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Fig. 6. Peripheral nerve injury enhanced expression of LT receptor
mRNAs in ipsilateral spinal neurons and microglia, (A-13 1SHIT for LT
receptor mRNA expression in the spinal cord: (A-Cy BLTL, (D-F)
CysLT1, (G-I CysLT2 in naive rats (4, D, (), 7 days iB) and 3 days af-
ter nerve injury (E, Hi «C, F, i Brightfield photographs of the ipsilat.
¢ral lamina 11 of spinal cord at 7 days (Ch or 3 days after nerve injury
(F, 15 Scale bars: darkfield images; 500 ym, brightfield tmages: 25 pm,
(J-0) Double labeling study of L7 receptors, Photographs show com-

and maintenance of neuropathic pain (Marchand et al,,
2005; Milligan and Watkins, 2009; Scholz and Woolf,
2007; Tsuda et al., 2005). Glial activation after nerve

injury is thought to trigger the production and release of

proinflammatory cytokines and neuretrophins that may
augment nociceptive signals in the spinal dorsal horn (Ji
and Suter, 2007; Trang ot al., 20093, Moreover, a number
of substances released from activated glial cells may have

bined 18HH for LT receptor mRNAs with NeuN ), M), GFAP (K. Nt
and fhal ‘L, O Phutographs of BLT1 (=10 and CysiT1 O-0) were
taken from the spinal cord of 7 and 3 duys sfter SN, respectively. Seale
bar; 25 um. Open arrows indicate double-labeled cells. Arrowheads indi-
cate singledabeled cells by ISHH taggregation of grains), and open
arrowheads  indicate  single immunestained cells thrown  studmings
{Color figure can be viewed in the online jssue, which is available m
wwawinterscience.wiley.com |

an effect on neighboring glial cells, change gene expres-
sion, inerease the excitability, and enhance the release of
proinflammatory mediators, resulting in the enhance-
ment of positive feedback in spinal glial networks (see
reviews; Inoue and Tsuda, in press; Ji et al., 2009; Milli-
gan and Watkins, 2009; Scholz and Woolf, 2007). LTs
induced and released from activated microglia may have
pronociceptive effects onto spinal neurons as well as
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Fig. 7. Pretreatment of p38 MAPK inhibitor suppressed the expression
of 5:.LO mRNA induced by SNT in the spinal cord. 1A} Peripheral nerve
injury induced phospharviation of p38 1 p-pi8)in the ipsilaterat dorsal horn
tupper figures). Double staining demonstrated a beavy colovalization of p-
P& ipreen twith Ebal fred) in spinal microglio at 3 days after SNEilowey fig-
uress. (B0 Dose responses of the p3R inhibiter an mechanical allidynia
induced by SNT surgery, (G Effeet of MAPK inhibitors on the induction of
LT synthase and receptor mRNA. Gel panels show RT-PCR products from

within glial networks. Of course, the detailed mechanism
how the BLT! expressed in neurons is activated by bind-
ing LTB4 should be explored. but LTs in the spinal cord
may be important mediator in the neurvpathic pain
mechanisms, in addition to other lipid mediators, prosta-
glandins, or lvzophosphatidic acid (Ueda, 2008; Zhao
et al., 2000).

In the present study, the effects of LT synthesis on
pain behaviors were examined just after the upregula-
tion of several LTs mRNAs were confirmed. Previous
studies reported that some lipoxygenase metabolites are
invelved in hyperalgesia in peripheral inflammation
{dain et al., 2001; Levine et al., 1984; Martin et al.,
1988; Trang et al., 2004 In these cases, LTs were
released from infiltrated immune cells, such as neutro-
phils. and may have an effect on nociceptors in periph-
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Withdraweal thrashg!

s 3
days after nerve mjury

5-L0

the L4-L5 spinal cord taken from naive, 3 days after SN administered with
vehieke, lawer 136 nnwl davs ' or higher (1196 nmol days ' conventration
of SB2035R0 and V0126 (208 amol days 15, Graphs show quantification of
the relative mRNA levels of ET synthuses and the receptors. LT synthase
and receptor TMANA Jevels were normudized against GAPDH i - 4, mean
= SEM, #; P < 0.05 compured with nuive, §; £ < 005 eompared with vehi-
cle). 8B indicates SB203550. | Coloer figure can be viewed in the anbine issue,
which is available st www interscignee wiley.com. ]

eral inflamed tissues. LTs have important roles in
variety of systemic diseases (Henderson, 1994: Peters-
Gelden and Henderson, 2007), but few reports have sug-
gested a possible role of LTs on neuropathic pain via
intraspinal mechanisms. Findings that the intrathecal
injection of 5-LO inhibitors and CysLT1 receptor antago-
nists significantly suppressed the development of me-

chanical allodynia after SNI suggest an intraspinal role

of LTs in neuropathic pain. Like other molecules synthe-
sized in activated microglin. LTs has positive effects on
pain behaviors for limited periods after nerve injury.
Because the delayed application of LTs antagonists
showed no effects on pain behaviors, we believe
that CysLT1 in micreglia and BLT1 in neurons are
involved in the early phase of neuropathic pain, not in
its maintenance.
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SB203580
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Fig, % The pid Mapg i'zhihimr
e RN A dndueed by SN 3 slier zurg i photograg
of ISHH show 5-L0O mBNA in the 'wmi Urll! né \\l rats m at
vehicle and pd8 MAPK inhibitor SE2E680 (105 nmael «
bnmunshistochomival ph 1 i the spi
ruts treated with vehiele an 4] ;*’-c;:iv Bara: 250 jun

MAPK plays a critical role in intraceliunlar

sigmad

trangduction and consist of ERK1/2, p38 MAPK, and
JNK1/2 iChang and Karin, 2001; Widmann et al., 19991,

Emerging evidence indicates that nerve injury results in
MAPK activation in spinal glial cells, and MAPK inhibi-
tors  diminish injury%ndumd pain  hypersensifivity
L1 and Suter, 2007: J1 et al., 2000 Jin et al., 2008 Kat-
sura et al, 2008, Kobavashi et al., 2008; Scholz and
Woolf, 2007; Trang et al., 20091, In the present study, we
found that a pi8 MAPK inhibitor, SB2035580, signifi-
cantly reduced nerve injury-induced 5-LO mBNA upre-
gulation in spinal microglia, although ether enzymes,
FLAP, LTC4s, ete. did not change as a result of the
treatment with p38 inhibitor, These findings suggest
that nerve injury activiates the first step of gequential
LTs pathway, 5-L0, in gpinal microglia via pi8 MAPK
activation, and thus increase mechanical hvpersensitiv
ity.

Based on the findings described in thig present study
i[ig. 101 we hypothesize a novel lipid mediator working
in the spinal cord during pm‘ipbeml swn*& injhury. The
LTy synthetic enzymes, such as 5-LO, FLAP LTA4h,
and LTC4ds, inereased in microglia after *a-\i injury via
the p38 MAPK pathway, At the same time, the LTs
receptors, BLTL and CysLT1, inereased in spinal neu-
rons and micreglia, respectively, The signaling via LTs
and the receptors between microghin and neurons or

s

among micruglia may be involved in the development of

mechanteal allodynia after peripheral nerve injury. Of
caurse, how nearons in the dorsal horn with BLT1 con-
tribute to increased pain behaviors should be examined,
and how the signaling in microglial network via DTs
affects on nociception is also a next important research
guestion,
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Expression of leukotriene receptors in the rat
dorsal root ganglion and the effects on pain
behaviors

Masamichi Okubo', Hiroki Yamanaka', Kimiko Kobayashi', Tetsuo Fukuoka', Yi Dal?, Koichi Noguchi'

Abstract

unknown.

agonist.

Background: Leukotrienes (LTs) belong to the large family of lipid mediators implicated in various inflammatory
conditions such as asthma and rheumatoid arthritis. Four distinct types (BLT1, BLT2, CysLT1 and CysLT2) of G-
protein-coupled receptors for LTs have been identified. Several studies have reported that LTs are involved in
inflammatory pain, but the mechanism and the expression of LT receptors in the nociceptive pathway are

Results: We investigated the precise expression of these four types of LT receptors in the adult rat dorsal root
ganglion (DRG) using reverse transcription-polymerase reaction (RT-PCR) and radioisotope-labeled in situ
hybridization histochemistry (ISHH). We detected mRNAs for BLT1 and CysLT2 in the DRG, but not for BLT2 and
CysLT1. CysLT2 mRNA was preferentially expressed by small sized DRG neurons {about 36% of total neurons),
whereas BLT1 mRNA was expressed by non-neuronal cells. Double labeling analysis of CysLT2 with NF-200,
calcitonin gene-related peptide (CGRP), isolectin B4 (IB4), transient receptor potential vanilloid subfamily 1 (TRPV1)
and P2X3 receptor revealed that many CysLT2-labeled neurons were localized with unmyelinated and non-
peptidergic neurons, and interestingly, CysLT2 mRNA heavily co-localized with TRPV1 and P2X3-positive neurons.
Intraplantar injection of LTC4, a CysLT2 receptor agonist, itself did not induce the thermal hyperalgesia,
spontaneous pain behaviors or swelling of hind paw. However, pretreatment of LTC4 remarkably enhanced the
painful behaviors produced by alpha, beta-methylene adenosine 5-triphosphate (af3-me-ATP), a P2X3 receptor

Conclusions: These data suggests that CysLT2 expressed in DRG neurons may play a role as a modulator of P2X3,
and contribute to a potentiation of the neuronal activity following peripheral inflammation.

