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Neurobiology of Disease

Allergic Inflammation Leads to Neuropathic Pain via Glial
Cell Activation
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Allergic and atopic disorders have increased over the past few decades and have been associated with neuropsychiatric conditions, such
as autism spectrum disorder and asthmatic amyotrophy. Myelitis presenting with neuropathic pain can occur in patients with atopic
disorder; however, the relationship between allergic inflammation and neuropathic pain, and the underlying mechanism, remains to be
established. We studied whether allergic inflammation affects the spinal nociceptive system. We found that mice with asthma, atopic
dermatitis, or atopic diathesis had widespread and significantly more activated microglia and astroglia in the spinal cord than those
without atopy, and displayed tactile allodynia. Microarray analysis of isolated microglia revealed a dysregulated phenotype showing
upregulation of M1 macrophage markers and downregulation of M2 markers in atopic mice. Among the cell surface protein genes,
endothelin receptor type B (EDNRB) was most upregulated. Immunohistochemical analysis revealed that EDNRB expression was en-
hanced in microglia and astroglia, whereas endothelin-1, an EDNRB ligand, was increased in serum, lungs, and epidermis of atopic mice.
No EDNRA expression was found in the spinal cord. Expression of FB] murine osteosarcoma viral oncogene homolog B was significantly
higher in the dorsal horn neurons of asthma mice than nonatopic mice. The EDNRB antagonist BQ788 abolished glial and neural
activation and allodynia. We found increased serum endothelin-1 in atopic patients with myelitis and neuropathic pain, and activation of
spinal microglia and astroglia with EDNRB upregulation in an autopsied case. These results suggest that allergic inflammation induces
diffuse glial activation, influencing the nociceptive system via the EDNRB pathway.
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The prevalence of allergic disorders has markedly increased over the past few decades. Allergic disorders are associated with
neuropsychiatric conditions; however, the relationship between allergic inflammation and CNS complications is unknown. A
peculiar myelitis presenting with persistent neuropathic pain has been reported in patients with allergic disorders. We studied
how atopy exerts substantial influence on the nociceptive system. We found that mice with allergic disorders had severe allodynia
with activated astroglia and microglia, and showed marked upregulation of endothelin-1 (ET-1) receptor type B (EDNRB) in the
spinal cord. A selective EDNRB antagonist prevented allodynia and glial activation. Our findings suggest a novel mechanism
whereby atopy induces glial activation and neuropathic pain via an ET-1/EDNRB pathway. j

ignificance Statement

Introduction
The worldwide prevalence of allergic and atopic disorders has
markedly increased over the past few decades (Pawankar et al.,
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2012). Allergic disorders are associated with neuropsychiatric
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Table 1. Description of antibodies used in the present study

Yamasaki et al. ® Atopy-Related Glial Activation and Allodynia

Name Animal, clone Manufacturer Concentration
ET-1 Rabbit, polyclonal Abcam 2.0 pg/ml
EDNRA Rabbit, polyclonal Abcam 1:1000 dilution
EDNRB Rabbit, polyclonal Gene Tex 2.0 pg/ml
ECP Rabbit, polyclonal Aviscera Bioscience 2.5 wg/ml
FOSB Rabbit, monoclonal Cell Signaling Technology 1:50 dilution
GFAP for human sample Mouse, monoclonal Dako Cytomation 1:100 dilution
GFAP for human sample Rabbit, polyclonal Dako Cytomation 1:1000 dilution
GFAP for mouse Mouse, monoclonal Chemicon International 1.0 g/ml
GFAP for mouse Rabbit, polyclonal Novus Biologicals 2.5 pg/ml
ICAM-1 Rat, monoclonal Abcam 1.0 wg/ml
IRF8 Goat, polyclonal Santa Cruz Biotechnology 0.4 pg/ml
Ibal Rabbit, polyclonal Wako Pure Chemicals Industries 1.0 wg/ml
Mouse serum albumin Rabbit, polyclonal Abcam 0.5 ug/ml
Myelin basic protein (MBP) Rabbit, polyclonal Immuno-Biological Laboratory 1:1000 dilution
Neurofilament H (NF-H) Phosphorylated (clone SMI — 31) Mouse, monoclonal BioLegend 1.0 ug/ml
Neurofilament H (NF-H) Nonphosphorylated (clone SMI — 32) Mouse, monoclonal Covance 1.0 g/ml
Neuronal nuclei (NeuN) Mouse, monoclonal Chemicon International 1:1000 dilution
$1008 Rabbit, monoclonal Abcam 2.0 pg/ml
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Figure 1. Protocols for producing atopy models and allergic inflammation in lung and skin tissues of atopy model mice. 4, Induction protocol of bronchial asthma in mice. Top line indicates a
schematic figure for the 0+ A-treated group. Second and third lines indicate the Alum group and PBS group, respectively. B, Histochemical analysis of lung tissues in 0+A and PBS groups. In the
0 A group, robust infiltration of inflammatory cells in the bronchi is evident (first row). Among the infiltrated inflammatory cells, there are abundant eosinophil cationic protein (ECP)-positive
eosinophils (red) (second row). Periodic acid-Schiff (PAS) staining also demonstrates mucus overproduction and goblet cell hyperplasia in the 0+ A group (third row). Scale bar, 50 em. €, Schematic
figure for atopic dermatitis induction. Top row, PBS control. Bottom row, Atopic dermatitis model. D, Skin histology of PBS-swabbed and 0VA-swabbed mice. 0VA-swabbed mouse skin shows
thickening of the epidermis and dermis (first row) and numerous ECP-positive (red) eosinophils infiltrating into the dermis (second row). Scale bars: H&E, 100 pum; ECP, 50 pm.

1994; M.H. Chen et al., 2014). However, it is unknown how al-
lergic inflammation causes neuropsychiatric dysfunction. We
and others have reported the emergence of a peculiar form of
myelitis presenting with persistent neuropathic pain, specifically
allodynia, as a cardinal symptom in patients with atopic disor-
ders, such as atopic dermatitis, allergic rhinitis, and atopic
asthma, in Japan and Korea (Kira et al., 1997, 1998, 2008; Murai
et al., 2004; Ochi et al., 2004; Yoon et al., 2009; Ainiding et al.,
2012; Kanamori et al., 2013). These patients with myelitis and
atopy showed specific increases in C-C motif chemokine 11 and
interleukin-9 in the CSF (Tanaka et al., 2008). Nationwide sur-
veys have repeatedly revealed widespread occurrence of this form

of myelitis in Japan (Osoegawa et al., 2003a; Isobe et al., 2009),
and similar cases were also reported worldwide, including West-
ern countries (Zoli et al., 2005; Constantinescu et al., 2006; Gre-
goire etal., 2006; Isaacs et al., 2011). Neuropathological studies of
biopsied spinal cord lesions from patients with atopy and chronic
persistent myelitis revealed active inflammation with loss of my-
elin and axons, accompanied with varying degrees of eosinophil
infiltration (Kikuchi et al., 2001; Osoegawa et al., 2003b). Thus,
the term “atopic myelitis” was introduced, together with the di-
agnostic criteria (Isobe et al., 2012). Atopic myelitis develops in a
fraction of atopy sufferers possessing susceptibility genes, such as
HLA-DRBI1*02:01 (Sato et al., 2012). However, the relationship
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Microglial activation in bronchial asthma model mice. A~C, Immunohistochemistry of the lumbar spinal cord for microglia (green) stained with anti-ionized Ca®™ binding adapter

molecule 1 (IbaT) antibody followed by FluoroMyelin staining (red) from PBS- (), Alum- (B), and 0+ A-pretreated mice (C). Scale bar, 100 m. Scale bar: inset, 20 em. D, Microglial cell density.
E, Microglial cell circularity. *p << 0.05 (Tukey's post test after one-way ANOVA). **p << 00.01 (Tukey's post test after one-way ANOVA). ***p << 0.001 (Tukey's post test after one-way ANOVA).

between allergic inflammation and allodynia, and the under-
lying mechanism for allodynia in this condition, remain to be
elucidated.

