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Lumbar spinal stenosis (LSS) is a neurologic syndrome
caused by vertebral degeneration.!? Patients usually
present with low back pain, leg pain, and leg numbness.
These symptoms are exacerbated by lumbar extension
but relieved by flexion. The cardinal symptom of LSS is
neurogenic intermittent claudication (NIC).? Symptoms
associated with LSS generally decrease the quality of life
of patients, which may cause them to seek treatment.
Initial treatment of LSS is not surgical intervention but
conservative management because rapid neurologic pro-
gression and cauda equina syndrome are rarely seen” and
also because patients are often elderly. Drug therapy is
usually used in patients with mild to moderate symp-
toms. As far as pharmacotherapy: is concerned; nonste-
roidal anti-inflammatory drugs (NSAIDs) have primarily
been administered.™*

Although the pathogenesis of LSS symptoms remains
controversial, mechanical compression of the cauda
equina and nerve roots by the degenerative lumbar spine
or the related soft tissues including thickened ligamen-
tum flavum disturb vascular circulation of neural ele-
ments in the spinal canal. In other words, a state of rel-
ative ischemia in nerve tissues is a potential mechanism
causing NIC.%~17

Prostaglandin (PG) E1 is a vasodilator that increases
blood flow and inhibits platelet aggregation. Intravenous
PGEL1 is primarily used for chronic peripheral arterial
occlusive diseases (PAOD) and erectile dysfunction (ED)
in the United States and Europe. Limaprost is an oral
PGE1 derivative that was developed in Japan to treat
ischemic symptoms of thromboangiitis obliterans {TAO)
and LSS because of the well-known vasodilatory and
antiplatelet properties. The efficacy of oral limaprost was
evaluated in adult Japanese patients in 3 randomized,
double-blind, 6-week trials.'® One study included pa-
tients with TAO and 2 trials included patients with LSS.

Previous studies have demonstrated the effectiveness
of limaprost in the symptoms of patients with LSS. How-
ever, the evidence of the effect on patient-based out-
comes, such as patient’s HRQOL or satisfaction, is lim-
ited. As well as symptomatic assessment, HRQOL
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79 participants randomized

v

v

39 allocated to limaprost

40 allocated to etodolac

'

v

5 withdrew due to:
Adverse event (1)
Lost to follow up (4)

& withdrew due to:
Adverse event (3)
Lostfo follow up (3)

Otherreasons {2)

v '

34 completed the study 32 completed the study

Figure ‘1. Flow chart showing flow of participants though the
study.

assessment is also crucial to assess the treatment of a
disabling chronic condition like LSS. The primary objec-
tive of this study was to examine the effect of limaprost
on health-related quality of life (HRQOL), compared to
etodolac,'® a NSAID, which is commonly used in drug
therapy for LSS.

B Materials and Methods

This randomized, open-label; active-controlled trial was con-
ducted at 4 study. sites in Japan as follows: the University of
Tokyo Hospital; Tokyo Metropolitan Geriatric Hospital; Jap-
anese Red Cross Medical Center, and Musashino Red Cross
Hospital. The study protocol was reviewed and approved by
the ethics committees of all the study sites. All participants
provided written ‘informed consent before study procedures
were initiated.

Patients who met the following eligibility c¢riteria were en-
rolled in the study. Briefly, inclusion criteria were: age between
50.and 85 years; presence of both NIC and cauda equina symp-
toms. (at least presence of bilateral numbness in the lower
limbs); and MRI-confirmed central stenosis with acquired de-
generative LSS.2% Exclusion criteria were: presence of radicular
leg pain only; positive straight leg raising (SLR) test with sus-
pected lumbar disc herniation; presenting lower extremity pe-
ripheral arterial occlusive diseases PAOD (arteries of foot un-
palpable and ankle brachial pressure index of <0.9); history of
spinal surgery, myelopathy, peripheral neuropathy such as di-
abetic neuropathy of the leg; disorders potentially hindering
gait besides LSS, i.e., severe visual impairment, cérebral infarc-
tion, parkinsonism; rheumatoid-arthritis, reduced cardiopul-
monary: function, or digestive, hematological, hepatic and/or
renal disorders; or tise of cardiac medication, i.e.; vasodilators
or antiplatelet agents; or antidepressant medication.

Eligible patients were randomly allocated either to the lima-
prost or the etodolac group. Allocation to the groups was per-
formed by the University Hospital Medical Information Net-
work (UMIN), which was complétely independent from the
study sites, through a central web-based registration system.
The minimization technique was used in random allocation to
ensure balance on the following 4 factors: age (<75 years/=73
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years), gender, severity (mild/severe; definition of severe symp-
toms is the existence of perineal symptoms including urinary
disturbance, and/or leg numbness while resting), and study site.
Participants were randomly allocated to receive 15 pg of lima-
prost 3 times a day, or 400 mg of etodolac, NSAID, twice a day.
Both treatments were administered for 8 weeks in an open-
label fashion. Analgesics, anti-inflammatory agents, muscle re-
laxants, calcitonin, and methycobalamin were prohibited. If
any of these drugs had been used, a 2-week washout period was
established. During the study period, injection therapy, such as
root block, epidural block, trigger point injection, physical
therapy, or the use of a flexion brace, was also not allowed.

The primary efficacy outcome was SF-36212% version 2
score, ranging from 0 to 100. The secondary efficacy outcomes
were the verbal rating scales (rating score of 6: noney slight,
mild, moderate, strong, and severe) of low back pain, leg pain
and leg numbness, walking distance (rating score of 5: 21000
m, =500 m, =100 m, <100 m, and a few gait), and subjective
improvement (rating score of 4: improved, slightly improved,
unchanged, and became worse) ‘and satisfaction (4 ranting
score: satisfied, slightly satisfied, slightly dissatisfied and dissat-
isfied). These outcomes were measured at baseline and then at
week 8 after administration: All reported or observed adverse
events were recorded ateach visit.

Statistical Analysis

Assessments were conducted of all efficacy outcomes for par-
ticipants who received at least 1 dose of study drugand had had
a baseline assessment and a final assessment. Between-group
differences in mean changes from baseline on the SF-36 sub-
scales were analyzed by the independent samples ¢ test unless its
assumptions were violated, defined in the protocol as the: pri-
mary efficacy analysis. Secondary efficacy outcomes, which all
were ordered categorical response variables, were analyzed by
the Cochran-Mantel-Haenszel statistics to test for.association
between study drug and response. Baseline adjustments were
made for all the outcomes except patient-reported improve-
ment and satisfaction: In addition, both efficacy outcomes were
also analyzed in relation to the degree of symptom severity.
Safety assessments were based on all participants who received
at least 1 dose of study drug. Adverse events were summarized
descriptively. All statistical tests were 2-tailed, and the signifi-
cance level was fixed at 0.05 throughout. All computations
were performed using SAS version 9.1'and JMP 7.0.

Table 1. Baseline Characteristics of the Participants

Limaprost Etodolac
Group Group
Characteristic (n=134) (n =32)
Age lyrs)
=715 12 12
<15 22 20
Mean * SD 69.6 £ 9.0 122+82
Sex
Male:Female 20:14 22:10
Symptom: severity
Mild 17 16
Severe 17 16
Study center
University of Tokyo Hospital 24 22
Japanese Red Cross Medical Center 5 4
Musashino Red Cross Hospital 2 2
Tokyo Metropolitan: Geriatric. Hospital 3 4

Values are n unless otherwise stated.
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Table 2. Primary Efficacy Outcomes: SF-36 Subscale Scores

Limaprost Group Etodolac Group

{n=34) n=32
Limaprost Group Etodolac Group

SF-36 Subscales Baseline Wk 8 Baseline Wk 8 Change From Baseline Change From Baseline P*

Physical functioning 56.9 + 20.0 67.9+ 191 55.7 = 21.1 5713+ 224 110+ 148 1.6 =149 0.01
Role physical 61.8 = 26.6 730 =245 629 + 243 604 + 327 1.2+220 —-25+210 0.03
Bodily pain 423+ 15.0 56.0 = 18.7 470 =183 452 =183 13.7 + 20.6 ~1.8 =121 <0.01
General health 535 =175 578 =175 587 £ 177 56.4 = 17.1 43+11.2 -23+18.1 0.08
Vitality 575 +23.1 64.7 = 19.2 64.8 £ 234 60.7 = 24.2 72+199 -41 =174 0.02
Social functioning 702259 798 = 25.7 69.1 =229 707 =232 9.6 + 240 1.6 = 226 0.17
Role emotional 68.1 =270 75.7 =209 65.6 = 224 63.0 = 31.0 76+19.3 —-26 £257 0.07
Mental health 66.3 = 20.6 137112 MN1+233 65.8 + 23.0 69 = 16.0 —53 = 166 <0.01

Valties are mean =+ SD.
*The indepéndent samples t test.