Background

The leukotrienes (LTs) are a family of biologically active
lipid mediators. They are synthesized from arachidonic
acid (AA) via the 5-lipoxygenase pathway. AA is enzy-
matically converted to LTB4, LTC4, LTD4 and LTE4
that are known as bioactive LTs. LTC4, LTD4 and
LTE4 are collectively termed the cysteinyl leukotrienes
(CysLTs). LTs are peripherally produced by activated
leukocytes in response to peripheral inflammation, such
as asthma and atopic dermatitis [1,2]. Four different
types (BLT1, BLT2, CysLT1 and CysLT2) of G-protein-

* Correspondence: noguchi@hyo-med.ac,jp

'Department of Anatomy and Neuroscience, Hyogo College of Medicine, 1-1
Mukogawa-cho, Nishinomiya, Hyogo 663-8501, Japan

Full list of author information is available at the end of the article

() BioMed Central

coupled receptor for LT have been cloned [3-6]. LTB4
activates BLT1 and BLT2, and CysLTs activate CysLT1
and CysLT2.

Peripheral inflammation often elicits mechanical and
thermal hyperalgesia. The most studied of these lipid
mediators are the prostaglandins (PGs) of the cyclooxy-
genase pathway of AA metabolism [7,8]. Expression of
G-protein-coupled receptors of EP for E-type PG is
localized in C-fibers, unmyelinated nociceptive fibers, in
the dorsal root ganglion (DRG) [8]. Activation of EP sig-

naling plays a role in neuronal sensitization mediating

modulation of the transient receptor potential vanilloid
subfamily 1 (TRPV1) receptor and P2X3 receptor [9,10].

Intradermal injection of LTB4 has been shown to pro-
duce both thermal and mechanical hyperalgesia [11,12].

© 2010 Okubo et al; licensee BioMed Central Ltg. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://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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Jain et al. have reported that LTs are involved in inflam-
matory pain induced by carrageenan [13]. Furthermore,
we demonstrated that an increase in LT synthesis in
microglia in the spinal cord induced by peripheral nerve
injury contributes to neuropathic pain [14]. However, in
the periphery, the mechanism of the nociception
induced by LTs is unknown and the precise expression
pattern of LT receptors in the DRG has not been clari-
fied. The purpose of this study is to examine the expres-
sion of LT receptor mRNAs in the DRG to assess
whether LT receptors are expressed in nociceptive neu-
rons. Furthermore, we attempted to determine the noci-
ceptive role of LT receptors in DRG by behavioral
analyses.

Results

Expression of LT receptors in the DRG

To examine whether sensory neurons express the LT
receptor mRNAs, we performed reverse transcription-

Page 2 of 9

polymerase chain reaction (RT-PCR) and in situ hybridiza-
tion histochemistry (ISHH) using adult rat DRG. The
mRNAs for BLT1 and CysLT2 mRNAs were expressed in
the DRG, but not the BLT2 and CysLT1 mRNAs (Figure
1A). For the ISHH, the BLT1 mRNA was expressed in an
extremely limited population of non-neuronal cells (Figure
1B, C). With brightfield imaging of ISHH for the BLT1
mRNA, silver grains were accumulated over the non-neu-
ronal cells whose nuclei were heavily stained with hema-
toxylin (Figure 1C). In contrast to the BLT1 mRNA, a
subpopulation of DRG neurons expressed CysLT2 mRNA
(Figure 1D, E). The darkfield photograph displayed distin-
guishable clusters of silver grains over the tissue with
minimal background signals (Figure 1D). The brightfield
and high magnification images confirmed the presence of
CysLT2 on neuronal cell bodies (Figure 1E). To evaluate
objectively the expression of the CysLT2 mRNA in DRG
neurons, we measured, calculated, and plotted the signal-
to-noise (S/N) ratio and cross-sectional area of each

A & aa & & Qo‘z“
REPONPY & o F

Figure 1 Expression of LT receptor mRNAs in the rat DRG. (A) The expression of mRNAs for LT receptors were determined by the RT-PCR
technique. Gel panel shows PCR products from the L4, 5 DRGs taken from naive rats. (B, D) Low-magnification darkfield images of ISHH show

BLT1 and CysLT2 mRNAs of naive rats, respectively. (C, E) Higher-magnification brightfield images of the left-hand images. Arrows indicate
positively labeled cells by ISHH. Scale bars: B, D; 500 pm, E; 25 pm, C; 12.5 um. J
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neuron (Figure 2). Based on this scattergram, neuronal
profiles with a grain density of 20-fold the background
level or higher (S/N ratio > 20) were considered positively
labeled for this mRNA. With this criterion, 35.8 + 3.3% of
profiles were positively labeled for CysLT2 mRNA of the
total DRG neurons (Table 1). The scattergram revealed
that CysLT2 mRNA was expressed more intensely by the
neurons with cell profiles less than 600 um? compared
with the medium or large-size neurons. The size distribu-
tion of the positively labeled profiles for CysLT2 mRNA is
shown in Table 1. The CysLT2 mRNA was expressed in a
limited population of small (< 600 pm?) and medium-size
(600-1200 um®) neurons, whereas large-size (> 1200 ym?)
neurons were not labeled for this mRNA (Table 1). The
neuronal size definition was described previously [15].

Characterization of CysLT2-labeled neurons

To characterize the expression of CysLT2 mRNA in DRG
neurons, we used double labeling ISHH with immunohis-
tochemistry (IHC) for NF-200, a maker of myelinated A-
fiber neurons. We found NF-200-immunoreactive neu-
rons in 36.3 + 1.5% of the total neurons (Table 2). No
specific staining was observed in the absence of the pri-
mary antibody (data not shown). The results of double
labeling analysis of CysLT2 mRNA with NF-200 showed
that 9.6 + 3.4% of the CysLT2 mRNA-positive profiles
expressed NF-200, conversely, 8.0 + 2.3% of NF-200-pro-
files expressed CysLT2 mRNA (Figure 3A; Table 2). The
CysLT2 mRNA was expressed in 44.0% of NF-200 nega-
tive profiles, which were considered unmyelinated neu-
rons (C-fiber). We tested the co-expression of CysLT2
mRNA with CGRP and IB4 in order to identify the pep-
tide-dependent neuronal subpopulations [16], using
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Figure 2 Scatterplot diagram of the DRG neurons expressed
mRNA for CysLT2. individual cell profiles are plotted according to
the cross-sectional area and signal intensity (n = 4, 2819 cells). The
dashed line indicates the borderline between the negatively and
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Table 1 Distribution of CysLT2 mRNA Expression in the
DRG

Small Medium Large
(< 600 pm?) {600-1200 um?) (> 1200 pm?)
CyslT2 765 + 65 235+ 65 00£00

positively labeled neurons {S/N ratio = 20).

Percentages of CysLT2 mRNA-expressing cells in total positive cells.
Mean + SEM (n = 4).

double labeling of ISHH with IHC. We observed CGRP-
immunoreactive and IB4-binding neurons in 39.0 + 3.1%
and 37.5 + 2.9% of the total neuronal profiles, respec-
tively (Table 2). The results of the double labeling analy-
sis of CysLT2 mRNA with CGRP and IB4 showed that
27.5% of the CysLT2 mRNA-positive profiles expressed
CGRP; conversely, 25.6% of CGRP-profiles expressed
CysLT2 mRNA (Figure 3B, Table 2), and 85.6% of the
CysLT2 mRNA-positive profiles expressed IB4, conver-
sely, 82.0% of IB4-profiles expressed CysLT2 mRNA (Fig-
ure 3C, Table 2). These results indicated that CysLT2
mRNA was expressed in non-peptidergic neurons rather
than peptidergic neurons.

