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GRAPHICAL ABSTRACT
Background: Chronic itch is a highly debilitating symptom
among patients with inflammatory skin diseases. Recent studies
have revealed that gastrin-releasing peptide (GRP) and its
receptor (gastrin-releasing peptide receptor [GRPR]) in the
spinal dorsal horn (SDH) play a central role in itch
transmission.
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Objective: We aimed to investigate whether GRP-GRPR
signaling is altered in SDH neurons in a mouse model of chronic
itch and to determine the potential mechanisms underlying
these alterations.
Methods: Patch-clamp recordings from enhanced green
fluorescent protein (EGFP)–expressing (GRPR1) SDH neurons
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Abbreviations used

AAV: Adeno-associated virus

ACSA-2: Anti-astrocyte cell-surface antigen 2

aCSF: Artificial cerebrospinal fluid

DCP: Diphenylcyclopropenone

dnSTAT3: Dominant negative form of STAT3

EGFP: Enhanced green fluorescent protein

GFAP: Glial fibrillary acidic protein

GRP: Gastrin-releasing peptide

GRPR: Gastrin-releasing peptide receptor

LCN2: Lipocalin-2

SaCas9: Staphylococcus aureus Cas9

sgLcn2: Lcn2-targeting single-guide RNA expression cassette

SDH: Spinal dorsal horn

STAT3: Signal transducer and activator of transcription 3

TEWL: Transepidermal water loss

wtSTAT3: Wild-type STAT3
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were used to examine GRP-GRPR signaling in spinal cord slices
obtained from Grpr-EGFP mice. Immunohistochemical, genetic
(gene expression and editing through adeno-associated virus
vectors), and behavioral approaches were also used for in vivo
experiments.
Results: We observed potentiation of GRP-evoked excitation in
the GRPR1 SDH neurons of mice with contact dermatitis,
without concomitant changes in GRPR expression.
Interestingly, increases in excitation were attenuated by
suppressing the reactive state of SDH astrocytes, which are
known to be reactive in patients with chronic itch conditions.
Furthermore, CRISPR-Cas9–mediated astrocyte-selective
in vivo editing of a gene encoding lipocalin-2 (LCN2), an
astrocytic factor implicated in chronic itch, suppressed
increases in GRP-induced excitation of GRPR1 neurons,
repetitive scratching, and skin damage in mice with contact
dermatitis. Moreover, LCN2 potentiated GRP-induced
excitation of GRPR1 neurons in normal mice.
Conclusion: Our findings indicate that, under chronic itch
conditions, the GRP-induced excitability of GRPR1 SDH
neurons is enhanced through a non–cell-autonomous
mechanism involving LCN2 derived from reactive astrocytes. (J
Allergy Clin Immunol 2020;145:183-91.)

Key words: Contact dermatitis, chronic itch, gastrin-releasing pep-
tide, gastrin-releasing peptide receptor, spinal dorsal horn neurons,
astrocytes, lipocalin 2, CRISPR-Cas9, patch-clamp recordings

Itch is defined as an unpleasant cutaneous sensation that
provokes the desire to scratch.1 This sensation generally serves
as a warning or mechanism of self-protection against harmful
external agents, and scratching can transiently relieve such itch-
ing sensations. However, intense chronic itching occurs in multi-
ple dermatologic inflammatory diseases (eg, atopic and contact
dermatitis), leading to excessive repetitive scratching that
worsens skin damage and inflammation. Therefore it remains
necessary to elucidate the mechanisms underlying this symptom
to promote the development of novel therapeutic agents for
chronic itch.

Similar to other types of somatosensory information (eg,
tactile/pain), itch information is conveyed through primary
afferents from the skin to the spinal dorsal horn (SDH), where
it is processed by complex neural circuits.2 Accumulating evi-
dence has demonstrated the existence of neuronal circuits in the
SDH involved selectively in itch processing and transmission.2-4

In particular, previous studies have indicated that the endogenous
neuropeptide gastrin-releasing peptide (GRP) induces itch-
related behaviors.5 Indeed, intrathecal administration of GRP
induces robust scratching through gastrin-releasing peptide re-
ceptors (GRPRs), and mice lacking GRPR exhibit reduced
scratching responses evoked by intradermal injection of prurito-
gens without alterations in pain, thermal, or mechanical sensa-
tion.5 GRPRs are expressed in a subset of SDH neurons
(GRPR1), and ablating these neurons suppresses itch-related be-
haviors.6 Thus GRPR1 neurons in the SDH can serve as a hub in
the processing of itch signals from the skin.7 Furthermore, loss of
GRPR8 or GRPR1 neurons6 suppresses repetitive scratching be-
haviors in mouse models of chronic itch, suggesting that GRP-
GRPR signaling in SDH neurons is also involved in chronic
itch. However, whether chronic itch is associated with altered
GRP-GRPR signaling in SDH neurons remains to be determined.

In the present study we aimed to investigate whether such
signaling is altered in a mouse model of chronic itch and to
determine the potential mechanisms underlying these alterations.
Our findings indicated that GRP-induced excitability of GRPR1

SDH neurons is potentiated in a mouse model of chronic itch
and that this hyperexcitability requires a non–cell-autonomous
signal from SDH astrocytes, glial cells that are activated under
chronic itch conditions.9
METHODS
Additional details are presented in the Methods section in this article’s

Online Repository at www.jacionline.org.
Animals
Male Grpr-EGFP mice (STOCK Tg[Grpr-EGFP]PZ62Gsat/Mmucd) and

wild-type ICR mice (CLEA, Tokyo, Japan) were used.
Recombinant adeno-associated virus vector

production
We made the following adeno-associated virus (AAV) vectors to express

genes of interest in SDH astrocytes (AAV-gfaABC1D-mCherry, AAV-

gfaABC1D-dominant negative form of signal transducer and activator of tran-

scription 3 [dnSTAT3] or AAV-gfaABC1D-wild-type STAT3 [wtSTAT3]). For

CRISPR-Cas9–mediated lipocalin-2 (LCN2) knockout, AAV-gfaABC1D-Sa-

Cas9 and AAV-gfaABC1D-mCherry-U6-sgRNAwere made.
Microinjection of recombinant AAV into the cervical

SDH
Mice were deeply anesthetized, and the glass microcapillary was inserted

into the SDH (150-200 mm in depth from the surface of the dorsal root entry

zone) with a preflow of recombinant AAV solution through an interspace

between C3 and C4 vertebrae by using Micro Syringe Pumps (SYS-micro4;

World Precision Instruments, Sarasota, Fla).
Immunohistochemistry
As we previously reported,9 transverse spinal cord (C3-C5 segments) sec-

tions were used.
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Electrophysiology
Whole-cell patch-clamp recordings were performed in enhanced green

fluorescent protein (EGFP)1 SDH neurons by using spinal cord slices. GRP

(50 or 300 nmol/L), LCN2 (10 nmol/L), or both were applied to the slices.
Mouse model of chronic itch
Mice were shaved on the back and received topically applied diphenylcy-

clopropenone (DCP; dissolved in acetone) to induce contact dermatitis. Seven

days after the first painting, DCP was painted again on the same area of skin.

