development of neuropathic pain after spinal nerve injury
remains to be established. e
CCL21 as potential drug target to prevent neuropathic
pain

Whether or not blocking of CCL21 would be of therapeutic
relevance to stop already ongoing neuropathic pain is un-
known. Since CCL21 expression peaked very early after nerve
injury and diminished thereafter and since the stop of CCL21-
blocking antibody treatment did not lead to increased pain
states for > 10 subsequent days, our data might not argue for
a role of CCL21 in the maintenance of neuropathic pain. The
data presented in this study strongly indicate that inhibition
of CCL21 expression in DRG neurons or attenuation of its
function in the dorsal horn would prevent the development of
neuropathic pain, which would be a welcomed therapeutic
intervention for patients with acute nerve injury. Anatomical
considerations might support the possibility that similar
processes are also occurring in humans. In rodents it is
known that microglia activity and subsequent development
of neuropathic pain depends on an intact dorsal root, indicat-
ing the transport of activating molecules (Colburn et al, 1999;
Obata et al, 2006a, b). In humans cutting of dorsal roots (e.g.
to treat spasticity or for tumour removal) does not lead to
neuropathic pain, in contrast to lesions distal from the DRG
(Campbell and Meyer, 2006), which might suggest a transport
of microglia-activating molecules through the dorsal root also
in humans. Whether or not CCL21 is also expressed in human
DRG neurons in response to nerve injury, however, remains
to be established.

Taken together, we provide evidence that neuronal CCL21
in mice is a rapid signal that up-regulates P2X4 receptor
expression in spinal cord microglia, identifying CCL21 as
the neuronal signal that is required and sufficient for the
induction of tactile allodynia after spinal nerve injury.

Materials and methods

Animals

plt (Mori et al, 2001; Nakano and Gunn, 2001) and wild-type
C57BL/6 mice (Clea Japan) were used. Animals were housed
in groups of two to three per cage at a temperature of 22+1°C
with a 12-h light-dark cycle (light on from 08:30 to 20:30 hours),
and fed food and water ad libitum. All animal experiments were
conducted according to relevant national and international guide-
lines ‘Act on Welfare and Management of Animals’ (Ministry of
Environment of Japan) and ‘Regulation of Laboratory Animals’
(Kyushu University), and under the protocols approved by the
Institutional Animal Care and Use committee review panels at
Kyushu University.

Spinal nerve injury

We used the spinal nerve injury model (Kim and Chung, 1992) with
some modifications (Tozaki-Saitoh et al, 2008; Tsuda et al, 2009b)
in 9- to 12-week-old mice. Under isoflurane (2%) anaesthesia, a
small left-side incision at ~1.4-S2 was made. Paraspinal muscle and
fat were removed from the L6 traverse process, and the part of this
traverse process was removed to expose the parallel-lying L4 and L5
spinal nerves. The L5 nerve was isolated and cut. The wound was
sutured with 3-0 silk. The surrounding skin was pulled together and
sutured with 3-0 silk.

Behavioural studies

To assess the tactile allodynia, mice were placed individually in an
opaque plastic cylinder, which was placed on a wire mesh and
habituated for 1 h to allow acclimatization to the new environment.
After that, calibrated von Frey filaments (0.02-2.0 g, Stoelting) were
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applied to the plantar surface of the hindpaw from below the mesh
floor, and the 50% PWT was determined using the up-down
method (Chaplan et al, 1994). The PWT was measured before and
after the injury of the LS spinal nerve (an animal model of
neuropathic pain) or intrathecal administration of recombinant
CCL21 (0.06 pg/mouse, R&D Systems). Intrathecal administration to
mice was performed according to a procedure described previously
(Tsuda et al, 2008a) using a 25-ul Hamilton syringe with 30-gauge
needle. A neutralizing antibody for CCL21 (0.3 pg/mouse, Pepro-
tech) was administered intrathecally twice a day from day 0 (15 min
before nerve injury) to day 3. Nerve injury-induced thermal
hyperalgesia was assessed using hot-plate test. Mice were placed
on a metal surface maintained at either 49 °C within a 25-cm-high
Plexiglas box (25cm?). The latency to either lick or shake the
hindpaw was measured as a nocifensive end point. Noxious heat-
evoked hindpaw withdrawal responses were detected by the
application of radiant heat (Ugo Basile, Italy) to the tail and the
plantar surface of hindpaw, respectively (Tsuda et al, 2007). The
intensity of the heat stimulus was adjusted to 30 or 50V, and the
latency of the paw withdrawal response (seconds) was measured
(Tsuda et al, 2007). The sensitivity to noxious mechanical stimulus
was assessed by measuring the frequency of withdrawal responses
to application of a von Frey filament (2.0g) 10 times. Motor
coordination was assessed using the rotarod performance test
(Tsuda et al, 2007).

Immunohistochemistry

According to a procedure described previously (Nakajima et al,
1992), anaesthetized mice were perfused transcardially with PBS,
followed by 4% paraformaldehyde. The fifth lumbar (L5) segments
of the DRG, dorsal root and spinal cord were removed, post-fixed in
the same fixative for 3 h at 4 °C, and placed in 30% sucrose solution
for 24h at 4°C. Sections (30pm) were cut and processed for
immunohistochemistry with antibodies for CCL21 (1:500, Pepro-
tech), TRPV1 (1:1000, Santa Cruz), isolectin B4 (1:200, Sigma),
CGRP (1:20000, Peninsula Laboratories), NF200 (1:400, Sigma),
0X-42 (1:1000, Serotec), Ibal (1:2000, Wako), Lyn (1:200, Wako),
phosphorylated-histone H3 (Serl0) (p-HisH3, 1:1000, Upstate/
Millipore), CD3 (1:100, eBioscience) and P2X4 (1:1000, kindly
provided by Dr Francois Rassendren) (Ulmann et al, 2008).
Following incubation, the sections were incubated with secondary
antibodies conjugated to Alexa Fluor™ 488 or 546 (1:1000,
Molecular Probes). The sections were analysed using an LSM510
Imaging System (Zeiss). For the cell size-frequency analyses, the
cross-sectional areas of total and CCL21-positive DRG neurons with
clearly visible nuclei were measured.

Microglial culture

Primary cultured microglia were prepared in accordance with a
method described previously (Nakajima et al, 1992). In brief, a
mixed glial culture was prepared from neonatal Wistar rats, C57BL/
6 and plt mice and maintained for 10-16 days in DMEM with 10%
fetal bovine serum. Immediately before experiments, microglia
were collected by a gentle shake as the floating cells over the mixed
glial culture. The microglia were transferred to coverslips for
subsequent experiments. The cultures were of >99% purity,
determining by immunostaining for 0X-42 and Ibal.

Western blotting

Whole-cell lysates of cultured microglial cells were prepared
in accordance with the methods described previously (Tsuda
et al, 2008b). Aliquots (4pg) were subjected to a 10% poly-
acrylamide gel electrophoresis (Bio-Rad), and proteins were
transferred electrophoretically to nitrocellulose membranes. After
blocking, the membranes were incubated with anti-P2X,R rabbit
polyclonal antibody (1:1000, Alomone) or anti-B-actin (1:2000,
Sigma) then incubated with HRP-conjugated secondary antibody
(1:1000). The blots were detected using ECL western blotting
detection system (GE Healthcare) and an LAS-3000 imaging
system (Fujifilm). Bands were quantified using the software NIH
Image J 1.36.

Real-time PCR

Real-time amplification, using an iCycler (Bio-Rad) ‘and iQ
SYBR Green supermix (Bio-Rad), was performed on 4ng cDNA
derived from microglia culture or spinal cord tissue. RNA
preparation and cDNA synthesis was performed as described
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recently (Dijkstra et al, 2006). The primers used for real-time PCR
were designed using Primer Designer (Scientific and Educational
Software, Version 3.0) and have been published earlier (Dijkstra
et al, 2006). PCR amplification with CCR7 and CXCR3 primers was
run in parallel with primers for the housekeeping gene hydro-
xymethylbilane synthase and quantified as described recently
(Dijkstra et al, 2006). Primers used for P2X4 were (F): 5-TGG
CGGACTATGTGATTCCA-3, primer (B): 5-GGTTCACGGTGACGATC
ATG-3'. Lymph node tissue served as positive control and reference
for CCR7 and CXCR3 expression.

Statistics

Statistical analyses of the results were made with Student’s t-test,
Mann-Whitney U-test or two-way repeated measures ANOVA (post
hoc test using Tukey).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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The L5 spinal nerve ligation (SNL) is a widely used animal neuropathic pain model. There are conflicting
reports regarding the extent of injury to the L4 dorsal root ganglion (DRG) neurons in this model. If a sig-
nificant number of these neurons were injured, the previously reported phenotypic and electrophysiolog-
ical changes at this level are in need of re-evaluation by separating the injured neurons and the frankly
spared ones. So, we immunostained activating transcription factor 3 (ATF3) and examined the change in
expression of transcripts for neuropeptide Y (NPY), brain-derived neurotrophic factor (BDNF) and several
voltage-gated sodium channel a-subunits (Nav1.1, Nav1.3, Nav1.6, Nav1.7, Nav1.8, and Nav1.9) in the L4
DRG by comparing signal intensities of individual neurons using in situ hybridization histochemistry.
ATF3-immunoreactivity was similarly observed in 4-6% of neuronal nuclei of the SNL and sham-operated
ipsilateral L4 DRGs. Comparison between ATF3+ and ATF3— neurons in the SNL L4 DRG revealed that (1)
whereas NPY induction occurred in ATF3+ cells, BDNF increased mainly in ATF3— neurons; (2) although
ATF3+ neurons had higher Nav1.3 signals than ATF3— neurons, these signals were much lower than those
of the L5 DRG neurons; and (3) ATF3+/N52— neurons selectively lost Nav1.8 and Nav1.9 mRNAs. Compar-
ison of the total neuronal populations among naive, SNL, and sham-operated rats revealed no significant
differences for all examined Nav mRNAs. Because neuropathic pain behaviors were developed by rats
with SNL but not the sham-operation, the small number of injured L4 neurons likely do not contribute
to the pathomechanisms of neuropathic pain.