Next, to examine whether CysLT2 mRNA was co-
expressed with TRPV1 and P2X3 that are considered as
pivotal nociceptors in primary afferent fibers, we tested
the percentage of colocalization of CysLT2 mRNA with
TRPV1 and P2X3. We observed TRPV1 and P2X3-ir
neurons in 36.7 £ 1.5% and 34.0 £ 1.9% of the total neu-
ronal profiles, respectively (Table 2). Further, 71.2% of
the CysLT2 mRNA-positive profiles expressed TRPV1;
conversely, 69.6% TRPV1- positive profiles expressed
CysLT2 mRNA (Figure 3D; Table 2) and 80.7% of the
CysLT2 mRNA-positive profiles expressed P2X3; con-
versely, 88.8% P2X3- positive profiles expressed CysLT2
mRNA (Figure 3E; Table 3).

Effect of LTC4, a CysLT2 receptor agonist, on pain-related
behaviors

Leukotrienes are known as proinflammatory lipid med-
iators, and CysLT2 was co-localized with TRPV1, a heat

Table 2 Percentages of Colocalization of CysLT2 mRNA
with NF-200, CGRP, IB4, TRPV1 and P2X3
Immunoreactive Neurons in DRG

y Xy y/x
NF-200 (36.3%) 80+23 96 + 34
CGRP (39.0%) 256 £+ 3.0 275+ 39
B4 (37.5%) 820 £ 46 856+ 15
TRPY1 {36.7%) 69.6 + 46 71218
P2X3 (34.0%) 888 + 22 807 £ 3.7

x/y means the percentage of CysLT2 (x) mRNA-expressing cells in y
immunoreactive cells. {number); means percentage of the neurons expressing
the corresponding immunoreactivity in total DRG neurons. Mean + SEM (n =
4).
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sensor, in DRG neurons. We examined whether LTC4, a
CysLT2 receptor agonist, leads to thermal hyperalgesia
(Figure 4A). We tested heat sensitivity of the hind paw
after intraplantar injection of LTC4 (8 fmol, 0.8 pmol
and 80 pmol). None of doses affected on heat sensitivity
at 10, 30 and 60 min after LTC4 injection (Figure 4A).
LTC4 alone (0.8 pmol) did not contribute to the noci-
fensive behaviors (pain-like behaviors) and swelling of
the hind paw (data not shown).

Next, because CysLT2-positive cells heavily co-loca-
lized with P2X3, we examined whether intraplantar
injection of LTC4 can enhance the nocifensive beha-
viors induced by alpha, beta-methylene adenosine 5’
triphosphate (aff-me-ATP), a P2X3 receptor agonist.
In normal rats, aff-me-ATP (100 pmol) consistently
induced periods of intermittent hind paw-lifting beha-
vior, which mostly began within 30-40 s after the
injection and continued for the first 4 min [17]. Intra-
plantar injection of LTC4 at 0.8 pmol before the of-
me-ATP injection induced a remarkable increase of
paw-lifting behaviors (Figure 4B). The increase of
duration of paw lifting was significantly larger than
that after the injection of PBS plus af3-me-ATP (Figure
4B). Lower and higher doses of LTC4 (< 80 fmol and 8
pmol <) did not show the alteration of nocifensive
behaviors by af-me-ATP injection (Figure 4B). Poten-
tiation of nocifensive behaviors induced by LTC4
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Table 3 Sequence Location of Primers Used in This Study

Gene GenBank Accession no. Forward Reverse
BLT1 AB025230 1812-1831 2231-2212
BLT2 AB052660 488-507 939-920
CysLT1 AB052685 234-253 698-679
CysLT2 ABQ52661 105-124 670-651
GAPDH M17701 80-99 350-331

showed a bell-shaped concentration-effect curve, with
no significant effect at lower and higher amounts.

Pretreatment with the LTC4 increased of-me-ATP-
induced Fos expression

A single injection of aff-me-ATP (100 nmol) induced
Fos expression in a small number of spinal neurons
(Figure 4C). The labeled neurons were in the superficial
dorsal horn but were relatively distributed throughout
the spinal cord laminae. The injection of aff-me-ATP
(100 nmol) into the hind paw of the LTC4 (0.8 pmol)-
pretreated rats induced elevated Fos expression in spinal
neurons (Figure 4D). The Fos-labeled cells were promi-
nently observed in the medial half of the superficial
laminae of the spinal dorsal horn. The number of Fos-
labeled cells in laminae I-II induced by the injection of
of-me-ATP (100 nmol) in rats pretreated LTC4 (0.8

Scale bars; 25 um.

Figure 3 Distribution of CysLT2 mRNA in histochemically identified neuronal subpopulations in the rat DRG. Brightfield images of
combined immunohistochemistry for (A) NF-200, (B) CGRP, (C) IB4, (D) TRPV1, (E) P2X3 with ISHH for CysLT2 mRNA. Arrows indicate examples of
double-labeled cells. Solid arrowheads indicate positively labeled cells by ISHH and open arrowheads indicate examples of immunoreactive cells.
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Figure 4 Effect of LTC4, a CysLT2 receptor agonist, on off-me-ATP induced pain behaviors and Fos expression. (A) Thermal sensitivity
was evaluated by measuring withdrawal latency (sec) at pre (pretreatment), 10, 30 and 60 min after intraplantar injection of LTC4 using a plantar
test. (B) The nocifensive behaviors induced by af-me-ATP (100 nmol) were evaluated by measuring paw-lifting duration (sec). LTC4 was given at
several doses of 8 fmol - 80 pmol/paw, and the ensuing hind paw-lifting duration over the following 4 min was measured. #p < 0.05 compared
with vehicle treated group. n = 4-6 for each group. (C, D) Fos protein immunoreactivity in the L5 spinal cord induced by af-me-ATP (100 nmol)
alone (C) and LTC4 (0.8 pmol) followed by ap-me-ATP intraplantar injection (D). (E) Number of Fos-labeled neurons in spinal laminae Il shown

in Cand D. #p < 0.05 compared with vehicle treated group. n = 3 for each group. Scale bar: 100 um.

pmol) was significantly larger (almost 1.5 times) than
those pretreated with PBS (Figure 4E).

Discussion

LTs are lipid mediators with a proinflammatory profile
and have been implicated in the pathogenesis of several
types of inflammation [1]. For example, the blood and
synovial fluids of patients with rheumatoid arthritis con-
tain higher levels of LTB4 than people without rheuma-
toid arthritis [18]. LTB4 is known as a potent neutrophil
chemotactic agent. It is considered that the neutrophils
that are infiltrated by rheumatoid arthritis produce
LTB4 in synovial fluids and induce the inflammatory
condition. Several studies have demonstrated that LTs
are involved in inflammatory pain [11-13]. It is well
known that nerve growth factor (NGF) is up-regulated
in inflammatory tissue and sensitizes nociceptors [19]

leading to thermal hyperalgesia [20]. It has reported that
NGF increased LTB4 in the rat paw skin and these
results suggested the participation of LTB4 in NGF-
induced local thermal hyperalgesia [21]. Furthermore,
Trang et al. have reported that intrathecal administra-
tion of LTB4 leads to thermal hyperalgesia, and a BLT1
receptor antagonist suppresses this hyperalgesia [22].
These previous reports indicate that LTs in peripheral
tissues may have an effect on primary afferents.

In the present study, we demonstrated the expression
of LT receptors, BLT1, BLT2, CysLT1, and CysLT2, in
the adult rat DRG. We could not detect BLT2 and
CysLT1 mRNAs in the DRG. We found the BLT1
mRNA expression in non-neuronal cells, but Andoh et
al. reported expression of BLT1 in mouse DRG neurons
[23]. This discrepancy may be due to the difference of
the species (rat versus mouse) or the methods (ISHH
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versus [HC). In contrast to the expression of BLT1
mRNA, CysLT2 mRNA was expressed in DRG neurons.
CysLT2 was cloned in 2000 [5], however, there has been
limited information of its tissue distribution in nervous
system, such as in the astrocyte in brain [24]. CysLT?2 is
involved in apoptosis induced by oxygen-glucose depri-
vation in vitro [24], but its functional role remains lar-
gely unknown. We precisely quantified CysLT2 mRNA
in the adult rat DRG showing that about 40% of DRG
neurons expressed CysLT2 mRNA (S/N > 20) and small
sized DRG neurons preferentially expressed CysLT2.
Double-labeling analysis with NF-200 and CysLT2
showed that most CysLT2-labeled cells did not express
NF-200. Moreover, a lot of CysLT2-positive profiles
exclusively co-localized with I1B4-binding, a quarter of
CGRP-positive neurons expressed CysLT2 mRNA.
These results indicate that CysLT2 was mainly
expressed in unmyelinated and non-peptidergic neurons.