Transepidermal water loss (TEWL) was also measured.
Real-time RT-PCR
As we previously reported,9 total RNA extracts from the C3-C5 segments

of the spinal cord were used.
Measurement of scratching behavior
Scratching behavior in mice was automatically detected and objectively

evaluated by using automated scratching analysis system (MicroAct; Neuro-

science, Tokyo, Japan), as described previously.9
DNA extraction and assessment of in vivo genome

editing
DNA extracts from sorted astrocytes were used for assessing in vivo

genome editing by using a resolvase-based mutation detection kit.
Statistical analysis
All data are shown asmeans6 SEMs. Statistical significance of differences

was determined by using the paired t test, the unpaired t test, the unpaired t test

with the Welch correction, the Mann-Whitney test, 2-way repeated-measures

ANOVAwith the post hoc Bonferroni test, and 1-way ANOVAwith the post

hoc Tukey multiple comparisons test by using GraphPad Prism 4 and 7 soft-

ware (GraphPad Software, La Jolla, Calif). Differences were considered sig-

nificant at a P value of less than .05.
RESULTS

GRPR1 neurons in the cervical SDH are mainly

excitatory
To visualize GRPR1 SDH neurons, we usedGrpr-EGFPmice,

in which EGFP is expressed in neurons under the control of the
GRPR promotor.8 In the SDH EGFP fluorescence was observed
in the superficial laminae (I-II; Fig 1, A), which is consistent
with previous results.8,10 Whole-cell patch-clamp recordings
were obtained from EGFP1 SDH neurons in spinal cord slices
taken from Grpr-EGFP mice. GRP produced excitation of these
SDH neurons (Fig 1, B), confirming the expression of functional
GRPR in EGFP1 neurons. Furthermore, to determine whether
GRPR1 SDH neurons are excitatory or inhibitory, we examined
the pattern of action potential firing generated by adding a depo-
larizing current to EGFP1 SDH neurons at the resting membrane
potential because excitatory and inhibitory SDH neurons have
been shown to display distinct types of firing patterns.11We found
that 80.4% of EGFP1 neurons exhibited a delayed (38/56 neu-
rons) or transient (7/56 neurons) firing pattern (Fig 1, C), both
of which are known as an electrophysiologic criterion for excit-
atory neurons.11 Other EGFP1 neurons (11/56 neurons) exhibited
a tonic firing pattern (Fig 1, C), which is observed in inhibitory
neurons.11 GRP-induced depolarization was greater in EGFP1

neurons exhibiting a delayed firing pattern than in those
exhibiting a transient firing pattern (delayed type, 10.35 6 1.48
[n 5 10]; transient type, 5.03 6 1.74 [n 5 5]; P < .05, unpaired
t test), and the number of neurons generating action potentials
was also greater in neurons exhibiting a delayed firing pattern (de-
layed type, 8/10 neurons; transient type, 0/5 neurons). Morpho-
logically, 83% of EGFP1 neurons exhibiting a delayed firing
pattern (20/24 cells) had ventrally directed dendrites (Fig 1, D),
which appeared to be vertical-type neurons, axons of which are
known to arborize to more superficial regions of lamina I that
project to the brain.12 Moreover, 76.4% of EGFP1 SDH neurons
were not immunolabeled with paired box 2 (298/390 neurons, 4
mice; Fig 1, E), a marker of inhibitory interneurons.13,14 These re-
sults indicate that EGFP1 neurons exhibiting a delayed firing
pattern are excitatory and thus more sensitive to GRP. Therefore
we analyzed these neurons (hereafter referred to as GRPR1 neu-
rons) in subsequent electrophysiologic experiments.
GRP-evoked excitation in GRPR1 neurons is

enhanced in a mouse model of chronic itch
To examine whether GRP-induced excitation of GRPR1 SDH

neurons is altered under chronic itch conditions, we treatedGrpr-
EGFP mice with DCP, a reagent known to produce chronic itch
related to contact dermatitis.15 DCP-treatedGrpr-EGFPmice ex-
hibited spontaneous repetitive scratching behavior (Fig 2, A),
dermatitis (Fig 2, B), and an increase in TEWL (an index of
skin barrier dysfunction; Fig 2, C). In spinal cord slices obtained
from these mice, application of GRP (50 nmol/L) induced greater
depolarization of themembrane potential in GRPR1 neurons than
that observed in naive10 and acetone-treated control mice (Fig 2,
D and E). GRP (50 nmol/L) also generated action potentials in 9
of 12 GRPR1 SDH neurons obtained fromDCP-treatedmice (Fig
2, D), and this number was much greater than that in acetone-
treated control mice (2/12 neurons). Resting membrane potentials
were indistinguishable between the DCP-treated and control
groups (Fig 2, F). These data indicate that GRP-induced increases
in the excitability of GRPR1 SDH neurons are enhanced in a
mouse model of chronic itch associated with contact dermatitis.
Sensitization of GRP-GRPR signaling under chronic

itch conditions requires reactive astrocytes
We explored the mechanisms underlying increases in

GRP-induced excitation of GRPR1 SDH neurons. Our
quantitative PCR analysis revealed no increases in expression
of Grpr or Grp mRNA in the spinal cords of DCP-treated mice
(see Fig E1, A and B, in this article’s Online Repository at
www.jacionline.org). In addition, mRNA levels for natriuretic
polypeptide B (an activator of GRP1 SDH neurons16) in the
dorsal root ganglia were not changed in DCP-treated mice (see
Fig E1, C). These results suggest that increases in GRP-evoked
excitation are not simply caused by changes in expression of
GRPR and its ligand but also by pathologic signaling alterations
in the SDH.

We then examined the role of astrocytes because these cells
become reactive in the SDH of mice with atopic and contact
dermatitis, playing a pivotal role in chronic itch.9 The reactive
state of SDH astrocytes is regulated by the transcription factor
signal transducer and activator of transcription 3 (STAT3).17

Therefore we injected the cervical SDH with AAV vectors con-
taining the astrocyte-specific promoter gfaABC1D,

18,19
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FIG 2. Enhancement of GRP-induced excitation of GRPR1 SDH neurons un-

der chronic itch conditions. A, Number of scratching behaviors during 24

hours of acetone- or DCP-treated Grpr-EGFP mice at days 0, 7, and 14.

*P < .05 and **P < .01 versus the acetone group. B, Dermatitis of the rostral

back skin of acetone- or DCP-treated Grpr-EGFP mice at day 14. C, TEWL of

the rostral back skin in acetone- or DCP-treated Grpr-EGFP mice at day 14.

*P < .05. D-F, GRP-induced depolarization (Fig 2, D: representative traces;

Fig 2, E: summary data; *P < .05) and resting membrane potentials (RMP

[in millivolts]; Fig 2, F) of GRPR1 neurons in the SDH of acetone- or DCP-

treated Grpr-EGFP mice (days 13 or 14).