N Resuits

A total of 79 participants were enrolled and randomized
to receive study treatment between June 2002 and Janu-
ary 2005. Of these, 39 participants received limaprost,
and 40 received etodolac (Figure 1). Thirteen partici-
pants withdrew during the study: § from the limaprost
group (1 adverse event and 4 lost to follow-up) and 8
participants from the etodolac group (3 adverse events, 3
lost to follow-up and 2 for another reason). Thus, a total
of 34 participants in the limaprost group and 32 in the
etodolac group were assessed after the completion of the
study. Baseline characteristics were similar between
treatment groups (Table 1).

In the primary efficacy assessment, compared to the
etodolac group, the limaprost group had a significantly
greater improvement in the SF-36 subscales of physical
functioning (PF) (mean change of limaprost vs. etodolac:
11.0vs. 1.6, P = 0.01), role physical (RP) (11:2 vs.—2.5,
P = 0.03), bodily pain (BP) (13.7 vs.—1.8, P < 0.01) for

(VT) (7.2 vs.—4.1, P = 0.02), and mental health (MH)
(6.9vs.—5.3, P < 0.01) for.the mental health component
summary (Table 2). Improvement trends for other sub-
scales, such as general health (GH) for the mental health
component summary and social functioning (SF) and
role emotional (RE): for the mental health component
summary, were also impressive in limaprost, but they did
not reach statistical significance (mean change of lima-
prost vs. etodolac, P value: 4.3 vs.—2.3, P = 0.08; 9.6 vs.
1.6, P =.0.17;and 6.9 vs. =5.3; P = 0.07, respectively).
In the additional analysis stratified by symptom severity,
the subscales that demonstrated significantly higher
scores in limaprost were: PE, BP, VI, and MH among
participants with mild symptoms (P = 0.04, P < 0.01,
P = 0.03 and P < 0.01, respectively); and BP among
those with severe symptoms (P = 0.02) (Table 3). Over-
all, limaprost showed better results in the mild group,
compared to the severe group. In addition, the results of
the stratified analysis indicated the same directional ef-

the physical health component summary and vitality  fects as the overall results, favoring limaprost instead of

Table 3. Primary Efficacy Outcomes: SF-36 Subscale Scores by Symptom Severity

Limaprost Group Etodolac Group

{n = 34)* n=1327%
Limaprost Group Etodolac Group
SF-36- Subscales Severity Baseline Wk 8 Baseline Wk 8 Change From Baseline - Change From Baseline Pt
Physical functioning Mild 618+ 181 715x129 614+193 644227 15.7. £ 17.6 30154 0.04
Severe - 521+ 211583197 500+ 218 502203 63+90 02+148 0.16
Role physical Mild 607312 746 +250 660252 695266 140 =193 35+194 0.13
Severe  629+219 71.3x215 538238 . 51.2x363 85+ 246 ~8.6 324 0.10
Bodily pain Mild 435+172 622 +203 496 £ 191 484 = 157 18.6 = 24.9 =1.22130 <0.01
Severe . 41.0+129 498150 444178 419+205 88 +143 =24 =116 0.02
General health Mild 541+ 190 599+185 644168 622166 58 =113 —=2.2 2116 013
Severe - 528+ 165 556168 531172 506160 2.8 +11.2 =25+193 0.34
Vitality Mild 61.8+220 691 +182 742+160 691171 74 £192 =51 117 0.03
Severe 533+ 241603198 Bh5 262 523278 702212 =3.1=221 0.19
Social functioning Mild 713+279 801287 T =x227  N11x221 8.8 =164 0.0 £250 0.24
Severe 691+ 247 794 +£234 6122237 703+ 245 103 £304 3.1+207 0.44
Role emotional Mild 701 =305 77.0£229 7192190 698 +£29.2 6.9 + 136 =21%225 017
Severe 662238 745+192 594 243" 563323 83241 =31x293 0.23
Mental health Mild 668219 756168 809145 7472150 88 =159 =63 =140 <0.01
Severe ' 659+198 709+179 613265 569264 50 +164 =44 2193 0:14

Values are mean =+ SD:
*For limaprost; mild:severe:=17:17; and for. etodolac; mild:severe = .16.16.
1The independent samples t test.
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Table 4. Secondary Efficacy Outcomes: Low Back Pain,
Leg Pain, and Leg Numbness

Limaprost Group  Etodolac Group
{n = 34) {n =32

Outcome Severity Baseline Wk 8 Baseline Wk8 P
Low back pain  None 6 7 4 7 0.77
Slight 1 8 5 5
Mild 8 9 6 6
Moderate 16 7 1 g
Strong 3 2 4 3
Severe 0 1 2 2
Leg pain None 2 2 4 2 0.08
Slight 2 4 0 4
Mild 1 15 5 6
Moderate 19 8 13 n
Strong 9 4 7 1
Severe 1 1 3 2
leg numbness . = None 0 3 0 0 <00
Slight 3 8 0 1
Mild 5 10 4 2
Moderate 15 9 14 17
Strong 1 3 13 9
Severe 4 1 1 3

Values are n.
*The Cochran-Mantel-Haenszel test, adjusting for baseline value.

etodolac; however; the magnitudes of the effects were
changed, and some of the effects failed to reach statistical
significance (Table 3).

Secondary efficacy outcomes significantly favoring li-
maprost over etodolac included leg numbness (P < 0.01)
(Table 4), walking distance (P < 0.01) (Table 5), and
subjective improvement and satisfaction (P < 0.01 for
both) (Table 6). The secondary outcomes of low back
pain and leg pain tended to be better for the limaprost
group without achieving statistical significance (P =
0.77'and P = 0.08; respectively) (Table 4). The stratified
analysis did not alter the overall results. In addition, the
secondary outcomes were stratified by symptom severity
and analyzed in the same manner. The stratified analysis
did not alter the overall results, with the exception of
walking distance not being statistically significant in the
mild group (limaprost vs. etodolac: for low back pain,
P = 0.26 in mild and P = 0.52 in severe; leg pain, P =
0.12 mild and P = 0.78 severe; leg numbness, P < 0.01
mild and P < 0.01 severe; walking distance, P = 0.03

Table 5. Secondary Efficacy Outcomes: Neurogenic
Intermittent Claudication (NIC) Distance

Limaprost Group Etodelac Group

(n = 34) (n=32)

Distance Baseline Wk 8 Baseline Wk 8 P
=1000m 2 9 5 4 <0.01
=500m 12 g 8 1

=100m 11 10 11 9

<100m 8 6 8 12

A few 1 0 0 0

gait

*The Cochran-Mantel-Haenszel test, adjusting for baseline value.
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mild and P = 0.07 severe; subjective improvement; P <
0.01 mild and P < 0.01 severe; and subjective satisfac-
tion, P < 0.01 mild and P = 0.01 severe).

During the study, 3 participants in the limaprost
group and 3 in the etodolac group reported a minor
adverse event. In the limaprost group, 1 participant ex-
perienced hot flashes/flushing and anorexia a few days
after administration, leading to withdrawal from the
study, and 2 complained of stomach discomfort (diges-
tive tract symptoms) at the start of administration and 4
weeks after administration, respectively. However, both
of them completed the study because the reported event
disappeared a few days later. In the etodolac group, 2
participants reported gastric pain and 1 diarrhea and all
of them withdrew from the study at week 2, week 4, and
week 1 after administration; respectively: No serious ad-
verse events were reported in either treatment group.

m Discussion

The results of this study suggested that limaprost might
be more efficacious than etodolac in LSS patients with
cauda equina symptoms. In the comparison of SF-36
subscales between the 2 drug groups, limaprost proved
significantly better than etodolac in improving both the
physical (PF, RP, and BP) and mental health (VT and
MH) component summaries. In the secondary efficacy
assessment; leg numbness, walking distance, and patient-
reported improvement and satisfaction were signifi-
cantly improved in the limaprost group over the etodolac
group. In the subgroup of patients with milder symp-
tonis, not consisting of perineal symptoms including uri-
nary disturbance and/or leg numbness while resting; li-
maprost seemed more effective. Increasing physical
activities resulting from symptom improvement promote
sequential improvements in mental and emotional fac-
tors. This might be part of the reason for improvements
of the mental component summary, such as VT and MH.

In Japan, limaprost was approved in 1988 with an
indication for the “improvement of various ischemic
symptoms, such as ulcer, pain, and feeling of coldness
associated with TAO.” It was also approved in 2001
with an indication for “the improvement of subjective
symptoms {pain and numbness of lower legs) and gait
ability associated with acquired LSS.” In a phase III trial
in LSS patients; limaprost was considered by investiga-
tors to provide an overall improvement from baseline to
study end and to improve an overall drug usefulness.'®
Assessment of overall improvement considered symp-
toms (e.g., leg pain or numbness, walking distance),
whereas overall usefulness also considered safety issues.
Our study provides significant improvements in leg
numbness and walking distance, which was consistent
with the above phase III trial. However, there was no
significant improvement in low back pain and leg pain.
According to previous studies, including postmarketing
studies, limaprost was safely administered and well tol-
erated. In the postmarketing surveillance where 1930
patients with LSS took limaprost for a mean duration of
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Table 6. Secondary Efficacy Outcomes: Patient's Subjective Improvement and Satisfaction

Limaprost Group (n = 34)

Etodolac Group (n = 32)

Outcome Subjective Rating n (%) n (%) Id
Patient's subjective Improved 11(32.4) 0(0) <0.01
improvement Slightly improved 14 (41.2) 6(18.8)

Unchanged 8(23.5) 19 (59.4)

Became worse 1(2.9) 7{21.9)
Patient’s subjective Satisfied 14{41.2) 143.1) <0.01
Satisfaction Slightly satisfied 17 (50.0) 13 (40.6)

Slightly dissatisfied 2(5.9) 16 (50.0)

Dissatisfied 112.9) 2(6.3)

Values are n (%).
*The Cochran-Mantel-Haenszel test:

approximately 4 months, the overall incidence of treat-
ment-related ‘adverse effects occurred in 5.2% of pa-
tients. One serious adverse event (bleeding duodenal ul-
cer) was reported (<0.001% in total). The common
adverse effects included gastrointestinal (GI)-related ef-
fects and hot flushes/flushing. These effects were usually
not serious. The safety findings of our study were in
general agreement with the findings in other studies.