The aim of this study was to determine how atopy exerts sub-
stantial influence on the nociceptive system. We first studied the
influence of atopy on spinal cord microglia and astroglia in atopy
model mice because both types of glia play critical roles in induc-
tion and maintenance of persistent neuropathic pain in periph-
eral nerve injury (PNI) animal models (Tsuda et al., 2003; G.
Chen et al., 2014). We found that atopy model mice had severe
allodynia with glial inflammation in the spinal cords. Develop-
ment of allodynia was successfully prevented by administration
of a selective endothelin-1 (ET-1) receptor Type B (EDNRB)
antagonist with attenuation of glial activation. We then extended
our study to humans and detected elevation of serum ET-1 levels
and activation of spinal microglia and astroglia with upregulation
of EDNRB in patients with atopy and myelitis of unknown cause,
predominantly presenting with neuropathic pain. These results
suggest a previously unrecognized mechanism whereby atopy in-
duces glial activation and neuropathic pain via an ET-1/EDNRB
pathway, which might be a potential therapeutic target for atopy-
related neuropathic pain.

Materials and Methods

Mice. Six-week-old C57BL/6 male mice were obtained from KBT
Oriental and used for all experimental procedures. Ccr2™"* Cx3cr18%/+
mice were generated by crossbreeding B6.129(Cg)-Ccr2tm2.11fc/] mice

(https://www.jax.org/strain/017586; The Jackson Laboratory) with
B6.129P-Cx3crltml Litt/] mice (https://www.jax.org/strain/005582; The
Jackson Laboratory). Each strain was backcrossed for five generations
with a C57BL/6 background.

Animal models of atopic diathesis, asthma, and atopic dermatitis. For the
induction of atopic diathesis, we used three different models of atopy:
atopic diathesis alone without atopic lesions, bronchial asthma, and
atopic dermatitis. Both bronchial asthma and atopic dermatitis were
reported to be the most frequent comorbidities of atopic myelitis (Osoe-
gawa et al., 2003a; Isobe et al., 2009). To induce atopic diathesis, 6-week-
old C57BL/6 male mice were intraperitoneally injected with ovalbumin
(OVA) (50 pg) and aluminum hydroxide hydrate (Alum) (2 mg) dis-
solved in 200 ug of PBS on days 0, 7, and 14 (O+A group) (Nials and
Uddin, 2008). The PBS-injected group (PBS group) and Alum-injected
group (Alum group) were controls. Thereafter, bronchial asthma was
induced by direct nasal aspiration of OVA solution (2.5 mg/ml) for 4
consecutive days (days 15-18) (see Fig. 1A). On day 21, these mice were
subjected to further examinations. To investigate whether peripheral
immune cells infiltrated the tissue, bronchial asthma was induced in
Cer2™P* Cx3cr1 8%+ mice using the same procedure described above.
To produce atopic dermatitis (Spergel et al., 1998), 6-week-old female
C57BL/6 mice were anesthetized by sevoflurane, and the back skin at the
thoracic spinal cord levels (between both scapulae) was shaved and tape-
stripped six times with transparent tape to give a mild skin-scratch injury.
A gauze patch (1 cm X 1 cm) soaked with either 100 ug OVA or 100 ul of
PBS was placed on the back and covered by a transparent dressing. A
covering was placed 1 week later and kept in place for 2 weeks, and
covered again using the same procedure. After repeating once more (6
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Figure 3.  Microglia activation in distinct sites of the spinal cord from mice with bronchial asthma or atopic dermatitis on the
back skin at the thoracic spinal cord levels (between both scapulae). A, ¢, Inmunohistochemistry of the cervical and lumbar spinal
cord for microglia (green) stained with anti-lba1 antibody followed by FluoroMyelin staining (red) in mice with asthma (A) or
atopic dermatitis (€). Scale bars, 100 um. B, D, Comparison of microglial density was made between the cervical and lumbar cord
levels in asthma model mice (B) and atopic dermatitis model mice (D). E, Immunohistochemistry of the lumbar spinal cord for
microglia (green) stained with anti-Iba1 antibody followed by FluoroMyelin staining (red) from PBS-treated, Alum-treated, and
0+ A-treated mice without induction of bronchial asthma. Scale bar, 100 wm. F, Quantification of microglial cell density in
PBS-treated, Alum-treated, and 0+ A-treated mice without induction of bronchial asthma. There is a significant increase in
microglia density in the 0+ A group compared with the PBS-treated and Alum-treated groups. G, H, Microglia density according
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weeks later), the mice were treated again for
7 d and killed for further experiments (see
Fig. 1C).

Preventive therapy. To prevent the emer-
gence of glial activation and allodynia in bron-
chial asthma model mice, 18 mice were divided
into three groups: PBS-pretreated group (n =
6), OVA and Alum (O+A)-pretreated group
(n = 6), and preventive therapy group (n = 6).
In the preventive therapy group, mice were
first subjected to daily intraperitoneal injection
of BQ-788 (1 mg/kg/d) (Lo et al., 2005) 7 d
before the start of induction of atopic diathesis
and asthma (intraperitoneal O+A injection
followed by OVA inhalation) until day 19 (to-
tal 27 d) (see Fig. 12A). On day 19, the presence
of allodynia was assessed by von Frey filaments,
and mice were killed afterward and used for
further experiments.

von Frey testing. Tactile allodynia was assessed
using calibrated von Frey filaments (0.04—0.4 g;
Aesthesio, DanMic Global) (Chaplan et al.,
1994). Mice were placed in a black plastic cage
with a wire mesh bottom, which allowed access to
the paws. Behavioral acclimatization was allowed
for 1 h until cage exploration and grooming ac-
tivities ceased. The area tested was the mid-
plantar hindpaw. The von Frey filament was
presented perpendicular to the plantar surface
with sufficient force to cause slight buckling
against the paw, and held for 4—6 s. Stimuli were
presented at intervals of over 10 s. Each filament
was presented 10 times, and the number of posi-
tive responses multiplied by 10 was recorded as
the percent response (Chaplan et al., 1994).

Histological — and  immunohistochemical
analyses. Mice were deeply anesthetized with
sevoflurane and perfused transcardially with
PBS followed by ice-cold 4% PFA with satu-
rated picric acid. The lungs, skin, and spinal
cords were removed and processed for paraftin
or frozen sectioning. Lung and skin paraffin
sections (3 wm) were stained with H&E and
periodic acid-Schiff. To prepare frozen sec-
tions, the lungs, skin, and spinal cord samples
were placed in 15% sucrose in PBS solution
and then 30% sucrose for 24 h at 4°C. To assess
the effect of sensory input from the trachea, C1
level portions of spinal cords were collected
and sectioned. Likewise, Th4 and L5 levels were
used to analyze sensory inputs from the upper
back and hindpaw. Transverse spinal cord sec-
tions (20 wm) or lung or skin sections (10 wm)
were cut on a Leica CM 1850 cryostat and in-
cubated for 2 h at room temperature in a block-

<«

to the location of the spinal cord in PBS-pretreated and 0+ A-
pretreated asthma model mice (G) and atopic dermatitis
model mice (H). The increase in microglia is more prominentin
the posterior (p) region than in the anterior (a) region in mice
with asthma (0+A group). The same trends, as seen in
asthma model mice (G), are also observed in atopic dermatitis
model mice (H), which do not reach statistical significance be-
cause of the small sample size. *p < 0.05 (Tukey’s post test
after one-way ANOVA). **p << 0.01 (Tukey's post test after
one-way ANOVA). ***p < 0.001 (Tukey's post test after one-
way ANOVA).
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antibody. Tissues were observed with an LSM
510 Meta confocal microscope (Carl Zeiss).