FIG 1. Characterization of EGFP1 neurons in the SDH ofGrpr-EGFPmice. A,

EGFP fluorescence (green) in the SDH of Grpr-EGFP mice. Neuronal nuclei

(NeuN; red) are markers of neurons. Scale bar 5 200 mm. B, Representative

response of GRP (300 nmol/L) in EGFP1 SDH neurons (displaying the de-

layed firing pattern). C, Firing patterns of EGFP1 SDH neurons and percent-

ages of neurons displaying each pattern. D, Representative confocal

images for the morphology of EGFP1 neurons in the SDH. Scale bar 5
100 mm. E, Immunohistochemical identification of EGFP1 neurons by using

paired box 2 (PAX2) staining (red), a marker of inhibitory interneurons.

Arrows and arrowheads indicate PAX2-positive and PAX2-negative EGFP1

neurons, respectively. Scale bar 5 100 mm.
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suppressing the reactive state of SDH astrocytes through expres-
sion of a dominant negative form of STAT3 (dnSTAT3; Fig 3,
A).20 In mice with AAV-mCherry (control), almost all mCherry1

cells were immunostained with glial fibrillary acidic protein
(GFAP; Fig 3, B), which is indicative of selective gene expression
in cervical SDH astrocytes. Expression of AAV-dnSTAT3 sup-
pressed DCP-induced increases in GFAP immunofluorescence
(an index of reactive astrocytes; Fig 3, C), and the intensity
of GFAP immunofluorescence was significantly reduced
(Fig 3, D). Increases in GRP-induced excitation of GRPR1
SDH neurons were prevented in spinal cord slices obtained
from DCP-treated Grpr-EGFP mice with AAV-dnSTAT3
(Fig 3, E), and the decrease in GRP-induced depolarization was
statistically significant (Fig 3,F). However, dnSTAT3 did not alter
the restingmembrane potential of GRPR1 neurons (see Fig E2,A,
in this article’s Online Repository at www.jacionline.org) orGrpr
mRNA levels in the spinal cord (see Fig E2, B). In addition,
astrocytic dnSTAT3 expression had no effect on GRP-evoked de-
polarization in GRPR1 neurons in normal Grpr-EGFPmice (see
Fig E3, A, in this article’s Online Repository at www.jacionline.
org) and on scratching and TEWL in acetone-treated mice (see
Fig E3, B and C). Consistent with attenuation of GRP-induced
neuronal excitation by dnSTAT3, astrocytic expression of
dnSTAT3 in DCP-treated mice significantly suppressed an in-
crease in c-Fos expression (a marker of neuronal activation) in
the superficial SDH (lamina I–II; Fig 3, G) and scratching

http://www.jacionline.org
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FIG 3. Involvement of reactive astrocytes in the sensitization of GRPR1 SDH neurons. A, Schematic illustra-

tion of AAV vector constructs designed to express mCherry or dnSTAT3 under the control of an astrocyte-

selective promoter (gfaABC1D). B, Confocal images of mCherry1 astrocytes (red) in the SDH (green; GFAP).

Scale bar5 50 mm. C and D, Effect of dnSTAT3 on GFAP expression in the cervical SDH of acetone- or DCP-

treated mice (day 14). Representative images of GFAP immunofluorescence (Fig 3, C: scale bar 5 200 mm)

and quantification of GFAP immunofluorescence (IF) intensity (Fig 3, D: **P < .01 and ***P < .001). E and F,

GRP-induced depolarization of GRPR1 SDH neurons in DCP-treated Grpr-EGFP mice with AAV-mCherry or

dnSTAT3 at days 13 or 14 (Fig 3, E: representative traces; Fig 3, F: averaged data; **P < .01). G, Effect of

dnSTAT3 on numbers of c-Fos1 SDH neurons in acetone- or DCP-treated mice. Representative images

(left; scale bar 5 100 mm) and averaged data (**P < .01) are shown. H, Effect of dnSTAT3 on DCP-induced

scratching behavior. ***P < .001. I and J, Effect of dnSTAT3 on rostral back skin dermatitis (Fig 3, I) and

TEWL in DCP-treated mice (Fig 3, J). *P < .05.
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behavior (Fig 3,H), skin lesioning (Fig 3, I), and TEWL (Fig 3, J)
relative to findings observed in DCP-treated mCherry mice.

As an additional control group, we tested DCP-treated mice
whose SDH astrocytes expressed wtSTAT3. Compared with
mCherry-expressing DCP-treated mice, wtSTAT3 did not affect
the GRP-evoked depolarization (see Fig E4, A and B, in this
article’s Online Repository at www.jacionline.org) and the
resting membrane potential of GRPR1 neurons on day 14 (see
Fig E4,C). wtSTAT3 did not significantly affect (but tended to in-
crease) the DCP-induced scratching on day 14 (although
wtSTAT3 significantly increased on day 7; see Fig E4, D).
TEWL and spinal Grpr mRNA expression were not altered in

http://www.jacionline.org


FIG 4. Attenuation of GRPR1 neuron sensitization through AAV–CRISPR-Cas9–mediated editing of the as-

trocytic Lcn2 gene. A and B, Schematic illustrations of AAV vector constructs containing SaCas9 or mCherry

(alone [control] or fused with sgLcn2) with the gfaABC1D promoter (Fig 4,A) and sgLcn2 binding site (target)

in the Lcn2 locus (Fig 4, B). PAM, Protospacer adjacent motif. Triangles indicate sites of cleavage. C,

Confocal images of SaCas9 (HA-tag, green)– and mCherry (red)–expressing astrocytes in the SDH 10 weeks

after AAV microinjection. SOX9 is a marker of astrocytes (blue). Scale bar 5 50 mm. D, Gel image for detec-

tion of genome editing in sorted SDH astrocytes (upper) and quantified results (lower). **P < .01. Arrow,

Uncleaved Lcn2 DNA; arrowheads, cleaved Lcn2 DNA. E and F, GRP-induced depolarization of GRPR1 neu-

rons in DCP-treatedGrpr-EGFPmice with AAV-mCherry or sgLcn2 at days 13 or 14 after the DCP application.

Representative traces (Fig 4, E) and averaged data (Fig 4, F) are shown. *P < .05. G–I, Effect of Lcn2 genome

editing on DCP-induced scratching (Fig 4,G; *P < .05 vs the control group), dermatitis (Fig 4,H), and TEWL at

day 14 (Fig 4, I; **P < .01). J and K, Effect of coapplication of LCN2 (10 nmol/L) on GRP-induced depolariza-

tion of GRPR1 neurons in naiveGrpr-EGFPmice. Representative traces (Fig 4, J) and averaged data (Fig 4, K)

are shown. *P < .05 and ***P < .001.
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wtSTAT3-expressing mice (see Fig E4, E and F). These data sug-
gest that reactive astrocytes contribute to increases in GRP-
evoked excitation of GRPR1 SDH neurons under chronic itch
conditions.