Elderly people sometimes have comorbidities, and pa-
tients, as well as physicians; seek effective conservative
treatment. However, nonoperative approaches have
been limited to NSAIDs and physical treatment, and the
actual effectiveness of these has not been sufficiently stud-
ied. NSAIDs are usually administered for pain control,*
but no RCTs have been conducted to assess the efficacy
of NSAIDs. Although several RCTs assessing the effi-
ciency of calcitonin have been performed since Porter
and Miller’s report,? sufficient evidence to support the
efficacy of this drug has not been well established because
contradictory findings were reported.>*2¢ Recently,
Yaksi et al?” suggested that adding gabapentin to con-
ventional therapy, such as physical therapy, brace ther-
apy, and NSAIDs, may improve walking disturbance and
pain. However, they concluded that the further evalua-
tion for gabapentin was necessary because it was admin-
istered as an additional therapy. Thus, the investigations
to assess pharmacotherapeutic options for LSS are still
insufficient.

It has been reported that limaprost improved walking
distance and blood flow of cauda equina tissue in a rat
model with compressed cauda equina.?® No such effects
were observed with loxoprofen sodium (NSAID), ticlo-
pidine (an antiplatelet), nifedipine (a vasodilator), or
cilostazol (an antiplatelet and vasodilator) in the same
model.?”2 These findings may support limaprost’s ex-
pected effectiveness for NIC by increasing blood flow in
the cauda equina.

Several limitations of this study should be considered.
First, owing to the absence of a placebo group, the pla-
cebo effect was not eliminated, which may have weak-
ened the results of this study. Second, because the dura-
tion of treatment was 8 weeks, the results may not be
generalizable to longer treatment periods. Third, the
sample size may have been insufficient for a rigorous

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

statistical analysis to detect true difference between the
groups. Finally, the results may generalize to patients
only if they are similar in patient characteristics of this
study. The fact that LSS patients generally have various
comorbidities may limit the generalizability of the study
results.

B Conclusion

In this randomized controlled trial, limaprost was found
to be efficacious on ‘most outcome measures, such as
HRQOL, symptoms, and subjective satisfaction, in LSS
patents with cauda equina symptoms. Limaprost also
seemed more effective for patients with milder symp-
toms, compared to those with more severe symptoms.
Together with previous findings, limaprost can be con-
sidered to a likely candidate for drug therapy in LSS with
cauda equine symptoms. Further studies with placebo-
controls, longer treatment periods, larger sample sizes,
and a variety of study populations are warranted to learn
more about clinical benefits are recommended.
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Neuropathic pain, a highly debilitating pain condition that com-
monly ‘occurs after nerve damage; is a reflection of the aberrant
excitability of dorsal horn neurons. This pathologically altered
neurotransmission requires a communication with spinal microglia
activated by nerve injury. However, how normal resting microglia
become activated remains unknown. Here we show that in naive
animals: spinal microglia express a receptor for the cytokine IFN-y
(IFN-vR) in a’ cell-type-specific manner and that stimulating this
receptor converts microglia into: activated: cells and produces a
long-lasting: pain- hypersensitivity evoked by innocuous stimuli
(tactile allodynia, a hallmark symptom of neuropathic pain). Con-
versely, ablating IFN-yR severely impairs nerve injury-evoked mi-
croglia activation and tactile allodynia without affecting microglia
in the contralateral dorsal horn or basal pain sensitivity. We also
find that IFN-y-stimulated spinal microglia show up-regulation of
Lyn tyrosine kinase and purinergic P2X4 receptor, crucial events for
neuropathic pain, and geneticapproaches provide evidence linking
these events to IFN-yR-dependent microglial and behavioral alter-
ations. These results suggest that IFN-yR is a key element in the
molecular machinery through which resting spinal microglia trans-
form into an activated state that drives neuropathic pain.

allodynia | cytokine | glia:| Lyn tyrosine kinase | purinergic receptor

N europathic pain is a chronic pain condition that occurs after
nerve damage, such as that induced by bone compression in
cancer,. diabetes, infection, autoimmune disease, or physical
injury (1). One troublesome hallmark symptom of neuropathic
pain is pain hypersensitivity to normally innocuous stimuli, a
phenomenon known as “tactile allodynia,” which is tefractory to
currently available ‘treatments such as nonsteroidal: anti-
inflammatories and opioids (2, 3). Accumulating evidence from
diverse animal models of neuropathic pain suggests that neuro-
pathic pain might involve aberrant excitability of the nervous
system, notably at the levels of the primary sensory ganglia and
the dorsal horn of the spinal cord, resulting from multiple
functional and anatomical alterations following peripheral nerve
injury (3, 4). Although it long was thought that these alterations
occur mainly in neurons, emerging lines of evidence show that
they also occur in spinal microglia, a group of immune cells
(5-9). After injury to peripheral nerves, microglia in the normal
state (traditionally called “resting” microglia) in the spinal dorsal
horn ‘are:converted to an- activated state through a series of
cellular and molecular changes. Activated spinal microglia show
hypertrophied soma, thickened and retracted processes, and
increased proliferation activity (6, 9, 10). Furthermore, these
microglia induce or enhance expression of various genes includ-
ing neurotransmitter receptors (11) (€.g;, P2X4R; a subtype of
ATP-gated cation channels (12)) and intracellular signaling
kinases (e.g.; mitogen-activated protein kinases (13-16) and Lyn
tyrosine kinase (17)). By responding to extracellular stimuli such
as ATP, the activated microglia evoke various cellular responses
such as production and release of bioactive factors, including
cytokines and neurotrophic factors (18;.19). Importantly, phar-
macological; molecular; and genetic manipulations of the func-
tion or expression of these microglial molecules substantially

8032-8037 | PNAS' | May 12,2009 | vol.106: | no.19

influence nerve injury-induced pain behaviors (12-16, 20-22)
and the hyperexcitability of the dorsal horn pain pathway (23,
24). Therefore, spinal microglia activated after nerve injury
critically contribute to the pathologically enhanced pain pro-
cessing in the-dorsal horn that underlies neuropathic pain (5-9).
Understanding how resting spinal microglia are transformed into
activated cells-after nerve injury may be an important step in
unraveling the pathogenesis of neuropathic pain, but the mech-
anism remains unclear.

In the present study, we investigated this issue, focusing on the
proinflammatory cytokine IFN-y. IFN-v is among the biologi-
cally- active - signaling: molecules: that have been reported to
activate primary cultured microglial cells (25). A recent study has
indicated that IFN-vy levels are increased in the spinal cord after
nerve injury (20), leading to speculation that IFN-vy has atole in
neuropathic pain. However, there is no. direct evidence indicat-
ing that IFN-y signaling contributes to microglia activation in the
dorsal horn and tactile allodynia under neuropathic pain con-
ditions. Here, we report that the receptor for IFN-y (IFN-yR),
which is constitutively expressed in normal resting microglia in
the dorsal horn, is a key component in the molecular machinery
through which peripheral nerve injury converts spinal microglia
from the resting state to the activated state that underlies the
pathogenesis of neuropathic pain.