Cell counting. The modified optical dissector
method was used as described previously (Ya-
masaki et al., 2007). Briefly, six 20-um-thick
slices for each region were randomly selected;
and after samples for immunohistochemical
studies were prepared, the digital images were
collected. Each cell type labeled by a specific
antibody was then automatically counted by
FIJI software (National Institutes of Health,
Bethesda, MD). For the differential cell density
measurement, transverse sections of the spinal
cord were divided into the anterior and poste-
rior regions by a horizontal line through the
central canal. Counted cell numbers were di-
vided by the area to calculate cell density, and
mean values for each mouse were calculated.

Image morphometric analysis. Image] software
was used to measure area (S) and perimeter (L) of
each microglial cell. Circularities of microglia
were calculated as follows: circularity = 4wS/L2.
The cells with a circularity close to 1 were re-
garded to have a morphology close to round cells,
which indicates an activated state.

Sorting of microglial cells and RNA array assay.
Spinal cords were removed from mice with and
without atopic diathesis, and homogenized by
Dounce homogenizer. Mononuclear cells were
isolated with a 30%/70% Percoll (GE Healthcare)
gradient, as previously described (Cardona et al.,
2006). Collected mononuclear cells were stained
with anti-F4/80-phycoerythrin (BMS; iCyt) and
CD45-PerCP (30-F11, Sony Biotechnology).
Cells were sorted on a Sony SH-800 by gating on
F4/80 *CD454™ as microglia. Sorted cells were
harvested directly in RNAlater Stabilization Solu-
tion (AM7020, Thermo Fisher) and subjected to
RNA array assay.

Total RNA isolation. Total RNA was isolated
from sorted microglial cells using TRIzol Re-
agent (Thermo Fisher) and purified using SV
Total RNA Isolation System (Promega) ac-
cording to the manufacturer’s instructions.
RNA samples were quantified by an ND-1000
spectrophotometer (NanoDrop Technolo-
gies), and the quality was confirmed with an
Experion System (Bio-Rad Laboratories).

Gene expression microarrays. Total RNA (5
ng) was used for amplification with Ovation
RNA Amplification System V2 (NuGEN Tech-
nologies). One microgram of purified, ampli-
fied cDNA was used as input into the Genomic
DNA Enzymatic Labeling Kit (Agilent Tech-
nologies). The amplification and labeling
reactions were performed according to the
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Figure 5.

ing solution (10% normal goat serum), and then incubated for 48 h at
4°C with primary antibodies. The primary antibodies used are listed in
Table 1. Tissues were incubated with secondary antibodies conjugated to
AlexaFluor-488 or -594 (1:1000, Thermo Fisher) and mounted with Pro-
long gold with DAPI (Thermo Fisher). FluoroMyelin Red (Thermo
Fisher) was applied for 20 min at room temperature after the secondary

Astroglial activation in bronchial asthma model mice. A, Immunostaining of the lumbar spinal cord with anti-GFAP
antibody and anti-S1003 antibody from PBS, Alum, and 0+ A-pretreated mice. B, Astroglial cell density. **p << 0.01 (Tukey’s post
test after one-way ANOVA). ***p << 0.001 (Tukey's post test after one-way ANOVA). Scale bar, 100 pum.

manufacturer’s instructions. Labeled cDNAs
were hybridized to a 60K Agilent 60-mer
oligomicroarray (SurePrint G3 Mouse Gene
Expression Microarray 8 X 60K, Agilent Tech-
nologies), according to the manufacturer’s in-
structions. All hybridized microarray slides
were scanned by an Agilent scanner; relative
hybridization intensities and background hy-
bridization values were calculated using Agilent Feature Extraction Soft-
ware (9.5.1.1, Agilent Technologies).

Data analysis and filter criteria. Raw signal intensities and flags for each
probe were calculated from hybridization intensities (gProcessedSignal),
and spot information, according to the procedures recommended by Agilent
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Figure 6.

Astroglial activation in distinct sites of the spinal cord from mice with bronchial asthma or atopic dermatitis on the back skin at the thoracic spinal cord levels (between both scapulae).

A, ¢, Immunohistochemistry of the cervical and lumbar spinal cord for astroglia stained with anti-S1003 antibody in mice with asthma (A) or atopic dermatitis (C). Scale bars, 100 wm. B, €,
Comparison of astroglial density was made between the cervical and lumbar spinal cord levels in asthma model mice (B) and atopic dermatitis model mice (D). E, F, Astroglial density according to
the location of the spinal cord in PBS-pretreated and 0+ A-pretreated asthma model mice () and atopic dermatitis model mice (F). Unlike microglia, astroglia density is similar between the anterior
and posterior regions in both models. a, Anterior region; p, posterior region; PBS, control mice; 0+ A, bronchial asthma mice. *p << 0.05 (Tukey’s post test after one-way ANOVA). **p << 0.01

(Tukey's post test after one-way ANOVA). ***p << 0.001 (Tukey's post test after one-way ANOVA).
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albumin leaks out of the vessels into the spinal cord parenchyma (white arrowheads).

Technologies (Flag criteria on GeneSpring Software): Absent (A): “Feature is
not positive and significant” and “Feature is not above background”; Mar-
ginal (M): “Feature is not uniform,” “Feature is saturated,” and “Feature is a
population outlier”; Present (P): others. The raw signal intensities of two
samples were log2-transformed and normalized by quantile algorithm with
Preprocess Core library package on Bioconductor software. We selected
probes that call P flag in both samples. To identify upregulated or downregu-
lated genes, we calculated Z scores and ratios (non—log scaled fold-change)
from the normalized signal intensities of each probe for comparison between
the control and experiment samples. The Z score was calculated from log2
fold-change (logFC) of the probes indicated the distance from average of the
logFC (if Z score = 2, then the logFC of the current probe had 2X SD from
the average.) We then established criteria for regulated genes: (upregulated
genes) Z score =2.0 and ratio =1.5-fold (downregulated genes) Z score
=—2.0 and ratio =0.66.

Immunoblotting. Mice were anesthetized by sevoflurane and perfused
transcardially with PBS. The spinal cords were immediately collected into 1.5
ml tubes, snap-frozen in liquid nitrogen, and stored at —80°C until used. The
soluble fraction prepared from the spinal cord homogenates by differential
centrifugation were electrophoresed using SDS-polyacrylamide gels. Pro-
teins on the gels were transferred electrophoretically at 100 V for 1 h onto
nitrocellulose membranes and then incubated at 4°C overnight with a pri-
mary antibody against EDNRB and mouse albumin. After washing, the
membranes were incubated with 0.5% HRP-labeled donkey anti-rabbit IgG.
Subsequently, the membrane-bound antibodies were detected by an en-
hanced chemiluminescence detection kit: the ECL Western Blotting
System (GE Healthcare) or Supersignal West Dura Extended Dura-
tion Substrate (Thermo Fisher) with an image analyzer (ChemiDoc
XRS System, Bio-Rad). The protein bands were scanned and then
analyzed by densitometry.