We reasoned that reactive astrocytes must signal GRPR1 SDH
neurons through secretion of biologically active signaling mole-
cules. One potential candidate is LCN2, a factor released from as-
trocytes that has been implicated in patients with chronic itch.9 In
fact, expression of dnSTAT3 in astrocytes significantly sup-
pressed Lcn2 mRNA expression in the spinal cord because of
DCP treatment (see Fig E2, C) in contrast to wtSTAT3 (see Fig
E4, G).

To investigate the role of astrocytic LCN2 in the sensitization
of GRPR1 SDH neurons under chronic itch conditions, we used a
CRISPR-Cas9–mediated in vivo gene-editing approach.21

Because of the package size restriction of the AAV vector, we
used Staphylococcus aureus Cas9 (SaCas9)22 to produce an
AAV-gfaABC1D-SaCas9 vector (Fig 4, A), which enabled
astrocyte-selective expression of SaCas9. The secondAAV vector
contained an Lcn2-targeting single-guide RNA expression
cassette (sgLcn2, which was designed to cleave a site in exon 3
of the Lcn2 gene; Fig 4, B) fused with gfaABC1D-mCherry
(AAV-gfaABC1D-mCherry-U6-sgLcn2). AAV-gfaABC1D-
mCherry was used as a control (Fig 4, A). Immunohistochemical
analysis revealed that SaCas9-expressing cells were immuno-
stained with the astrocyte marker SOX9 (Fig 4, C).

To confirm astrocytic genome editing, we analyzed cleavage of
the Lcn2 genome in SDH astrocytes isolated bymeans of cell sort-
ing with anti-astrocyte cell-surface antigen 2 (ACSA-2).23 In
addition to the band for the uncleaved Lcn2 gene (Fig 4, D, ar-
row), we identified 2 bands at lower base pairs in SDH astrocytes
obtained from mice expressing SaCas9 and sgLcn2 (Fig 4, D, ar-
rowheads), indicating that the genome of astrocytic Lcn2 had
been edited. We observed no cleaved band for the astrocytic
Lcn2 gene in mice without sgLcn2 (Fig 4, D, and see Fig E5 in
this article’s Online Repository at www.jacionline.org). The edit-
ing efficiency in astrocytes of mice expressing sgLcn2 was statis-
tically significant (Fig 4, D). In spinal cord slices obtained from
DCP-treated sgLcn2 mice, we observed significant attenuation
of GRP-induced increases in the depolarization of GRPR1 neu-
rons (Fig 4, E and F). Moreover, DCP-induced scratching
behavior, skin lesioning, and skin barrier dysfunction were sup-
pressed in these mice (Fig 4, G-I), indicating that LCN2 contrib-
utes to the sensitization of GRPR1 SDH neurons, chronic itch,
and dermatitis.

Finally, to determine whether LCN2 sufficiently enhances
GRP-evoked excitation, we applied LCN2 to spinal slices
obtained from normal Grpr-EGFP mice. In GRPR1 neurons
LCN2 had no effect onmembrane potentials; however, coapplica-
tion of LCN2 and GRP (50 nmol/L) significantly enhanced GRP-
induced depolarization (Fig 4, J and K). In addition, at a higher
concentration of GRP (300 nmol/L), LCN2 enhanced depolariza-
tion in GRPR1 neurons (see Fig E6 in this article’s Online Repos-
itory at www.jacionline.org). These data indicate that LCN2 is
sufficient to potentiate the GRP-induced excitability of GRPR1

SDH neurons.
DISCUSSION
The present study is the first to demonstrate that GRP-induced

excitability of GRPR1 SDH neurons is enhanced under chronic
itch conditions. Our immunohistochemical, electrophysiologic,
and morphologic data indicated that more than half of EGFP1

neurons in the SDH of Grpr-EGFP mice appeared to be
vertical-type excitatory interneurons, which send excitatory sig-
nals to lamina I neurons that project to the brain.12 Indeed, a
recent study revealed that GRPR1 neurons connect to lamina I
projection neurons,7 suggesting that enhancements in excitatory
GRPR1 signaling under chronic itch conditions are directly
conveyed to lamina I projection neurons. Because the loss of
GRPR1 neurons markedly suppresses scratching behavior in a
model of chronic itch associated with contact dermatitis,6 the
heightened sensitivity of GRPR1 neurons to GRP might be an
important neuronal alteration involved in the development of
chronic itch.

We observed no alterations inGrp andGrprmRNA expression
in the spinal cords of DCP-treated mice, suggesting that increases
in the excitability of GRPR1 neurons are not simply due to their
quantitative changes. Rather, we observed that suppression of
reactive astrocytes through dnSTAT3 attenuated the excitability
of GRPR1 neurons in DCP mice, suggesting that reactive astro-
cytes are required to enhance GRP signaling in GRPR1 neurons
under chronic itch conditions. These findings are in accordance
with the observed decrease in numbers of c-Fos1 SDH neurons
after astrocytic expression of dnSTAT3. Furthermore, by devel-
oping a method for enabling SDH astrocyte–specific gene editing
in adult mice using the AAV-mediated CRISPR-Cas9 system, we
demonstrated that LCN2 is crucial for the connection between
SDH astrocytes and GRPR1 neurons. LCN2 is produced and
released from astrocytes,9,24,25 which might presumably involve
signals derived by IL-69 or IL-33,26 and our findings indicate
that LCN2 is sufficient to enhance the sensitivity of GRPR1

SDH neurons to GRP. Thus the present study suggests that, under
chronic itch conditions, sensitization of GRPR1 neurons to GRP
is associated with a non–cell-autonomous mechanism that in-
volves reactive astrocytes and LCN2. On the other hand, the
resting membrane potential of GRPR1 neurons before GRP
application was not altered in spinal cord slices taken from
DCP-treated mice in which astrocytic LCN2 expression was up-
regulated. A possible explanation is that we used spinal cord sli-
ces with transected dorsal roots for patch-clamp recordings in
GRPR1 neurons, which implies that GRP-releasing neurons in
the slices do not receive any excitatory inputs from the inflamed
skin through primary afferents. Thus it is conceivable that a
skin-derived pruritic signal to the SDH, which results in releasing
GRP, might be needed for enhancing excitation of GRPR1 neu-
rons by LCN2. This view is supported by our data showing failure
of LCN2 alone to depolarize GRPR1 neurons.