Results

Stimulating IFN-yRs in Spinal Microglia Under Normal Conditions
Induces Activation of Microglia and Long-Lasting Allodynia. We first
investigated expression of IFN-yRs by in situ hybridization for
IFN-yR mRNA on sections of the fifth lumbar (L.5) dorsal spinal
cord of naive rats. Signals for: IFN-yR mRNA were detected
readily in the dorsal horn (Fig. 14, intense violet dots indicated
by arrowheads); these signals were not observed in sections
hybridized with a corresponding sense probe (Fig. 1.4). Similar
results were obtained with another set of cRNA probes for
IEN-yR (data not shown). To identify the type of cells expressing
IFN-yRs, we: performed ‘in situ: hybridization combined with
immunohistochemistry for ionized calcium-binding adapter mol-
ecule-1 (Ibal), a marker of microglia, and showed that the
IFN-yR mRNA signals were restricted to cells labeled with Ibal
(arrowheads in Fig. 1B). In addition, IFN-yR protein also was
detected in homogenates from the spinal cord of naive rats and
microglial cells in culture in Western blot analysis. (data not
shown). To determine whether IFN-yRs are expressed as func-
tional receptors in spinal microglia, we spinally administered
recombinant IFN-y to naive rats and immunohistochemically
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Fig.- 1. IFN=yRs in:the spinal cord-are expressed in microglia under-normal
conditions. (A) in situ:hybridization analysis- of the IFN-y receptor (IFN-yR}
mRNA in the dorsal horns of normal rats (arrowheads indicate IFNyR mRNA
signals.). (Scale bar, 80 um.) (B).IFN-yR. mRNA signals overlapped:with immu-
noreactivity for:lbatl.(arrowheads). IHC, immunohistochemistry; ISH; in situ
hybridization. (Scale bar, 80 zm.) (C) Phospho-STAT 1 immunofluorescence 15
min after IFN-y injection. (Scale bar, 20 pm.) (D). Double immunofluorescence
labeling for phospho-STAT1 (green).and cell-type markers (OX-42, a marker of
microglia; GFAP, a marker of astrocytes; MAP2 and NeuN, markers of neu-
rons). (Scale bar; 20 um.)

examined the level of activated signal transducer and activator of
transcription’ 1 (phospho-STAT1), a molecule downstream of
IFN-yR (26). At 15 min after intrathecal JFN-y administration
(1,000 U), immunofluorescence of phospho-STAT1 was in-
creased in the dorsal horn (Fig. 1€). Consistent with microglia-
restricted localization of IFN-yR, STAT1 phosphorylation
evoked by IFN-y also occurred specifically in cells that were
double:labeled with OX-42; a microglial marker; but not in cells
labeled with glial fibrillary acidic protein (GFAP; an astrocyte
marker) or with the neuronal markers microtubule-associated
protein 2 (MAP2) or neuronal nuclei (NeuN) (Fig. 1D). STAT1
phosphorylation also was induced in cultured spinal microglial
cells stimulated directly with IFN-y (data not shown). These
findings suggest that:under normal conditions TFN:-yRs are
expressed as functional receptors in resting microglia in the
dorsal horn.

To examine the invivo responses evoked by IFN-y, we spinally
administered IEN-y to naive rats and subsequently used a
behavioral assay for tactile allodynia. We found that a single
intrathecal administration of IFN-y (1,000 U) produced marked
and long-lasting tactile allodynia: the paw withdrawal threshold
(PWT) to mechanical stimulation applied to the hindpaw pro-
gressively decreased over the first 2 days, peaking between days
2and 3 (P < 0.01), and the decreased PW T persisted for at least
10 :days after the administration (P < 0.05; Fig. 24). The
IFN:y-induced allodynia was dose dependent (10 U: P < 0.05;
100 and 1,000 U: P < 0.01 on day 3; Fig. 2B). Although a similar
allodynic behavior was produced in wild-type C57BL/6J mice
injected intrathecally with IFN-y (10 U, P < 0.01; Fig. 2¢),
IEN-yR-deficient (ifngr /) mice failed to produce this response.
Interestingly; we found that ifngr /- mice that had been intra-
thecally infused with primary cultured microglia taken from
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wild-type C57BL/6J mice showed a decrease in the PWT after
IFN-y administration, but there was no change in threshold in
ifngr~'~ mice infused with ifngr~'~ microglia (Fig. 2D). This
finding suggests that IFN+y-induced allodynia impaired in if-
ngr~'~ mice is rescued by infusing microglia expressing IFN-yR.
In addition, the PWT was not affected by infusion of microglia
from either wild-type C57BL/6J or ifigr~/~ mice alone (data not
shown). These results indicate that stimulating IFN-yRs in spinal
microglia produces persistent tactile allodynia in otherwise naive
animals.

These results prompted us to investigate the status of microglia
in the dorsal horn after IFN-yR stimulation, and we performed
immunohistochemical analyses on sections of L5 dorsal spinal
cord. On day 3 after IFN-y administration, microglial cells in the
dorsal horn had enhanced Ibal labeling, hypertrophic cell bod-
ies, and thickened and shortened processes (Fig. 2F). By con-
trast, immunofluorescence of ED-1 (a macrophage marker) was
not_enhanced by IFN-vy, and neither the morphology nor the
number of ED-17 cells was changed (51 Text and Fig. S1). In
addition, only a very few circulating ED-17 macrophages were
labeled by intravenously injected PKH26-PCL (Fig. S2); an inert
fluorescent dye that selectively labels cells with phagocytic
capabilities (27), suggesting that intrathecal administration of
IFN-y does not cause macrophage infiltration. Next, to test
whether IFN-y-stimulated microglia undergo proliferation; we
visualized proliferating cells by administering i.p. a single dose
of BrdU, a marker of the S-phase of the cell cycle. Intrathecal
administration of IFN-+y drastically increased the number of
BrdU*Ibal” cells in the dorsal horn on day 1 (P < 0.001; Fig.
2F). In: addition, we observed a few BrdU'Ibal cells in the
dorsal horn, the number of which was not altered by IFN-y
(vehicle: 3.0 = 1.5 cells; IFN-v: 4.7 = 2.2 cells). The proliferation
of spinal microglia is strongly supported by our further immu-
nohistochemical analyses. demonstrating - that the number. of
0X-427F microglia positive for Ki-67, a nuclear protein expressed
in all phases of the cell cycle except the resting phase, also was
increased in the dorsal horn of rats to which ITFN-y was admin-
istered (Fig. 534). In addition, there were very few Ki-67"ED-1"
cells-in the dorsal horn (Fiz. S34). By counting microglial cells
within the dorsal horn on day 3, we observed that the total
number of Ibal* microglia increased in rats treated with IFN-y
compared with rats treated with vehicle (P < 0.01; Fig. 2G).
TEN-v.did not increase the number of OX-42% P2Y >R cellsin
the dorsal horn, and almost all OX-42 1 cells are double-labeled
with an antibody of P2Yj; purinoceptor (P2Y,R) (Fig. S4); a
G protein-coupled receptor that is expressed in microglia but
not in macrophages (29, 30). These changes in the morphology
and -number of microglia in rats treated with IFN-y are
consistent with immunohistochemical criteria for activated mi-
croglia in vivo (28) and are observed in the dorsal horn after
nerve injury (6).

We next tested the effect of minocycline, which: inhibits
microglia ‘activation in vivo (31), on IFN-y-induced tactile
allodynia. Minocycline (40 mg/kg) suppressed the decrease in the
PWT at all time points of testing (P < 0.001; Fig. 2H) as well as
the activation of microglia in the dorsal horn on day 3 after
intrathecal administration of IFN-y (Fig: 2H). Together, these
findings indicate that stimulation of spinal IFN-yRs expressed
selectively in microglia under normal conditions causes tactile
allodynia by directly activating spinal microglia.

Lack of IFN-yR Impairs Activation of Microglia and Tactile Allodynia
After Nerve Injury. Next; to investigate the role of IFN-yR in
microglia activation and tactile allodynia in the dorsal horn
under neuropathic pain conditions, we injured the L5 spinal
nerve of wild-type C57BL/6] and ifngr/~ mice, an animal model
of neuropathic pain. Consistent with our previous studies (17,
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32), in wild-type C57BL/6J mice, a marked activation of micro-
glia was observed on the ipsilateral side of the dorsal horn 14
days after nerve injury, as indicated by alterations in Ibal
immunofluorescence (Fig. 34), morphology (Fig. 3B), and num-
ber (P < 0.001, Fig. 3C). However, these alterations in activated
microglia were severely impaired in ifigr/~ mice with nerve
injury, (Fig. 3 4 and B), and the number of Ibal* cells was much
lower than in wild-type C57BL/6J mice (P < 0.001; Fig. 3C). The
number of microglia in the contralateral dorsal horn was similar
in these 2 genotypes (Fig. 3C). Behaviorally, wild-type C57BL/6J
mice showed a marked decrease in PWT after nerve injury (day
1:P < 0.01; days 3-14: P < 0.001; Fig. 3D). By contrast, the nerve

0 S
14 Pre-inj. IFN-y

[ PSS FrUmE SN ST TT———
0423 7
Post IFN-y injection (days)

D microglia
Bwr
ifngr"-

21 #H##R

Fig.2. Intrathecal delivery of IFN-yto normal animals
induces long-lasting tactile allodynia and activation of
spinal microglia. (A) PWT after a single intrathecal
administration of recombinant IFN-y (1,000 U; n = 6) or
vehicle (PBS; n = 6) to naive rats (*, P < 0.05; **, P <
0.01). (B) Dose-dependent tactile allodynia on day 3
(n = 5-6; %, P<0.05; **, P < 0.01). (C) PWT in wild-type
C57BL/6S {n = 6) and IFN-yR-deficient (ifngr-/-) mice
(n = 6) 3 days after IFN-y (10 U) administration (**, P <
0.01.vs. before injection; #¥, P < 0.01 vs. wild-type
C57BL/6) mice injected with IFN-y). (D) Effects of intra-
thecal infusion. of wild-type (C57BL/6J) and ifngr='-
primary cultured microglia to ifngr-- mice on IFN-y
(10 U)-induced change in: PWT (wild-type microglia
group, n .= 5; ifngr~/~ microglia group, n = 6; ***, P <
0.0001 vs. before injection; *##, p <0.0001 vs. wild-type
€57BL/6) microglia with IFN-y injection). (£) immuno-
fluorescence of IbaT in the dorsal horn 3 days after