Immunohistochemistry for BBB integrity. A, Lumbar spinal cord sections from a bronchial asthma model mouse
stained with anti-intercellular adhesion molecule-1 (ICAM-1) antibody. Scale bar, 100 pem. B, Lumbar spinal cord sections from a
bronchial asthma model mouse double-stained with anti-mouse albumin and anti-GFAP antibodies. Scale bar, 50 wm. In an
0+ A-pretreated mouse with asthma, endothelial cells in the spinal cord become ICAM-1-positive (white arrowheads), and
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Patient samples and data collection. Autop-
sied spinal cord specimens of an atopy patient
with idiopathic myelitis and neuropathic pain
who met the established criteria for atopic my-
elitis with high specificity and sensitivity (both
>90%) (Isobe et al., 2012) were obtained from
the Department of Neuropathology, Institute
for Medical Science of Aging, Aichi Medical
University (Aichi, Japan). A 22-year-old
woman developed weakness of her right leg,
followed by dysesthesia (tactile allodynia) and
neuropathic pain on both upper limbs. She had
atopic dermatitis since she was 1-month-old
and showed high titer IgE and upper cervical
cord lesions on MRI. She developed quadriple-
gia despite intensive immunotherapy and died
of septic shock 1 year and 2 months after the
onset of myelitis. We obtained clinical data and
sera from 20 patients with atopy and myelitis of
unknown cause (atopic myelitis) according to
the established criteria (Isobe et al., 2012) and
10 healthy controls. Written informed consent
was obtained. There were no significant differ-
ences in age and sex. Subjects with atopic dis-
orders were as follows: 20 of 20 (100%) in
atopic myelitis and 0 of 10 (0%) in healthy con-
trols. Fifteen patients (75%) with atopic myeli-
tis were taking antiallergic drugs.

Tissue preparations and immunohistochemistry
for human spinal cord samples. Cervical cord sam-
ples were fixed in 10% formalin and processed
into paraffin sections (5 wm thick). The primary
antibodies for immunohistochemistry are listed
in Table 1. All sections were deparaffinized in
xylene and rehydrated through an ethanol
gradient. Endogenous peroxidase activity
was blocked with 0.3% H,O,/methanol. The
sections were then incubated overnight with
primary antibodies at 4°C. After rinsing, the
sections were treated with a streptavidin-
biotin complex. Immunoreactivity was detected using DAB, and sec-
tions were counterstained with hematoxylin (Masaki et al., 2013). For
double immunofluorescent staining, the designated primary antibod-
ies were simultaneously added into the incubation buffer and incu-
bated overnight at 4°C. After rinsing, sections were incubated with
AlexaFluor-488 or AlexaFluor-594 (Invitrogen) and then counter-
stained with DAPI. Images were captured using a confocal laser mi-
croscope system (Nikon A1, Nikon).

ELISA. ELISA kit (QuantiGlo; R&D Systems) for detecting ET-1
was used for the measurement of ET-1 concentrations in human and
mouse serum according to the manufacturer’s protocol. Mouse IgE
ELISA kit (Shibayagi) was also used for detection and quantification
of mouse serum IgE level. Optical density for each well was measured
at 450 nm by a luminometer (microplate reader MTP-800AFC, Ya-
mato) set at the following parameters: 1.0 min lag time; 0.5 s/well
reading time; summation mode; auto gain on, or equivalent.

Statistics. All data are presented as mean = SEM. The statistical
significance of the difference between values was determined by
one-way ANOVA with Tukey’s post hoc analysis, two-way factorial
ANOVA with Bonferroni’s post hoc test, and the Mann-Whitney U
test. A value of p < 0.05 was considered to be statistically
significant.

Study approvals. Animal experiments were performed according to
the protocols approved by the Institutional Animal Care and Use
Committee at Kyushu University (#A27—023). The research protocol
for the retrospective study and the data privacy procedures for con-
sented human samples were approved by the Kyushu University eth-
ics committee (#27-55).
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Figure 8.

Tactile allodynia with activation of dorsal horn neuron in atopy model mice. Tactile allodynia as determined by von Frey filament test. A, Tactile allodynia in bronchial asthma model

mice. Reaction rates of PBS-, Alum-, and 0+ A-pretreated mice with different stimulation strength of von Frey filaments. Bars filled with different patterns represent different pretreatments before
inhalation of OVA. n = 5 for each group. B, Tactile allodynia is also evident in atopic diathesis mice without inhalation of OVA (0+A group). n = 4 for each group. €, Dorsal horn sensory neurons

were activated with increased number of FOSB-positive cells only in th

e bronchial asthma model. D, Quantitative analysis of FOSB-positive cells in the dorsal horns of bronchial asthma model mice.

*¥p <00.07 (Tukey's post test after one-way ANOVA). ***p << 0.001 (Tukey's post test after one-way ANOVA).

Results

Glial inflammation occurs in the spinal cord of atopy model mice
C57BL/6 mice received intraperitoneal injection of OVA and
Alum on days 0, 7, and 14 of the experiment, for induction of
atopic diathesis, followed by direct nasal aspiration of OVA solu-
tion (O+A group) (Nials and Uddin, 2008). These mice showed

robust infiltration of inflammatory cells, including numerous eo-
sinophil cationic protein-positive eosinophils in the peribron-
chial and perivascular areas, and mucus overproduction and
goblet cell hyperplasia. The PBS group and the Alum group mice
did not have eosinophil infiltration, despite OVA inhalation (Fig.
1A,B). In mice with atopic dermatitis induced by direct OVA



Yamasaki et al. @ Atopy-Related Gl

A
Cytokines

Color Key
e

" Distance from Median

PBS O+A

B

M1 Up

Color Key

Cd24a
Chmp1b
Incenp
Pik3c3
Pdxp
1r1
Panx1
Ptgs2
FIt3l
Lcp2
Nfatc2ip
Bcl6
Cxcr4
Ptafr
Mapkapk3
Akap6
Vegfa
Zc3h15
Jtb
Tmf1
Rqcd1
Cxcl2
Numbl
Scamp5
Bad
l2rg
Tnfsf10
Ptger4
Rhoc
1133

24 0 12
Distance from Median

PBS O+A

Figure9.

Len2
116
Ascl1
AA467197
Cd200
Cxcl3
Cxcl9
112b
l1a
Ppap2a
Ppap2a
Slc7a2
Ptges
Traf1
Serpinb2
Ptgs2
Cxcl9
Cd38
l11b
Ptgs

