donors for our colony of MRGPRA3 and MRGPRD transgenic mice
were provided by Dr Xinzhong Dong's laboratory (John Hopkins
University) and used for the electrophysiological recordings of cell
bodies that expressed green fluorescent protein (GFP). For one type
of mouse, the GFP was in neurons that expressed the MRGPRA3
receptor (MRGPRA3* neurons; Han et al., 2013) whereas the other
type of mouse exhibited the GFP in neurons that expressed the
MRGPRD receptor (MRGPRD* neurons; Zylka et al., 2005).
MRGPRA3CFP-Cr¢:ROSA26°™ mice were generated as described
(Han et al., 2013). Briefly, the MRGPRA3°™"C"® transgenic line was
crossed with Cre-dependent ROSA26P™ line, followed by diphtheria
toxin (DTX; EMD Biosciences) injected intraperitoneally (40 pg/kg)
twice, separated by 72h (Han et al., 2013). All the experimental pro-
cedures were approved by the Institutional Animal Care and Use
Committee of Yale University School of Medicine (or for the use of
MRGPRA3°FP-C¢-ROSA26P™ mice, Johns Hopkins University School
of Medicine) and were in accordance with the guidelines provided
by the National Institute of Health and the International Association
for the Study of Pain.

Model of allergic contact dermatitis

The contact sensitizer squaric acid dibutylester (SADBE) (Tokyo
Chemical Co.) was used to elicit CHS in the mouse as a model of
allergic contact dermatitis in humans (Scott et al., 2002; Camouse
et al., 2008; Sikand et al., 2012). Mice were sensitized by the topical
application of 25ul of 1% SADBE in acetone (520pug/cm?) to the
shaved abdominal skin once a day for three consecutive days (Scott
et al., 2002). Five days later, the SADBE-treated group was challenged
with a topical application of 25l of 1% SADBE to the hairy skin of
the foot and hind leg (for electrophysiology) or just onto the calf of
one hind leg or, alternatively, to the right cheek (for behavioural test-
ing) once a day for two consecutive days whereas acetone alone was
used as the vehicle control. The thickness of calf skin was measured
with a caliper before and 24 h after the second challenge as an as-
sessment of inflammation. A similar protocol was used in a behavioural
test using MRGPRA3°-"¢:ROSA26°™ mice to test the effects of
ablating MRGPRA3™ neurons on CHS-induced scratching. However,
in this test, the mice were challenged on the nape of the neck with

¥T0Z ‘Gz Afeniged uo AisieAlun uoydes e /Hio'seulnolpioixo urelq//:diny woly papeojumod


http://brain.oxfordjournals.org/
http://brain.oxfordjournals.org/

CHS enhances the excitability of MRGPRA3+ and MRGPRD+ neurons

0.5% of SADBE delivered once daily for four consecutive days before
behavioural testing.

Behavioural testing

All behavioural tests of SADBE sensitized mice were performed just
before administering the first challenge of SADBE (‘pre-challenge’
test) and then again 24 h after each SADBE challenge or application
of acetone vehicle. Behavioural responses were video recorded by a
camcorder. The video recording was subsequently played back offline
in slow-motion to permit detailed measurements of behavioural re-
sponses directed toward the challenge site.

For the calf model, the duration of each biting or licking action
directed toward the calf was timed by a stopwatch and summed to
provide the cumulative biting or licking time over a period of 1h as
described (LaMotte et al., 2011). Licking behaviour consisted of a
series of long-stroke, bobbings of the head (~4Hz) during which
the tongue could sometimes be seen moving across the skin. Biting
behaviour was characterized not by head movements, but by
gnawing-like movements of the mandible (~15Hz) (LaMotte et al.,
2011). For the nape of the neck model, scratching behaviour with the
hind paw was quantified by recording the number of incidences of
scratching bouts for 1h (Liu et al., 2009). For the cheek model, the
number of bouts of spontaneous scratching with the hindpaw and
wiping with the forepaw (Shimada and LaMotte, 2008) were counted
for 2h (a longer period of observation than for the calf or neck
because of the fewer frequencies of spontaneous site-directed
behaviours).

In vivo electrophysiological recordings

The properties of dorsal root ganglion neurons innervating the skin of
the hind limb of mice were recorded in vivo using extracellular record-
ing as described (Ma et al., 2010, 2012). Briefly, under isoflurane
anaesthesia, after laminectomy at the levels of L2-L6, the L3 dorsal
root ganglion was fixed to a plate, and superfused with warm (~37°C)
oxygenated artificial CSF at flow rate of 3 ml/min within a pool formed
by a ring to which the skin was sewn. After removal of the epineur-
jum, the neurons on the surface of the dorsal root ganglion were
viewed by reflection microscopy and epifluorescence (to identify the
presence of GFP indicative of MRGPRD* or MRGPRA3™* expression).
Extracellular recordings were made on individual dorsal root gan-
glion neurons using a micropipette electrode with a tip of 20-25 pm.
The sensory submodality of a neuron was classified according to its
responses to chemical, heat and/or mechanical stimuli applied to its
peripheral receptive field. These stimuli included innocuous stroking
with a cotton-tipped probe, a gentle pinch using the experimenter's
fingers and von Frey filaments with a fixed tip diameter (200 pm) but
delivering different bending forces (for noxious mechanical stimuli),
and a temperature-controlled chip-resistor heating probe (for noxious
heat stimuli) (Ma et al., 2010). The noxious heating stimulus had a
trapezoidal temperature waveform with a ramp (1s) from a base of
38°C to a plateau of 51°C (55) followed by a ramp back to the base.
Conduction velocity was obtained by electrically stimulating the per-
ipheral receptive field with two wire electrodes or sometimes a saline
soaked cotton probe and calculated by dividing the latency of a spike
peak by the distance between the stimulation electrode and the soma
of the recorded neurons. The neuron was classified as spontaneously
active only if spontaneous ongoing discharges occurred during a 3-min
period without any external stimulation (Ma and LaMotte, 2007).
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Acute culture of dorsal root ganglion
neurons