© 2011 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.

1. Introduction

TRPA1, and brain-derived neurotrophic factor (BDNF) increase in
the L4 DRG neurons following L5 SNL [13,16,17,19,20,22,34]. In-

Widely used animal neuropathic pain models include partial
nerve injury of the sciatic nerve components [15]. Among them,
the L5 spinal nerve ligation (SNL) model is unique in that the di-
rectly injured L5 dorsal root ganglion {DRG) neurons and the poten-
tially spared L4 DRG neurons are anatomically separated [23]. There
is compelling evidence indicating that the L4 primary afferents
change the expression of some pain-related molecules and that
these changes have important roles in pathomechanisms for abnor-
mal pain behavior in this model. For example, mRNAs for preprot-
achykinin (PPT), calcitonin-gene related peptide (CGRP), TRPV1,
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Hyogo College of Medicine, 1-1 Mukogawa-cho, Nishinomiya, Hyogo 663-8501,
Japan. Tel.: +81 798 45 6416; fax: +81 798 45 6417.

E-mail address: tfukuoka@®hyo-med.ac.jp (T. Fukuoka).

deed, early studies have demonstrated that several axonal injury-
induced phenotypic changes occur in the L5 but not in the L4
DRG in this model, including the up-regulation of neuropeptide Y
(NPY), galanin, vasoactive intestinal peptide, c-jun, and activating
transcription factor 3 (ATF3) [8,16,34,35,44]. More recent reports,
however, have found that 11-40% of L4 DRG neurons contain
ATF3-positive (+) nuclei, suggesting that some L4 DRG neurons
are injured [10,40]. Because PPT, CGRP, and BDNF mRNAs increase
also in the directly injured neurons [6,29,30,32], these two reports
cast doubt whether these molecules are up-regulated by the frankly
spared L4 DRG neurons.

This is also the case for the spontaneous discharge of the injured
primary afferents. Such abnormal activity is thought to be respon-
sible for triggering and maintaining neuropathic pain behavior by
increasing the excitability of spinal dorsal horn neurons [9].
Although multiple ion channels are involved in neuronal electro-

0304-3959/$36.00 © 2011 International Association for the Study of Pain. Published by Elsevier B.V. Al rights reserved.
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physiologic activity, voltage-gated sodium channels (VGSCs) are
the main contributors of the generation and propagation of action
potentials. Each VGSC comprises a primary functional component,
an a-subunit (Nav), and one or more auxiliary -subunit(s). Among
the nine cloned Navs (Nav1.1-Nav1.9) [18], Nav1.3 is considered to
mediate spontaneous discharges because this subtype is normally
expressed at low levels by DRG neurons and is dramatically up-
regulated after nerve injury [4,7,45]. However, spontaneous dis-
charges are also recorded from the L4 dorsal root in this model
[4,27,31]. Therefore, if the L4 DRG contains injured neurons, it is
necessary to distinguish injured from spared neurons and to com-
pare the phenotypic changes in Navs.

Another issue is the up-regulation of Nav1.8 in the L4 DRG after
L5 SNL. Although reverse transcription-polymerase chain reaction
(RT-PCR) studies indicate up-regulation of some Nav mRNAs,
including Nav1.8, in the L4 DRG [3,4], immunohistochemical stud-
ies have failed to detect an increase in the percentage of Nav1.8-
immunoreactive neurons [8,25]. This may be because changes in
immunostaining of individual neurons are not always quantifiable
using immunohistochemistry. In addition, the expression of Nav
mRNAs is significantly different between A-fiber and C-fiber neu-
rons [12]. This may further complicate the evaluation of pheno-
typic changes in the L4 DRG after L5 SNL.

To address these issues, we have identified ATF3+ (injured) and
ATF3- (spared) nuclei among N52+ (A-fiber) and N52— (C-fiber) L4
DRG neurons by double immunostaining, and have objectively
compared the expression levels of NPY, several Navs, and BDNF
mRNAs in the individual neurons using in situ hybridization
histochemistry.

2. Materials and metheods
2.1. Animals and surgical procedures

A total of 34 young adult male Sprague-Dawley rats weighing
220-230 g (Nippon Animal Co, Nishinomiya, Japan) were used.
These rats were housed under controlled temperature and 12-hour
light/dark cycle. Food and water were provided ad libitum. All care
and handling and surgical procedures were approved by the Com-
mittee on Animal Research of Hyogo College of Medicine and were
performed strictly in accordance with the guidelines of the IASP
[48].

All surgical procedures were performed under adequate anes-
thesia with sodium pentobarbital (50-60 mg/kg, i.p.). To minimize
the influence of infection, the hair of the lower back was shaved
and the skin was sterilized with 0.5% chlorhexidine and the body
was covered with clean paper except for the surgical area. Using
sterilized surgical instruments, an approximately 2-cm-long skin
incision was made in the midline at the low back level, and the
muscles were separated from the spinal process and vertebral arch
on the left side at the L6 level. Special care was taken to minimize
muscle separation at the more rostral level than the L5/6 zyga-
pophysial joint. After removal of the L6 transverse spinal process,
the L5 spinal nerve was identified and ligated tightly with a 4-0 silk
suture. In sham-operated rats, the left L5 spinal nerve was isolated,
without ligation. In each group, the ipsilateral L4 spinal nerve re-
mained untouched, and the right side was not subjected to any sur-
gery. The wound was washed with 5 mL of distilled saline, and
muscle and skin were sutured in two distinct layers with 3-0 silk
suture.

2.2. Behavioral tests

The mechanical and thermal sensitivities of the plantar surface
of the bilateral hind paws were tested on all animals before, and 1,

3,7, and 28 days after surgery until sacrifice to verify the successful
neuropathic surgery. In addition, other six sham-operated animals
were also tested for 7 days (Fig. 1). The withdrawal latency to a
radiant heat and mechanical withdrawal threshold were automat-
ically measured using a plantar test (model 7370; Ugo Basile,
Comerio, Italy) and a dynamic plantar aesthesiometer (model
37450; Ugo Basile), respectively. Direct behavioral comparison
was performed between the first 7 days of eight SNL rats (survived
for 7 days and 28 days after surgery, n = 4 each) and six sham-oper-
ated rats. The mean value of three trials with at least 5-minute
intervals was taken. Data are expressed as mean + SEM. Differences
in the values over time were tested using one-way repeated mea-
sures analysis of variance (ANOVA), followed by Bonferroni’s mul-
tiple comparison test.

2.3. Tissue preparation

At days 1, 3, 7, and 28 after SNL or at days 3 and 7 after sham
surgery, rats were deeply anesthetized with sodium pentobarbital
(75 mg/kg, i.p.) and killed by decapitation. Bilateral L4 DRGs were
freshly harvested, frozen in powdered dry ice, cut into 8-pm-thick
serial sections at —20°C, and thaw-mounted onto MAS-coated glass
slides (Matsunami, Osaka, Japan). To compare the phenotypic
change under the same histochemical condition as possible, the
sections, which should be directly compared with each other, were
mounted on the same slide. Thus, the slides for the time course
experiment (Fig. 2) contained the ipsilateral or contralateral L4
sections obtained from 20 rats sacrificed at different periods (naive
and postoperative days 1, 3, 7, and 28; n =4 each). The slides for
other experiments contained naive L4, bilateral L4 from sham
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thermal hypersensitivity in the ipsilateral hind paw. Paw withdrawal threshold (A)
and paw withdrawal latency (B) of the plantar surface were measured by an
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(P). 1,3, and 7 days after sham operation (square, n = 6) or L5 spinal nerve ligation
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comparison test.
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Fig. 2. L5 spinal nerve ligation induces ATF3-immunoreactivity in a limited number of ipsilateral L4 DRG neurons. The ipsilateral L4 DRG sections obtained from naive rats or
animals received L5 SNL at the indicated days before (pod; post-operative day) were mounted on a slide grass and processed for immunohistochemistry for ATF3 under the
same condition. There were no detectable ATF3+ nuclei in the naive L4 DRG (A). Several ATF3+ nuclei (brown) were observed by the first day (B) and remained throughout the
experiment (E; 28 pod). The ipsilateral L5 DRG contained numerous ATF3+ nuclei (F) 7 days after L5 SNL. Scale bar, 100 pm.

phe

T

Fig. 3. ATF3 is induced mainly in myelinated afferent neurons in the ipsilateral L4 DRG 3 days after L5 SNL. Double immunostaining of the ipsilateral L4 DRG sections using a
rabbit polyclonal antibody for ATF3 (black in the nucleus) and a monoclonal antibody (clone N52) for phosphotylated/non-phosphorylated neurofilament of MW 200 kDa
(brown in the cytoplasm) were performed. (A) Three N52+ neuronal profiles containing ATF3+ nuclei are indicated by arrowheads. Note that most neuronal nuclei were not
immunostained. (B) Example of an ATF3+ nucleus in a N52— neuronal profile is indicated by arrowhead. Scale bar, 100 pm.

and SNL rats 3 or 7 days after surgeries (n=4 each). These time
points were selected because (1) neuropathic pain behaviors are
fully developed around days 3 (Fig. 1), so phenotypic changes that
contribute to the pain behaviors should occur by this time point;
and (2) most of the previous histochemical studies are performed
at day 7, making comparisons easier. Either data set is presented
according to other conditions as described in the Results section.
Similarly processed L5 DRG sections were used as positive control
for injury-induced phenotypic changes (Figs. 2F and 4B). Sections
were stored at —80°C until use.