Interestingly, CysLT2 mRNA expressing neurons were
heavily co-localized with TRPV1- or P2X3-positive neu-
rons. TRPV1, one of the TRPV family, has been cloned
and is a thermosensitive channel with a threshold of 42
degrees Celsius [25]. TRPV1 is expressed in small sized
neurons [26] and is modulated by various G-protein
coupled receptors, such as EP4 [8], protease-activated
receptor 2 [27] and neurokinin-1 receptor [28]via the
protein kinase C (PKC) pathway. 12-(S)-HPETE, a pro-
duct of 12-lipoxygenase, potentiates the TRPV1 current
in HEK cells [29]. Thompson et al. have reported that
the signaling pathway for CysLT2 is involved in the acti-
vation of PKC pathway via Gq-proteins [30]. Because it
is possible that CysLT2 can sensitize TRPV1 in primary
sensory neurons, we examined whether intraplantar
injection of LTC4 leads to thermal hyperalgesia. All
doses of LTC4 (8 fmol, 0.8 pmol and 80 pmol) did not
affect on heat sensitivity at 10, 30 and 60 min after the
injection in normal rats. The data indicate LTC4 does
not have a role on thermal hyperalgesia in a normal
condition. However, a further study is required to know
the role of LTC4 on thermal sensitivity in tissue
inflammation.

P2X3 is a ligand-gated ion channel for ATP, and
belongs to P2X family. P2X3 is of particular interest in
the context of pain pathways, because it is selectively
expressed at high levels by nociceptors [31], and electro-
physiological studies suggest that the P2X receptors in
sensory neurons may play an important role in the gen-
eration and/or modulation of the pain signaling from
the periphery to the spinal cord [32]. Furthermore, we
previously reported that P2X3 in peripheral afferents
plays a role in the induction of the hypersensitivity to
mechanical stimulation observed during peripheral
inflammation [33] and many P2X3s are co-expressed
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with protease-activated receptor 2 in the rat dorsal root
ganglion neurons. Nocifensive behaviors induced by af3-
me-ATP injection to the hind paw were significantly
augmented after the application of protease-activated
receptor 2 agonists [17]. Fos expression induced by the
of-me-ATP injection in dorsal horn neurons was also
increased after the pre-application of protease-activated
receptor 2 agonists [34]. These previous studies led us
to behavioral experiments to study whether the LTC4
have a role in potentiation of pain sensation induced by
af-me-ATP. Intraplantar injection of LTC4 before the
of-me-ATP injection induced a significant increase of
paw-lifting behaviors and Fos expression in the spinal
dorsal horn. Based on the finding described in the pre-
sent study, we concluded that CysLT2, the receptor of
LTC4, located in the primary afferent, might modulate
the activation of P2X3 by the injection of aff-me-ATP.

Conclusions

We found that the CysLT?2 is preferentially expressed by
small-sized, non-peptidergic and nociceptive neurons
expressing TRPV1 or P2X3 in the DRG, and contribute
to the potentiation of pain behaviors induced by af3-me-
ATP. Our current observations in the context of pre-
vious findings may indicate a novel functional role of
CysLT2 in the peripheral nervous system.

Methods

Experimental animals

Male Sprague-Dawley rats weighing 200-250 g were
used as subjects. All animal experimental procedures
were approved by the Hyogo College of Medicine Com-
mittee on Animal Research and were performed in
accordance with the National Institutes of Health guide-
lines on animal care. Rats were used for the behavioral
analyses. A few minutes after unilateral intraplantar
injection of leukotriene C4 (LTC4, Cayman chemical,
Ann Arbor, MI) [5S-hydroxy-6R-(S-glutathionyl)-
7E,9E,11Z,14Z-eicosatetraenoic acid] [0.8 pmol-8 nmol
in 50 pl of phosphate-buffered saline (PBS)], an agonist
of CysLT2 receptor, the rats received intradermal injec-
tion of af-me-ATP (100 nmol, Sigma, St Louis, Mis-
souri, USA) in 50 pl PBS to the plantar surface of the
left hind paw. The rats were placed in a wire mesh cage
immediately after the injection, and the duration of hind
paw lifting during the first 4 min were measured
[17,35]. For measurement of thermal hyperalgesia, the
withdrawal latency (sec) of hind paw was measured
from 10 to 60 min after intraplantar injection of LTCA4.
Thermal hyperalgesia was assessed with a plantar test
(7370, Ugo Basile, Comerio, Italy). The detailed method
of thermal sensitivity measurement in rat hind paw was
described previously [36].
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Reverse transcription-polymerase chain reaction (RT-PCR)
and in situ hybridization histochemistry (ISHH)

The rats were killed by decapitation under deep ether
anesthesia. L4 and L5 DRGs were removed and rapidly
frozen with powdered dry ice and stored at 80°C until
use. Extraction of total RNA was done by the single step
extraction method using ISOGEN (Nippon Gene,
Tokyo, Japan) that was described in a previous paper
[37]. The forward and reverse primers specific for rat
BLT1, BLT2, CysLT1, CysLT2 and GAPDH were
designed as shown in Table 3. Amplification cycle were
33 for each cDNA. The amplified cDNA was cloned
into p-GEM T-easy (Promega, MI, USA) and sequenced.
These clones were used to generate the cRNA probes
for ISHH.

For ISHH, the rats were killed by decapitation under
deep ether anesthesia. The bilateral L4 and L5 DRGs
were dissected out, rapidly frozen in powdered dry ice,
and cut on a cryostat at 5 pm thickness. The protocol
for ISHH was base on a publish method [38]. Using the
enzyme-digested cloned, a**S UTP-labeled antisense
and sense cRNA probe were synthesized. Thea>>S-
labeled probes in hybridization buffer were placed on
the section, and then incubated at 55°C overnight. Sec-
tions were then washed and treated with 1 pg/ml RNase
A. Subsequently, sections were dehydrated and air-dried.
After the hybridization reaction, the slides were coated
with NTB emulsion (Kodak, Rochester, NY, USA) and
exposed for 3-4 weeks. Once developed in D-19
(Kodak), the sections were stained with hematoxylin-
eosin and coverslipped.

Double labeling analysis of ISHH with
immunohistochemistry (IHC)

For double labeling of ISHH with IHC, the rats were
deeply anesthetized with sodium pentobarbital (70-80
mg / kg body weight, i.p.) and perfused transcardially
with 100 ml of 1% paraformaldehyde in 0.1 M phos-
phate buffer, pH 7.4, followed by 500 ml of 4% parafor-
maldehyde in 0.1 M phosphate buffer. The L4 and L5
DRGs were dissected out and post-fixed in the same
fixative for 4 h at 4°C, followed by immersion in 30%
sucrose in 0.1 M phosphate buffer at 4°C overnight. The
tissue was frozen in powdered dry ice and cut on a
cryostat at 5 pum thickness. The sections were processed
for IHC using the ABC method [39]. Following antibo-
dies and binding protein were used: Mouse anti-NF200
monoclonal antiserum (1:40000, Sigma, St. Louis, MO,
USA), rabbit anti-CGRP (1:10000, Amersham, Buckin-
ghamshire, UK), isolectin B4 from Griffonia simplicifolia
(IB4, 1:200, Sigma, St. Louis, MO, USA), rabbit anti-
TRPV1 (1:100, Oncogene, Cambridge, MA, USA) and
rabbit ant-P2X3 (1:500, Oncogene, Cambridge, MA,
USA). The sections were washed in TBS and then
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incubated in biotinylated anti-rabbit or anti-mouse IgG
(1:400; Vector Laboratories, Burlingame, CA, USA) in
Tris buffer saline (TBS; Tris-HCl 0.1 M, NaCl 0.15 M)
containing 5% serum for 2 h at 4°C, followed by incuba-
tion in avidin-biotin-peroxidase complex (Elite ABC kit;
Vector, CA, USA) for 1 h at room temperature. The
horseradish peroxidase reaction was developed in TBS,
pH 7.4, containing 0.05% 3,39-diaminobenzidine tetrahy-
drochloride (Wako, Tokyo, Japan) and 0.01% hydrogen
peroxidase. Sections were then washed in TBS and used
for ISHH.

Immunohistochemistry for Fos expression

For Fos protein immunohistochemistry, rats were
divided into two experimental groups; group 1: rats
received injection of af3-me-ATP and PBS, and were
perfused 2 h after the injection; group 2: rats received
injection of aff-me-ATP and LTC4 (80 pmol) and were
perfused 2 h after the injection. After appropriate survi-
val times, the rats were deeply anesthetized and perfused
transcardially with 4% paraformaldehyde described in
double labeling method. L4/L5 segments of the spinal
cord were removed for immunohistochemistry as
described previously [40]. Rabbit primary antibody for
Fos (1:20000; Ab-5; Oncogene) was used. The number
of Fos-labeled neurons in laminas I-II was counted in
randomly selected sections (ten out of 18-28 sections
per rat). A labeled nucleus was judged as positively
labeled only when a structure of appropriate size and
shape indicated a clear increase in immunoreactivity
above the background, but without considering intensity
of the staining.