The cell bodies of dorsal root ganglion neurons from adult MRGPRD *
and MRGPRA3* mice were acutely dissociated as described (Qu
et al., 2012). Briefly, L3 and L4 lumbar dorsal root ganglions, ipsilateral
to either acetone control or SADBE-treated skin, were harvested from
mice 24 h after the second SADBE challenge or application of acetone
vehicle and transferred into oxygenated complete saline solution for
cleaning and mincing. The complete saline solution contained (mM):
137 NaCl, 5.3 KCl, 1 MgCl,, 3 CaCl,, 25 sorbitol, and 10 HEPES,
adjusted to pH 7.2 with NaOH. The dorsal root ganglions were then
digested with Liberase TM (0.35 U/ml; Roche Diagnostics) for 20 min,
before another 15 min with Liberase TL (0.25 U/ml; Roche Diagnostics)
and papain (30U/ml, Worthington Biochemical) in complete saline
solution containing 0.5mM EDTA at 37°C. The dorsal root ganglion
tissue was triturated with a fire-polished Pasteur pipette. Dispersed
neurons were suspended in Dulbecco’'s modified Eagle medium con-
taining 1 mg/ml bovine serum albumin and 1 mg/ml trypsin inhibitor
(Sigma-Aldrich) and plated onto poly-D-lysine/laminin coated glass
coverslips (BioCoat, BD Biosciences). The Dulbecco's modified Eagle
medium contained equal amounts of Dulbecco’'s modified Eagle
medium and F12 (Gibco) with 10% foetal calf serum (Sigma) and
1% penicillin and streptomycin (Invitrogen). The cells were incubated
at 37°C and used within 24 h after plating.

Whole-cell patch clamp recordings from
acutely cultured dorsal root ganglion
neurons

Whole-cell recordings were made from MRGPRA3* and MRGPRD*
dorsal root ganglion neurons identified by the fluorescence of GFP
using epifluorescence microscopy (Olympus, Japan). Whole-cell cur-
rent and voltage-clamp experiments were performed at room tem-
perature (20-22°C) using a Multiclamp 700A amplifier with pClamp
9 software (Molecular Device), as described (Qu et al., 2011, 2012).
Signals were sampled at 10kHz or 20kHz and filtered at 2 kHz. The
patch pipettes were pulled from borosilicate glass capillaries (Sutter
Instrument; Novato) using a P97 micropipette puller (Sutter
Instrument) and had a resistance of 3-4 MQ and 1-2 MQ for current-
and voltage-clamp recordings, respectively. The series resistance was
routinely compensated at 60-80%.

Resting membrane potential was recorded for each neuron under
the current clamp mode after stabilization (within 3 min). A neuron
was included only if the resting potential was more negative than
—40mV and the spike overshoot was >15mV. Action potentials
were evoked by a series of depolarizing current steps, each 500 ms
duration, in increments of 50pA up to 1nA delivered through the
recording electrode. The number of action potentials evoked by a
suprathreshold stimulus was estimated by injecting a 500-ms depolar-
izing current of a magnitude at twice rheobase. Input resistance was
obtained from the slope of a steady-state current-voltage plot in re-
sponse to a series of hyperpolarizing currents steps from —200 to
—50pA. For current clamp recordings, the internal solution contained
(in mM): 120 K*-gluconate, 20 KCl, 1 CaCl,, 2 MgCl,, 11 EGTA, 10
HEPES-K*, 2 MgATP, with pH adjusted to 7.2 using Tris-base and
osmolarity adjusted to 290-300 mOsm with sucrose. The external
solution contained the following (in mM): 145 NaCl, 3 KCI, 2
MgCl,, 2 CaCly, 10 glucose, and 10 HEPES, pH adjusted at 7.4 with
NaOH. The liquid junction potential of 11 mV was corrected.
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Na* current recordings were started ~3min after establishing
whole-cell voltage-clamp configuration, as described (Fan et al.,
2011). The neurons with the ratio of peak tetrodotoxin (TTX)-resistant
to TTX-sensitive currents <10% were excluded for analysis (Fan et al.,
2011). Linear leakage currents were digitally subtracted on-line using a
P/4 procedure. The internal solution contained the following (in mM):
140 CsF, 10 NaCl, 2 MgCl,, 0.1 CaCl,, 1 EGTA, and 10 HEPES, pH
adjusted to 7.2 with CsOH. The bath solution contained (in mM):
35 NacCl, 105 choline CI, 1 MgCl,, 1 CaCl,, 0.1 CdCl,, 20 tetraethyl-
ammonium Cl, 10 glucose, and 10 HEPES, pH adjusted at 7.4 with
NaOH. The liquid junction potential for Na* current recordings was
calculated to be 11.5mV but was not corrected, as it was constant
across experimental groups (Fan et al., 2011).