ial Activation and Allodynia

J. Neurosci., November 23, 2016 + 36(47):11929-11945 « 11937

Complements Alarmin ROS MHC Tumor
Color Key Color Key Color Key Color Key Color Key
— L — | — — -
B\slams tv:om Meawvw % D\siance Il:om MEC‘IGH ¢ : :‘sgme 'vém \.‘eém ! : D s.:aw:e 'o" Mec'wa" : ’ Dlsiance "‘zom Mec\an :
PBS O+A PBS O+A PBS O+A PBS O+A PBS O+A
Cfd S100a3 Torla H2-Q10 Commd7
Fcna S100a16 Etfdh Tubb5 Cd24a
Cirb Anxab Gpx8 Atp5a1 Tradd
Cilra Defb25 Naprt1 H2-DMb2 Hsf1
Mbl2 Defa3 Ercc2 Trafé Endog
Hc Hsp90ab1 Rgs14 Pml Tnfaip1
C3ar1 Defb11 Hmox2 Bag6 Thbs1
Cr2 Defa-rs12 Hnfla Ap3b1 Adam9
Cril 1133 PIk3 H2-BI Npnt
C1ga Anxab6 Prkca M2-M2 Gpd1
Cdo3 Tmsb10 Neil1 Gm11127 Tnfrsf26
C1qc S100a11 Prdx6 H2-K1 Cd36
Cfh Hspala Ppp1r15b Atp5b Nfkbil1
C6 Hspadl Ndufaé Icam1 Tssc4
C8a Hspb11 Park7 H2-T23 Tsg101
Cfp Defa-rs7 Apod Fogr1 Fat1
C1qgbp IMa Atrn H2-Q2 Hspb1
Cirl S100b Als2 Fcerlg Insr
C1gb S100a1 Ptgs1 Mr1 Trim27
Rgce Hspb6 Lias H2-Ab1 Tnfrsf13b
C9 Hspbp1 Tznrd1 Ap3d1 Mavs
Cfb Anxa9 TIr4 Hfe Ltb
Masp1 Anxa3 Srxn1 Thbs1 Clec7a
Cc2 Anxa4 Sod2 H2-M3 Ghrl
Krt1 Ncl Chma4 Tird4 Chuk
Cd59a Hspa9 Ptgs2 H2-Ob Tnfsf10
C3 Panx1 Cygb Ctsh Inpp5k
Cbar1 Hspad Sirt1 Ciita Hipk1
Daf2 Anxa10 Gab1 Tap1 Rbs6kb1
Mbl1 Hspb1 Camk2g Nfx1 C1qtnf5
M1 Down M2 Up M2 Down M1/M2 Up M1/M2 Down
Color Key Color Key Color Key Color Key Color Key
! D\éiancelrtomMed‘\an : ! Diéiance!fomMeéian ! Diéiancetri:mh\ed‘\an : D\slancevcornMeman D‘\slance!rcomMema‘n
PBS O+A PBS O+A PBS O+A PBS O+A PBS O+A
St6gal1 Itgb3
Egr2 Flt1 ll\:llszza4c Rasgrp1 Trp53inp1
Cbr2 Arg2 pr
Birc5 Mcf2l Fegrt Cd40 Sh2d3c
Birc5 Chi3l4 Cmpk2
Cbr2 Aqp9 Fpr2 NfxI1
Ccnb2 Mgl2 Ifit2 AA467197
Cd5l Socs2 Fegrt
Crip1 Mcf2l MSsate Ppap2a
Emp1 Pdcd1ig2 Ms4a6b 4632428
Pparg Ear11 Gm14446 NO5Rik
S100a4 Ca17 ligp1 Rasgrp1 4632428
’\S/IICQ189 AA467197 Ifit3 NO5Rik
rc Ccl22
S100a4 Ch25h Rsad2
Ube2c Chi3I3 Irf7 Sic7a11 Nr1d2
Ube2c Flt1 Totp2
oot Fitt Msdadc Serpinb2 Slef3a3
Atp6v0d2 Itgb3 Cxal10 Slc40af
Slc13a3 Socs2 Sic40a1 F10
Atp6v0d2 Socs2 Ctla2b Rcan1
2810417H13R Socs2 Cmpk2
2810417H13R Slc7a2 CXCFI)1 0 Fpap2a Nr1d2
Clec10a Retnla
Fam198b Pdcd1lg2 Emr4 I14i1 NfxI1
Rrm2 Mcf2l Ifit1 ;
St6gal1 Tmem26 ligp1 F10 Trp53inp1
Trem2 Mcf2l

Alterations in gene expression patterns of microglia in atopy model mice. RNA assay results of microglia isolated from spinal cords of mice with and without atopic diathesis. 4, Cluster

analysis of gene expression array that are classified into six common pathways: cytokines, complement, alarmin, reactive oxygen species, major histocompatibility complex antigens, and
tumor-related gene. B, Cluster analysis of gene expression array according to the macrophage-activation phenotype-related genes. M1 and M2 correspond to the classical (proinflammatory) and
alternative (immunoregulatory) phenotypes, respectively. Color key on each column represents Z score for each gene.



11938 - J. Neurosci., November 23, 2016 - 36(47):11929 11945

Table 2. Five of the most upregulated genes encoding receptors in microglia

Compared  Compared ratio

Zscore (control vs atopic
Gene symbol  Description (>2.00) diathesis model mice)
Ednrb Ednrb, transcript variant 1 238 78.13
Acvr1b Activin A receptor, Type 1B 241 28.14
Fegrd Fcreceptor, gG, low-affinity IV (Fcgrd) — 2.64 244
Ifngr1 Interferon gamma receptor 1 (Ifngr1) ~ 2.52 234
Ifngr2 Interferon gamma receptor 2 (Ifngr2) ~ 2.32 2.19

application on tape-stripped skin (Spergel et al., 1998), marked
infiltration of eosinophil cationic protein-positive eosinophils
with hypertrophied epidermis was observed, but not in mice in-
jected with PBS instead of OVA (Fig. 1C,D).

Mice with asthma, atopic dermatitis, and atopic diathesis
alone showed greater activation of spinal microglia than mice
without atopy. In the lumbar spinal cord of mice with bronchial
asthma (O+A group), the number of microglia was increased
(PBS vs O+A, p = 0.0005; Alum vs O+A, p = 0.0026) and
ramification was reduced (PBS vs O+A, p = 0.0102; Alum vs
O+A, p = 0.0242) compared with those in the PBS and Alum
groups (Fig. 2). No difference was found between the PBS and
Alum groups. Such microglial activation was more evident in the
cervical cord than the lumbar cord in mice with asthma, whereas
in mice with atopic dermatitis it was more evident in the thoracic
cord than in the lumbar cord (Fig. 3A-D), suggesting that micro-
glial activation was more pronounced at the spinal cord levels
where allergic airway and skin tissues are innervated (Atoji et al.,
2005). However, similar glial activation was also observed in the
spinal cord of mice with atopic diathesis alone without overt
allergic manifestations (Fig. 3 E, F). On the axial plane, microglial
activation was seen preferentially in the posterior horns and col-
umns (Fig. 3G,H ). Using Ccr2 ™" Cx3cr1 87" mice (Yamasaki
et al., 2014), we confirmed the lack of infiltration of peripheral
blood-borne macrophages into the spinal cord of mice with
asthma (Fig. 4).

Astroglia were also activated and increased in number in the
O+A group compared with the PBS and Alum groups, as deter-
mined by GFAP and S1008 immunostaining (PBS vs O+A, p =
0.0008; Alum vs O+A, p = 0.0055) (Fig. 5). This was observed
throughout the spinal cord, regardless of the sites of allergic inflam-
mation (Fig. 6A-D), including both anterior and posterior regions
(Fig. 6 E,F). Additionally, endothelial cells were activated with in-
creased expression of intercellular adhesion molecule-1 with extrav-
asation of serum albumin, suggesting impairment of the blood—
brain barrier (BBB) (Fig. 7).

Atopy model mice show severe tactile allodynia

We then tested tactile allodynia by applying calibrated von Frey
filaments on the mid-plantar hindpaw (Chaplan etal., 1994). The
O+A group showed significantly higher reaction rates than did
the PBS and Alum groups (two-way ANOVA; p = 0.0134) (Fig.
8A). A Bonferroni post hoc test also revealed significantly higher
reaction rates in the O+A group by each stimulation strength
than the PBS and Alum groups (p < 0.001), suggesting develop-
ment of tactile allodynia in mice with asthma. Tactile allodynia
was also seen to a lesser extent in mice with atopic diathesis alone
without OVA aspiration, as shown by a significantly heightened
response when stimulated with 0.04, 0.07, and 0.40 g filaments
(p < 0.01) (Fig. 8B). In the dorsal horn of bronchial asthma
model mice, expression of FB] murine osteosarcoma viral onco-
gene homolog B (FOSB), a neuronal activation marker for sen-
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sory neurons (Cruz et al., 2013), was significantly increased
compared with the other controls (Fig. 8C,D).