Quantitative analysis

Measurements of the density of silver grains over ran-
domly selected tissue profiles were performed using a
computerized image analysis system (NIH Image, ver-
sion 1.61), where only neuronal profiles that contained
nuclei were used for quantification. At a magnification
of 200x and with bright-field illumination, upper and
lower thresholds of gray level density were set such that
only silver grains were accurately discriminated from the
background in the outlined cell or tissue profile and
read by the computer pixel-by-pixel. Subsequently, the
area of discriminated pixels was measured and divided
by the area of the outlined profile, giving a grain density
for each cell or tissue profile. To reduce the risk of
biased sampling of the data because of varying emulsion
thickness, we used a signal-to-noise (S/N) ratio for each
cell in each tissue. The S/N ratio of an individual neu-
ron and its cross-sectioned area, which was computed
from the outlined profile, was plotted. Based on this
scatter gram, neurons with a grain density of ten-fold
the background level or higher (20 < S/N ratio) were
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considered positively labeled for CysLT2 mRNA.
Because a stereological approach was not used in this
study, quantification of the data may represent a biased
estimate of the actual numbers of neurons. At least 500
neurons from the L4/5 DRG of each rat were measured.
The number of positively labeled DRG neurons was
divided by the number of neuronal profiles counted in
each DRG. For IHC, only the signals that were clearly
discriminative immunoreactive profiles were considered
as the positive expressions.
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Increase of Close Homolog of Cell Adhesion Molecule
L1 in Primary Afferent by Nerve Injury and the
Contribution to Neuropathic Pain

Hiroki Yamanaka, Kimiko Kobayashi, Masamichi Okube, Tetsuo Fukuoka, and Koichi Noguchi”
Department of Anatamy and Newoscience, Hyogo Coilege of Medicine, Nishinomiya, Hyogo 663-8501, Japan

ABSTRACT

The L1 family of cell adhesion molecules {L1-CAMs) is
known to be involved in various newronal functions
such as cell adhesion, axon guidance, and synaptic
plasticity. We investigeted the detailed expression/
changes of a close homolong of the L1 cell adhesion
molecule {CHL1) after nerve injury and the possibie
role on neuropathic pain using the rat spared nerve
injury (SN} model. SN induced the expression of CHLY
in L4/5 DRG neurons, particularly in smali-size mnjured
neurons and in satellite cells. In the spinal cord, CHL1
immunoreactivity increased mainly in laminae -4 of the
dorsai horn on the side ipsiateral to the nerve injury.
Ultrastructural study clarified the fine localization of

CHLT in axons of primary afferents in the dorsal horn,
CHLY immunoreactivities were localized in the adher-
ence such as axon-axon, axon-dorsal horn neurcns
{dendrite, soma), and axon-glial cells {astrocyte and
microglia), Experimental inhibition of CHL1 adhssion by
intrathecal administration of the antibody for CHLI
exiracellular  domain  significantly  prevented  and
reversed SNkinduced mechanical allodynia. Thus, aiter-
ations of CHLT may be involved in the structural plas-
ficity after peripheral nerve injury and have importam
roles in neuropathic pain. ). Comp. Neurol, 5191597~
1615, 2011,

2070 Wiley Liss, Ina.

INDEXING TERMS: dorsal root ganglia; peripheral nerve injury, synaptic reorganization; plasticity

Peripheral nerve injury often results in neuropathic
pain with hyperalgesia and aliodynia  {Zimmermann,
2001}, which i associated with hyperexcitability in the
damaged dorsal root ganglion {DRG} neurons and altera-
tions in pain signal modulatory mechanisms in spinal dor-
sal horn {DH} neurons {Mclachian et al,, 1993; Stucky
et al., 2001; Ji et al., 2003; Hains et al., 2004; Salter,
2005, Woolf, et al,, 2007}, Although numerous putative
mechanisms have been implicated in neuropathic pain,
the key mechanisms that control its induction and main-
tenance remain unclear. One general concept is that
nerve injury induces a series of neuronal changes that re-
capitulate events during development {Chen et al., 2007},
such as the neurite outgrowth or promotion of synapse
formation. Several lines of evidence have indicated that
peripheral nerve injury is associated with synaptic strug-
tural plasticity within the neuropil inlamina It of the dorsatl
horn, Such morphological plasticity includes synaptic and
termingl degeneration of certain C-fiber afferents (Knyi-
har and Csillik, 1978; Kapadia and LaMotte, 1987}, as

& 2030 Wiley-lisg, ing,

well as sprouting and regeneration of synaptic contacts
{Csillik and Knyihar, 1975; Wang et al,, 2007},

L1 neural cell adhesion molecules (L1-CAMs) are im-
munogiobulin-class recognition proteins that promote
axun growth and migration in developing neurons {Man-
#53 and Schachner, 2007}, A close homaiog of L1 {CHL Y
is the most recently identified member of the L1 family,
s amino acid sequence is 60% identical to L1 in the
extrageliular region and 40% identical in the cytoplasmic
domain {Holm et al,, 1996} CHL1 is a strong promoter of
neurite outgrowth in vitro and may bind to CHL1 homo-
philically as well heterophilically (Hillenbrand et al.,
19991, During beain development, CHLT is first expressed
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at time of neyrite outgrowth and the expression of CHL
exhibits layer-specific pattern in the developing neocor-
tex. The strong expression of CHL1 remains in the hippo-
campus at the adult stage {Hillenbrand et al, 1999}
CHL1 knockout mice display aberrant guidance of oifac-
tory axons and hippocampal mossy fibers, and these
mice are defective in cognitive processing of spatial infor-
mation {Montag-Sallaz et al,, 2002} and attention {Pratte
et al,, 2003).

Given these melecular characteristics, biological activ-
iieg, and developmental expression patierns, i is reason-
able to propose that CHLUs ability to strengthen cell
interactions could contribute to the reorganization of tar-
minais in the dorsal horn following peripheral nerve injury.
in the present study we test this hypothesis using a well-
characterized spared nerve injury {SNI) model of neuro-
pathic pain {Decosterd and Woolf, 2000} which alsa pro-
duces allodynia {increased sensitivity o innoxious stimuti}
in the rat.

MATERIALS AND METHODS

Animal treatment

A total of 106 Male Sprague-Dawley rats {Nihon Dou-
buty, Osaka, Japan} weighing 200-250 g were used. All
animal experimental procedures were approved by the
Hyogo College of Medicine Commitiee on Animal
Research and were carried out in accordance with the
guidelines of the National Institues of Health on animal
care, Animals were anesthetized with sodium perdobarbi-
tal (50 mg/kg, intraperitoneally {i.p.]) and the tibial and
comman peraneal nerves were transected, while the sural
nerve was left intact {spared nerve injury; SNI modet)
The wounds were then closed and the rats were pllowed
to recover. In the sham operation the procedures were
the same except the nerves were only exposed and not
transected. At several imepoints {1, 3, 7, 14 days) follow-
ing the surgery, groups of rats were processed for analy-
sis. Every effort was made to minimize animal suffering
and reduce the number of animals used.