2.4. Immunohistochemistry

The freshly frozen tissue sections were air-dried at room tem-
perature (RT), fixed in 4% formaldehyde (FA) in 0.1 mol/L phos-
phate buffer (PB) for 20 minutes After three 5-minutes washes in
Tris-buffered saline (TBS), the sections were blocked for 30 min-
utes in TBS containing 10% normal goat serum (NGS), and incu-

bated at 4°C for 18 hours with rabbit anti-ATF3 antibody (1:200,
C-19; Santa Cruz Biotechnology, Santa Cruz, CA) in TBS containing
5% NGS. After washing in TBS three times each for 5 minutes, bio-
tinylated goat anti-rabbit IgG antibody (1:200, Vector Laboratories,
Burlingame, CA) was applied for 2 hours. Next, endogenous perox-
idase was quenched with a 15-minute wash in TBS containing 0.1%
H;0; and 30% methanol. The slides were rinsed in TBS, followed by
incubation in avidin-biotin-peroxidase complex (Elite ABC kit;
Vector Laboratories) for 30 minutes at RT. The horseradish peroxi-
dase reaction was developed in TBS containing 0.05% diam-
inobenzidine (Wako, Tokyo, Japan), and 0.01% H,0,. Some
sections were immunostained by N52, a widely used monoclonal
antibody against the 200-kDa neurofilament subunit (Sigma, St.
Louis, MO) [39,42], which stains neuronal cell bodies with myelin-
ated axons, before ATF3 immunohistochemistry. In that case, 0.3%
nickel sulfate was added to the above mentioned final peroxidase
reaction for ATF3, and N52 was applied at 1:20,000 for 30 minutes
at RT as a primary antibody and biotinylated horse anti-mouse IgG
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Fig. 4. ATF3+ large neurons in the ipsilateral L4 DRG begin to express NPY mRNA following L5 SNL. (A-C) Dark-field view of naive L4 (A), ipsilateral L5 (B) and L4 (C) DRG
sections processed for in situ hybridization for NPY mRNA 3 days after L5 SNL. Some neurons were clearly labeled for NPY in the L4 DRG. Scale bar, 100 pm. (D-F) Scatterplot
diagrams showing the signal intensities (S/N ratio in log scale) for NPY mRNA and cell size in naive L4 (D), the ipsilateral L5 (E), and the ipsilateral L4 (F) DRG sections 7 days
after L5 SNL. At least 269 neuronal profiles pooled from four rats were plotted. There were a limited number of neurons strongly labeled for NPY in the SNL L4 DRG as
compared with naive L4. (G) Box-and-whisker plots showing the distribution of NPY S/N ratios of naive L4 DRG and the ipsilateral (ipsi.) and the contralateral (contra.) L4
DRGs obtained from sham-operated and L5 SNL rats (n = 269-370 neurcnal profiles pooled from four rats in each group). The whiskers indicate the maximum and minimum
values, and the box indicates upper quartile, median and lower quartile. Since the positively-labeled profiles were rare in number, there were no significant differences among
the groups (P> .05 by Kruskal-Wallis test). (H and I) Two serial sections of the ipsilateral L4 DRG processed for ATF3-immunoreactivity (H) and in situ hybridization for NPY
mRNA (I). The arrow indicates double-labeled large neurons. The arrowhead indicates ATF3+ small neurons with just detectable accumulation of silver grains. Scale bar,
25 pm. (J) Representative scatterplot showing S/N ratios for NPY mRNA in ATF3+ (red dots) and ATF3— neurons (black dots) in the ipsilateral L4 DRG 7 days after SNL. Only

ATF3+ neurons were positively labeled for NPY.

antibody (1:200, Vector Laboratories) was used as a secondary
antibody. Normal horse serum was used instead of NGS, and the fi-
nal development was carried out without nickel sulfate. These
slides were dehydrated in a graded ethanol series, cleared in xy-
lene, and coverslipped.

2.5. In situ hybridization histochemistry (ISHH)

Partial cDNAs of rat Nav1.1, Nav1.3, Nav1.6, Nav1.7, Nav1.8,
Nav1.9, and BDNF were cloned previously [12,34]. Partial cDNA
of rat NPY (GenBank Accession No. M20373; base 42-430) was
synthesized by RT-PCR from rat DRG-~derived total RNA, cloned
into p-GEM T-easy vector (Promega, Madison, WI) and sequenced
as described previously [12]. These vectors were digested by a
restriction enzyme Spel or Ncol (Takara Bio, Otsu, Japan) in ade-
quate buffer, and alpha 3°S UTP-labeled antisense and sense cRNA

probes were synthesized using T7 or SP6 RNA polymerase (Prome-
ga). These probes were mixed at 10* cpm/pL in hybridization buf-
fer (50% deionized formamide, 0.3 mol/L NaCl, 20 mmol/L Tris~-HCl
[pH 7.5], 5 mmol/L ethylenediaminetetraacetic acid [EDTA; pH
8.0], 10% dextran sulfate, 1x Denhardt’s solution, 0.2% sarcosyl,
250 pg/mL yeast tRNA, 400 pg/mL salmon testis DNA, and
20 mmol/L dithiothreitol [DTT: pH 8.0}), applied at a 200-uL vol-
ume to the section, and then incubated at 55°C overnight in a
humidified box. Following hybridization, these sections received
a 30-minute wash at 60°C in 2x standard saline citrate (SSC: 1x
SSC is 150 mmol/L NaCl and 15 mmol/L sodium citrate, pH 7.0)
containing 5 mmol/L DTT, a 30-minute wash in 50% formamide,
2x SSC containing 5 mmol/L DTT, treated with 1 pg/mL RNase A
(Roche, Mannheim, Germany) in RNase buffer [0.5 mol/L NaCl,
10 mmol/L Tris-HCl, and 1 mmol/L EDTA (pH 7.5)] for 30 minutes
at 37°C, washed in 50% formamide, 2x SSC containing 5 mmol/L
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Fig. 5. No apparent induction of Nav1.3 mRNA in the ipsilateral L4 DRG following L5 SNL. (A~C) Dark-field photomicrographs showing ISHH signals for Nav1.3 mRNA in naive
L4 (A), the ipsilateral L5 (B), and the ipsilateral L4 (C) DRG sections obtained from rats that received L5 SNL 7 days before. The L5 DRG displayed large increases in signals for
Nav1.3 mRNA, while the L4 DRG showed no obvious change as compared with naive L4 DRG. Scale bar, 1060 pm. (D~F) Scatterplot diagrams shewing the signal intensities (S/N
ratio) for Nav1.3 mRNA and cell size in naive L4 (D), the ipsilateral L5 (E) and the ipsilateral L4 (F) DRG sections 7 days after L5 SNL. At least 300 neuronal profiles pooled from
four rats were plotted. Note that there was no up-regulation of Nav1.3 signal in the SNL L4 DRG as compared with naive Ld. (G) Box and whisker plots showing the
distribution of Nav1.3 S/N ratios of naive L4 DRG and the ipsilateral (ipsi.) and the contralateral (contra.) L4 DRGs obtained from sham-operated and L5 SNL rats (n = 278-389
neuronal profiles pooled from four rats in each group). The whiskers indicate the maximum and minimum values, and the box indicates upper quartile, median and lower
quartile. Since so many S/N ratios are near “0” (D and F), the lower whiskers are short. No significant differences were observed among the groups (P> .05 by Kruskal-Wallis
test). (H and I) Bright-field photomicrographs of the serial L4 DRG sections 7 days after SNL processed for ATF3-immunostaining (H) and ISHH for Nav1.3 mRNA (I). Note that
ATF3+ cell (black arrowhead) and ATF3- cells (white arrowheads) are similarly labeled for Nav1.3. (J) Representative scatterplot showing S/N ratios for Navl.3 mRNA in
ATF3+ (red dots) and ATF3— neurons (black dots) in the ipsilateral L4 DRG 7 days after SNL.

cells was determined by manual counting of the number of
ATF3+ nuclei (brown in Figs. 2, 4 and 5, and black in Figs. 3 and

DTT for 30 minutes at 60°C, rinsed in 1x SSC and 0.1x SSC for
10 minutes at RT each, dehydrated through an ascending ethanol

series, and air dried. For autoradiography, these sections were
dipped in NTB emulsion (Eastman Kodak, Rochester, NY) diluted
2:3 with distilled water at 45°C and exposed for overnight (NPY)
or 2-4 weeks (others) at 4°C. Following development in D-19
(Eastman Kodak) and fixation in 24% sodium thiosulfate, the sec-
tions were counterstained with hematoxylin and eosin, dehydrated
in a graded ethanol series, cleared in xylene, and coverslipped.