Microglia in atopy mice exhibit dysregulated gene

expression profiles

To determine the genes associated with glial activation, we per-
formed an RNA array assay of microglial cells isolated from the
spinal cord of mice with and without atopic diathesis. Among the
39,430 genes screened, 807 genes were dysregulated. These gene
array assay results were uploaded to the gene expression omnibus
repository (accession number is GSE68202) in the National Cen-
ter for Biotechnology Information homepage (http://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE68202). The RNA array
assay of microglia revealed activations of several pathways, in-
cluding ubiquitin-mediated proteolysis (p = 0.00076), cell cycle
(p = 0.015), ErbB signaling pathway (p = 0.015), and endocyto-
sis (p = 0.018). There were apparent differences between the
expression levels of each subset of genes in microglia from mice
with and without atopic diathesis (Fig. 94). Among them, cyto-
kine and tumor-related genes showed the most significant
dysregulation. These data indicated proinflammatory and prolif-
erating characteristics of microglia in atopic diathesis. Next, we
analyzed genes that are known to be dysregulated in classically
activated macrophages (M1 phenotype) and alternatively acti-
vated macrophages (M2 phenotype) (Jablonski et al., 2015).
Among M1-related genes, CD38, which was recently discovered
as a novel marker for M1 macrophages, was significantly upregu-
lated in atopic diathesis model mice (Z score = 2.86, fold in-
crease: 186.8). Reciprocally, FMS-like tyrosine kinase 1 (Flt1),
which is known to be increased in M2-related macrophage, was
significantly downregulated (Z score = —2.368, fold increase:
0.015) (Fig. 9B). These results clearly indicate a tendency for
microglia to deviate to a proinflammatory (M1 like) phenotype
in atopic diathesis model mice.

Endothelin-1 and its receptor are upregulated in atopy

model mice

We next focused on gene clusters that encode cell surface recep-
tors and found that Ednrb gene expressions were strikingly up-
regulated (Z score = 2.38, fold increase: 78.13) (Table 2).
Immunohistochemical analysis showed EDNRB expression was
enhanced in microglia, and more prominently in astroglia of
mice with asthma, compared with mice without asthma (Fig.
10A, B). Western blot analysis using whole spinal cords also dem-
onstrated elevated levels of EDNRB in asthma model mice (Fig.
10C,D). Immunohistochemical staining of ET-1 in the lung tis-
sues revealed marked upregulation of ET-1 in alveolar epithelial
cells and infiltrated inflammatory cells in mice with asthma, but
not in those without asthma (Fig. 10E). ET-1 expression was also
enhanced in atopic dermatitis skin tissues (Fig. 10F). Corre-
spondingly, in mice with asthma, serum levels of ET-1, an
EDNRB ligand, were significantly elevated in comparison with
mice without asthma (p = 0.0238) (Fig. 10G), despite the very
short half-life of ET-1 (7 min) (Rubin and Levin, 1994). By con-
trast, another main receptor for ET-1, endothelin receptor type A
(EDNRA), was not detected in the spinal cord of bronchial
asthma model mice, including microglia and astroglia (Fig.
10H,I). Spinal cord neurons did not express either EDNRA or
EDNRB (Fig. 10]). Although interferon regulatory factor-8
(IRF8) (Masuda et al., 2012) and satellite cells (Xu et al.,2013) are
thought to be involved in PNI-related allodynia, we did not ob-
serve positive staining of IRF8 in microglia (Fig. 11A), or satellite
cell activation in DRG (Fig. 11B), of mice with asthma. Although
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Figure 10.  Upregulation of ET-1 and EDNRB in atopy model mice. A, Double immunostaining with anti-lba1 and anti-EDNRB antibodies of the lumbar spinal cord specimens from
PBS-pretreated and 0+ A-pretreated mice. B, Double immunostaining with anti-GFAP and anti-EDNRB antibodies of the lumbar spinal cord specimens from PBS-pretreated and
0+ A-pretreated mice. A, Arrowheads indicate coexpression of EDNRB and Iba1 on microglia. B, Arrowheads indicate coexpression of EDNRB and GFAP. EDNRB expression is more
prominent in astroglia than in microglia in the 0+ A group. Scale bars, 100 um. €, Immunoblotting of EDNRB using the spinal cord from PBS-pretreated and 0+ A-pretreated mice. D,
Relative density of EDNRB immunoblots using the spinal cord from PBS-pretreated and 0+ A-pretreated mice. E, Immunostaining of ET-1 in the lung from PBS-pretreated and
0+ A-pretreated bronchial asthma model mice. ET-1immunostaining (brown) is markedly upregulated in the 0+ A group. Scale bar, 50 um. F, Immunostaining of ET-1n the skin from
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Scale bar, 50 wm. G, Serum ET-1level is increased in the 0+ A group compared with the PBS group. H, Double immunostaining with anti-lba1 and anti-EDNRA antibodies of the lumbar
spinal cord specimens from PBS-pretreated and 0+ A-pretreated mice. I, Double immunostaining with anti-GFAP and anti-EDNRB antibodies of the lumbar spinal cord specimens from
PBS-pretreated and 0+ A-pretreated mice. J, Double immunostaining with anti-neuronal nuclei (NeuN) and anti-EDNRA or anti-EDNRB antibodies of the lumbar spinal cord specimens
from 0+ A-pretreated mice. Scale bars: H-J, 100 um. *p << 0.05 (Tukey’s post test after one-way ANOVA).
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the microglia phenotype deviated to M1, A
there was neither demyelination nor ax-
onal degeneration (Fig. 11C,D).

Atopy-related glial activation and
allodynia are prevented by an

EDNRB antagonist

We then studied the effects of a selective
EDNRB antagonist, BQ-788 (Lo et al,
2005), on glial activation and allodynia in
mice with atopy (Fig. 12A). BQ-788 did B
not alter mucus overproduction and gob-
let cell hyperplasia and eosinophil infiltra-
tion in the lung (Fig. 12B). Surprisingly,
BQ-788 not only abolished activation of
microglia, astroglia, and dorsal horn sen-
sory neurons but also efficiently resolved
allodynia in mice with asthma, whereas
serum IgE levels remained unaltered, and
activation of endothelial cells with in-
creased expression of intercellular adhe- Cc
sion molecule-1 and extravasation of
serum albumin were unchanged (Figs.
12C-H, 13). These results suggest that de-
velopment of allodynia in atopy model
mice is mainly attributable to the ET-1/
EDNRB pathway leading to activation of
spinal astroglia and microglia.

IRF + Iba1

GFAP

MBP

Atopic patients with myelitis

predominantly presenting neuropathic

pain show activation of the D
ET-1/EDNRB pathway

A fraction of atopy sufferers possessing
susceptibility genes, such as HLA-
DRB1%02:01 (Sato et al., 2012), are re-
ported to develop myelitis presenting with
persistent neuropathic pain. Therefore,
we conducted neuropathological exami-
nation of spinal cord specimens from an
autopsied case of atopic myelitis. We
found diffuse activation of microglia and
astroglia in the posterior horns of the spi-
nal cord (Fig. 14A), which was accompa-
nied by loss of both myelin and axons, as
previously reported in the biopsied spinal
cord tissues (Kikuchi et al., 2001; Osoe-
gawa et al., 2003b). In this case, only a few
CD8 " T cells and CD68 © macrophages,
but not CD4™" T cells, infiltrated in the
spinal cord parenchyma (Fig. 14B), probably reflecting the pa-
tient’s longstanding corticosteroid therapy. EDNRB expression
was markedly upregulated mainly on the astroglial surface (Fig.
14C,D), which is compatible with the findings in our atopy model
mice.

Finally, we measured serum ET-1 levels in atopic patients with
myelitis presenting neuropathic pain (Isobe et al., 2012) and
healthy controls without atopy (Table 3). Compared with healthy
controls without atopy and neuropathic pain, serum ET-1 levels
were significantly elevated in atopic patients with myelitis and
neuropathic pain, although atopic patients with myelitis and
neuropathic pain had taken antiallergy drugs more frequently,
which could reduce serum ET-1 levels (Fig. 14E; Table 3) (Ziet-

SMI31/32

Figure 11.