A administration of IFN-v (1,000 U). (Scale bar, 200 um.}
Insets are images at high magnification (45 um wide).
(F) (Upper) Double immunofluorescence labeling of
ibal (green) with BrdU (red) in the dorsal horn 1 day
after ‘administration of \[EN=y (arrowheads indicate
cells positive to Iba1-and BrdU). (Scale bar, 80 um.)
(Lower) The number of BrdU*lba1* cells in the dorsal
horn of rats (= 3; ¥**, P < 0.001). (G) The number of
Iba1* microglia in the dorsal horn. of vehicle- and
IFN-y-treated rats (**, P < 0.01). (H) Effect of minocy-
cline (40 mg/kg, i.p.) on IFN-y-induced microglia-acti-
vation. Photographs: show: immunofiucrescence  of
ibat1 on day 3 (scale bar, 200 pm) and tactile allodynia
(n = 5;%%* P'< 0.001 vs. IFN-y/PBS group). Data are
mean = SEM (A=D, F, G, and H).
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IFNy+ 9
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injury-induced allodynic behavior was strikingly attenuated in
ifngr~/~ mice at all time points of testing (days L and.7: P < 0.05;
days 3 and 5; P < 0.01; days 10 and 14: P < 0.001; Fig. 3D). The
loss of IFN-yR did not change either basal mechanical sensitivity
or the PWT of the contralateral hindpaw after nerve injury (Fig.
3D). Nor did IFN-yR deficiency affect motor behaviors in the
rotarod test (time on rotarod for wild-type C57BL/6J: 55.4 £ 4.6
sec; for ifngr=/7: 53.2 = 6.8 sec). These findings indicate that
IFN-yR:mediated signaling is required for switching spinal
microglia to the activated phenotype in the spinal dorsal horn
after nerve injury and for producing the subsequent tactile
allodynia.
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Fig.3.  Lack of IFN-3R impairs activation of microglia and tactile allodynia after nerve injury.{A) Photographs show immunofluorescence of Ibal in the L5 dorsal
spinal cord of wild-type C57BL/6J and ifngr -~ mice 14 days after nerve injury. (Scale bar, 150 um:).(B) Morphological changes in the spinal microgliain the spinal
dorsal horn of wild-type C57BL/6) or ifngr-— mice. (Scale bar, 20 um.) (C) The change in'the number of Ibai-positive microglia cells in the dorsal horn of wild-type
C57B1/6) (n = 5) and ifngr—'= (n = 5) mice 14 days after nerve injury (¥, P < 0.05; ***, P < 0.001 vs. the contralateral side; ##, P < 0.001 vs. the ipsilateral side
in wild-type C57BL/6J mice). (D) PWT of wild-type C57BL/6) (n = 7) and ifngr-+=mice (n = 7) before and after nerve injury (**, P < 0.01; ***, P < 0.001 vs. the
contralateral side of wild-type C57BL/6J mice; #, P < 0.05; #, P < 0.01; ##p < 0.001 vs. the ipsilateral side of wild-type C57BL/6J mice). Data are mean = SEM

(Cand D).
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Lyn Tyrosine Kinase Is a Critical Intermediary in the IFN-yR-Dependent
Activation of Spinal Microglia. To elucidate the molecular mech-
anism by which IFN-vy activates spinal microglia, we examined
the role of Src-family kinases (SFKs), which have been impli-
cated in cellular responses including the proliferation of many
types of cells (33). Among 5 major SFKs (Src, Fyn, Lck, Yes, and
Lyn) known to be expressed in the CNS (34), expression of Lyn
in spinal microglia, which is essential for tactile allodynia after
nerve injury, is up-regulated and activated by nerve injury (17).
In the spinal cord of animals administered IFN-vy intrathecally,
expression of Lyn protein was increased 1 day after the admin-
istration (P < 0.05; Fig: 44), and this increased expression was
observed selectively in microglia labeled by Ibal (Fig. 4B). When
cultured. microglial - cells. were treated. with' IFN-v,- the up-
regulation: of -Lyn expression: also. 'was observed: in.a dose-
dependent manner (Fig. 4C). We also found that immunofluo-
rescence for the active form of SFKs, including Lyn, that were
autophosphorylated in the kinase domain (phospho-SFK). in-
creased exclusively in microglia labeled by OX:42 in the dorsal
horn after intrathecal administration of IFN-vy (Fig. 4D), sug-
gesting that Lyn kinase may become activated in spinal microglia
stimulated by IFN-y. To determine the in vivo role of Lyn kinase,
we spinally: administered IFN-y to. wild-type C57BL/6J and
Lyn-knockout . (lyn /=) mice. In contrast to the changes in the
morphology. (Fig. 4E) and number of microglia (P: < 0.01;:Fig.
4F).in the dorsal horn of wild-type C57BL/6J mice: following
IFN-y administration; dorsal horn microglia lacking Lyn showed
less activated morphology (Fig. 4F) and a smaller increase in
number (P <:0.05; Fig. 4F). The loss of Lyn also blunted the
decrease in PWT following intrathecal administration of IEN-vy
(P < 0.01; Fig. 4G). Moreover, the nerve injury-induced increase
in the number of microglial cells in the ipsilateral dorsal horn was
lower infyn /= mice than in wild-type C57BL/6J mice (P.<.0.001;
Fig. 4H). These results indicate that Lyn tyrosine kinase is a
critical- intermediary. in' the activation of microglia caused by
IFN-v administration and nerve injury.

P2Xs Receptors Up-Regulated in Microglia Are Required for IFN-vy-
Induced Allodynia. Following nerve injury, activated spinal mi-
croglia up-regulate expression of P2X; receptors (P2X;Rs), a
principal subtype of ATP-gated ion channels crucial for neuro-
pathic pain (12, 23). We therefore determined whether IFN-
yR-induced allodynia involves P2X Rs. Applying IEN-vy directly
to primary cultured microglial cells increased the level of P2X4R
protein (Fig. 5A4). Furthermore, intrathecal administration of
IFN-vy increased the expression of P2ZX4R protein in the spinal
cord of rats (Fig. 5B). In the dorsal horn; cells showing PZX4R
immunofluorescence were double-labeled with OX-42 (Fig. 5C).
Using P2X;R-deficient mice (p2rx4 /), we found that the
marked decrease in PWT induced by intrathecal administration
of TFN-vy in wild-type C57BL/6] mice was significantly attenu-
ated in p2rx4~/~ mice (P.< 0.01; Fig. 5D). In contrast to the
PWT, IFN-y-induced activation of microglia in the dorsal horn
was similar in the 2 genotypes (Fig. SE). This finding is consistent
with our previous findings demonstrating that an antisense
knockdown of P2X,R in the spinal cord fails to affect microglia
activation (12). These results indicate that IFN-yR-mediated
tactile allodynia depends on microglial P2X,R.

Discussion

Growing evidence has revealed several microglial molecules
involved in neuropathic ‘pain (5-9). Although the expression
levels or activities of these molecules are up-regulated in acti-
vated spinal microglia after nerve injury, they remain at low
levels in resting microglia under normal conditions (9). By
contrast, we show that in otherwise naive animals, spinal micro-
glia express IFN-yRs in a cell-type-specific manner and that
acute stimulation of these receptors alone induces a conversion
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Fig. 4. Lynisacrucial kinase mediating both IFN-y and nerve injury-induced
activation of spinal microglia. (A) Western blot analysis of Lyn in'spinal cord
homogenates from rats treated intrathecally with IFN-y (1,000 U). The relative
values of Lyn protein were normalized to g-actin protein (n'=3;'*, P.<0.05).
(B) Double immunofluorescence labeling for Ibat (green) and Lyn (red) in the
dorsal horn of IFN-y-treated rats (merged: yellow). (Scale bar, 30 um.) (C) Lyn
and B-actin proteins in a whole-cell lysate from primary: cultured microglial
cells treated: with IEN=y (50=300-U/ml).for 24 h.. (D) immunofluorescence of
phospho-SFK (green) and double immunofiuorescenice labeling with OX-42
(red).in the dorsal horn of IFN-y-treated rats (merged: yellow). (Scale bars, 80
am [Upper] and 30 um [Lower]). (E) Ibat immunofluorescence in the dorsal
horn of wild-type C57BL/6J and Lyn-deficient (fyn=/-) mice 3 days after intra-
thecal: administration of IFN-y {10:U). {Scale bar, 80 um.) (F) The number of
Ibat* microglia in the dorsal horn [C57BL/6J: n.= 4 (vehicdle); n-= 6 (IFN-=y);
lyn='=:n = 6 (vehicle), n = 5 (IFN=y); **, P.< 0.01.vs. vehicle-treated wild-type
C57BL/6)mice; *, P < 0.01 vs. IFN-y-treated wild-type C57BL/6) mice). (G) PWT
after intrathecal administration of IEN-y in wild-type C57BL/6J.(n:= 6) and
lyn='= (n'= 5} mice (**, P.< 0.01; ***, P < 0.001 vs. before IFN-y injection; *#,
P<0.01vs. IFN-v-treated wild-type C57BL/6J mice). (H) Photographs show Iba1
immunofluorescence in the dorsal horn of C57BL/6J or Iyn='— mice 10 days
after nerve injury and the number of Iba1* microglia in the dorsal horns (n =
5. %% P<0.01;***, P<0.001 vs. contralateral side in wild-type C57BL/6] mice;
#.p.< 0.01 vs: ipsilateral side in wild-type €57BL/6J mice). (Scale bar, 80 um.)
Data are.mean'= SEM.(A, F, G, and H).