SDH astrocyte–specific dnSTAT3 expression and Lcn2 gene
editing were also effective in treating dermatitis and skin barrier
impairments. Because physical injury of the skin caused by
scratching worsens dermatitis and skin barrier dysfunction, in
turn increasing the itching sensation, our data suggest that SDH
astrocyte–derived sensitization of GRPR1 neurons through
LCN2 is involved in the itch–scratch cycle that maintains chronic
itch. In this study we revealed the sensitization of GRPR1 SDH
neurons by astrocytic LCN2 in the DCP model of contact derma-
titis. However, skin barrier disruption caused by repetitive
scratching also contributes to atopic dermatitis. We have previ-
ously found that activation of astrocytes and upregulation of
LCN2 in the SDH are commonly observed in mouse models of
contact and atopic dermatitis and that these are required for

http://www.jacionline.org
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chronic itch–related repetitive scratching behavior.9 Therefore it
is speculated that the facilitating effect of astrocytic LCN2 on
itch neurotransmission in the SDH is also involved in repetitive
scratching and the skin barrier disruption of atopic dermatitis.
Thus the implications of our findings obtained from the DCP
model of contact dermatitis would provide valuable information
for considering the mechanism underlying chronic itch and skin
barrier dysfunction associated with atopic dermatitis.

The mechanism underlying the LCN2-mediated sensitization
of GRPR1 neurons remains to be determined.We observed no ef-
fect of astrocytic dnSTAT3 on GrprmRNA expression in the spi-
nal cord, suggesting that activated astrocytes functionally
modulate GRPR signaling. However, we cannot rule out the pos-
sibility that astrocytes change GRPRs at posttranscriptional levels
(eg, protein levels of GRPR or its translocation to the plasma
membrane).

Within the brain, LCN2 has been reported to modulate
neuronal morphology, synaptic plasticity,27,28 neuronal death,24

and neuronal excitability.29 Previous research has also identified
SLC22A17,30 megaline,31 and melanocortin 4 receptor29 as
candidate receptors for LCN2. However, the receptors
responsible for LCN2-induced sensitization of GRPR1 neurons
in patients with chronic itch remain to be determined. Given
that coapplication of LCN2 and GRP enhanced the GRP response
in the present study, we speculate that LCN2 acutely enhances the
sensitivity of GRPR1 neurons to GRP. Melanocortin 4 receptor,
which enables activation of intracellular protein kinase
A through Gs proteins,

29 appears to be a candidate for mediating
the acute biological effects of LCN2. Furthermore, a recent study
has reported that excitation of GRPR1 neurons by GRP involves
an inhibition of Kv4 channels, members of the family of
voltage-gated K1 channels,32 but we found that LCN2 had no
effect on A-type K1 current (see Fig E7 in this article’s Online
Repository at www.jacionline.org), which is mainly mediated
by Kv4 channels.33 Because LCN2 has been also shown to be
involved in patients with other neuroinflammatory diseases,
including Parkinson disease,34 amyotrophic lateral sclerosis,35

and brain injury,36 further studies are required to identify the
LCN2 receptors that modulate neuronal activity.

In the present study we analyzed GRPR1 neurons identified as
excitatory through electrophysiologic and immunohistochemical
experiments. However, GRP-induced excitation in GRPR1 neu-
rons seems not to be uniform because EGFP1 neurons exhibiting
a delayed firing pattern were more sensitive to GRP. Furthermore,
approximately 20% of total GRPR1 neurons were inhibitory. It is
conceivable that the groups of GRPR1 neurons with each firing
pattern might have a distinct role in itch transmission, but this re-
mains unclear and needs further investigation.

Although the CRISPR-Cas9 system is an efficient and widely
used genome-editing tool,21 spatiotemporally controlled editing
is difficult using this system. AAV vectors are useful for intro-
ducing certain genes, but Streptococcus pyogenes Cas9 is too
large for AAV vectors. However, recent studies have led to the
development of an efficient and target-specific in vivo genome-
editing technique that relies on SaCas9, a small Cas9 derived
from Staphylococcus aureus.22,37 In the present study we used Sa-
Cas9 and the astrocyte-specific promoter gfaABC1D, demon-
strating AAV-mediated editing of the astrocytic Lcn2 gene. The
editing efficiency was approximately 20%, which was similar to
or slightly lower than that reported in previous studies.37 None-
theless, efficiency might have been underestimated in our study
because we analyzed SDH astrocytes sorted using ACSA-2, an
antibody that marks all astrocytes with or without expression of
SaCas9, sgLcn2, or both. Alternatively, because we used 2 AAV
vectors containing either SaCas9 or sgLcn2 for CRISPR-Cas9–
mediated genome editing, the number of SDH astrocytes infected
with both viruses might have been low.

Despite these limitations, we achieved cleavage of the Lcn2
genome in adult mice in vivo, which significantly influenced the
hyperexcitability of GPRP1 SDH neurons, chronic itch symp-
toms, and dermatitis. Therefore this approach might be useful
for investigating the functions of astrocytes under physiologic
and pathologic conditions.

In conclusion, our findings demonstrate that GRP-evoked
excitation in GRPR1 SDH neurons is potentiated in a mouse
model of chronic itch, without concomitant changes in GRPR
expression in the SDH. Potentiation of GRP-induced neuronal
excitation was attenuated by suppressing the reactive state of
SDH astrocytes and by astrocyte-selective editing of the Lcn2
gene using the AAV–CRISPR-Cas9 system. Moreover, our find-
ings indicated that LCN2 is sufficient for potentiating GRP-
induced excitation of GRPR1 neurons in normal mice. Therefore
our results suggest that, under chronic itch conditions, the excit-
atory response of GRPR1 neurons to GRP is sensitized through
a non–cell-autonomous mechanism involving LCN2 derived
from reactive astrocytes. In primates GRP-GRPR signaling in
the SDH are also involved in itch transmission.38 If SDH astro-
cytes are activated and produce LCN2 in patients with chronic
itch (which needs future research), reactive astrocytes and
LCN2 might represent a therapeutic target for alleviating spinal
sensitization of itch transmission neurons and chronic itch.

We thank the University of Pennsylvania vector core for providing pZac2.1,

pAAV2/9, and pAdDeltaF6 plasmid. We would like to thank Editage (www.

editage.jp) for English-language editing.

Key messages

d GRP-GRPR signaling was potentiated in SDH neurons
from mice with contact dermatitis.

d Genetic inhibition of reactive SDH astrocytes and
CRISPR-Cas9–mediated editing of the astrocytic Lcn2
gene prevented increases in GRP-GRPR signaling,
chronic itch, and dermatitis.
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METHODS

Animals
Male Grpr-EGFP mice (STOCK Tg[Grpr-EGFP]PZ62Gsat/Mmucd;

Mutant Mouse Resource and Research Center) and wild-type ICR mice

(CLEA) were used. All mice used were aged 8 to 12 weeks at the start of

each experiment and housed individually and in groups of 2 or 3 per cage at

a temperature of 228C 6 18C with a 12-hour light-dark cycle (light on 8 AM

to 8 PM) and were fed food and water ad libitum. All animal experiments

were conducted according to relevant national and international guidelines

contained in the Act on Welfare and Management of Animals (Ministry of

Environment of Japan) and Regulation of Laboratory Animals (Kyushu Uni-

versity) and under protocols approved by the Institutional Animal Care and

Use committee review panels at Kyushu University.