2.6. Data analysis

Sections were viewed on a microscope (Diaphot 300, Nikon, To-
kyo, Japan) under bright~ or dark-field illumination, captured with
a digital camera (DXM-1200, Nikon) and ACT-1 software, and
saved as TIFF files in a computer. The proportion of ATF3+ DRG

7-9) and ATF3— nuclei (light purple in Figs. 2, 4 and 5, and white
in Figs. 3 and 7-9) of all neuronal profiles in a DRG section from
each side of each rat (n = 4 at each time point). All neuronal profiles
that did not contain visible nuclei were omitted. The percentages
of positively labeled profiles were calculated and expressed
throughout as mean + SEM (n = 4). The changes in the percentages
were analyzed using one-way ANOVA followed by Dunnett’s mul-
tiple comparison test (Table 1).

To compare ISHH signals over individual neuronal profiles in
the total neuronal populations (Figs. 4D-G, 5D-G, 6, and 9D), we
analyzed all neuronal profiles containing visible nuclei in a ran-
domly selected tissue section from each rat (n=4).

For colocalization analysis, we manually identified all neuronal
profiles sectioned into the serial tissue sections (Figs. 4H~], 5H-], 7
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Fig. 6. Changes in expression for Nav mRNAs in the L4 DRG 3 days after L5 SNL. Dark-field photomicrographs showing ISHH signals for Nav1.1 (A and B), Nav1.6 (D and E),
Nav1.7 (G and H), Nav1.8 (J and K), and Nav1.9 (M and N) mRNAs in naive (A, D, G, ], and M) and the SNL ipsilateral L4 (B, E, H, K, and N) DRGs. Scale bar = 500 pm. No apparent
differences could be detected by subjective observation. (C, F, 1, L, and 0) Box-and-whisker plots showing the distribution of Nav S/N ratios of naive L4 DRG and the ipsilateral
(ipsi.) and contralateral (contra.) L4 DRGs obtained from sham-operated and L5 SNL rats (n > 100 neuronal profiles for C, F, and I, n > 400 neuronal profiles for Land O pooled
from four rats in each group). The whiskers indicate the maximum and minimum values, and the box indicates upper quartile, median and lower quartile. No significant
differences were observed between any combinations (P> .05 by Kruskal-Wallis test or Mann-Whitney test).

and 8, and 9E-~G). Because small neurons are sectioned into fewer
profiles than larger neurons during cryostat sectioning, small neu-
ronal profiles are often identified in only one of the serial sections,
and these profiles were omitted from the colocalization analysis.
We did not apply the cell count correction used in our previous
studies [12,24]. Therefore, overall neuronal sample should contain

more large cells than the representative size distribution of DRG
neurons.

For image analysis of the sections processed for ISHH, we ana-
lyzed the density of silver grains over the neuronal profiles using
a computerized image analysis system (NIH Image, version 1.61),
as described before [12]. The percentage of grain-occupied area
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Fig. 7. TTX-s Nav mRNAs persist in the injured L4 DRG neurons 3 days after LS SNL. Serial tissue sections (A and B, D and E, and G and H) were processed for double
immunostaining for ATF3/N52 (A, D, and G) and in situ hybridization for Nav1.1 (B), Nav1.6 (E), and Nav1.7 (H). Scale bar, 50 pm. Arrows indicate ATF3+ profiles. S/N ratios for
Nav1.1 (C), Nav1.6 (F), and Nav1.7 (I) of N52— and N52+ neuronal profiles were measured and presented as scatterplots. Red and black dots indicate ATF3+ (injured) and

ATF3- (spared) profiles, respectively.

of each neuronal profile was divided by the background grain den-
sity giving a signal/noise (S/N) ratio. The S/N ratios of individual
neurons versus their cross-sectional areas were plotted as scatter-
grams, or the distribution of the S/N ratio was presented as box and
whisker plots. We defined an S/N ratio = 10 as the borderline be-
tween positively and negatively labeled neurons for the corre-
sponding transcript. For each sense probe, S/N ratios of at least
100 randomly selected neuronal profiles were distributed between
0.78 and 1.58. Because the distribution of S/N ratio could not be as-
sumed to follow a Gaussian distribution, the signal intensities
among naive DRG and either side of DRG from sham-operated
and SNL rats were analyzed using the Kruskal-Wallis test followed
by Dunn’s multiple comparison test. Comparison between the ipsi-
lateral side and the contralateral side and between ATF3+ and
ATF3- populations in the ipsilateral DRG from SNL rats were ana-
lyzed using the Mann-Whitney U test.

We applied similar image analysis for quantification of the N52-
immunostaining and defined the profiles with immunoproduct

occupying more than 20% of the cytoplasm cross-sectional area
(without the nucleus) as positively labeled by N52 (N52+) as de-
scribed previously [14]. :

All statistical calculations were performed using Prism4 (Graph-
Pad Software, San Diego, CA).

3. Results
3.1. Behavioral tests

Animals having undergone unilateral L5 SNL developed a signif-
icant decrease in withdrawal threshold in the ipsilateral hindpaw
at day 1 (P<.05 by repeated measures ANOVA followed by Bonfer-
roni's multiple comparison test) compared with the preoperative
value. The threshold further decreased at day 3 (P <.001), and con-
tinued at a similar level at least until day 7 (Fig. 1A). The with-
drawal latency to heat stimuli rapidly decreased to minimal
value at day 1 (P<.001) and continued depressed throughout the
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days after L5 SNL. Serial tissue sections (A and B, D and E) were processed for double

immunostaining for ATF3/N52 (A and D) and in situ hybridization for Nav1.8 (B) and Nav1.9 (E). Scale bar, 50 pm. Arrowheads indicate ATF3+ profiles. S/N ratios for Nav1.8 (C)
and Nav1.9 (F) of N52— and N52+ neuronal profiles were measured and are presented as scatterplots. Red and black dots indicate ATF3+ (injured) and ATF3 - (spared) profiles,

respectively. Note that the N52—/ATF3+ cells had relatively low signals for Nav1.8

examined period in the ipsilateral hind paw of L5 SNL rats (Fig. 1B).
In contrast, sham-operated animals did not display significant
changes in these behavioral tests. There were no significant
changes in the contralateral side after either surgery.

3.2. There was only a limited number of neurons having ATF3+ nuclei
in the ipsilateral L4 DRG after L5 SNL

No ATF3+ nuclei were observed in the naive L4 DRG (Fig. 2A, 0
of 1200 counted nuclei). After L5 SNL, the ipsilateral L5 DRG con-
tained numerous ATF3+ nuclei (Fig. 2F). ATF3+ nuclei were ob-
served in a very limited proportion of the ipsilateral L4 neuronal
nuclei from day 1 to day 28 after SNL (Fig. 2B-E). The proportions
of ATF3+ nuclei in the ipsilateral L4 DRG were significantly higher
than naive value (0%) from day 3 to day 28 (Table 1). Although
many fewer ATF3+ nuclei were also observed in the contralateral
L4 DRG, these percentages did not reach a significant value
(P=.34 by one-way ANOVA). The percentages in the ipsilateral
L4 DRGs were not significantly different between L5 SNL rats and
sham-operated rats at day 3 (5.7+0.6% vs 4.1+0.5%, n=4,
P> .05 by unpaired t test). This was also the case for the contralat-
eral side.

3.3. ATF3+ neurons in A-fiber and C-fiber populations

To compare the directly injured proportions between A-fiber
(N52+) and C-fiber (N52-) neurons, we performed double immu-
nohistochemistry for ATF3 in the nuclei (black) and N52 in the
cytoplasm (brown) (Fig. 3). As we reported previously {12], be-
cause N52-immunostaining of the directly injured cell bodies 7
days after SNL was somewhat degraded, we presented the data
from the rats underwent SNL 3 days before to avoid misclassifi-

and Nav1.9.

cation of the limited number of injured L4 neurons. We analyzed
1105 N52+ neurons and 880 N52- L4 DRG neurons from four
SNL rats. Among the nuclei of N52— neurons, only 1.6 £ 0.6% were
ATF3+ (arrowhead in Fig. 3B) and this value was significantly lower
than that of N52+ neurons (arrowheads in Fig. 3A, 4.7 £ 0.9%,
P <.001 by paired t-test).