Intrathecal administration of anti-CHL1
antibody

After the SN, the L6 vertebra was laminectomized and
a soft tube {Silascon, Kaneka Medix, Osaka, Japan; outer
diameter, 0.64 mmj filled with 5 pb of saline was inserted
into the subarachnoid space for =05 cm length. After
the muscle incision was closed, the mini-osmotic pumps
{Alzet model 2001, Cupertino, CA) filled with nonimmune
goat 126 (50 pg/ml) diluted in saline or goat polyclonal
antibody zgainst the CHL1 extracelivlar domain {R&D
Systems, Minneapolis, MN} were connected to the tube.
The gancentrations of anti-CHL 1 antihody were & or 50

ne/ml diluted in saline {n = 6 for behavioral analysis at
each drug condition), Then the pump was lait under the
shin and the ingision was closed. The tube is held to the
Lé spinous process and 1o back muscle using 4-0 nylon
surgical sutures. The pump was implanted at ieast 24
hours before the first testing and the connection batween
pump and spinal cord was confirmed at the end day of be-
havioral analysis session,

Reverse transcription-polymerase chain
reaction (RT-PCR)

For RT-PCR the rats were killed by decapitation under
deep anasthesia with sodium pentobarbital (70-80 mg/kg
body weight, Lp.} at 0, 3, 7, and 14 days alter surgery,
and the left L4, § DRG were removed and rapidly frozen
with powdered dry ice and stored st —80°C until ready
for use {7 = 4 sach tmepoint), The procedure of extras-
tion of tolal RNA using an RNA estraction reagent 1SO-
GEN {Nippon Gene, Tokyo, japan) was described in our
previous study {Fukuoka et al, 2001) PCR primers for
CHLY and glyceraldehyde 3-phosphate dehydrogenase
{GAPDH} ocDNA were designed as follows: CHLY primers
{accession number XMOO1077843, 1647-2146), sense
5. CCCOTTGAAGGTGGTOGGTAT-3 and antisense 5-GGA
CAGUCGGACACTCCTGTT-3; GAPDH primers {accession
number M17701, 80-350), sense 5-TGCTGGTGCTGAGT
ATGTCG-3" and antisense 5-GCATGTCAGATCCACAA
CGG-3. The subsequent PCR reaction was performed
with a standard method {Yamanaka et al,, 2004},

Histological analysis ,

Rats that received SN (0, 1, 3, 7, and 14 days, n =4
at each timepoint} were deeply anesthetized with sodium
pentobarbital {70-80 mg/kg body weight, i.p.} and per-
fused transcardially with 100 mbL of 1% parsformaldehyde
in 0.1 M phosphate buffer (pH 7.4} {PB), followed by 500
ml of 4% paraformaldehyde in 0.1 M PB. The L4/5 DRG
and spinal cord were dissected out and postfixed in the
same fixative for 4 hours at 4°C, followed by immersion in
30% sucrose in 0.1 M PB at 47C overnight. The tissue was
frozen in powdered dry ine, cut on a cryostat at @ 25um
thickness far the spinal cord, and 4 um thickness for the
DRG. The sections were processed for in situ hybridiza-
tion and immunohistochemistry.

In situ hybridization (ISH)

The protocol for ISH was described in detail previously
(Yamanaka et al., 2004}, The clone {(p-GEM T-easy; Prom-
ega, Madison, W1} containing & partial sequence corre-
sponding to the coding regions of CHLY {1647-2146,
accession number XMQOQ1077843,) was prepared and
alpha-358 UTPabeled antisense and sense cRNA probes
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TABLE 1
Primary Antibodies

Antibody Immunagen Host Caode /clone Gilution Seource
Close homolog Mouse CHLY Goat AFZ14T {HE 110800 R&D Systess
of L1 {CHUT exiracetiular domain ol VEXQ 1504 1) B 12000)
{aring acid, 25 1,043}
Artivating lranscription Poptide {19421 Rabbit C-19 {HO 11000 Santa Cruz
facior 3 1ATF3 of Haman ATF3 fiot A2561 GYB 1000 Bintechanlogy
Neuwroliarmeny Coperminug tall of Hosubunit Kousy N} 142/N52 (HC 120000 Sigma
200 NE200} of pig neurchilament {foy D28HAB36} {WE 1:50003
Gliat fibrillary acidic Cow spinal cord GFAP Rabbit 2334 {HC 1:5000) Dako
nreteds flot 998} B 150001
ddiorotuby Rat prain MAPy RIAA03/H2 {HC 15000} Sigma
protein 2 itog THIKARUES PWE LEE0D)
Synaptophysin Rat reting synapiobysin House MABIOR/SPVE (MG 1:5000) CHEMICON
flat 21071596) WEB 1:5000}
Growth agsaiated Rat GAP43 KMouse GRZELSGAPTRIG [HC 113000 Sigma
profein 43 {GAP-43) fot G74HIBZR WE LELOG)
fonized calchume-binding Crtermungs of zbit Gie-19741 (AHC 125003 Wako

adaptor molecule 1 {ipat) s 1N -PTGRPAKKAISELP-I)

{lot YNL3DQ Y WEB 1500}

were synthesized using the enzyme-digested clones. The
358-labeled probes in hybridization buffer were placed on
the tissue sections on slides. The sections werg incu-
baled at 55°C overnight, then washed and treated with
ug/mbL RMase A, Next the sections were air-dried, After
the hybridization reaction the slides were coated with
NTE emulsion {Kodak, Rochester, NY} and axposed for 2-
5 weeks, Once developed in D-19 {Kodak), the sections
were stained with hematoxylin-eosin and coverstipped,
For double staining of CHL1 mRNMA with activating tran-
seription factor 3 {(ATF3) ar CHL1Y, sections were pros-
essed for immunchistochemistry using the ABC method
{Yamanaka et al,, 2004). After visualization of ATF3-im-
munoreactive {iry or CHE 1-ir, the sections were processed
for ISH,

Immunchistochemistry (IHC)

The sections were processed for MO as described
before {Yamanaka et al., 2004). In brief, DRG and spina!
cord sections were incubated with an antibody for single
labeling or a mixture of two primary antibodies {Table 1}
in Tris-buffered saling pH 7.4 {TBS} overnight at 4°C and
followed by a mixture of Alexa Fluoro 488 or 594 conju-
gated secondary antibodies {1:5,000; Molecular Probes,
Eugens, OR} overnight at 47C. Finally, sections were ingue
bated with a Hoechst 33342 {1:10,000: Molecular
Probes) in order to stain the nuclel, Biotinylated antibody
{Vector Laboratories, Burlingame, CA) was used as the
secondary antibody for the ABC method. The resultant
immunoperoxidase complexes were developed by incuba-
tion in 3,3-diaminchenzidine tetrahydrochloride {DAB)
{Sigma, St. Louis, MO} and 0.01% hydrogen peroxidase.

Antibodies

Commarcial antibedies against CHL Y and marker anti-
gens were used. Table 1 provides information about these
antibodies {commercial source, product number, and
dilution) used in this study.

CHL1

Anti-mouse CHL T antibody was raised against recombi-
nant mouse CHL1 extracellular domain. It stained a single
band at 200 kDa on western blots from rat spinal cord
and DRG homogsnates {Figs. 2, 41, A preabsorption con-
trol with the recombinant CHL 1T was performed (o test
the specificity of the anti-mouse CHL1 antibody. The DRG
sections of SN model rats were processed for preabsorp-
tion test using the ABC method. Antimouse CHLY anti
body was incubated with the recombinant mouse CHL1
{Ala 25 ~ Gln 1043, R&D Systems) that was used to gen-
erate the antibody. Dilutions of 1:10,000 (CHL Y antibody,
fing! concentrations 0.02 ug/ml) and 110 for the
recombinant mouse CHL1T {final concentration: 2 pg/mL)
were used in this study.

Activating transcription factor 3 {ATF3)

Anti-ATF3 antibody was used to identify injured DRG
neuron {Tsujino et al,, 2000}, The staining pattern of ATF3
immunpreactivity {ir] was identical to our previous study
{Tsujino et al,, 2000). It recognized a single band at 21
kDa on western blots from rat DRG homogenate {Fig.
30y

Neurofilament 200 (NF200)
Anti-NF200 antibody was used for the marker of the

myelinated  neuron  {lawson  and  Waddell, 1991
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Yamanaka et al, 2007a). The staining pattern of anti-
NF200 antibody was identical Lo the previous studies (Jin
et al,, 2003: Anna et &l,, 2009; Clark et ai, 2009: The
antibody recognized a single band at 200 kDa on western
biots from the rat spinal cord hemogenate (Fig. 3N},

Glial fibrillary acidic protein (GFAP}

Anti-GFAP antibody was used for the marker of the sat-
ellite cell and astrocyte that was activated by periphergl
rerve injury {(Chudler et al, 1997; Yamanaka et al,
2007} The staining patlern of anti-GFAP antibody in
DRG and spinal cord was identica! (o the previous studies
{Chudler et al., 1997, Ma and Quirion, 2002}, it recog~
nized a single band at 51 kDa on western blots from rat
DRG homagenate {Fig. 301

Microtubule associated protein 2 (MAPZ)

Anti-MAPR?Z antibody was used for the marker of the
dendrite and neuronal cell body. The staining pattern of
anti-MAPZ antibody in spinal cord was identical to the
previeus studips {Yamanaka et al,, 20074 Suzuki-Yama-
moto et al,, Z2009). The antibody recognized a band at
280 kDa corregponded with a molecular weight of MAP2
on westermn blots from the rat spinal cord homogenate
(Fig. 51).

Synaptophysin

Anti-synaptophysin antibody was used for the marker
of presynaplic terminal {Yamanaka et al, 2007a) The
staining pattern of anti-synaptophysin antibady in the dor-
szl horn was identical to previous studies {Li et al, 2003},
The antibody recognized a single band at 38 kDa on west-
ern blots from the rat spinal cord homaogenate {Fig. 5§).