Histology

Mice were deeply anaesthetized with ketamine and xylazine and
perfused transcardically with 0.1 M PBS followed by 4% paraformal-
dehyde in PBS. L3, L4 and L5 dorsal root ganglions from control and
CHS MRGPRA3" or MRGPRD™ mice (n=3 mice for each group)
were collected and fixed in the same fixative for 4h. Then the
dorsal root ganglions were cryoprotected overnight in 0.1 M PBS con-
taining 30% sucrose. Dorsal root ganglions were cryosectioned at
20 um thickness and mounted on slides. The nucleus was stained
with 4',6-diamidino-2-phenylindole (2 ug/ml) (Sigma). Images were
captured using a Nikon Eclipse Ti-S fluorescent microscope equipped
with an Andorra Technology camera (Nikon Instruments Inc.) and
analysed using Adobe Photoshop CS5 software. For quantitative ana-
lysis, at least one dorsal root ganglion was chosen from each mouse. A
total of at least eight sections from each dorsal root ganglion were
randomly selected. The proportions of MRGPRA3* or MRGPRD™
neurons were calculated by the number of GFP-expressing neurons
divided by the total number of neuronal profiles. Only the neurons
with a clearly visible nucleus in the tissue section were counted.

Data analysis

Electrophysiological data were analysed using pClamp 9 software
(Molecular Devices) and Origin 6.0 (OriginLab). For the analysis of
voltage versus current relationships, the current density (pA/pF) was
calculated by dividing the peak current by the cell capacitance. For the
analysis of steady-state activation, Na* conductance (G) at each test
pulse voltage (V) was calculated from the corresponding current (1)
using the equation G=1/ (V — V), where V., is the reversal po-
tential of Na™ current which was determined for each cell individually.
Activation curves were obtained by plotting normalized conductance
(G / Gmax) against test pulse voltage (V) and then fitting with
Boltzmann functions in the forms of G / Guax=1 7 {1 + exp [(Vi/2,
act — V) / K1}, where Gax is the maximal Na* conductance, Vi/z, act is
the voltage for half-maximum activation and k is the slope factor.
Steady-state inactivation was examined using a series of 500 ms pre-
pulses from —130 to —10mV with 10 mV increments, before a 30 ms
test pulse of —10mV (Fan et al., 2011). The inactivation of TTX-
resistant Na* currents was assumed to occur positive to —50mV.
Peak inward currents (I) obtained from steady-state inactivation proto-
col were normalized to the maximal peak current (Ina) and fitted
with a negative Boltzmann function of the form: | / lnax=1 /
{1 + expl(V — V4,2, inact) / K1}, where V represents the inactivation
prepulse potential, V1,2, inact represents the voltage at which activation
is half-maximal and k is the slope factor.

Means are presented with the standard error of the mean. Statistical
analyses were performed using a student’s t-test or one-way repeated
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measures analysis of variance with Bonferroni adjustments for pairwise
comparisons or Tukey's post hoc test as appropriate. Comparisons of
proportions were made using Fisher's exact test. Significance was set
at P < 0.05.

Results

SADBE challenge induced contact
hypersensitivity accompanied by itch
and pain behaviour

SADBE challenge to the calf of sensitized mice induced progressive
CHS characterized by skin swelling, consistent with previous find-
ings with SADBE and other contact sensitizers (Christensen
and Haase, 2012; Honda et al., 2013). In comparison with pre-
challenge values, the thickness of the calf skin was significantly
increased after the second SADBE challenge (n=13 mice) but
not after the second application of the acetone vehicle (n=6)
(Fig. 1A, paired t-tests). In addition, SADBE challenge produced
spontaneous biting and licking directed to the SADBE-treated calf
skin of the mouse. In comparison with pre-challenge values, the
cumulative durations of spontaneous biting and licking were each
significantly greater after the first and the second SADBE challenge
(Fig. 1B; repeated measures analysis of variance, Bonferroni ad-
justments for pairwise comparisons; n =20). There were no sig-
nificant differences in the cumulative duration of spontaneous
biting and licking before versus after each application of acetone
alone (Fig. 1B; n = 6).

To test further the validity of the use of biting versus licking on
the calf as behavioural indicators of itch and pain, we used the
‘cheek model" in which the behavioural indicators of itch and pain
on the cheek were scratching the cheek with the hind limb versus
wiping the cheek with the forelimb, respectively (Shimada and
LaMotte, 2008). In comparison with pre-challenge values, there
was a significantly greater number of bouts of site-directed
scratching after each SADBE challenge to the cheek and a signifi-
cantly greater number of site-directed wipes after the second
SADBE challenge (Fig. 1C; repeated measures analysis of variance
with Bonferroni adjustments, n=10). In contrast, no such signifi-
cant increases were observed after each application of acetone
(Fig. 1C, n = 6). Together, these data support the validity of mea-
suring itch and nociceptive behaviours in the mouse during the
development of SADBE-induced CHS.