of these cells into the activated state and produces long-lasting
tactile allodynia. Our genetic approach revealed that IFN-yR
deficiency results in a marked attenuation in spinal microglia
activation and tactile allodynia in a model of neuropathic pain
in which it was reported that IFN-vy levels were increased in the
spinal cord (20). The attenuated microglia activation observed in
IFN-yR-deficient mice seems to be in stark contrast to the
phenotype observed in mice lacking P2Y5R. P2Y 2R is among
the molecules expressed in microglia under normal conditions
(30) and is implicated in neuropathic pain (32, 35); however, the
loss of P2Y 15R fails to affect nerve injury-induced morphological
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Fig. 5. * IFN-y-stimulated microglia show up-regulated expression of P2Xs
receptor, which is required for tactile allodynia. (A, B) Western blot analysis of
P2X4 receptor (P2X4R) and B-actin proteins in a whole-cell lysate from cultured
microglial cells treated with IFN-y and vehicle for 24 h (A) and in homogenates
from the spinal cord of rats 1 day after intrathecal administration of IFN-y
(1,000 U) or vehicle (B): (C) Double immunofiuorescence labeling for P2X4R
(green) -and OX-42 (red) in the L5 dorsal spinal cord of IFN-y-treated rats
(merged:yellow). (Scale bar, 30 um.) (D) PWT after intrathecal administration
SFIFN-¥.(10.U) in wild-type C57BL/6) (n = 6) or P2XsR-deficient (p2rx4 I ) mice
(n=5). % P <0.05;**, P<0.01; *** P < 0.001 vs. before IFN-y injection; ##,
P < 0.01:vs. IFN-y-treated wild-type C57BL/6J mice. (E) Photographs show
immunofluorescence of Ibal in the dorsal horn of wild-type C57BL/6J or
p2rx4-'- mice 3 days after intrathecal IFN-yinjection: (Scale bar, 40 um.) Data
are:mean. = SEM.

and numerical alterations of spinal microglia (32). Therefore,
these results suggest that the IFN-y/IFN-yR system is critical in
transforming resting spinal microglia into the activated state and
thereby linking them ‘to tactile allodynia. This possibility is
supported further by our evidence demonstrating that, in addi-
tion to cellular alterations; stimulation of resting spinal microglia
by IFN-v causes changes in their molecular profile (increased
expression of Ibal; Lyn; and P2XyR), changes that also occur in
animal models of neuropathic pain (6-8, 12, 17). However, the
fact that activation of spinal microglia after nerve injury was not
completely eliminated in IFN-yR-deficient mice suggests that
IFN:yR-mediated signaling, although important, is not the only
mechanism underlying microglia activation and that there may
be independent and/or cooperative. mechanisms involving other
signals (8):

Among numerous genes whose expression levels have been
reported to be altered in microglia stimulated by IEN-v (36), the
present study identified Lyn tyrosine kinase to be up-regulated
by IEN-y and required for IFN-yR-dependent microglia activa-
tion. This kinase was up-regulated exclusively in microglia in a
model of neuropathic pain (17) and was implicated in various
cellular events in microglia (37-40). Previous work using Lyn-
deficient mice also showed attenuated microglia activation
evoked by B-amyloid peptide in the brain (39), supporting our
notion that Lyn is critically involved in the molecular machinery
underlying microglia activation. Consistent with the impaired
neuropathic allodynia in mice lacking Lyn (17), these mice also
were resistant to IEN-y-induced tactile allodynia. We previously
have indicated that Lyn kinase in microglia also controls the
expression of P2X,R (17), a receptor that is crucial for tactile
allodynia (68, 12, 23, 41-43). Interestingly, we further found
that IFN-vy-stimulated spinal microglia allowed up-regulated
expression of P2XyR and that the deletion of P2X4,R blunted
tactile allodynia, suggesting that IFN-yR-dependent tactile al-
lodynia involves the P2X;R. As shown previously (23), activation
of P2X,R up-regulated in activated spinal microglia may lead to
the release of bioactive factors such as BDNF, which causes
hyperexcitability of dorsal horn neurons by reducing inhibition
and converting GABA, receptor-mediated inhibition to excita-
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tion (23) and, in turn, produces tactile allodynia (12, 23). It is of
particular interest that intrathecal delivery of IFN-vy to normal
rats enhances the excitability of dorsal horn neurons evoked by
innocuous stimulation in vivo (44, 45), possibly involving a
reduction of GABAergic inhibitory control (45). Aithough such
effects of IFN-y have been considered a neuronally mediated
phenomenon (44, 46, 47), our present findings indicating that
spinal microglia are stimulated directly by IFN-y administered
spinally and contribute to IFN-yR-dependent pain hypersensi-
tivity, together with recent evidence (6-9, 12, 23), suggest a
mechanism in which spinal microglia are key intermediaries for
the modulation of spinal pain processing by IFN-y,

Our present study demonstrates that IFN-yR is a key element
in the molecular machinery through which resting spinal micro-
glia transform into the activated state that underlies the patho-
genesis of ‘neuropathic pain. On the other hand, the loss: of
IFN-yR did not change microglia: morphology and number
under normal conditions, despite the expression of IFN-yR in
resting microglia. The lack of a phenotype in resting microglia
also has been reported in the brains of IFN-y-deficient mice (48).
It thus is conceivable that ‘this receptor may not affect the
development and localization of microglia in the spinal cord and
may not be ‘activated under normal conditions. The lack of
obvious activation of STAT1 in the normal spinal cord supports
this notion. Together, these findings suggest that the attenuating
effects of IFN-yR deficiency on the activation of spinal microglia
in'a model of neuropathic pain may be caused by the activation
of this receptor by IFN-v, which is elevated in the spinal cord
after nerve injury (20). Because the loss of IFN-yR' did not
change basal pain sensitivity, our results also suggest -that
interfering with IFN-yR-mediated signaling in spinal microglia
may be a novel approach to treating neuropathic pain without
affecting physiological acute pain.

Materials and Methods
Detailed methods are presented in Si Methods.

Behavioral Studies. All experimental: procedures were: performed-under the
guidelines of Kyushu University. The PWT was measured using calibrated von
Frey filaments in Wistar rats or mice (ifngr== [B6.12957-Ifngr1¥m'A9Y}, The
Jackson Laboratoryl, lyn=/- (49), p2rx4-!=.(50), and their background wild-
type control, C57BL/6J)..The 3 knockout mouse: lines were backcrossed to
C57BL/6J mice for more than 10 generations. Minocycline was administered
i.p. once a day from day 0 to day 7.

In Situ Hybridization. A digoxigenin-iabeled antisense probe for the rat IFN-yR
(NM.053783, sequence position 997-1713) was used.

Immunohistochemistry. Transverse L5 spinal cord sections (30 pm) were cutand
processed  for immunohistochemistry as described  previously (12, 17)..To
visualize proliferating cells, BrdU (75 mg/kg, i.p.) was injected 22 h-after
intrathecal administration of IFN-y; 2 h Iater; BrdU-treated rats were fixed by
paraformaldehyde.

Microglial Culture. Rat primary cultured microglia were prepared in accor-
dance with a method described previously (12, 51).

Western Blotting. Western blot analyses of Lyn and P2XiR expression in the
membrane fractions from spinal cord segments L4-L6 and in'whole-cell lysates
of ‘cultured microglial cells were performed in accordance with methods
described previously (17).

Statistics. Statistical analyses of the results were made with Student’s t test,
Student’s paired 't test; or 1-way ANOVA with a post hoc test (Dunnett's
multiple comparison test).
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Tumor Necrosis Factor-Alpha and Its Receptors

Contribute to Apoptosis of Oligodendrocytes in the
Spinal Cord of Spinal Hyperostotic Mouse (twy/twy)
Sustaining Chronic Mechanical Compression
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~ and its receptors in the sptna! hyperostotic mouse (twy/
twy) with chronic cord compressuon usmg tmmunohasto~ -
chemical methods. .