Growth-associated protein 43 (GAP-43)

Anti-GAP-43 antibody was used to identify the subpo-
pulation of primary afferent that received injury in the
dorsal norn of spinal cord {Wooll et al., 1990; Chong
et al, 1994; Yamanaka et al,, 2007a). Menoclonal GAP-
43 was produced from hybridoma cells {clone GAP7B10).
The staining pattern of anti-GAP-43 antibody in the dorsat
harn was identica! to previous studies (Woolf et al,, 1990;
Chong et al, 19945 The antibody recognized a single
band at 43 kDa on western blots from the rat spinal cord
homogenate (Fig. 6H).

fenized calcium-binding adaptor molecule 1
{thal)

Anti-lbat antibody was used for the marker of the
microglia that was activated by peripheral nerve injury
{Yamanaka et al,, 2007b; Kobayashi et al., 2008}, it rec-
ognized a single band at 17 kDa on western blots from rat
spinal cord homogenate (Fig. BM]. The staining pattern of

anti-lba ! antibody in the spinai cord was identical i pre-
vious studies in the spinal cord of peripheral nerve injury
model rats {Narite el al., 2006; Ramero et al., 20081,

Ultrastructural analysis of CHL1
in the dorsal horn

To investigate the ullrastructure of CHLU1-ir profiles,
the rats received peripheral nerve injury {14 days afier
SN, n = 4) were anesthetized and perfused first with 100
mb of saline followed by 500 mb of 4% paraformaldehyde
/0.05Y glutareldehyde in PB The spinal cord wasg imme-
diately removed and placed in the same fixative for 24
hours, Serial frontal sections were cut at 50 pm with a
vibratome. The sections were rinsed with TBS and incu-
pated with & TBS containing 5% normal horse serum
{NHS! for 30 minutes. After rinsing with the washing
buffer, the sections were incubated with goat polyclonal
antibody against the CHL 1 extracellular domain {1:2,500,
RE&ED Systems) in the washing buffer containing 5% NHS
for 3 days. The sections were washed in TBS and then
incubated in biotinylated antigoat 1gG (1:400; Vector Lab-
oratories} containing 5% NHS for 24 hours, followed by
incubation in avidin-biotin-peroxidase compiex (Elite ABC
kif; Vector} for 30 minutes at room temperature, The
hydrogen peroxidase reaction was deveioped in T8S con-
taining 0.05% DAB {Wako, Tokyo, Japan) and 0.01% hydro-
gen peroxidase. Sections were then washed in TBS. After
ringing with P, the sections were postiixed with 2% Os(,
in PB for 2 hours. The sections were then dehydrated and
embedded between Aclar fiims (Nisshin EM, Tokyo, Ja-
pan} with Epon 812, After confirming the presence of the
CHL 1-ir neurans, iaminae {-{ of the dorsal horn were
trimmed under microscopic observation. Ultrathin sec-
tions were made and collected on Formvar-coated single-
siot grids. Then the sections were stained with uranyt ace-
tate and Reynold's solution and examined with a H7 100
transmission electron microscope {Hitachi, Tokyo, Japan).
All incubations and washes were carried out at room {em-
perature. The CHLI-ir profiles were sampled randomly
and photographed at a final magnification of 5,000-
10,000 .

Western blot analysis (WB)

For the WB analysis the rats were killed by decapita-
tion under deep anesthesia at 0, 3, and 14 days after
SHI {n = 4 each timepoint} and the ipsilaieral L4/5
DRG and spinal cord were removed and rapidly frozen
with powdered dry ice. Frozen spinal cord was homoge-
nized (Polytron  PT3000, Brinkmann  Instruments,
Westbury, NY] at 10% {w/vl in a medified buffer
containing 20 mM Tris-HCL pH 7.4, 10% sucrose, and
protease inhibitors {Protease inhibitor cocktall, 1:5,000;
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Makarai, Kyots, Japan). Homogenstes were vortesed for
60 minutes with intervening cooling and centrifuged
for 60 mimutes at 14,000 rpm at 4°C to recover the
supernatant. Proteins were resolved using 10% scdium
dodecyl suifate-polyacrylamide gel electrophoresis {SDS-
PAGE} and 15 pg of protein was applied 1o each lane.
After electrophoresis, proteins were  transferred onto
PYDF membranes {Immobilon-P, Millipore, Bedford, MA)
in 25 mM Tris/200 mM glycine for 100 minutes at 100
mA, Blots were blocked for 1 hour in 10% fabdree mik
in 0.1 M Tris-buffered saline containing 0.05% Tween
20. Incubations with primary antibndies were performed
overnight a1 4 C. Secondary antibodies, 1gG conjugated
to aikaiine phosphatase, were incubated for 1 hour at
room temperature. Signal was detected by chemiumi-
nescence using CSPD ready-to-use  reagent (Roche,
Indiangpolis, INL Films were scanned and quantified
using the NIH Image system, v. 1.61 {Bethesds, MDi.

Quantification

Quantification of SH was performed as described
before {Yamanaka ef pl., 2004}, All peurons in two nonse-
rial L4/5 DRG sections that contained at least 400 neu-
rons with visible nuclel were used for quantification of sig-
nal intensity. These two nonserial sections were separately
corrected from one DRG at a distance of more than 200
pm. For image analysis of the sections processed for ISH,
we analyzed the density of silver grains over all neuronal
profiles containing nucle! in the selected sections using a
computerized image analysis system {(MIH Image v. Lo 1L
At a magnification of 200x and with brightfield iflumina-
tion, the upper and lower thresholds of gray level density
were set such that only silver graing were acourately discri-
minated from the background in the outlined cell or lissue
profile and read by the compuler pixelby-pixel. Next, the
area of discriminated pixels was measured and divided by
the ares of the outlined profile, giving a grain density for
sach cell or tissue profile. To reduce the risk of biased
sampiing of the data owing to varying emulsion thickness,
the percentage of grain-occupied area of each neuronal
profile was divided by the background grain density giving
a signal/noise (S/N) ratio. The S/N ratio of an individuat
aeuron and its cross-sectioned area, which was computed
from the outlined profile, were plotted as shown in Figure
1G,H, Based on these scatlergrams, none of the sections
nybridized with sense probes revealed a significant acou-
mulation of siver grains in any regions of the tissue {dats
not shown). At least 400 neurons from the L4/5 DRG of
each rat were measured.

Photomicrographs
Al images from the ISH and double labeling of ISH and
IHC with DAB staining were digitized with a Nikon DIA-

CHL1 and neuropath

PHOT-300 microscope (Mikon, Japan) connected o 8
Nikon DXM-1200 digital camera {Nikon, Japan). Double or
triple staining 20 images were acquired using a confocal
laser scanning microscope {mode! LSM 510 v. 2.8; Car!
Zeiss Microimaging, Germany] with the off Plan-Neofular
40> and 10U = objective lens. We used Adobe Photoshop
6.0 [Adobe Systems, Mountain View, CA} to optimize the
irmages and to make all figures,

Behavioral tests

All SNE rats were tested for mechanical allodynia and
hyperalgesia of the plantar surface of the hindpaw 1 day
nefore surgery and 0, 3, 5. 7,9, 12, and 14 days after sur-
gery. Mechanical allodynia was assessed with a dynamic
plantar aesthesiometer {Ugo Basile, Comerio, ltaly,
which s an automated von Frey-type system {Kalmar
et al., 2003; Lever et al, 2003). To measure mechanical
thresholds of the hindpaw, rats were placed in 3 plastic
cage with a wire mesh floor and allowed to acclimate for
15 minutes before each test session. A paw-flisk
response was elicited by applying an increasing force
imeasured in grams) using a plestic filament {0.5 mm di-
ameter) focused on the lateral of the ptantar surface of
the ipsilateral hindpaw {sural nerve territory). The force
applied was indlially below the detection threshold, then
ingreased from 1 to 50 g in 1-g steps over 20 seconds,
and was then held at 50 g for an additional 10 seconds.
The rate of force increase was 2.5 g/sec. The force
required to elicit a reflex removal of the ipsilateral hing-
paw was monitored. This was defined as the mean of
three measurements made at S-minute intervals. Data
are expressed as mean o SEM. Differences of values
over time of each group were tested using one-way analy-
sis of variarcr [ANOVA), followed by individual posthoo
comparisons {Fishet's PLSD). Pairwise comparisons {Stu-
dent’s +-test) were used to assess the effect of the CHLY
antibody on the basal mechanical sensation, A difference
was accepted as significant if £ < 0.05,