If MRGPRA3* neurons can mediate scratching behaviour
evoked by pruritic chemicals (Han et al., 2013), one would
expect that ablation of these neurons might result in a decrease
in spontaneous scratching accompanying CHS. We therefore
induced CHS in MRGPRA3°F"<";ROSA26°™ mice in which the
MRGPRA3* neurons were selectively ablated and DTX-treated
ROSA26°™ control mice (Han et al., 2013). When challenged
with SADBE on the nape of the neck, the total number of bouts
of site-directed scratching was significantly lower in the mice with
the ablated MRGPRA3 neurons (n=7) than in the control mice
(n =8, unpaired t-test; Fig. 1D).
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Figure 1 SADBE challenge induced CHS and spontaneous site-directed behaviours in previously sensitized mice. (A) In comparison with
pre-challenge values, the thickness of calf skin was significantly increased 24 h after the second SADBE challenge (n = 13 mice) whereas
applications of acetone alone (vehicle) had no significant effect (n = 6) (paired t-test). (B) After SADBE challenge of the calf, cumulative
durations of spontaneous biting and licking of the calf were each significantly increased over pre-challenge (Pre) values (n = 20) but not
after applications of acetone (n = 6) (repeated measures analysis of variance with Bonferroni adjustments). (C) After SADBE challenge of
the cheek, the number of bouts of spontaneous scratching and wiping were each significantly increased over pre-challenge values (n = 10)
whereas the acetone vehicle itself had no significant effect (n = 6) (repeated measures analysis of variance with Bonferroni adjustments).
(D) SADBE challenge to the nape of the neck in previously sensitized mice evoked significantly fewer bouts of site-directed scratching in
MRGPRA3“FP"“"*;ROSA26"™ mice with selective ablation of MRGPRA3* neurons (n = 7) than control ROSA26°™ mice (n = 8) (un-

paired t-test).*P < 0.05.

SADBE challenge produced spontaneous
activity in a portion of cutaneous
MRGPRA3™* and MRGPRD™* neurons

in vivo

As MRGPRA3™* and a subset of MRGPRD *-expressing neurons
were recently identified as two specific types of pruriceptive cuta-
neous dorsal root ganglion neurons, we next examined whether
these putative itch-mediating dorsal root ganglion neurons
became spontaneously active after SADBE challenge in a physio-
logically relevant setting with an in vivo recording method.
Fourteen MRGPRA3* and 22 MRGPRD ™ neurons were recorded

from CHS mice and 12 MRGPRA3* and 19 MRGPRD* -expressing
neurons were recorded from control (acetone treated) mice. All

the neurons tested were cutaneous C-nociceptive units with a
peripheral receptive field within vehicle- or SADBE-treated skin
area (Fig. 2). In control mice, both types of neurons were silent,
i.e. exhibited no spontaneous activity, in agreement with previous
studies (Liu et al., 2012; Han et al., 2013). All MRGPRA3™" neu-
rons tested responded to both noxious heat and mechanical
stimuli, and thus were classified as C-mechanoheat (CMH) poly-
modal nociceptors. Less than half of the MRGPRD™ neurons
tested were CMH nociceptors, whereas the remaining neurons
responded only to noxious mechanical stimulus and were classified
as C-mechano (CM) nociceptors. In the animals with CHS, 6 of 14
(43%) MRGPRA3™ neurons tested exhibited spontaneous activity
in the absence of previous cutaneous stimulation (Fig. 2A-F).
Moreover, 4 of 14 (29%) MRGPRA3* neurons from CHS mice
displayed abnormal after-discharges in response to heat and to
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Figure 2 CHS produced spontaneous activity and enhanced stimulus-evoked responses in MRGPRA3* and MRGPRD™* neurons. (A)
Bright-field image of a neuron under recording with the extracellular electrode (outlined with dashed blue lines). (B) Fluorescent mi-
croscopy revealed the expression of GFP (i.e. MRGPRAZ3) in this neuron. (C) Original extracellular recording trace (le) and action potential
markers (AP) indicated the presence of abnormal spontaneous activity (SA) of this neuron, without any external stimulation. (D) Responses
of this MRGPRA3-GFP™ neuron to 160 mN force through a 200 um diameter probe (15). (E) Response to heat stimulation (38 to 51°C,
55), in the presence of ongoing spontaneous activity. (F) Location of cutaneous receptive field (red dot) of this neuron on the hairy skin of
hind paw (the region challenged with SADBE), and conduction velocity (0.67 m/s, lower trace) obtained with electrical stimulation (arrow)
to the peripheral receptive field. (G) Responses of the MRGPRA3* neuron innervating the vehicle control or SADBE-challenged skin to
mechanical stimulus of 160 mN force through a 200 pm probe for 1's, and to heat stimuli (38 to 51°C, 55). The neuron innervating SADBE-
challenged skin was initially silent but showed prolonged after-discharge following the 160 mN mechanical stimulation and heating. No
stimulus-evoked after-discharges were observed in MRGPRA3 neurons from control animals. (H) Bright-field image of a MRGPRD *
neuron under recording with the extracellular electrode (outlined with dashed blue lines). (I) Fluorescent microscopy revealed the ex-
pression of GFP (or MRGPRD) in this neuron. (J) Location of cutaneous peripheral receptive field (red dot) of this neuron on the hairy skin
of hind paw (the region challenged with SADBE), and conduction velocity (0.57 m/s, lower trace) obtained with electrical stimulation
(arrow) to the peripheral receptive field. (K and L) Responses of MRGPRD-GFP * neuron to 80 mN force through a 200 um diameter probe
(15), and to heat stimulation (38 to 51°C, 55). This neuron did not exhibit spontaneous activity. (M) Spontaneous activity was observed in
a subset of MRGPRD * neurons from CHS mice, but not from controls. (N) MRGPRD * neurons from CHS mice exhibited prolonged after-
discharges in response to noxious mechanical stimulus (80 mN, 1) but not heat (38 to 51°C, 55). No prolonged after-discharges were
evoked by noxious mechanical and heat stimuli in MRGPRD* neurons from control animals.