Control

Immunohistochemistry of the lumbar spinal cord from atopy model mice and of the DRG from distinct neuropathic
pain model mice. A, Immunohistochemistry for IRF8 of the lumbar spinal cord from PBS-pretreated, Alum-pretreated, and 0+ A-
pretreated mice. In the 0+ A group, although microglia (red) are increased and activated, IRF8 expression is not enhanced. Red
represents Iba1. Green represents IRF8. B, Inmunostaining for GFAP of the DRG at the lumbar level (L5). In the PNI model, satellite
glial cells are activated and positive for GFAP (red arrowheads), whereas activation of satellite glia is not evident in 0+ A-
pretreated mice with asthma. Scale bars: 4, B, 50 m. €, Immunohistochemistry for myelin basic protein (MBP). D, Inmunochem-
istry of SMI31/32. There is neither obvious demyelination nor axonal degeneration. Scale bars: C, D, 100 em.
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kowski et al., 2010). These observations suggest a similar mecha-

nism involving the ET-1/EDNRB pathway that, in part, acts in
atopic patients with myelitis presenting neuropathic pain.

Discussion

This study shows that atopic disorders, such as atopic derma-
titis and asthma, and even atopic diathesis alone, can induce
widespread activation of spinal astroglia and microglia. Acti-
vation of spinal microglia was seen predominantly in the
posterior horns and columns, and these activated microglia
exhibited a dysregulated proinflammatory phenotype. Al-
though endothelial cells were activated and the BBB was com-
promised in mice with asthma, microglial activation, but not
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Figure 12.  Prevention of glial activation and allodynia in mice with asthma. 4, Schematic drawing of the preventive therapy protocols to treat glial activation and allodynia in bronchial asthma
model mice. Before induction of atopic diathesis, BQ788 (1 w.g/kg/d) was injected intraperitoneally from day 7 until day 19 when mice were killed. B, Periodic acid-Schiff staining of the lung shows
mucus overproduction and goblet cell hyperplasia in 0+ A-pretreated mice with or without the preventive treatments, indicating successful induction of bronchial asthma. Scale bar, 20 wm. C,
Tactile allodynia as determined by von Frey filament test in PBS-pretreated, 0+ A-pretreated, and 0+ A and BQ788 (0+A-+BQ)-pretreated mice. There is marked (Figure legend continues.)
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invasion of peripheral blood macro- A
phages, was also supported by the re-
sults from the Ccr2™*Cx3crl ™"
mice. Intriguingly, glial activation in
atopy was accompanied with the emer-
gence of tactile allodynia. Because we
initially found no differences in either
glial activation or allodynia between the
PBS and Alum groups, some of our ex-
periments used the PBS group but not
the Alum group as controls. Although
careful interpretation is needed for such
data, microglial and astroglial activation B
coinciding with development of allo-
dynia was strikingly consistent in
asthma model mice, even compared
with the Alum groups. However, neither
IRF8 (Tsuda et al., 2003) nor DRG sat-
ellite glia (M.H. Chen et al., 2014)
appeared contributory, suggesting a dis-
tinct cascade from PNI-related allo-
dynia to be operative in atopy-related
allodynia.

Recently, it was reported that focal ac-
tivation of astroglia without microglial ac-
tivation in the posterior horns innervating
the localized atopic dermatitis skin ampli-
fied a chronic itch sensation in mice
(Shiratori-Hayashi et al., 2015). This dif-
fers from our systemic atopy model dem-
onstrating both microglial and astroglial
activation, although both findings collec-
tively support a possible link between atopy and spinal glial acti-
vation. Given that even in our model microglial activation was
more pronounced at the spinal cord levels where allergic airway
and skin tissues are innervated, sensory neuronal inputs may also
partly contribute to microglial activation. The observation that
astrocyte activation had no relation with the sites of allergic in-
flammation suggests a smaller contribution of local allergy-
related factors to this phenomenon. Importantly, atopic diathesis
alone could induce not only glial activation but also allodynia,
probably through certain systemic factors. Thus, it is suggested
that atopy could persistently exert widespread stimulating effects
on not only spinal astroglia but also microglia, leading to activa-
tion of the nociceptive system.

In our allergic inflammation model, the ET-1/EDNRB path-
way seems to be critical for both glial activation and allodynia.
ET-1 is produced by a variety of cells, such as endothelial cells,
vascular smooth muscle cells, leukocytes, mast cells, macro-
phages, and even neurons (Smith et al., 2014). Both EDNRA and
EDNRB are involved in neuropathic and inflammatory pain, al-
though the interaction between the endothelin system and the
nociceptive system is highly complex (Smith et al, 2014).

PBS

ICAM1

PBS

GFAP + Albumin

Figure 13.

treatment.

<«

(Figure legend continued.) — amelioration of allodynia by BQ788 treatment in mice with
asthma. D, Serum IgE levels in PBS-pretreated, 0+ A-pretreated, 0+ A+ BQ-pretreated mice.
E, Immunostaining with anti-Iba1 antibody, anti-S1003 antibody, and anti-FOSB antibody of
the lumbar spinal cord specimens from PBS-pretreated, 0+ A-pretreated, and 0+A+BQ-
pretreated mice. Scale bar, 100 wm. F, Microglial cell density. G, Astroglial cell density. H,
FOSB-positive neuron density. *p << 0.05 (Tukey's post test after one-way ANOVA). **p << 0.01
(Tukey's post test after one-way ANOVA). ***p < 0.001 (Tukey's post test after one-way
ANOVA).
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O+A BQ788

O+A BQ788

Immunohistochemistry for endothelial cell activation and albumin leakage in the lumbar spinal cord from atopy
model mice treated by a selective EDNRB inhibitor. A, Lumbar spinal cord sections from a bronchial asthma model mouse treated
with a selective EDNRB antagonist, BQ788, stained with anti-ICAM-1antibody. Scale bar, 100 pem. B, Lumbar spinal cord sections
from a bronchial asthma model mouse treated with BQ788 double-stained with anti-mouse albumin and anti-GFAP antibodies.
Scale bar, 20 wm. In an 0+ A-pretreated mouse with asthma, endothelial cells in the spinal cord still remain ICAM-1-positive
(white arrowheads), and albumin leaks out of the vessels into the spinal cord parenchyma (white arrowheads) despite BQ788

EDNRA is expressed on the peripheral nerve endings of the no-
ciceptors, nerve axons, and the nociceptor cell bodies (Pomonis
etal.,2001). EDNRB is found on endothelial cells, macrophages,
keratinocytes, and smooth muscle cells (Smith et al., 2014). Pe-
ripherally administered ET-1 increases nociceptive behavior in
humans and rodents via EDNRA receptors on sensory neurons,
whereas administration of ET-1 directly into the CNS is often
antinociceptive, where ET-1 activates a descending inhibitory
pathway to the spinal cord, possibly through the release of endog-
enous opioids (Smith et al., 2014). In a chronic arthritis model, a
selective EDNRB blocker was reported to enhance nociception
(Piovezan et al., 2004), whereas in a model of trigeminal neural-
gia induced by trigeminal injury, mechanical allodynia was re-
duced by EDNRB blockade (Chichorro etal., 2006). In our study,
mechanical hyperalgesia was abrogated by selective blockade of
EDNRB, which also abolished glial and neuronal activation. As
neuronal expression of either EDNRA or EDNRB was hardly
detectable in our atopy mice, it is less likely that the EDNRB
antagonist primarily acted on neurons. Instead, these findings
suggest the importance of microglia and astroglia in the emer-
gence of allergic inflammation-related neuropathic pain.