Ob)ectwe To study the rnechamsms of apoptos;s, par»

. ttcuiarly in ohgodendrocytes, ‘which could contribute to
degeneratwe change and demyelmatlcn in chromc me-—
chanical cord compression. o

; Summarv of Background Data. TNF-a acts as an ex-

_ ternal signal initiating apoptosisin neurons and ohgoden-

' drocytes after spinal cord injury. Chronic spinal cord com-
_pression caused neuronal loss, myelm destructlon, and
_axonal degeneratton However, the biologic mechanisms
of apoptosts in chromcally compressed spma! cord re-
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Methods. The cervxcal spmat cord of 34 twy mice aged '

, 20 to 24 weeks and 11 control animals were exammed
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TNER1, and TNER2 in severe compression. The expres-
sion of TNF-a appeared in local cells includmg microglia
while that of TNFR1 and TNFRZ was noted in apoptotlc'
oligodendrocytes, '
o Conclusmn Our results suggested that the propomon
of apoptotxc oligodendrocytes, causing spongy axonal
~degeneration and demyelination, correlated with the :
___magnitude of cord compression and that overexpression
of TNF-&, TNFR1, and TNFR2 seems to participate in ap-
"opto'si 'f's"uch celi‘s“in th‘e’ 'chrbnicalty comipressed,Spinal ;
'cord
. Keywords: apoptosns,ohgodendrocytes, tumor necrosns
 factor. {TNE):q; spinal cord, spmal hyperostotic mouse (wy/
, ‘twy), chromc compressron Spine 2009;34: 2848—2857 o

Mechanical stimuli applied to the spinal cord can poten-
tially induce profound and irreversible motor paresis sec-
ondary to dysfunction and loss of neurons. In particular,
long-term and chronic mechanical compression of the
spinal cord could gradually cause various pathologic
changes of the neural tissue, such as reduced activity of
surviving neuronal cells, neuronal degeneration, and de-
myelination of axons. A number of cadaver studies have
examined the pathologic changes in chronically com-
pressed spinal cords of patients with cervical spondylosis
or ossified posterior longitudinal ligament showed demy-
elination as well as loss of axons in the white matter, and
loss of neurons in gray matter.!”> However, the mecha-
nism responsible for these pathologic changes remains
elusive, partly because it is difficult to estimate these
changes in human and animal experimental settings and
there are few suitable animal models with progressive
cord damage induced by long-term compression.

In a series of studies,*~'* we examined this issue ex-
perimentally using the tiptoe-walking Yoshimura (zwy/
twy) mouse, a unique animal that develops spontaneous
spinal cord compression. The twy/twy mouse is thus suit-
able for investigating the effects of chronic mechanical
compression of the spinal cord, produced without any
artificial manipulation of the cord.*!! Using these mice,
we reported previously a progressive reduction in the
number of anterior horn cells when the transverse rem-
nant area of the spinal cord decreased to =70% of the
control,*? decreased usage of neurotrophins in autocrine
and paracrine interactions,®® and presence of accidental
and apoptotic dying spinal cord cells.'> However, the
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correlation between spinal cord damage and neural cell
apoptosis is not fully understood.’

Apoptosis of neural cells is an important tissue reac-
tion that contributes to secondary damage after acute
spinal cord injury.'>~'” There is evidence to suggest that
tumor necrosis factor (TNF)-a can potentially trigger
neural cell injury in the spinal cord.’®2° TNF-a medi-
ates several biologic and immunoregulatory responses in
a variety of inflammatory diseases and trauma of the
central nervous system,?"?? including the spinal
cord.?>?* It is highly possible that both TNF receptor 1
(TNFR1) and TNF receptor 2 (TNFR2), which are mem-
bers of the TNFR superfamily,>*?¢ are involved in the
cellular reactions mediated by TNF-a. It is highly possi-
ble that glial cells may also respond to neuronal cell
death in twy/twy mouse, but this issue remains totally
unknown.

The present study was thus designed to investigate the
topographic distribution of glial cell apoptosis, particu-
larly oligodendrocytes, within the chronically com-
pressed twy/twy mouse spinal cord as well as the poten-
tial role of TNF-a; TNFR1, and TNFR2-mediated cell
death cascade. The current communication is the first to
describe the potential influence of apoptosis mediated
through the TNF-a/TNFR pathway on chronically com-
pressed spinal cord.

B Materials and Methods
Animal Model

The present series of experiments were conducted in a total of
34 fwy/twy mice (Central Institute for Experimental Animals,
Kawasaki; Japan), aged 24 to 26 weeks with a mean body
weight of 29.5 = 7.3 g (£SD). Mutant twy/fwy mice were
maintained by brother-sister mating of heterozygous Institute
of Cancer Research (ICR) mice (+/twy). The disorder is inher-
ited in an autosomal recessive manner and the homozygous
hyperostotic mouse is identified by a characteristic tip-toe
walking at 6 to 8 weeks of age, although no congenital neuro-
logic abnormalities are detected at that age. The mwy/twy
mouse exhibits spontaneous calcified deposits posteriorly at the
C1-C2 vertebral level; producing a variable degree of compres-
sion of the spinal cord between €2 and €3 segments (Figure
1A): The calcified mass grows progressively with age particu-
larly in the atlantoaxial membrane, causing profound motor
paresis later in life. ICR mice, age-matched with the twy/twy
mice, were used as controls. Table 1 summarizes the number of
mice used in the study. The experimental protocol was ap-
proved by the Ethics Committee for Animal Experimentation
of our University.

To assess the effect of compression in the longitudinal direc-
tion; 3 segments of the cervical spinal cord were selected®:%; the
segment immediately rostral to the compressive lesion between
€1 ventral and C2 dorsal roots (rostral site); the site of maxi-
mal compression between C2 and C3 dorsal roots (maximally
compressed site);.and the segment immediately caudal to the
compression lesion between C3 and C4 dorsal roots (caudal
site). The length from the caudal site to the rostral site of the
spinal cord assessed histologically was onaverage 3150 um: To
assess the effects of various degrees of spinal cord compression,
the maximally compressed transverse remnant area of the spi-

Figure 1. Photomicrographs showing sagittal sections of the spi-
nal cord between the medulla: oblongata ‘and C4 spinal cord
segment of 24-week-old twy/twy mouse {A; C1, atlas; €2 axis;
Hematoxylin and eosin. staining). Calcified lesions {*, **) emanat-
ing from the posterior longitudinal ligament and atlantoaxial mem-
brane significantly compress the spinal cord vis a fronte (¥} and vis
a tergo (**), respectively. Transverse sections of the spinal cord
show moderate compression (B} at the maximally compressed site
at C1=C2 vertebral levels in 24-week-old mouse and severe com-
pression {C) at the same site at the same age. SC indicates spinal
cord; VB, vertebral body. Scale bars =:500 um in (A, and 200 um
in':B, C.

nal cord (TRAS) was used as a parameter of the magnitude of
external compression. The ratio of the TRAS in the tiwy/tivy
mouse to that of the control ICR mouse was designated as
TRAS%. We defined TRAS% =70% as compressed spinal
cord in fwy/twy mice.** Mice were divided into 2 groups based
on the value of TRAS%: moderate compression group
(TRAS% between 50% and 70%; Figure 1B); and severe com-
pression group (FRAS% =50%, Figure 1C).

Table 1. Number of Mice Used in the Present Study

twy/twy Mice

Moderate
Compression
{TRAS% >50%
but <70%)

Severe
Compression

ICR Mice {TRAS% =50%)

TUNEL staining (paraffin 4 4
sections}

Electron microscopy

TUNEL and double
immunofluorescence
staining (frozen
sections)

Evaluation of apoptetic signal
in oligodendrocytes (frozen
sections)

Immunoblot analysis 3 3 3

2
4

2
4

ICR mice indicates control mice; TRAS, transverse remnant area of the spinal
cord.
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TUNEL Staining

After anesthesia with intraperitoneal injection of sodium bar-
biturate (0.05- mg/g body weight); the animal was perfused
intracardially using 50 mL phosphate buffered saline (PBS; at
4°C) followed by 100 mL of 4% paraformaldehyde in 0.1:M
PBS (pH 7.6). Immediately after perfusion, the cervical cord
was removed en bloc, postfixed, and then embedded in paraffin.
Samples were cut in 4-pum thick serial transverse sections. De-
oxyribonucleic acid fragmentation was detected by the termi-
nal deoxynucleotidy! transferase (TdT)-mediated dUTP-biotin
nick end labeling (TUNEL) method using the ApopTag Perox-
idase In Situ Apoptosis Detection kit (Chemicon International,
Temecula, CA). After deparaffinization and hydration, sections
were treated with 20 ug/mL of proteinase K in 0.1 mol/L of
TRIS buffer (pH 8.0) at roomi temperature for 15 minutes to
strip nuclei of tissue sections. The procedures used were per-
formed as described in the kit manual. The reaction with TdT
was terminated by washing the sections with stop-wash buffer
for 30 minutes at 37°C. Antidigoxigenin peroxidase was then
applied for 30 minutes at room temperature, Color was devel-
oped using 3, 3'-diaminobenzidine tetrachloride. Finally, sec-
tions were counterstained with methyl green.