Recombinant AAV vector production
We constructed plasmids (gfaABC1D-mCherry, gfaABC1D-dnSTAT3, or

gfaABC1D-wtSTAT3) from the cis-cloning plasmid pZac2.1.E1 Genes encod-

ing U6-sgRNA (plasmid #61593; Addgene, Cambridge, Mass)E2 and SaCsa9

(plasmid #78601; Addgene)E3 were subcloned into the pENTR plasmid. Syn-

thetic oligonucleotides included the targeting sequence for Lcn2 (59-GCCAG-
GACCAGGGCTGTCGCTA-39) with the targeting site in the original

pENTER-U6-sgBsa1 plasmid. The resulting U6-sgRNA cassette was trans-

ferred into pZac2.1-gfaABC1D-mCherry plasmid. The SaCas9 cassette was

transferred into the AAV shuttle vector with gfaABC1D (pZac2.1-

gfaABC1D-saCas9). Recombinant AAV vectors were produced from

HEK293 cells with triple transfection (each pZac2.1 plasmid, pAAV2/5

[transfer plasmid], and pAdDeltaF6 [adenoviral helper plasmid]; the latter 2

plasmids were purchased from the University of Pennsylvania Gene Therapy

Program Vector Core). Viral lysates were harvested at 72 hours after transfec-

tion and lysed by using freeze-and-thaw cycles, purified through 2 rounds of

CsCl ultracentrifugation, and then concentrated with Vivaspin 20 ultrafiltra-

tion units (SARSTEDT, N€umbrecht, Germany). The genomic titer of recom-

binant AAV was determined by using PicoGreen fluorometric reagent

(Molecular Probes, Eugene, Ore) after denaturation of the AAV particle. Vec-

tors were stored in aliquots at 2808C until use.

Microinjection of recombinant AAV into the cervical

SDH
Mice were deeply anesthetized by means of subcutaneous injection of

ketamine (100mg/kg) and xylazine (10mg/kg).Micewere shaved on the back

of the neck, and skin was incised at the C3-C5 vertebrae. The muscle on the

C3-C5 vertebrae was opened with a retractor, and mice were attached to a

head-holding device (SR-AR;NARISHIGE, Setagaya City, Japan). Paraspinal

muscles around the left side of the interspace between the C3 and C4 vertebrae

were removed, and the dura mater and arachnoid membrane were carefully

incised by using the tip of a 30-gauge needle to make a small window to allow

a glass microcapillary insert directly into the SDH. The glass microcapillary

was inserted into the SDH (150-200mm in depth from the surface of the dorsal

root entry zone) with a preflow of recombinant AAV solution through the

small window (approximately 500mm lateral from themidline). Recombinant

AAV solutionwas pressure ejected (100 nL/min) for 5minutes (approximately

500 nL) with Micro Syringe Pumps. After microinjection, the inserted glass

microcapillary was removed from the SDH, the skin was sutured with 3-0 silk,

and mice were kept under a heating light until recovery.

Immunohistochemistry
As we previously reported,E4 mice were deeply anesthetized by means of

intraperitoneal injection of pentobarbital (100 mg/kg) and perfused transcar-

dially with 20 mL of PBS (WAKO, Saitama, Japan), followed by 50 mL of

ice-cold 4% paraformaldehyde/PBS. The C3 to C5 segments of the spinal

cord were removed, postfixed in the same fixative for 3 hours at 48C, and
placed in 30% sucrose solution for 48 hours at 48C. Transverse spinal cord

(30mm) sections were incubated in blocking solution (3% normal goat serum)

for 2 hours at room temperature and then incubated for 48 hours at 48C with

primary antibodies, mouse anti–neuronal nuclei (1:2000; ab104224, Abcam,

Cambridge, United Kingdom), goat anti–paired box 2 (1:1000; AF3075;

R&D Systems, Minneapolis, Minn), rabbit anti-GFP (1:500; #598; MBL, Na-

goya, Japan), isolectin GS–isolectin B4 biotin conjugate (1:1000; 121414,

Thermo Fisher, Waltham, Mass), and rabbit anti–c-Fos (1:1000; 9F6; Cell

Signaling, Danvers, Mass). After incubation, tissue sections were washed

and incubated for 3 hours at room temperature in secondary antibody solution

(Alexa Fluor 488, 546, and/or 405; Molecular Probes). Tissue sections were

washed, slide mounted, and subsequently placed under coverslips with VEC-

TASHIELD Hardmount (Vector Laboratories, Burlingame, Calif). Immuno-

fluorescence images were obtained with a confocal laser microscope

(LSM700; Carl Zeiss, Oberkochen, Germany). Fluorescence intensity was

quantified with ImageJ software (National Institutes of Health, Bethesda,

Md). Numbers of c-Fos1 cells in the superficial dorsal horn (lamina I–IIo),

which were identified by using isolectin B4 staining, were counted.

Electrophysiology
Mice were deeply anesthetized with ketamine (100 mg/kg) and xylazine

(10 mg/kg), and the cervical spinal cord was removed and placed in a cold

high-sucrose artificial cerebrospinal fluid (sucrose aCSF; 250 mmol/L

sucrose, 2.5 mmol/L KCl, 2 mmol/L CaCl2, 2 mmol/L MgCl2, 1.2 mmol/L

NaH2PO4, 25 mmol/L NaHCO3, and 11 mmol/L glucose). A parasagittal spi-

nal cord slice (250-300 mm thick) was made with a vibrating microtome

(VT1200; Leica, Wetzlar, Germany), and then the slices were kept in oxygen-

ated aCSF solution (125 mmol/L NaCl, 2.5 mmol/L KCl, 2 mmol/L CaCl2, 1

mmol/L MgCl2, 1.25 mmol/L NaH2PO4, 26 mmol/L NaHCO3, and 20 mmol/

L glucose) at room temperature (228C-258C) for at least 30minutes. The spinal

cord slice was then put into a recording chamber, where it was continuously

superfused with aCSF solution at 258C to 288C at a flow rate of 4 to 6 mL/

min. Patch pipettes were filled with an internal solution (125 mmol/L K-glu-

conate, 10 mmol/L KCl, 0.5 mmol/L EGTA, 10 mmol/L HEPES, 4 mmol/L

ATP-Mg, 0.3 mmol/L NaGTP, 10 mmol/L phosphocreatine, and 0.4% neuro-

biotin [pH 7.28] adjusted with KOH), and whole-cell patch-clamp recordings

were made from EGFP1 SDH neurons. Recordings were made with the Axo-

patch 700B amplifier and pCLAMP 10.4 acquisition software (Molecular De-

vices). Datawere digitizedwith an analog-to-digital converter (Digidata 1550;

Molecular Devices), stored on a personal computer with a data acquisition

program (ClampeX version 10.4; Molecular Devices), and analyzed with a

software package (Clampfit version 10.4; Molecular Devices). Membrane po-

tentials were recorded in current-clamp mode. All drugs were dissolved in

aCSF solution and superfused for 2 minutes. The drugs used were GRP (50

or 300 nmol/L; Bachem, Bubendorf, Switzerland) and LCN2 (10 nmol/L;

R&D Systems). We quantified averaged membrane potential for 30 seconds

of predrug and postdrug application. The amplitude of the A-type K1 current

was measured by subtracting the steady-state current during 200 to 250 ms of

voltage pulse from themaximal current evoked by the voltage step from –80 to

–30 mV. The firing patterns of neurons were determined in current-clamp

mode by passing depolarizing current pulses for 1 second through the

recording electrode from the resting membrane potential.E5

Classification criteria of morphology of SDH

neurons
Criteria of neuronal morphology were based on previous literature.E6 Cen-

tral cells have dendritic arbors distributed principally rostrocaudally for 150 to

275mm, with only small dorsoventral extensions. Vertical cells have dendrites

extensively distributed dorsoventrally for 150 to 200mm, as well as rostrocau-

dally. Radial cells have dendrites that extend in several directions in the para-

sagittal plane.