80mN,1s

mechanical stimuli. In contrast, no after-discharges occurred in
response to such stimuli in MRGPRA3™ neurons from control
mice (Fig. 2G). The proportion of MRGPRA3+ neurons with
spontaneous activity and after-discharges was significantly
increased in CHS mice (57%) as compared with control animals
(0%) (Fisher's exact test). Only 1 of 22 MRGPRD* neurons
recorded from CHS mice exhibited spontaneous activity
(Fig. 2H-M). In addition, mechanically evoked after-discharges
were observed in 3 (including the spontaneous activity neuron)
of 22 MRGPRD* neurons from CHS mice, but not in any of the

MRGPRD* neurons from control animals (Fig. 2N). No abnormal
heat-evoked after-discharges occurred in MRGPRD* neurons
from both control and CHS mice (Fig. 2N). There was no signifi-
cant difference in the proportion of MRGPRD™* neurons with ab-
normal activity between control (0%) and CHS mice (14%)
(Fisher's exact test). Nevertheless, the presence of spontaneous
activity in one neuron and abnormal mechanically evoked dis-
charges in this and two others are consistent with the idea that
the excitability of the peripheral terminals of a portion of the
MRGPRD™* neurons was increased after CHS.
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As a test of whether CHS may have caused an upregulation in
the expression of MRGPRA3™ or MRGPRD™ in other types or
greater numbers of the same types of neurons, we measured, in
individual dorsal root ganglions, the proportion of the total
number of counted cells that expressed GFP (indicating expression
of MRGPRA3 or MRGPRD). The proportions were averaged for
the number of dorsal root ganglions sampled from mice serving as
controls (acetone treated) versus mice that developed SADBE-
induced CHS. Similar to previous studies (Liu et al., 2008), the
percentages of MRGPRA3™ and MRGPRD ™ neurons from control
mice were 4.4+03% (n=3 dorsal root ganglions) and
23.8 £2.9% (n=4), respectively. In CHS mice, the percentages
of MRGPRA3™* and MRGPRD* neurons were 4.8 £ 0.2%; (n = 3)
and 24.6 +1.8% (n = 3), each of which was not significantly dif-
ferent from corresponding control values (Fisher's exact tests).
Thus, there was no evidence for a change in the proportion of
neurons expressing each type of MRGPRs after CHS.

SADBE challenge increased the
excitability of dissociated MRGPRA3™*
and MRGPRD™ neurons

To further investigate the excitability of cutaneous itch-mediating
neurons, whole-cell recordings were made from acutely disso-
ciated, fluorescently labelled MRGPRA3™* and MRGPRD* neurons
after the second challenge either with SADBE (CHS group) or
acetone (control group) (Table 1 and Fig. 3). Because both
types of neurons have been shown to innervate the skin, it was
assumed that these neurons had innervated the chemically treated
skin of the hind leg. For each type of neuron (MRGPRA3" and
MRGPRD™¥), the excitability was measured under current-clamp
conditions and the mean values of each parameter were
compared for CHS and control conditions using unpaired t-tests
(Table 1). In comparison with controls, both MRGPRA3* and
MRGPRD* neurons from CHS mice exhibited significantly more
depolarized resting membrane potentials, lower rheobases, and
increased numbers of action potentials evoked at twice rheobase
(Table 1 and Fig. 3). In contrast, for either MRGPRA3* or
MRGPRD* neurons, no significant differences were found in cell
capacitance, input resistance, or action potential voltage threshold
(Table 1).

Table 1 Membrane properties of MRGPRA3* and MRGPRD *

challenged) mice
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SADBE challenge increased voltage-
gated Na™ currents

As no change was observed in the membrane input resistance of
MRGPRA3* and MRGPRD* neurons from CHS mice, the
increased excitability seemed likely to be a result of alterations in
voltage-gated ion channels. The total Na™ currents were gener-
ated by a series of test pulses, each 30 ms in duration, from
—100mV to +50mV in 5-mV steps, preceded by a 500-ms pre-
pulse to —100mV (Fan et al., 2011). In addition, we applied a
prepulse inactivation protocol with a 500-ms step of —50mV to
isolate TTX-resistant Na* currents (Fig. 4A). The TTX-sensitive
Na™ current was obtained by digitally subtracting the TTX-resist-
ant component from the total Na* current. As the properties of
the TTX-sensitive (or TTX-resistant) Na* currents were similar for
MRGPRA3* and MRGPRD* under control conditions and the ef-
fects of SADBE challenge in changing these currents were the
same for each type of neuron, we combined the results for
these two types of neurons for ease of presentation. The mean
peak current density of the TTX-sensitive Na* currents was sig-
nificantly greater for the CHS group (n = 27) compared with con-
trols (n =24) (Fig. 4; repeated measures analysis of variance and
Tukey post hoc comparisons). Similarly, the TTX-resistant Na™*
peak current density was also increased significantly for CHS neu-
rons (n =27) compared to neurons from control animals (Fig. 4,
n=24).