RESULTS

Expression of CHL1 mRNA in the DRG

To examine whether CHL1 mRNA level is upregulsted
in response to the sciatic nerve injury, we performed RT-
PCR using the total RNA extracted from L4 and LS DRGs
on the side ipsilateral to the injury (Fig. 1A} The infensity
of amplified band of GHLY was increased as early as 3
days following the sciatic nerve injury, rising to double of
the constitutive expression levels {213.5 = 25.3%, P <
0.01, n o= 4], The significant increase remained for 2
weeks following the peripheral nerve injury. Expression of
CHLT mRNA at the cellular level was examined by ISH. In
the control, 45% of the total neurpns expressed GHL1
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Figure 1. Expression of CHLY mRNA in L4, 5 DRG after SHL A The levels of CHLY mRNA in e ipsilatesal L4, B DRG wers dotermined
wy the RT-PCH technigue. Gel panelds show PCR products from the L4, 5 DRG taken at 1, 3, 7, angd 14 days after surgery i0 o 4 at each
timepoint). Graph shows the mRNA levels of CHLY expressed 33 percentages of the mRNA lovel in the normal control ganglia {mesn =
SEM), #Signifivant comparad with the naive control P < 0.09; ANQVA]J. B,C: Darkfield images of ISH showing CHL1 mRNA in the 15 DRG
of a control rat {B) and 7 days after SNI {C}. D,E: Brightfield images of the 1SH for CHLY mBNA i the contral (D and ipsitateral DRG a1 7
days after SHI (£} F: Double labeling of 1SH for CHLY mRNA and ATF3r in the ipsilateral LS DRG at 7 days after SNI GH: Scatterplot
diagrams of CHL ImRNA expression in the injured {7 days) and control L4 and L5 DRG 0 4, total 2,299 neurens for SN, total 2,322
newrans for control naivel, Individual cell profiles are plolted according 1o the tress-sectional ara {along xaxis) and S/N ratio {along the
y-axis). @ Quantification of the number of CHLY mRNA expressing neurans in the injured and control DRG. NS indicates not significant
compared with control and #significant compared with the naive contrel (P < (L05; Student’s iost], The sections were staingd with he-
matoxylin-eosin {D,E) or hematoxylin (F). Scale bars = 250 pmin BC; 23 pmin B-F.

mRNA {Fig. 18,D). SNI clearly increased the CHLT mRNA
signals in the ipsilateral DRG (Fig. 1C,E}. Hybridization sig-
nals were highly accumulated in small size neurons in the
ipsilateral DRG and the high leve! signals were colocalized
with ATF3-ir {Fig. 1F), the specific marker for injured DRG
neurons {Tsujino et al., Z000). In control DRG, low levels

of CHL1 mRNA were expressed in the nonneuronal cells
such as satellite cells. After SNI we could detect the
increase of grain accumuiation in the ipsilateral non-
neuronal cells. (Fig. 1GE). Quantification of the silver
graing on neuronal somata revealed that the signal inten-
sity of the CHL1 mRMA was upreguiated, particularly in
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smaibmedium DRG neurens (Fig. 16,HL SN did not sig-
nificantly increase the total number of the CHLT mRNA-
positive neurens {S/N ratio > 10}, Rather, it increased
the transeriptional lovel inlabeled neurons, given the sub-
stantial increase of cell number showing the bigh lovel
{S/Nratio »20 or 40} of CHLT mRNA {Fig. 1)

Expression of CHL1 protein in the DRG

Expression of CHL 1 protein was confirmed by WB anai-
ysis of the DRG using antibody against the CHL 1 extracel-
lular domain, As expected from the mRNA analysis {Fig,
11, the protein levels of CHLY in the DRG were dramati-
caily upregulated after peripheral nerve injury. WB analy-
sis showed an increase of the 200 kDa single CHL1-ir
band following SN (Fig. 2A) At 3 days after SNI, CHL?
praotein significantly increased and contirued elevated
until day 14 {Fig. 2A,8, n = 4 each timepoint). We exam-
ined the effect of SNt on the localization of CHL Y protein
in the DRG by immunohistechemistry. In the contro! DRG,
cytopiasmic CHL1-4r was at a low level {Fig. 20} After
nerve injury the CHL 1-ir was increased in both cytoplasm
of smali to medium-sized DRG neurons and nonneuronal
cells {Fig. 2D). We carried out two sets of controf experi-
ments {preabsorption experiment and double {sbeling
analysis of ISH and 1HC in DRG) to confirm the specificity
of the antibody for CHLY. The results showed that the
staining pattern of CHLI-r by the ABC method was
indeed consistent with the fluorescent immunostaining
(Fig. 2E.F,H.B) and that no immunoreactivity was found in
the preabsorption control sections {Fig. 2G). Double
fabefing analysis revesled that hybridization signals for
CHLY mRNA were specifically located on the CHL4r
cells both in control and injured ORG (Fig. 2H,1).

Characterization of CHL 1-ir cells in the DRG
In order to classify subtypes of cells showing upreguda-
tion of CHL1 following nerve injury {7 days after SNij, we
used a variety of markers: activating transoription factor
3{ATF3), injured DRG neuron {Tsujino et al., 2000}, neu-
rofilament 200 (NF200), a marker of myelinated afferents
fLawson and Waddell, 1991}, and GFAP, which is
expressed in salelile cell and Schwann cell {Chudler
et al,, 1997}, Sections were processed for doubie label-
ing, followed by Hoechst 33342 labeling to stain nuclel,
Triple labeling immunohistochemistry of CHLY with ATF3
and Hoechst 33342 revegled that the cytoplasmic
expression of CHLY was upregulated exclusively in the
ATF3-ir labeled injured neurons foliowing SN {Fig. 3A-DJ.
Neurons with intense labeling of CHL Lir were nega-
tively labeled for NFZ00, which was congisient with the
ISH data. Only a small number of large-size neurons
showed colocalization of CHL t-r with NF200-ir {Fig. 3E-
H). Upregulation of CHL1 In nonnewronal cells was

observed in cells surrounding large-diameter ATF3-posi-
tive neurons (Fig. 3C). In satellite cells in the vicinity of
large-size neurons, CHL 1-r was increased and colacal-
ized with GRAP-ir (Fig. 31-L) Taken together, peripheral
nerve injury induced CHL1 mainly in small unmyelinated
neurens that received injury and in satellite celis in the vi-
cinity of the injured large size neurons in DRG.

Expression of CHL1 in the spinal cord
following SNI

in the L4-8 spinal cord, the WB analysis revealed that
SN significantly increased CHL1 protein from 3 days and
remained elevated for at least 14 days after injury {Fig.
44,8). 1n situ hybridization of the L4-5 spinal cord did not
show any changes in the intdnsic expression of CHLY
mRiNA [Fig. 4C). In controf rats, CHL t+ir in the spinai cord
was predominantly localized in laminae (-1l and appeared
as fiber-like strustures {Fig. 4D). SNl increased the CHLI-
ir profiles in laminae |-l in the L4-5 spinal cord on the
side ipsilateral to the injury {Fig. 4E,F). In the lower-mag-
nification images, expression of CHL1-ir at 3 and 14 days
after SNI seemed simitar, However, high-power magnifi-
cation confocal images demonstrated that CHL -
appeared as small varicosity-ike structures in the control
and the size of CHL1-ir profiles began to enlarge from 3
to 14 days after SNIFig. 4G-L

Characterization of SNI induced CHL1-ir
varicosities in the dorsal horn

increase of CHLY in injured small DRG neurons {Figs.
1-3) and the staining pattern of CHL1 in the dorsal horn
after SNI (Fig. 4} strongly suggest that the CHL1-ir vari-
cosities were terminals of primary afferents, We per-
formed double labeling of CHLY with MAPZ, a marker of
dendrite and neuronal somata, or with synaptophysin, a
presynaptic marker. Confosal images of double fabeling
with CHL1T and MAPZ revealed that CHL V-ir varicosities
were attached bui not colocalized with MAPZ-ir dendrites
after SNI {Fig, 5A-C). Double labeling analysis of CHL1Y
with synaptophysin revealed a partial colocalization of
CHL 1Hr with synaptophysin in the ipsilateral dorsaf horn
{Fig. 5E~G}. CHL1-Ir varicosities were not completely
filled by synaptophysin-ir but a number of CHL1-ir vari-
casities contained synaplophysin-ir. In sonlrast to the
SN, a very low level of CHL1 labeiing was observed on
the contralateral side and did not colocalize with these
marker proteins {Figs. 5D,H).

In order to confirm that the SNkinduced CHL T vari-
cosities are the primary afferents in the dorsal horn, dou-
ble labeling analysis of CHL 1 with GAP-43 was performed
pecause the peripheral nerve injury was known to induce
GAP-43 in the DRG and is terminals in laminag -l of the
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