Mouse model of chronic itch
DCP (Wako) dissolved in acetone was used to induce contact dermatitis.

Mice were shaved on the back and topically applied by painting 0.2 mL of
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DCP (1% for wild-type ICR mice and 2% for Grpr-EGFP mice) on the back

skin after achivement of isoflurane anesthesia. Seven days after the first paint-

ing, DCP was painted again on the same area of skin.

Measurement of TEWL
TEWLwas measured with the Tewameter TM300 system and amultiprobe

adaptor (CK Electronic, K€oln, Germany) in accordance with the manufac-

turer’s instructions. After achievement of isoflurane anesthesia, the probe

collar was placed on the surface of the skin on the animal’s back for 20 to 30

seconds. Measurements were obtained twice for the left and right sides of the

skin, and values were averaged.

Real-time RT-PCR
As we previously reported,E4 mice were anesthetized with pentobarbital

and perfused transcardially with PBS. The C3-C5 segments of the spinal

cord were removed immediately. Total RNAwas extracted with TRIsure (Bio-

line, London, United Kingdom), according to the manufacturer’s protocol.

The amount of total RNA was quantified by measuring OD at 260 nm

(OD260) with a spectrophotometer (Nanodrop One; Thermo Fisher). For

reverse transcription, 250 ng of total RNA was transferred to the reaction

with PrimeScript Reverse Transcriptase (Takara, Shiga, Japan) and random

6-mer primers. Quantitative PCR was carried out with FastStart Essential

DNA Probes Master or FastStart Essential DNAGreen Master (Roche, Basel,

Switzerland) using the LightCycler 96 (Roche), according to the manufac-

turer’s specifications, and data were analyzed by using LightCycler 96 Soft-

ware (Roche) with standard curves. Values were normalized to Actb

expression. The TaqMan probe, forward primer, and reverse primer used in

this study were as follows: Lcn2, forward primer 59-CCCCATCTCTGCTC
ACTGTC-39 and reverse primer 59-TTTTTCTGGACCGCATTG-39; Actb,
probe 59-FAM-CCTGGCCTCACTGTCCACCTTCCA-TAMRA-39, forward
primer 59-CCTGAGCGCAAGTACTCTGTGT-39, and reverse primer 59-
CTGCTTGCTGATCCACATCTG-39; Nppb, probe 59-FAM-CTGCTTTTCC

TTTATCTGTCACCGCTGG-TAMRA-39, forward primer 59-GTGCTGTCC
CAGATGATTCTGTT-39, and reverse primer 59-CTCCAGCAGCTTCTGC
ATCTT -39; and Grp, probe 59-FAM-CCCGAGGACGGCAGCTACTTT

AACGA-TAMRA-39, forward primer 59-GAAGCTGCTGGGAACCAAAG-
39, and reverse primer 59-GGAGCAGAGAGTCTACCAACTTAGC-39. For
Grpr mRNA, validated probe and primers (Mm01157247_m1; Applied Bio-

systems, Foster City, Calif) were used.

Measurement of scratching behavior
Scratching behavior in mice was automatically detected and objectively

evaluated by using MicroAct (Neuroscience) in accordance with a previously

described method.E4 Briefly, after achievement of isoflurane anesthesia, a

small Teflon-coated magnet (1 mm in diameter and 3 mm in length; Neurosci-

ence) was implanted subcutaneously into the hind paws of the mice at least 1

day before the first recording. Each mouse with an implanted magnet was

placed in an observation chamber (11 cm in diameter and 18 cm high) with

food and tap water surrounded by a round coil. Movement of magnets im-

planted subcutaneously into the hind paws induced electric currents in the

coil, whichwere amplified and recorded by usingMicroAct software. Analytic

parameters for detecting scratch movements were as follows: threshold, 0.07

V; event gap, 0.2 seconds; minimum duration, 0.2 seconds; maximum fre-

quency, 35 Hz; minimum frequency, 2 Hz; and minimum beats, 2. Scratching

behavior was shown as the number of total scratching strokes over 24 hours.

Dissociation of SDH tissue and cell sorting
Mice were perfused with ice-cold Hanks balanced salt solution (HBSS[–]),

after which C3-C5 of the SDH were dissected, gently minced with sterile

razorblades, and suspended in HBSS(–) with activated papain (20 U of

LK003172; Worthington Biochemical, Lakewood, NJ) and 0.2 mg of L-

cysteine. Suspended SDH tissue was incubated for 20 minutes at 348C and

treated with DNase and MgCl2 for 5 minutes. Then ice-cold HBSS(–) with

4 mmol/L EDTA and 0.5% BSA was added to the suspension, which was

centrifuged at 300g for 5 minutes at 48C. The pellet was resuspended and

gently triturated with an 18-gauge needle. The cell suspension was kept on

ice for 1 to 2 minutes to allow the larger tissue to settle, and the supernatant

was carefully transferred to a tube. HBSS(–) with 1% FBS was added to the

original tube, and the process was repeated with 23- and 26-gauge needles.

The supernatant was added to the 1- mL tube, filtered through a 70-mm cell

strainer, and centrifuged. Myelin Removal Beads II (Miltenyi Biotec, Ber-

gisch Gladbach, Germany), and columns (Miltenyi Biotec) were used to re-

move myelin debris in accordance with the manufacturer’s protocol. The

resulting flowthrough was centrifuged at 300g for 10 minutes at 48C. The pel-
let was resuspended with blocking buffer (1:100; BD Biosciences, San Jose,

Calif) for 5 minutes.

For cell type labeling, the suspension was incubated with anti-CD11b–

Alexa Fluor 647 (1:1000; BD Biosciences) and ACSA-2–fluorescein isothio-

cyanate (1:200; Miltenyi Biotec).E7 After incubation, the suspension was

washed and centrifuged at 300g for 10 minutes at 48C. Cells were resuspended
and filtered through a 40-mm cell strainer. Fluorescence-activated cell sorting

was performedwith the BD FACSAria III (BDBiosciences). Cells were sorted

into 15-mL tubes containing 1% FBS, after which theywere again centrifuged

and resuspended for DNA extraction.