We further tested whether an increase in Na™ current density
observed in the CHS group was because of significant changes in
the voltage dependence of activation and inactivation of Na™ cur-
rents. We found that the voltage-dependence of TTX-sensitive
or TTX-resistant Na* currents was not significantly different
between control and CHS groups (Fig. 5; unpaired t-tests). For
TTX-sensitive Na* currents, the mean activation midpoint (V,5)
from fitting the data with a Boltzmann function did not signifi-
cantly differ for control and CHS (—28.0 +3.2mV, n =8, versus.
—25.7 £0.3mV, n = 15, respectively). Neither was there a signifi-
cant difference in the mean slope factor for activation (control:
4.0+0.8, n=8; CHS: 4.7 £0.1, n=15; Fig. 5A). Similarly, for
TTX-resistant Na* currents, we also found no significant differ-
ences for control versus CHS groups in the mean V;,
(-16.3+12mV, n=13, versus —15.6+1.4mV, n=14, re-
spectively) or in the mean slope factor for activation (4.7 + 0.9,

neurons from control (vehicle-treated) and CHS (SADBE-

MRGPRA3*

MRGPRD *

Control (n=12)

SADBE (n=17)

Control (n=12)

SADBE (n = 16)

Cell capacitance (pF) 17.8 £1.7
Resting membrane potential (mV) —-62.2+1.0
Rheobase (pA) 102.5 £ 16.2
Input resistance (M) 560.3 + 67.7
Action potential voltage threshold (mV) —-23.7+£19
Number of action potentials at twice rheobase 1.4+0.2

148 +1.4 1565+ 1.3 141 +£1.3
—53.4 £ 3.2*** —-613+1.0 —53.7 £1.3**
259 £ 5.9%** 144.2 £37.7 49.3 + 6.5%
624.8 + 64.1 651.0+£77.8 631.0+75.8

—23.6+22 —26.8+4.0 —-18.7+1.1
3.1+£0.6%% 1.34+0.2 4.6 £0.9**

Data are expressed as mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; as compared with control group, unpaired t-test.
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Figure 3 SADBE challenge increased the excitability of
MRGPRA3 " and MRGPRD ™ neurons. (A) Representative traces
of action potentials elicited at rheobase and twice rheobase in
MRGPRA3* neurons from vehicle control and SADBE-treated
mice. SADBE challenge results in a reduction of rheobase while
increasing the number of action potentials evoked by a 2 x
rheobase current injection. (B) MRGPRA3* and MRGPRD™*
neurons from SADBE-challenged mice each exhibited a more
depolarized resting membrane potential (RMP), lower mean
rheobase, and greater number of action potentials at twice
rheobase, as compared to control group. Cell numbers tested are
indicated in the parentheses. *P < 0.05 versus vehicle control,
unpaired t-test.

n =13, versus 6.6 + 0.8, n = 14, respectively; Fig. 5B). In addition,
SADBE challenge did not significantly affect the voltage-depend-
ence of steady-state inactivation of TTX-sensitive or TTX-resistant
Na™* currents as demonstrated by non-significant differences be-
tween control and CHS groups in mean values of either the V4,,
or the slope factor for current inactivation for either TTX-sensitive
or TTX-resistant Na™ currents (Fig. 5 and data not shown).

Discussion

Peripheral afferent and neuronal
hyperexcitability accompanying
contact hypersensitivity

Although the pathogenesis of allergic contact dermatitis is widely
studied, little is known of the effects of allergic contact dermatitis
on the functional properties of pruriceptive cutaneous dorsal root
ganglion neurons. The present study specifically focused on the
spontaneous itch and pain behaviours and the changes in the

L. Qu et al.
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Figure 4 Voltage-gated Na™ currents of MRGPR neurons were
increased after the second SADBE challenge. (A) Representative
traces of voltage-gated Na™ currents in two MRGPRA3 " neu-
rons, one from an acetone-treated control mouse (/eft) and the
other from a SADBE-treated mouse. Total Na™ currents (liota;
top) were generated by stepwise 30-ms test pulses in 5-mV
steps from —100 to +50 mV, preceded by a 500-ms prepulse of
—100mV (inset). TTX-resistant (TTX-R) currents (middle) were
generated using the same series of test pulses but preceded by a
500-ms prepulse of —50mV. TTX-sensitive (TTX-S) currents
(bottom) were obtained by digitally subtracting TTX-resistant
currents from total Na™ currents. (B) The peak current densities
of both TTX-sensitive (left) and TTX-resistant (right) Na* cur-
rents was significantly larger in SADBE-treated mice (closed
circles, n = 27 neurons), as compared with controls (open circles,
n =24 neurons). Data for MRGPRA3* and MRGPRD™* neurons
were similar and thus combined (see main text). *P < 0.05,
SADBE versus vehicle control, one-way repeated measures
analysis of variance with Tukey post hoc comparisons.

excitability of cutaneous MRGPRA3* and MRGPRD™ neurons
after CHS, the murine model of allergic contact dermatitis in
humans. These neurons, or a subset, have been implicated in
the encoding of itch or pain (Cavanaugh et al., 2009; Liu et al.,
2012; Han et al., 2013). We provide several observations that
support the presence of hyperexcitability of these neurons after
CHS. First, in vivo electrophysiological recordings revealed spon-
taneous activity in a subpopulation of MRGPRA3* and
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Figure 5 Comparison of voltage-dependent activation and
steady-state inactivation curves of TTX-sensitive and TTX-re-
sistant Na* currents in MRGPR neurons between vehicle-trea-
ted and SADBE-challenged mice. Data were pooled for
MRGPRA3* and MRGPRD* neurons. (A) For activation curves,
normalized conductance (G / Gmax) was plotted against test
pulse voltage and fitted to a Boltzmann function. (B) For in-
activation curves, normalized current (I / Imax) was plotted
against prepulse voltage and fitted to a negative Boltzmann
function. Line represents the average of the individual curve fits.
There were no significant differences in the levels of activation or
inactivation for TTX-sensitive (A) and TTX-resistant (B) currents
between the neurons from control (open circles) and SADBE-
treated mice (closed circles).