As accumulating evidence suggests that ET-1 attenuates BBB
integrity (Matsuo et al., 2001; Didier et al., 2003; Leung et al.,
2009), ET-1 produced by inflamed allergic tissues may increase
BBB permeability and activate EDNRB-harboring microglia and
astroglia through compromised BBB in atopic inflammatory
conditions. In our study, selective EDNRB blockade by BQ788
could not block either endothelial cell activation or albumin leak-
age, which can be explained by the fact that ET-1-induced endo-
thelial activation and BBB damage are mediated by EDNRA, not
EDNRB (Matsuo et al., 2001). It is also possible that peripheral
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Figure 14.  Glial activation and increased serum ET-1 levels in atopic myelitis. A-D, Glial activation in autopsied spinal cord specimens from an atopic patient with myelitis and neuropathic pain

who fulfilled the established diagnostic criteria for atopic myelitis with high specificity and sensitivity (both >>90%) (Isobe et al., 2012). 4, Inmunohistochemical analysis for glial inflammation in
the cervical spinal cord from the autopsied atopic patient with myelitis and neuropathic pain. Control samples were from a patient who died of septic shock without any neurological signs and atopy.
There is a robust increase in astroglia and microglia in the cervical spinal cord from the atopic patient with myelitis and neuropathic pain. Scale bars, 200 wm. Scale bars: inset, 50 wm. B,
Immunostaining of (D8 and (D68 in the spinal cord tissues. A few (D8 * T cells and (D68 ™ macrophages have infiltrated into the spinal cord parenchyma. Scale bars, 100 m. €, Immunostaining
of EDNRB in the spinal cord tissues. EDNRB is expressed in the spinal cord astroglia in the control tissue, whereas it is markedly upregulated in astroglia in the tissue from the atopic patient with
myelitis and neuropathic pain. Scale bars, 20 wm. D, Double immunofluorescent staining of the cervical spinal cord samples from the atopic patient with myelitis and neuropathic pain. Almost all
of the EDNRB-positive cells merge with GFAP-positive astroglia, although some GFAP-negative cells (white asterisks) are also evident. Scale bars: top row, 50 em; bottom row, 10 m. E, Serum ET-1
levels in human samples, including healthy controls without atopic disorders and patients with atopic myelitis. Significant increases in serum ET-1 levels are observed in atopic myelitis patients

compared with healthy controls without atopic disorders (p = 0.0052). **p << 0.01 (Mann—Whitney U test). HC, Healthy controls; AM, atopic myelitis.

Table 3. Demographic features of the subjects”

HC AM
n 10 20
Age, yr, mean (range) 38.9 (24-68) 41.2(20-67)
Sex ratio (male: female)® 8:2 416
Atopic diathesis, n (%) 0 (0%) 20 (100.0%)
Antiallergic drug (including PSL) n (%) 0 (0%) 15 (75.0%)
Serum ET-1, pg/ml, mean = SD 1.19 £0.35 1.95 £ 0.73

“HC, Healthy control; AM, atopic myelitis.

®Although the sexratio was different between the two groups, differences of ET-1levels by sexwere not found in our
and others’ studies (Tsybikov et al. 2015).

blood proinflammatory cytokines released from atopic inflam-
matory tissues may contribute in part to damage of BBB integrity
(Chesnéetal., 2014; Waisman et al., 2015). Thus, it is conceivable
that BQ788 directly inhibits glial cell activation entering through
the dampened BBB in our atopy model mice.

We showed that ET-1 is produced in lung and skin tissues in
atopic mice, which is consistent with augmented ET-1 expression

in the epidermis of atopic dermatitis patients (Aktar et al., 2015)
and the bronchial epithelium of asthma patients (Pégorier et al.,
2007). We also found that serum ET-1 was significantly elevated
in human patients who fulfilled the established diagnostic criteria
for atopic myelitis, yet most of them were receiving antiallergy
drugs that can potentially decrease ET-1 levels (Zietkowski et al.,
2010). This is in accordance with a recent report that peripheral
blood ET-1 was increased in patients with atopic dermatitis on
exacerbation (Tsybikov et al., 2015) because atopic myelitis de-
velops and recurs on or immediately after exacerbation of atopic
diseases (Kira et al., 1997, 1998; Osoegawa et al., 2003a; Murai et
al., 2004; Isobe et al., 2009). Given that ET-1 has a half-life of 7
min (Rubin and Levin, 1994), a significant increase of ET-1 in
patients with atopic myelitis may suggest persistent production
of ET-1 during exacerbation of atopic myelitis. Interestingly, the
first autopsy case with atopic myelitis demonstrated activation of
both microglia and astroglia with marked EDNRB upregulation
in the spinal cord, especially in the posterior horns, which is in
accordance with the pathological findings in our atopy model
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mice. This suggests that a similar mechanism inducing glial acti-
vation and neuropathic pain via the ET-1/EDNRB pathway could
be, at least in part, operative in humans.

ET-1 is a potent pruritogen in humans and reported to be
increased in the skin of patients with prurigo nodularis (Kido-
Nakahara etal., 2014). Furthermore, patients with atopic derma-
titis demonstrate lower electrical current perception threshold
than healthy individuals (Kobayashi et al., 2003). It is possible
that ET-1 plays an important role in augmenting not only pruri-
tus but also pain sensation, contributing to increased sensitivity
against sensory stimuli in atopic patients. Plasma exchange can
efficaciously relieve neurologic symptoms, including neuro-
pathic pain and exacerbation of atopic diseases, such as atopic
dermatitis and atopic asthma in patients with atopic myelitis (Os-
oegawa et al., 2003a; Murai et al., 2004; Isobe et al., 2009). This
supports the notion that humoral factor(s), including ET-1, may
worsen atopic myelitis together with atopic disorders.

The biopsied spinal cord samples from patients with atopic
myelitis were shown to have active inflammation with infiltration
of peripheral immune cells, including T cells, B cells, macro-
phages, and varying degrees of eosinophils (Kikuchi et al., 2001;
Osoegawa et al., 2003b). CD4* T cells infiltrate perivascularly,
whereas CD8 * T cells invade into the parenchyma in atopic my-
elitis (Kikuchi et al., 2001; Osoegawa et al., 2003b). By contrast,
we did not observe any infiltration of peripheral immune cells
into the spinal cords in our atopy model mice, yet glial activation
was commonly seen in both the atopy model mice and human
atopic myelitis patients. One of the suggested reasons might be
the difference in disease duration; the average age at onset for
atopic myelitis is in the 30s, decades behind the onset of atopic
diseases in the body (Osoegawa et al., 2003a; Isobe et al., 2009).
Thus, long and repeated exposure of ET-1, together with a per-
sistently dampened BBB, may induce inflammatory cell inf-
iltration in human patients. Alternatively, autoantibodies or au-
toimmune cells targeting the CNS tissues may be required to
produce peripheral immune cell infiltration because plasma ex-
changes are effective for atopic myelitis (Murai et al., 2004) and
experimental autoimmune encephalomyelitis is worsened by
ET-1 (Guo et al,, 2014). A search for autoimmunity in patients
with atopic myelitis is now underway. Further neuropathological
studies using more samples from similar patients with atopy and
myelitis are required. Elucidation of the downstream cascade
from ET-1/EDNRB-mediated glial activation toward exagger-
ated nociceptor activation in our atopy model is also needed in
future studies.

In conclusion, our study reveals a novel mechanism whereby
allergic inflammation causes overactivation of the nociceptive sys-
tem through widespread microglial and astroglial activation in the
spinal cord. The observation that common allergic inflammation
could induce widespread activation of microglia and astroglia may
provide some clues to the mechanisms of neuropsychiatric comor-
bidity with atopy, as well as neuropathic pain of ill-defined cause, in
which activated microglia and astroglia are hypothesized to play crit-
ical roles (Tsuda et al., 2003; Laurence and Fatemi, 2005; Morgan et
al., 2010). Our findings suggest that the ET-1/EDNRB pat-
hway might be a novel therapeutic target in atopy-related CNS
manifestations.
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