3.4. Up-regulation of NPY mRNA by injured large neurons in the
ipsilateral L4 DRG

NPY is strongly up-regulated by DRG cells after axonal injury
[35]. Because we found a limited number of ATF3+ cells in the 14
DRG, we examined whether NPY mRNA was induced in these cells
(Fig. 4). Almost no detectable signals were observed in the naive
DRG (Fig. 4A and D). Three days after L5 SNL when ATF3 expression
significantly increased in the L4 DRG (Table 1), many L5 DRG neu-
rons, mainly large ones, clearly increased the expression of NPY
mRNA (Fig. 4B and E). At the same time point only a very few L4
DRG neurons were clearly labeled for NPY mRNA (Fig. 4C and F).
Such positively labeled neurons occupied only 0.7 +0.2% and
0.8 £0.3% of all counted neurons in the ipsilateral L4 DRG after
L5 SNL and sham operation, respectively. There was no significant
difference between these values (P> .05 by unpaired t-test), and
these small numbers of positive neurons did not cause a significant
difference in the S/N ratios of the total neuronal population among
L4 DRGs of naive, sham-operated, and SNL rats (P> .1 by Kruskal-
Wallis test; Fig. 4G). This was also the case for the L4 DRGs 7 days
after surgery (not shown). Colocalization study revealed that only
ATF3+ large neurons increased NPY in 14 DRG (arrows in Fig. 4H
and I and red dots in Fig. 4]). ATF3+ small neurons had only just
detectable signals for NPY (arrowheads in Fig. 4H and I), and all
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Fig. 9. BDNF increases preferentially in ATF3— 14 DRG neurons following L5 SNL. (A-C) Dark-field photomicrographs showing in situ hybridization signals for BDNF in the 14
DRG sections on the contralateral (A) and ipsilateral side (B) 3 days after L5 SNL and on the ipsilateral side (C) 3 days after sham surgery. L5 SNL, but not sham surgery,
increased BDNF mRNA in the ipsilateral L4 DRG. Scale bar, 500 pm. (D) Box and whisker plots showing BDNF S/N ratio of N52— and N52+ neuronal populations in naive L4
DRG, and ipsilateral (ipsi.) and contralateral (contra.) L4 DRGs obtained from sham-operated and L5 SNL-operated rats (n = 217-239 neuronal profiles pooled from four rats in
each group). The whiskers indicate the maximum and minimum values, and the box indicates upper quartile, median and lower quartile. $°P < 001 vs naive, ***P < 001 vs
the same side of sham-operated rats by Kruskal-Wallis test followed by Dunn's multiple comparison test. P <.001 vs contralateral side by Mann-Whitney test. (E and F) Serial
sections of the ipsilateral L4 DRG harvested from rats that received L5 SNL 3 days before were processed for double immunostaining for ATF3 (black nuclei) and N52 (brown
cytoplasm) (E) and in situ hybridization for BDNF (F). Scale bar, 50 pm. Note that ATF3+ neurons have relatively low signals (arrow and arrowheads). Asterisk () in F indicates
debris. (G) Scatterplot diagrams showing the S/N ratios for BDNF of N52— and N52+ cells in the ipsilateral L4 DRG following L5 SNL. Black and red dots indicate spared
(ATF3-) and injured (ATF3+) neuronal profiles, respectively. Note that the spared neurons have relatively higher S/N ratios than injured neurons.

mltage of ATF3-immunoreactive nuclei in the L4 dorsal root ganglion after unilateral L5 spinal nerve ligation.
Naive L5 spinal nerve ligation Sham
1 POD 3POD 7 POD 28 POD 3POD
Ipsilateral 0 36+16 57+0.6" 6.0+1.8™ 4.7+09° 41105
Contralateral 0 0905 15+1.0 03+0.2 06+03 1.6+13

Data are expressed as mean + SEM (n=4),
POD, postoperative days.
*P < .05, **P < .01 vs. naive by one-way analysis of variance followed by Dunnett’s multiple comparison test.
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ATF3— neurons were not labeled (S/N ratio <10) for NPY (black
dots in Fig. 4]).

3.5. Minor induction of Nav1.3 in the ipsilateral L4 DRG

Nav1.3 is maximally up-regulated 7 days after sciatic nerve in-
jury by the axotomized DRG neurons [45]. This is also the case for
the injured L5 DRG after L5 SNL (Fukuoka, unpublished data). Be-
cause we found some ATF3+ neurons in the ipsilateral L4 DRG
(Fig. 2), we examined the change in expression of this channel.
The Navl.3 signals were almost undetectable in naive DRG
(Fig. 5A and D). L5 SNL led to a large increase in Nav1.3 expression
by L5 DRG neurons 7 days after SNL (Fig. 5B and E). In contrast, no
detectable change in Nav1.3 expression was observed in the 14
DRG at the same time point (Fig. 5C and F), and there was no sig-
nificant difference in S/N ratios of the total neuronal population
among L4 DRGs of naive, sham-operated, and SNL rats (P>.1 by
Kruskal-Wallis test; Fig. 5G). This was also the case throughout
the examined periods (postoperative day 1-28; data not shown).
We further compared the S/N ratios for Nav1.3 of ATF3+ and ATF3—
neurons in the SNL ipsilateral L4 DRG (Fig. 5H~]). We identified 21
ATF3+ neurons and 75 ATF3— neurons, and compared their S/N ra-
tios. Most ATF3+ neurons (black arrowhead in Fig. 5I) had just
detectable signals for Nav1.3 mRNA similar to ATF3— neurons
(white arrowheads in Fig. 51) in contrast with the ipsilateral L5
DRG that showed dramatic up-regulation of this transcript
(Fig. 5B and E). Indeed, these signals were much less than those
of the L5 DRG (P<.001 by Mann-Whitney test; Fig. 5E and F).
However, direct statistical comparison of S/N ratio of ATF3+ and
ATF3— populations in the ipsilateral L4 DRG revealed that ATF3+
neurons had higher S/N ratio than ATF3— neurons (Fig. 5], P< .01
by Mann-Whitney test).

3.6. No significant changes in expression of Nav mRNAs in the total
neuronal population of the SNL ipsilateral L4 DRG

Next, we examined whether other Nav mRNAs, especially previ-
ously reported Nav1.8, might be up-regulated in the SNL ipsilateral
L4 DRG 3 days after surgery when neuropathic pain behaviors were
fully developed (Fig. 1). ISHH revealed clear signals for all exam-
ined Navs, and no apparent difference was detected between naive
and SNL ipsilateral L4 DRGs under microscopic observation (Fig. 6).
Because the normal expression of Nav mRNAs, other than Nav1.3,
are significantly different between C-fiber and A-fiber neurons
[12], we separated all neuronal profiles with visible nuclei into
smaller (<1000 um?) and larger (>1000 pm?) populations and
compared S/N ratios for Nav mRNAs using ISHH (Fig. 6). This crite~
rion is based on our previous observations that N52— neurons are
exclusively included in the smaller population with some N52+
neurons and that the larger population exclusively contains N52+
neurons [14]. Despite such separation, statistical analysis failed
to detect significant changes in either neuronal population for all
examined Navs (P>.05 by the Kruskal-Wallis test, Fig. 6).
Although the larger population in SNL ipsilateral side seemed to
have higher signals for Nav1.8 than contralateral side (Fig. 6L),
the difference did not reach significance (P=.152 by Mann-Whit-
ney test).

3.7. Selective down-regulation of tetrodotoxin-resistant (TTX-r) Nav
mRNAs in injured C-fiber neurons in the SNL ipsilateral L4 DRG

We further examined whether Nav mRNAs might change in the
limited number of ATF3+ neurons as compared with ATF3— neu-
rons using serial tissue sections 3 days after L5 SNL (Figs. 7 and
8). This time point was chosen because down- or up-regulation
of Nav transcripts was evident in the L5 DRG, and N52-immunore-

activity was reduced at longer time points [12]. We found 15
N52—/ATF3+ (injured C-fiber) profiles and 50 N52+/ATF3+ (injured
A-fiber) profiles among analyzed 2955 neuronal profiles. As we re-
ported previously [12], N52—/ATF3~ (spared C-fiber) neurons in
the SNL ipsilateral L4 DRG rarely expressed Navl.l or Navl.6
mRNA, but almost all (>95%) these neurons normally expressed
Nav1.7, Nav1.8, and Nav1l.9 mRNAs with relatively high signals
(black dots in Figs. 7 and 8). N52—/ATF3+ profiles had significantly
lower signals for Nav1.8 and Nav1.9 (red dots in Fig. 8) than N52—/
ATF3— profiles (P<.0001 by the Mann-Whitney U test), whereas
there were no significant differences in signal intensities for tetro-
dotoxin-sensitive (TTX-s) Nav1.1 (P> .8), Nav1.6 (P>.1), or Nav1.7
mRNA (P>.1) between these two populations (Fig. 7).

On the other hand, N52+/ATF3— (spared A-fiber) profiles in the
ipsilateral 14 DRG (black dots in Figs. 7 and 8) expressed all of
these Nav mRNAs at various rates (Navl.1, 78%; Navl.6, 84%;
Nav1.7, 73%, Nav1.8, 50%; Nav1.9, 33%). The S/N ratios for all Nav
mRNAs of N52+/ATF3+ profiles (red dots in Figs. 7 and 8) were
equivalent to those of N52+/ATF3— profiles (P>.2-.9 by Mann-
Whitney U test).