MRGPRD* neurons innervating SADBE-challenged skin, but not in
neurons from control animals. Second, mechanical stimuli evoked
abnormal after-discharges in a subset of MRGPRA3* and
MRGPRD* neurons with receptive fields in SADBE-challenged
skin. Also, some MRGPRA3* neurons from CHS mice exhibited
prolonged after-discharges when noxious heat was applied to their
receptive fields. Whether these abnormal discharges or possible
changes in response thresholds (not presently measured) are asso-
ciated with an increase in stimulus evoked itch or pain behaviour
in the mouse analogous to enhanced stimulus evoked pain and
itch in humans (Sikand et al, 2012) awaits further
experimentation.

The dissociated cell bodies of MRGPRA3* and MRGPRD™*
neurons became hyperexcitable after CHS, as indicated by a
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depolarized resting membrane potential, a significant decrease in
rheobase and an increase in the number of action potential dis-
charges evoked at twice rheobase. An increase in the excitability
of the cell bodies of MRGPRA3* neurons from SADBE-treated
mice may be linked to the hyperexcitability of their peripheral
terminals, which might account for the after-discharges observed
when their nerve terminals were stimulated by noxious heat and
mechanical stimuli.

Although the cell bodies of MRGPRD* neurons exhibited signs
of enhanced excitability, their peripheral terminals were less likely
to exhibit signs of hyperexcitability than those of the MRGPRA3™*
neurons as a result of CHS. No after-discharges were observed in
MRGPRD ™ neurons when noxious heat was delivered to their
peripheral receptive fields. And, only a small proportion of
MRGPRD™* neurons from CHS mice exhibited spontaneous activity
or abnormal after-discharges in response to mechanical force com-
pared to MRGPRA3™* neurons. One possible reason for these
differences at the peripheral terminals is that, in contrast to
MRGPRD™* neurons, MRGPRA3 ™ neurons express TRPV1 and re-
spond to more types of pruritic and algesic chemical stimuli (Liu
et al., 2012; Han et al., 2013) thereby possibly making them more
responsive to endogenous inflammatory and other chemical me-
diators after the development of CHS. In the future it will be
interesting to test the responses of both types of neurons to
chemical pruritogens that, for human subjects with SADBE-
induced allergic contact dermatitis elicited enhanced itch sensa-
tions (Sikand et al., 2012).

Mechanisms of the hyperexcitability of
MRGPRA3* and MRGPRD* neurons

Our findings demonstrated that CHS produced a significant in-
crease in the magnitude of TTX-sensitive and TTX-resistant Na™
currents but without any changes in the kinetics of activation and
inactivation, which may underlie neuronal hyperexcitability
observed in cutaneous MRGPRA3* and MRGPRD* neurons
from CHS mice. Changes in these currents have been proposed
to underlie the increased neuronal excitability found in other stu-
dies of peripheral inflammation. Peripheral inflammation of skin
produced by an injection of carrageenan (Tanaka et al., 1998)
or complete Freund's adjunct (Gould et al., 2004) caused an
increase in both TTX-sensitive and TTX-resistant Na* currents
without affecting the kinetics of activation or inactivation in
small-diameter dorsal root ganglion neurons. Unlike our model
of allergic contact dermatitis in humans, these models of inflam-
matory pain are toxic and cannot be used in humans. The mech-
anisms whereby peripheral inflammation modulates voltage-gated
Na* channels require further investigation. The inflammatory
milieu surrounding the nerve terminals in the skin contains numer-
ous inflammatory mediators during CHS (Kondo et al., 1994;
Westphal et al., 2003; Christensen and Haase, 2012), such as
tumor necrosis factor alpha (TNFe) and interleukin-1p (IL-1),
which may be retrogradely transported to cell bodies of dorsal
root ganglion neurons and contribute to the increased Na™ cur-
rents observed in this study. Indeed, TNFa and (IL-1B) have been
demonstrated to augment TTX-sensitive and TTX-resistant Na™
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currents in nociceptive dorsal root ganglion neurons (Binshtok
et al., 2008; Czeschik et al., 2008). Although an increase in
Na* currents likely contributes to the lower rheobase observed
in the present study, we cannot exclude a role for other ion chan-
nels. As no significant changes in input resistance of dorsal root
ganglion neurons were observed after CHS, it is unlikely that leak
channels account for neuronal hyperexcitability in the murine
model of allergic contact dermatitis.