DNA extraction and assessment of in vivo genome

editing
DNA was extracted from the sorted astrocytes by using a Quick-DNA

Microprep kit (Zymo Research, Irvine, Calif) in accordance with the

manufacturer’s protocol. The region containing the sgRNA target site was

PCR amplified from genomic DNA by using specially designed primers

(sgLcn2 forward: AAAGGTCTTAGCAGGACCAG, sgLcn2 reverse:

GAGACTGGGGTGTAACCTG). The resultant PCR-amplified DNA was

evaluated by using a resolvase-based mutation detection kit (Clontech,

Mountain View, Calif). Briefly, DNA was amplified with a Phusion High-

Fidelity PCR Kit (Thermo Fisher), and DNA hybridization was performed

with 10 mL of PCR products, followed by incubation with resolvase. The

digested products were electrophoresed on a 1.5% agarose 13 TBE gel, and

the amount of editing was quantified with ImageJ software. Editing efficiency

was defined as the average value of cleavedDNA fragments comparedwith the

total amount of DNA (uncleaved and cleaved DNA fragments).E8,E9

Statistical analysis
All data are shown asmeans6 SEMs. Statistical significance of differences

was determined by using the paired t test (Fig E7, B), the unpaired t test (Fig 2,

E andF; Fig 3,F; Fig 4,F; Fig E1,A-C; Fig E2,A; Fig E2,B; Fig E3,A; Fig E4,

B, C, F, and G; and Fig E6, B), the unpaired t test with the Welch correction

(Fig E2, C), the Mann-Whitney test (Fig 2, C; Fig 3, G and J; Fig 4, D and

I; Fig E3, C, and Fig E4, E), 2-way repeated-measures ANOVA with the

post hoc Bonferroni test (Fig 2, A; Fig 3, H; Fig 4, G; Fig E3, B, and Fig

E4, D), and 1-way ANOVA with the post hoc Tukey multiple comparisons

test (Fig 3,D, and Fig 4,K) by using GraphPad Prism 4 and 7 software (Graph-

Pad Software, La Jolla, Calif). Differences were considered significant at a P

value of less than .05.
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FIG E1. mRNA expression in the spinal cords and dorsal root ganglia of

acetone- and DCP-treated mice. A and B,Grpr andGrpmRNA expression in

the spinal cord (C3-C5) of acetone- and DCP-treated mice at day 14 from the

first treatment (acetone, n 5 5; DCP, n 5 5). C, Nppb mRNA expression in

the dorsal root ganglia (C3-C5) of acetone- and DCP-treated mice at day

14 from the first treatment (acetone, n 5 5; DCP, n 5 5). Values represent

ratios of mRNA (normalized to Actb mRNA value) to the value of acetone-

treated mice. Data are shown as means 6 SEMs. n.s., Not significant.

J ALLERGY CLIN IMMUNOL

VOLUME 145, NUMBER 1

KOGA ET AL 191.e4



FIG E2. Comparisons between astrocytic mCherry- and dnSTAT-

expressing DCP-treated mice. A, Resting membrane potential (RMP) of

GRPR1 neurons in the SDH of DCP-treated mCherry and dnSTAT mice

(mCherry [DCP], n 5 14; dnSTAT [DCP], n 5 13). B, Grpr mRNA expression

in the spinal cords of DCP-treated mice with astrocytic mCherry or dnSTAT

expression at day 14 from first DCP treatment (mCherry [DCP], n 5 8;

dnSTAT [DCP], n 5 9). C, Lcn2 mRNA expression in the spinal cords of

DCP-treated mice with astrocytic mCherry or dnSTAT expression at day

14 from the first DCP treatment (mCherry [DCP], n 5 8; dnSTAT [DCP],

n 5 9). *P < .05. Data are shown as means 6 SEMs. n.s., Not significant.
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FIG E3. Comparisons between astrocytic mCherry- and dnSTAT-

expressing mice. A, GRP-induced depolarization of GRPR1 neurons in the

SDH of naive mice with astrocytic expression of mCherry or dnSTAT

mice (mCherry [naive], n 5 11; dnSTAT [naive], n 5 9). B and C, Effects of

dnSTAT3 on scratching behavior (Fig E3, B) and TEWL (Fig E3, C) in

acetone-treated mice (Fig E3, B: mCherry, n 5 4; dnSTAT3, n 5 7; Fig E3,

C: mCherry, n 5 4; dnSTAT3, n 5 7). Data are shown as means 6 SEMs.

n.s., Not significant.
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FIG E4. Astrocytic wtSTAT3 expression in DCP-treated mice. A and B, GRP-induced depolarization of

GRPR1 SDH neurons in DCP-treated Grpr-EGFP mice with AAV-mCherry or wtSTAT3 at days 13 or 14.

Representative traces (Fig E4, A) and averaged data [Fig E4, B; mCherry [DCP], n 5 5; wtSTAT3 [DCP],

n 5 5). C, RMP of GRPR1 neurons in the SDH of DCP-treated mCherry and wtSTAT3 mice (mCherry

[DCP], n5 5; wtSTAT3 [DCP], n5 5). D and E, Effect of wtSTAT3 on scratching behavior (Fig E4, D: mCherry

[DCP], n5 5; wtSTAT3 [DCP], n5 6; *P < .05) and TEWL in DCP-treatedmice (Fig E4, E: mCherry [DCP], n5 5;

wtSTAT3 [DCP], n 5 6). F and G, Grpr and Lcn2 mRNA expression in the spinal cords of DCP-treated

mCherry and wtSTAT3 mice at day 14 from the first DCP treatment (mCherry [DCP], n 5 5; wtSTAT3

[DCP], n 5 6). Data are shown as means 6 SEMs. n.s., Not significant.
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FIG E5. Full image of Fig 4, D. Gel image for detection of genome editing in sorted SDH astrocytes. The

square indicates the region shown in Fig 4, D. The top arrow indicates uncleaved Lcn2 DNA, and the 2 ar-

rowheads indicate cleaved Lcn2 DNA by using resolvase treatment. Any cleaved bands were not detected

without the resolvase treatment.
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FIG E6. Effect of coapplication of LCN2 (10 nmol/L) on GRP (300 nmol/L)–induced depolarization of GRPR1

SDH neurons in naiveGrpr-EGFPmice. Representative traces (A) and averaged data (B) are shown (GRP, n5
7; GRP plus LCN2, n 5 6). *P < .05.

J ALLERGY CLIN IMMUNOL

JANUARY 2020

191.e9 KOGA ET AL



FIG E7. Effect of LCN2 (10 nmol/L) application on A-type K1 current (IA) current, which ismainlymediated by

Kv4 channels, of GRPR1 SDH neurons in naive Grpr-EGFP mice. Representative traces (A) and averaged

data (B) are shown (n 5 7).
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