3.8. Spared neurons increase BDNF mRNA in the ipsilateral L4 DRG

Following L5 SNL, expression of BDNF is increased in the ipsilat-
eral L4 DRG [13,19]. On the other hand, BDNF is up-regulated also
in the directly injured DRG [29]. Because we found a limited num-
ber of ATF3+ L4 DRG neurons in this model (Fig. 2), we verified this
up-regulation of BDNF in the SNL ipsilateral L4 DRG and directly
compared BDNF expression between injured and frankly spared
L4 DRG neurons (Fig. 9). The sensitivity of ISHH in this study using
a newly designed riboprobe was greatly improved over that in our
previous study using an oligoprobe [13]. BDNF expression clearly
increased in the ipsilateral L4 DRG (Fig. 9B) 3 days after SNL, when
the neuropathic pain behaviors were fully developed, as compared
with the SNL contralateral (Fig. 9A), sham ipsilateral (Fig. 9C), and
naive 14 DRGs (not shown). S/N ratios for BDNF were compared
among naive L4 DRG, bilateral L4 DRGs from sham and SNL rats
with separation between N52— and N52+ neuronal populations
(Fig. 9D). For both N52— and N52+ populations, S/N ratios were
significantly higher in the SNL ipsilateral L4 DRG as compared with
those in naive and the sham ipsilateral L4 DRG (P < .001 by Krus-
kal-Wallis test followed by Dunn’s multiple comparison test) as
well as that in the SNL contralateral side (P<.001 by the Mann-
Whitney test). There was no significant difference between other
combinations. Finally, we compared the S/N ratio of ATF3+ and
ATF3- neurons in the SNL ipsilateral L4 DRG (Fig. 9E-G). We iden-
tified 207 N52—/ATF3—, 4 N52—/ATF3+, 217 N52+/ATF3—, and 17
N52+/ATF3+ profiles. Most ATF3+ neuronal profiles had relatively
lower signals for BDNF (arrow and arrowhead in Fig. 9E and F).
However, there was no significant difference in S/N ratio between
N52+/ATF3+ and N52+/ATF3— cells (red and black dots in Fig. 9G,
respectively; P>.5 by the Mann-Whitney U test). All four N52—/
ATF3+ cells were not labeled for BDNF (S/N ratio <6, red dots in
Fig. 9G). However, the sample size was too small to reach signifi-
cance (P=.12). In any case, a limited number of injured neurons
are not the main contributor to BDNF up-regulation in the L4
DRG after L5 SNL.

4. Discussion
4.1. ATF3+ 14 DRG neurons
ATF3 is a widely used marker for injured DRG neurons following

peripheral nerve injury [41]. Shortland et al. [40] and Djouhri et al.
[10] demonstrated that 11-40% of L4 DRG nuclei were immuno-
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stained for ATF3 after L5 SNL, and proposed that the ipsilateral L4
DRG neurons are not completely spared from injury. We agree with
their proposal, as we also observed some ATF3+ nuclei in the L4
DRG (Fig. 2). However, the percentages of ATF3+ nuclei in this
study were less than their values (Table 1). These differences are
likely to the result of differences in the surgical procedures. As
mentioned in Section 2, we paid special attention to avoid the inci-
sion of the skin and muscles more rostral than the L5/6 zygapoph-
ysial joint. This procedure minimizes the direct injury to the L4
spinal nerve branches (perhaps its dorsal ramus). In fact, accidental
skin incision and muscle separation at one level rostral to the
aimed lumbar level in a rat induced ATF3 in approximately 34%
of the identified nuclei in the ipsilateral L4 DRG (this rat was omit-
ted from this study). This value is similar to those observed in the
L5 DRG of sham-operated rats in a previous study [40] and the L4
DRG of SNL rats by another group [10}. In any case, a small popu-
lation of the L4 DRG neurons could be injured by surgical proce-
dures of L5 SNL (see below). Because the number of neurons that
are damaged in the L4 DRG largely depends on the surgical proce-
dures, surgical procedures should be performed carefully to spare
the maximum number of L4 DRG neurons, and verification of the
proportion of the uninjured L4 DRG neurons is necessary to exam-
ine the histochemical changes of the L4 DRG in this neuropathic
pain model. A recent study has demonstrated percentages
(<3.6%) of ATF3+ neurons in the L4 DRG similar to those in our
own results (Table 1) [21].

4.2. Phenotypic changes of ATF3+ neurons in the L4 DRG

Because a small number of L4 DRG neurons were ATF3+ (Figs. 2,
3 and Table 1), the next issue was whether these neurons were
accompanied by pain-related phenotypic changes. These neurons
may explain the occurrence of spontaneous discharges recorded
from the L4 dorsal root in this model [1,4,10,27,31,46]. Expression
of both Nav1.3 and NPY are up-regulated by DRG neurons which
suffered peripheral axonal injury. Nav1.3 is implicated in the
hyperexcitability of these neurons [7.45], and NPY is proposed as
an important mediator of mechanical allodynia in this neuropathic
pain model [35]. Indeed, we verified clear induction of both NPY
and Nav1.3 mRNAs in the directly injured L5 DRG (Figs. 4B and
5B). De novo expression of NPY mRNA was also evident in ATF3+
large L4 DRG neurons (Fig. 4C~-E). However, we could not detect
significant up-regulation of Nav1.3 in the total neuronal popula-
tion of the ipsilateral L4 DRG (Fig. 5C, F, G). These observations
are consistent with previous reports [36,40]. While direct compar-
ison revealed that Nav1.3 S/N ratio of ATF3+ cells was higher than
that of ATF3— cells in the SNL ipsilateral L4 DRG (Fig. 5]), the values
of ATF3+ cells (S/N ratio ~20) were much less than those of the
ipsilateral L5 DRG neurons (Fig. 5E). This phenotypic mismatch be-
tween the 14 and L5 ATF3+ neurons may due to the fact that
branches of the L4 spinal nerves (perhaps its dorsal ramus) are in-
jured near their peripheral terminals during the back muscle sep-
aration during the surgical procedure, whereas the L5 spinal
nerve fibers are injured in their mid-axon far from their terminals
by ligation. Such a distal axonal injury may be enough to induce
ATF3 (Fig. 2) and NPY (Fig. 4) but not to clearly up-regulate
Nav1.3 (Fig. 5) in the total neuronal population of the ipsilateral
14 DRG. Thus, although spontaneous discharges in the peripherally
injured primary afferents are ascribed to the up-regulation of
Nav1.3 in their cell bodies [4,7], carefully performed L5 SNL sur-
gery did not induce Nav1.3 in the L4 DRG, at least to similar high
levels as L5 DRG. These data suggest that spontaneous discharges
recorded from the L4 dorsal root are the result of some different
mechanisms other than changes in Nav1l.3 expression, such as
inflammatory mediators {5,11,43,47]. With regard to the ATF3+
C-fiber neurons, it is noteworthy that these neurons mostly lacked

the naciceptor-specific TTX-r channels, Nav1.8 and Nav1.9, that are
proposed as important contributors in some abnormal pain states
[2,26], suggesting that these neurons lost some important neuro-
physiological properties as nociceptors. Anyway, as it is hard to
find such a small number of injured 14 fibers during electrophysi-
ological study, the spontaneous discharges should be recorded
from the frankly spared L4 fibers.

In conclusion, carefully performed L5 SNL animals and sham-
operated animals displayed a quantitatively similar limited num-
ber of ATF3 induction in the L4 DRG. However, neuropathic pain
behaviors were quite different (Fig. 1). We found that ATF3+ DRG
neurons had relatively higher signals for Nav1.3 (Fig. 5]) and signif-
icantly lower signals for Nav1.8 and Nav1.9 (Fig. 8C and F) as com-
pared with ATF3— neurons in the SNL ipsilateral L4 DRG. However,
the signals for Nav1.3 of the L4 ATF3+ neurons are much less than
those of the directly injured L5 DRG neurons (Fig. 5E and F), and
the selective loss of Nav1.8 and Nav1.9 signals of the L4 ATF3+ neu-
rons suggests malfunction as nociceptors. Comparison of the total
neuronal populations among L4 DRGs from naive, SNL, and sham-
operated rats could not detect significant differences in the expres-
sion of all examined Nav mRNAs (Fig. 6). Taking our results all to-
gether, it is clear that the small number of injured L4 neurons likely
do not contribute to the pathomechanisms of neuropathic pain.

4.3. Phenotypic changes of ATF3— neurons in the L4 DRG

With regard to the changes in expression of Navs in the L4 DRG
after L5 SNL, there are controversial studies. Although RT-PCR
studies have detected up-regulation of several Navs, especially
Nav1l.8 mRNA [3,4], immunohistochemical studies have failed
[8.25] except for the first study [38]. Because the RT-PCR method
cannot reveal which neuronal population contributes to the phe-
notypic change and the immunohistochemical method cannot de-
tect changes in the protein level in individual cell when there is no
change in the number of positively labeled cells, we addressed this
issue by comparison of signal intensities (S/N ratio) for Nav mRNAs
of individual neurons with smaller (<1000 um?, mostly C-fiber
neurons) and larger (>1000 pm?, exclusively A-fiber neurons) cell
bodies using ISHH (Fig. 6). However, we could not detect any sig-
nificant changes in the expression of all examined Nav mRNAs in
the SNL ipsilateral L4 DRG. Indeed, ISHH may not be a strictly
quantitative method as is RT-PCR, but our method is highly sensi-
tive for expressional changes in a limited number of neurons
(Fig. 5]). In any case, the up-regulation of Nav1.8 mRNA in the
SNL ipsilateral 14 DRG needs further study. It may be noteworthy
that A-fiber neurons tend to slightly increase this channel in the
L4 DRG, although it did not reach statistical significance (Fig. 6L).

BDNF is one of the most important pain neuromodulators at the
synapses between the primary afferents and the spinal dorsal horn
neurons [28,37]. Although the expression of BDNF is up-regulated
in both the directly injured and the spared DRGs, this change oc-
curs in neurochemically different neuronal populations. In the
spared DRG, BDNF increases almost exclusively in TrkA-expressing
cells [13]. On the other hand, in the injured DRG, BDNF increases in
TrkB or TrkC-expressing medium to large neurons, but not in TrkA-
expressing neurons [29]. Because TrkA is expressed by both C-fiber
and A-fiber neurons [14], we analyzed BDNF expression separately
in C-fiber and A-fiber populations (Fig. 9). Our results indicate that
the ATF3+ neurons are not the main contributor to BDNF up-regu-
lation in the L4 DRG (red dots in Fig. 9G). Thus, we show that some
uninjured DRG neurons maintaining anatomical connection with
the peripheral receptive field increased BDNF. This is also the case
after chronic constriction injury of the sciatic nerve in rats [33]. We
again propose that the clearly spared L4 DRG neurons increase this
neuromodulator and contribute to sensory hypersensitivity in-
duced by L5 SNL [13].
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Abstract

and artemin.

behaviors.