Implications for itch and pain associated
with allergic contact dermatitis

Itch and pain often accompany skin diseases, such as allergic
contact dermatitis and atopic dermatitis. Although the immune
mechanisms of CHS have been extensively explored in murine
models of allergic contact dermatitis (Christensen and Haase,
2012; Honda et al., 2013), less is known of the itch and pain
behaviours and their underlying neural mechanisms. Behavioural
assays of itch have typically used a single response indicator such
as scratching the site of chemical application to the ear or nape of
the neck (Liu et al., 2013). By applying SADBE to the cheek or to
the calf of the hindlimb, i.e. locations that allow the opportunity
for distinguishing itch- and pain-like site-directed behaviours
(Shimada and LaMotte, 2008; Akiyama et al., 2010a; LaMotte
et al., 2011), we found that both types of behaviour were
evoked during the elicitation phase of CHS. Analogously, sensa-
tions of itch and nociceptive sensations were reported when
SADBE was applied to the skin of previously sensitized human
subjects (Sikand et al., 2012). Moreover, SADBE-treated human
skin exhibited alloknesis, hyperknesis, and hyperalgesia to mech-
anical stimuli, itch sensation to noxious heat and an enhanced itch
to intradermal injection of histamine, BAMS8-22 (ligand for
MRGPRC11 in mice and MRGPRX1 in humans), or beta-alanine
(MRGPRD ligand in both humans and mice) (Sikand et al., 2012).
In humans, MRGPRX1 shares homology with murine MRGPRA3
and MRGPRC11. Thus, it is possible that peripheral pruriceptive
neurons expressing MRGPRD or MRGPRX1 may become more
excitable after experimental allergic contact dermatitis in
humans. MRGPRA3* and MRGPRD* neurons were recently iden-
tified as candidates for mediating acute itch in mice evoked by
pruritic chemicals that also evoke itch and nociceptive sensations
in humans (Liu et al., 2012; Han et al., 2013). MRGPRA3* neu-
rons play a critical role in histamine-dependent acute itch (Han
et al., 2013) whereas subpopulations of MRGPRD™ neurons me-
diate the histamine-independent itch elicited by beta-alanine (Liu
et al., 2012) and mechanically evoked pain behaviour (Cavanaugh
et al., 2009) in mice under normal conditions. Also, MRGPRA3™*
neurons were recently shown to be involved in dry skin chronic
itch and allergic itch (Han et al., 2013).

Our findings indicate the possibility that the enhanced excitabil-
ity of MRGPRA3™ and MRGPRD ™ neurons may contribute to the
itch and pain associated with CHS and the accompanied dysaes-
thesias. First, ablation of MRGPRA3™ neurons significantly
reduced the spontaneous scratching on the nape of the neck of
CHS mice. Although the behavioural responses of scratching the
nape of neck may also indicate pain in addition to itch sensation,
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we consider that MRGPRA3* neurons contribute to CHS-induced
itch rather than pain as MRGPRA3* neurons were specifically
linked to itch but not pain regardless of the type of stimulus
that activates the neuron (Han et al., 2013). MRGPRD knockout
mice would be useful in future studies of the role of MRGPRD in
inflammatory itch and pain. Second, cutaneous MRGPRA3™ neu-
rons innervating SADBE-treated skin exhibited spontaneous firing,
which might indicate a chronic sensitization of pruriceptive primary
afferent fibres and itch-signalling superficial dorsal horn neurons
and, as a consequence, lead to chronic hyperknesis and alloknesis.
Spontaneously ongoing activity in C-pruriceptors was also identi-
fied in patients with chronic itch (lkoma et al., 2004). Indeed,
peripheral sensitization of pruriceptive primary sensory afferents
has been suggested as a mechanism underlying the chronic itch
of atopic dermatitis (Schmelz et al., 2003). Third, noxious heat
and mechanical stimuli evoked abnormal after-discharges at per-
ipheral terminals of MRGPRA3* neurons after CHS, suggesting
that this subset of peripheral pruriceptors is potentially sensitized
by CHS and exhibits increased sensitivity to certain cutaneous
stimuli. The increased mechanosensitivity (i.e. the after-discharges)
observed at the peripheral terminals of MRGPRA3 ™ neurons may
contribute to increased mechanically evoked itch (hyperknesis and
alloknesis) that humans experience after SADBE (Sikand et al.,
2012). Enhanced responses of peripheral pruriceptors to pruritic
chemicals have also been found in a rodent model of itch from
dry skin (Akiyama et al., 2010b). Further studies are required to
determine whether MRGPRA3™ and MRGPRD™ neurons exhibit
enhanced responses to pruritic chemical stimuli after CHS.

MRGPRD™* neurons from CHS mice exhibited prolonged after-
discharges in response to mechanical, but not heat stimulation of
their receptive fields. Mechanical- and mechanoheat-sensitive
MRGPRD* neurons may encode pain and itch, respectively (Liu
et al., 2012). Our in vitro study did not distinguish between
MRGPRD™* neurons that are responsive to noxious heat and
beta-alanine and are thought to be pruriceptive (Liu et al.,
2012) and other MRGPRD ™ neurons that only respond to noxious
mechanical stimuli. Perhaps the latter contributes to mechanical
nociception, which was found to be impaired after ablation of
MRGPRD neurons (Cavanaugh et al., 2009). Thus, the sensitiza-
tion of MRGPRD™* neurons might in part contribute to pain be-
haviour observed in CHS. Although itch can be transiently relieved
by scratching, the itch-scratch cycle can further exacerbate the
inflammation and damage the skin, probably activating mechan-
osensitive nociceptors thereby increasing pain as well as itch
(Takaoka et al., 2007; Hashimoto et al., 2011).

We used GFP markers for MRGPRA3 and MRGPRD to identify
the cell bodies of same subset of neurons in vivo (functional
studies in the intact neuron) and in vitro (mechanistic studies
after acute dissociation). We did not investigate a possible role
of the MRGPRA3 or MRGPRD receptors in SADBE-induced itch
versus pain behaviour. Our findings do not allow us to speculate
on the role of other receptors or other types of sensory neurons in
these behaviours. For example, there is evidence that TRPA1-
expessing neurons are critically involved in a murine model of
CHS produced by repeated delivery of the contact allergen, oxa-
zolone (Liu et al., 2013). Nonetheless, our results have identified
neuronal targets and ionic mechanisms of neuronal
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hyperexcitability that might contribute to spontaneous itch and
pain sensations and the related dysaesthesias associated with
CHS. These neurons and the associated mechanisms of enhanced
excitability could be targeted by new therapeutic strategies de-
signed to treat the pain and itch from inflammatory diseases of
the skin and other pruritic disorders as well.
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