Background: The transient receptor potential (TRP) channel subtype A1 (TRPAT1) is known to be expressed on
sensory neurons and respond to changes in temperature, pH and local application of certain noxious chemicals
such as allyl isothiocyanate (AITC). Artemin is a neuronal survival and differentiation factor and belongs to the glial
cell line-derived neurotrophic factor (GDNF) family. Both TRPA1 and artemin have been reported to be involved in
pathological pain initiation and maintenance. In the present study, using whole-cell patch clamp recording
technique, in situ hybridization and behavioral analyses, we examined the functional interaction between TRPA1

Results: We found that 85.8 + 1.9% of TRPA1-expressing neurons also expressed GDNF family receptor alpha 3
(GFR @3), and 87.5 + 4.1% of GFRa3-expressing neurons were TRPA1-positive. In whole-cell patch clamp analysis, a
short-term treatment of 100 ng/ml artemin significantly suppressed the AITC-induced TRPA1 currents. A
concentration-response curve of AITC resulting from the effect of artemin showed that this inhibition did not
change ECs, but did lower the AITC-induced maximum response. In addition, pre-treatment of artemin significantly
suppressed the number of paw lifts induced by intraplantar injection of AITC, as well as the formalin-induced pain

Conclusions: These findings that a short-term application of artemin inhibits the TRPA1 channel’s activity and the
sequential pain behaviors suggest a role of artemin in regulation of sensory neurons.

Background

Artemin belongs to glial cell line-derived neurotrophic
factor (GDNF) family that regulates the development
and the function of the nervous system. Artemin binds
to the GFR a3/RET receptor complex and then activates
several intracellular signaling pathways [1]. Artemin sup-
ports survival of sensory neurons in vitro and in vivo
apparently by interacting with GFRa3, which is highly
restricted in adult to neurons of the peripheral nervous
system (sensory and sympathetic). GFRa3 is expressed
by a subpopulation of nociceptive sensory neurons,
some or all of which also express the Ret receptor tyro-
sine kinase, the transient receptor potential (TRP) ion
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channel proteins TRPV1 and TRPA1 [2,3]. The expres-
sion of these channels in GFR a3-positive neurons sug-
gests that artemin signaling via GFR a.3/Ret binding
could modulate neuron sensitivity.

TRPALI is a member of branch A of the TRP family of
cation channels{4] and is expressed by a subset of small-
sized DRG or trigeminal ganglia neurons in neonatal
rats, adult rats and mice [5-7]. TRPAl has been
reported to be activated by various kinds of noxious
compounds through covalent modification of cysteines
[5,8-13]. TRPAL is also activated by an endogenous
aldehyde, 4-hydroxynonenal, bradykinin, intracellular pH
and CO2 [8,14-16]. Studies using knockout mice
demonstrated that TRPA1 is an important component
of the transduction machinery through which environ-
mental irritants and endogenous proalgesic agents depo-
larize nociceptors to elicit inflammatory pain [17,18]. A

©2011 Yoshida et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (httpy/creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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recent report showing the nearly complete attenuation
of formalin-induced pain behaviors by pharmacological
blockade or genetic ablation indicated that TRPA1 is
crucial in inflammatory pain [19]. Taking the above into
account, it is clear that this channel is importantly
involved in pain transmission in the primary afferents
and a potential target for analgesic development.

Recent reports suggested that artemin potentiates
TRPV1 signaling and induces behavioral hyperalgesia.
Overexpression of artemin increased the expression and
sensitivity of TRPV1 and TRPALI in trigeminal afferents
signaling and induced behavioral hyperalgesia [20,21].
We have studied the modulation mechanism of TRPV1
and TRPA1 by inflammatory modulators and reported
that trypsin/tryptase-PAR2 signaling or bradykinin-B2R
signaling sensitizes TRPA1 channel through PLC and/or
PKA. pathways to induce inflammatory pain [22-24]. In
the present study, we hypothesized that a functional
interaction of artemin and TRPA1 might contribute to
the pathogenesis of inflammatory pain. We observed
high co-expression of the TRPAI with the GFR a3
receptor and found a significant enhancement of desen-
sitization of TRPA1 activity induced by artemin in rat
DRG neurons, which was also confirmed at the beha-
vioral level.

Methods

Immunohistochemistry

All animal experimental procedures were approved by
the Hyogo University of Health Sciences Committee on
Animal Research (#2008-05, #2008-10) and were per-
formed in accordance with the National Institutes of
Health guidelines on animal care. Adult male Sprague-
Dawley (SD) rats (220-250 g; Japan Animals, Osaka,
Japan) were perfused transcardially with 1% paraformal-
dehyde in 0.1 M phosphate buffer followed by 4% paraf-
ormaldehyde in 0.1 M phosphate buffer (PB, pH 7.4).
The L4-5 DRGs were removed and processed for
TRPA1 immunohistochemistry as described in our pre-
vious study [23]. For double immunofluorescence, tyra-
mide signal amplification (TSA; NEN) fluorescence
procedures were used for TRPA1 (1:10,000) staining.
The raised rabbit primary antibody for TRPA1 [23] and
biotin conjugated Griffonia simplicifolia Isolectin B4
(IB4, Sigma, St. Louis, MO) at 1:1000 combined with
Alexa fluor 488 goat anti-rabbit IgG (1:500; Invitrogen/
Molecular Probes, Inc., Carlsbad, CA) and strept-avidin
conjugated with Alexa fluor 594 (1:500: Invitrogen/
Molecular Probes), respectively, were used for double
immunofluorescence staining [22].

In situ hybridization histochemistry (ISHH)
Adult male SD rats weighing 200-250 g were killed by
decapitation under deep ether anesthesia. The bilateral
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L4, L5 DRGs were dissected out, rapidly frozen in pow-
dered dry ice, and cut on a cryostat at a 5 pm thickness.
Sections were thaw mounted onto MAS-coated glass
slides (Matsunami, Osaka, Japan) and fixed in 4% for-
maldehyde in 0.1 M PB (pH 7.4) for 20 min. After
washing with PB, the sections were treated with 10 pg/
ml protease K in 50 mM Tris/5 mM EDTA (pH 8.0) for
3 min at room temperature, postfixed in the same fixa-
tive, acetylated with acetic anhydride in 0.1 M triethano-
lamine, rinsed with PB, and dehydrated through an
ascending ethanol series. For dual ISHH of TRPA1 and
GDNF family receptors, we used a DIG-labeled probe
for TRPA1 (GenBank accession number AY496961,
nucleotides 302 - 769) and a >*S-labeled RNA probe for
Ret (GenBank accession number U22513, nucleotides
13-319), GFR al (GenBank accession number U97142,
nucleotides 652 - 955), or GFR a2 (GenBank accession
number U97143, nucleotides 362 - 702), or GFR a3
(GenBank accession number AF184920, nucleotides 164
- 604) in the same sections, respectively. The details of
the dual ISHH procedure have been described in our
previous study [6].

Mammalian cell culture

For primary culture of DRG neurons, DRGs were col-
lected from the adult SD rats (100-200 g) using sterile
techniques, and placed in ice-cold Earle’s balanced
salt solution (EBSS, Sigma). Adhering fat and connec-
tive tissue were removed and each DRG was placed
immediately in a medium consisting of 2 ml of EBSS
and 1.25 mg/ml of collagenase P {Sigma) and kept at
37°C for 60 min with occasional agitation. After disso-
ciation of the DRG cells, this cell suspension was cen-
trifuged for 5 min at 1000 rpm and the cell pellet was
re-suspended in EBSS supplemented with 10% fetal
bovine serum (FBS), 2 mM glutamax, penicillin, strep-
tomycin and vitamin solution. Recombinant rat nerve
growth factor (100 ng/ml, Sigma) was added to the
medium.

Electrophysiology

Whole-cell patch-clamp recordings were carried out at
1 day after dissociation of the DRG neurons. Voltage-
clamp experiments were performed at -60 mV holding
potential, and recordings were sampled at 5 kHz and
filtered at 2 kHz. Current densities (pA/pF) and nor-
malized currents (the third currents were normalized
to the second currents evoked by an agonist) were
measured. The current magnitude was quantified by
peak current amplitude in all experiments. A normal-
ized current was obtained by normalizing the third
application-induced current to the second one, and
just in case the magnitude of the second current by
agonist was larger than a half of the first current to
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evaluate the results under less effect of the desensitiza-
tion by the first current. In experiments with DRG
neurons, after AITC (300 uM) application, capsaicin
(10 uM) was applied at the end of recording to identify
whether the AITC-induced current was mediated by
TRPA1 channels. Data were obtained just in case the
DRG neuron was sensitive to both AITC and capsaicin
application, since an AITC-activated current in capsai-
cin-sensitive DRG neurons is certainly a TRPAl-
mediated event [18]. The standard bath solution con-
tained 140 mM NaCl, 5 mM KCl, 2 mM MgCl,, 2 mM
CaCl,, 10 mM HEPES and 10 mM glucose, pH 7.4
(adjusted with NaOH). In some experiments, artemin
(100 ng/ml) was included in the bath solutions. The
pipette solution contained 140 mM KCl, 2 mM MgCl,,
0.5 mM CaCl,, 5 mM MgATP, 5 mM EGTA and 5
mM HEPES, pH 7.2 (adjusted with Tris-base). The
concentration-response curves for the effect of artemin
on AITC-induced current densities (pA/pF) were fit by
the Hill equation using Origin 8.1 (OriginLab Corpora-
tion, Northampton, MA, USA). All patch-clamp
experiments were performed at room temperature
(~25°C; RT). The solutions containing drugs were
applied to the chamber (180 pl) by a gravity system at
a flow rate of 4-7 ml/min.

Behavioral studies

Sixteen and 10 male adult SD rats (200-250 g) were
used for the AITC-induced nocifensive behavioral ana-
lyses and formalin test, respectively. After adaptation, 50
ul artemin (10 pg/ml, in PBS) or PBS was injected intra-
plantarly into the rat left hind paw. Five minutes after
these injections, rats received intradermal injection of 50
ul of AITC (3% in liquid paraffin, Wako Pure Chemical
Industries, Ltd., Osaka, Japan) or formalin (3% in saline)
to the same area of artemin-injected plantar surface.
The rats were placed in a wire mesh cage immediately
after the injection. The numbers of hind paw lifts and
durations of flinches per 5 min interval during the initial
30 min post-injection of AITC and 60 min post-infec-
tion of formalin period were measured for the AITC-
induced nocifensive behavior and formalin test, respec-
tively. The total number of lifts and durations of flinches
during the entire initial 30 min for AITC and 60 min
for formalin post-injection were also calculated.

Statistical analysis

All results are expressed as mean + SEM. An unpaired
t-test or ANOVA followed by Fisher’s PLSD was used
to compare the calcium imaging data and electrophysio-
logical data between the groups. Two-way repeated
ANOVA followed by Fisher’s PLSD was applied to the
behavioral data. A difference was accepted as significant
if the probability was less than 5% (p < 0.05).
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Results

Colocalization of TRPA1 with GDNF family receptors in rat
DRG neurons

Nociceptors can be neurochemically classified into two
subpopulations and modulated by neurotrophic factors
differently in each population. Double immunofluores-
cent staining indicated that 82.2 + 1.1% of TRPA1 posi-
tive neurons were also labeled with IB4, a marker of the
nonpeptidergic and GDNF family members-dependent
neurons, and 44.1 + 1.9% of IB4-positive neurons were
also stained for TRPA1 (Figure 1A). To further deter-
mine the histological evidence of colocalization with
TRPA1 and GDNF family receptors, we examined the
co-localization of TRPA1 mRNAs with Ret, GFR a1,
GFR 0.2, and GFR a3 mRNAs using double ISHH (Fig-
ure 1B-E). We observed these mRNAs were expressed
in 36.9 + 2.6% (TRPA1), 77.4 + 3.2% (Ret), 45.6 + 4.9%
(GFR a1), 44.1 + 1.7% (GFR a.2) and 38.4 + 2.7% (GFR
a3) of the total neuronal profiles. A significant popula-
tion of TRPA1-positive neurons were also labeled for c-
Ret and GFR a3 (arrows in Figure 1B, E) in the DRG
(Table 1). The high percentages of colocalization; 99.3 +
0.6% and 85.8 + 1.9% of TRPA1 expressing neurons
were Ret- and GFR a3-positive, respectively, suggest
that TRPAL is selectively expressed by artemin-sensitive
Ret/GFR a3 neurons (Figure 1B and 1E). In contrast to
the high incidence of co-localization of TRPA1 and GFR
a3, only 13.5 + 7.7% and 45.9 + 7.6% of TRPA1-positive
neurons were also labeled for GFR al and GFR a2,
respectively (Figure 1C and 1D). This high percentage of
co-expression of TRPA1 with GFR a3 in DRG neurons
indicates a possible interaction between them in primary
afferent neurons.

Artemin suppresses AITC-induced current in DRG neurons
Based on the histological results, we hypothesized that
artemin may play important roles in the functional
modulation of TRPA1. To this end, we performed
whole-cell voltage-clamp experiments in cultured rat
DRG neurons. We found that application of artemin
alone to cause no change of membrane currents in cul-
tured DRG neurons. AITC, as a selective activator of
TRPAI, had been used in patch-clamp experiment to
detect the TRPA1 current. A previous study indicates
that there are still AITC-sensitive cells in TRPA1 knock-
out mice, but these are not the TRPV1-expressing cells
where most TRPA1 is expressed [18]. To confirm the
AITC-evoked current in DRG is a TRPA1-mediated
event, capsaicin at 10 uM was applied at the end of
recording using the patch-clamp preparation (see Mate-
rials and Methods section).

We observed that the AITC-activated inward currents
in DRG neurons underwent a weak tachphylaxis, giving
a smaller response on repeated applications of 300 uM
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A IB4/TRPAI

C GFRal/TRPA1

D GFRa2/TRPAl

B Ret/TRPAI

E GFRa3/TRPAI

(green) and 1B4 (red)

Figure 1 Colocalization of TRPA1 and B4, Ret or GFR as in DRG neurons. (A): Double immunostaining of TRPA]

showed almost all of TRPAT were expressed in 1B4-labeled neurons of the naive rat DRG. (B-E): Colocalization of TRPAT mRNA (brown cells) and
Ret (B), GFR a1 (0), GFR a2 (D), and GFR a3 (E) mRNAs (clusters of silver grains) using double ISHH with 33S-labeled antisense Ret and GFR as
probes combined with TRPAT DiG-labeled probe. The bright field and dark field photographs are merged. Arrows indicate examples of double-

labeled neurons. Scale bar = 100 ym in A, = 50 um in B-D.

AITC for 20 sec (Figure 2A). We have previously
demonstrated that G protein-coupled receptor signals
can potentiate the TRPA1 activity [23,24]. However, in
the present study, instead of potentiation, after 2 min
pretreatment with artemin (100 ng/ml), reapplication
of AITC with the same dose produced much smaller
current responses than the preceding application of
AITC. The normalized currents were significantly
smaller in the artemin-pretreated group than that in
the control group, which was not pretreated with arte-
min (0.9 + 0.09-fold change, n = 11 for control; 0.3 *

Table 1 The percentage of DRG profiles that co-express
IB4, Ret, GFR a1, GFR a2, or GFR a3 and TRPA1 mRNA
{mean = SE)

X x/total TRPA1/x x/TRPA1
TRPA1 369 + 2.6% 100% 100%

B4 NA. 44.1 £ 1.9% 822+ 1.1%
GFR al 456 + 4.9% 102 + 5.1% 135 £ 77%
GFR a2 441 + 1.7% 378 + 7.0% 459 + 7.6%
GFR a3 384 £ 2.7% 875 + 4.1% 858 + 1.9%

Ret 774 + 3.2% 475 £ 55% 993 + 0.6%

0.09-fold change, n = 6 for artemin; p < 0.005). A
smaller effect was detected in cells pretreated with
artemin in low concentrations (1 ng/ml) (0.8 + 0.05-
fold change, n = 4 for 1 ng/ml p > 0.05 versus control)
{Figure 2B and 2C). This suppression effect lasted at
least 8 min after artemin application (Figure 2D). To
further confirm the inhibitory effect of TRPA1 by arte-
min, we also tested the effect of artemin on AITC-
induced current density in DRG neurons. After 2 min
pretreatment of artemin, the current density induced
by AITC (300 M, 1 min) was significantly suppressed
(-30.8 = 8.74 pA/pF, n = 8 for control, -9.5 = 4.25 pA/
pF, n = 8 for artemin, p < 0.05 vs control) (Figure 3A-
C). To examine how artemin changes TRPA1 respon-
siveness, we measured AITC-induced current density
by applying a range of concentrations of AITC in the
absence or presence of artemin. We found that treat-
ment of artemin suppressed the maximum response
(-64.4 + 13.36 pA/pF for control vs -19.8 + 11.16 pA/
pF for artemin) without conspicuously affecting ECgq
(343 pM for control vs 396 uM for artemin) (Figure
3D). These data clearly indicate a suppressive effect of
artemin on TRPA1 channel activity.
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AITC Artemin Cap

Figure 2 A short-term treatment of artemin decreased AITC-induced currents in DRG neurons. (A, B): Representative traces show TRPA1
currents produced by repeated AITC application without (A) or with (B) artemin (100 ng/ml) treatment. AITC was re-applied after artemin
administration for 2 min. (C): Bar graph shows the effect of artemin on AITC activated currents. Currents were normalized to the values evoked
initially by AITC application in the absence of artemin. Numbers in parenthesis indicate cells tested. (D): Representative traces show time-course
of TRPA1 currents induced by repeated AITC application after artemin (100 ng/ml) treatment. AITC (300 uM) in a bath solution was perfused for

AITC Artemin Cap

100 pA

| 2 min

Artemin suppressed TRPA1-mediated pain behaviors

Activation of TRPA1 by pungent natural products suggests
a nociceptive role for TRPAI. Both AITC and formalin has
been reported to cause nocifensive behaviors in animals
through TRPA1 activation [19,23]. To test whether artemin

treatment could suppress TRPA1-mediated pain behaviors,
we performed intraplantar injections with AITC or forma-
lin after pretreatment of artemin (10 pg/ml) and recorded
nocifensive behaviors of rats. Consistent with our previous
studies [23-25], both AITC- and formalin-injection
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