Double Immunofluorescence Staining
To identify the type of apoptotic cells, double immunofluores-
cence staining was performed using frozen sections. The cervi-
cal spinal cord was removed as described above and embedded
in Tissue-Tek (optimal cutting temperature compound 4583,
Sakura FineTechnical, Tokyo) and frozen at —80°C. Serial
25-pum thick transverse frozen sections were treated with 0.1 M
TRIS-HC! buffer (pH 7.6) containing 0.3% Triton-X-100 for
another 24 hours to allow reaction of the cell membrane with
antibodies. Sections were then subjected to TUNEL using an
ApopTag Plus Fluorescein In Situ Apoptosis Detection kit
(Chemicon International). The procedures used were per-
formed exactly as described in the kit manual, The reaction
with TdT was téerminated by washing the sections with stop-
wash buffer for 30 minutes at 37°C. Antidigoxigenin-
Fluorescein was applied for 30 minutes at room temperature.
After that, the sections were then incubated with antioligoden-
drocyte monoclonal antibody (RIP; 1:100,000, mouse IgG;
Chemicon International) for oligodendrocytes, antineuronal
nuclei monoclonal antibody (NeuN, 1:400, mouse IgG; Chemi-
con International) for neurons, antiglial fibrillary acidic protein
monoclonal antibody (GFAP, 1:400, mouse IgG; Chemicon
International) for astrocytes, and antimicroglia. monoclonal
antibody (OX-42, 1:400, mouse IgG; Chemicon International)
for microglia diluted in Antibody Diluent with Background
Reducing Components (Dako Cytomation, Carpenteria, CA)
at 4°C overnight. The sections were then incubated with goat
antimouse Alexa Flour 568/fluorescein-conjugated antibody
(1:250; Molecular Probes, Eugene, OR). The immunostained
cells were visualized under confocal microscope equipped with
a 15-mWatt crypton argon laser (model TCS SP2, Leica Instru-
ments, Nusslosh, Germany). The 488- and 543-nm lines of an
argon/helium-neon laser were used for fluorescence excitation.

To determine the relationship between TNF-o/TNER com-
bination pathway and apoptosis of oligodendrocytes in twy/
twy mice, double staining was performed in a manner similar to
that described above: Serial 25-um thick transverse frozen sec-
tions. were incubated overnight with OX:=42 (1:400, mouse
1gG; Chemicon International), GFAP (1:400, mouse IgG;
Chemicon International), RIP (1:100,000; mouse IgG; Chemi-
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con International), anti-TNF-a (1:100, gout IgG; Santa Cruz
Biotechnology, Santa Cruz, CA), anti-TNFR1 (1:100, rabbit
IgG; Santa Cruz Biotechnology), anti-TNFR2 (1:100, rabbit
IgG; Santa Cruz Biotechnology), and antiactive caspase-3 (1:
100, rabbit IgG; Chemicon International) diluted in antibody
diluent with background reducing components (Dako Cytoma-
tion) at 4°C, The secondary antibodies were goat antimouse
Alexa Flour 568/fluorescein-conjugated antibody (1:250; Mo-
lecular Probes, Eugene, OR}, donkey antigout antibody Alexa
Flour 488/fluorescein-conjugated antibody {1:250; Molecular
Probes), and goat antirabbit antibody Alexa Flour 488/
fluorescein-conjugated antibody: (1:250; Molecular Probes).
The immunostained cells were visualized under a confocal laser
scanning microscope {model TCS SP2, Leica Instruments).

Immunoblot Analysis
After cardiac arrest, the cervical spinal cord was immediately
removed en bloc and stored in liquid nitrogen. The sample was
solubilized in RIPA buffer (50 mmol/L pH 7.5 TRIS-HCI,; 150
mmol/L NaCl; 1% Triton X-100, 0.5% sodium deoxycholate,
20 ug/mL leapeptine, and 1 mmol/L’ phenylmethylsulfo-
nylfluoride); homogenized and then stored at —80°C.. The pro-
tein concentration was analyzed by Bio-Rad DC protein assay
kit (No. 500-0116, Bio-Rad: Laboratories, Hercules, CA).
Laemmli sodium dodecylsulfate buffer samples containing pro-
teins were boiled and subjected to immunoblot analysis. Total
protein (80 ug/lane) was subjected to-sodium dodecylsulfate

:polyacrylamide gel (15%) electrophoresis and transferred onto

polyvinylidene difluoride membrane (PE Applied Biosystems,
Foster city, CA) for 70 minutes in a semidry blot apparatus.
The membranes: were thén washed twice in PBS containing
0.05% Tween 20; and then blocked by 5% skim milk in PBS
for 1 houir; subsequently reacted with anti-TNF-a (1:200, rab-
bit [g; Santa Cruz Biotechnology), anti-TINFR1 (1:200; Santa
Cruz Biotechnology), anti-TNFR2 (1:200; Santa Cruz Biotech-
nology), and antiactive caspase-3 (1:500; Chemicon Interna-
tional) diluted overnight at 4°C sequentially by antirabbit IgG
antibody and avidin-biotinylated peroxidase complex (1:200;
Envision System-HRP Labeled Polymer, Dako Cytomation) for
3 hours. After triple washing in PBS, the membrane was sunk in
the ECL for 1 minute to take a radiograph film for visualization
of peroxidase activity. This immunoblot analysis was described
in detail in our previous publications.®*°

Transmission Electron Microscopy
The cervical spinal cord including the above-described 3 levels
of twy/twy mice and the same levels of control ICR mice were
fixed with 2.5% glutaraldehyde and 2.5% paraformaldehyde,
followed by latesfixation in 1% osmium tetroxide for 2 hours:
Fixed specimens were dehydrated in a graded series of alcohol,
embedded in epoxy resin and polymerized at 60°C for 2 days.
Ultrathin sections were cut by ultramicrotome, stained with
uranyl acetate and lead citrate, and examined with a Hitachi

H-7650 transmission electron microscope (TEM; Hitachi;
Tokyo).

Cell Counts and Statistical Analysis
The number of dark-gray colored TUNEL-positive cells was
counted in the anterior, lateral, and posterior columns, as well
as anterior and posterior horns at each segment of the cervical
spinal cord. Four cross-sections were randomly selected out of
10 to 15 sections from each segment of each mouse (4 twy/twy
mice at each level of spinal cord compression and 2 ICR mice).
Similarity in double immunofluorescence staining, the number
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Figure 2. Photomicrographs show-
ing findings of terminal deoxynu-
cleotidyl transferase (TdT)-
mediated dUTP nick-end labeling
(TUNEL) staining in control ICR
{A-C) and twy/twy (D-1} mice.
Middle row: spinal cord of a fwy/
twy mouse with a transverse
remnant area of the spinal cord
{TRAS) of 50% to 70%, bottom
row: spinal. cord of a twy/twy
mouse. with a TRAS of =<50%.
Left column (A, D, G); photomi-
crographs taken by a roupe {x3).
The white rectangular-area (an-
terior horn. of the gray matter)
and:black rectangular area (an-
terior column of the white mat-
ter) are enlarged in the same row
in the middle and right columns,
respectively. Black arrows: rep-
resentative TUNEL-positive cells.
Scale bars = 50 um.

of TUNEL- (green) labeled cells and the number of TUNEL-
and RIP-{red) double labeled cells (vellow) was counted on the
white matter using a fluorescent microscopy. The Mann-
Whitney U test was used to compare the numbers of TUNEL-
positive cells in each region in the moderate and severe com-
pression groups. All values were expressed as mean = SEM. A
P < 0.05 denoted the presence of a significant difference be-
tween groups:

B Results

Histologic Evaluation: of Apaptosis in the twy/twy
Mouse Spinal Cord and Transmission Electron
Microscope Findings
Topographic distribution of TUNEL-positive cells in the
chronically compressed spinal cord of twy/twy mice ex-
amined by the TUNEL method is shown in Figure 2. No
TUNEL-positive cells were identified in both the gray
and white matters of the control ICR mouse spinal cord

A B

")
25 25

(Figures 2A=C). In contrast, a  number of TUNEL-
positive cells were found in the anterior horn (Figure 2E),
posterior horn and anterior column (Figure 2F), lateral
as well as posterior columns in the #wy/twy mice with
moderate compression (Figures 2D-F). In comparison,
fewer TUNEL-positive cells were found in the severe
compression group particularly in the anterior horn (Fig-
ures 2G, HJ, though these cells were abundant in the
anterior (Figure 21), lateral and posterior columns.
Figure 3 shows the results of comparative quantitative
analysis of TUNEL-positive cells in the posterior and
anterior horns, and posterior, lateral and anterior col-
umns at the spinal cord level rostral to compression (Fig-
ure 3A), maximal compression (C1-C2 vertebral level,
Figure 3B}, and caudal to compression: (Figure 3C).
Fewer such cells were noted in the gray matter at the level
of maximal compression (Figure 3B). In the spinal cord

Cc

Limoderate
compression

Average number.of TUNEL-positive cells

PH AH PC LC AC

PH AH PC.LC AC

W severe
compression

PH AH PG LC AC

Figure 3. Quantification of distribution of TUNEL-positive cells at 3 representative segments (A, site rostral to maximally compressed
segment; {B,) site of maximal compression at C1-C2 vertebral level; (C,) site caudal to the maximal compression) of the fwy/fwy mouse
with moderate and severe external compression. Abscissa; representative anatomic site; PH indicates posterior-horn; AH, anterior horn;
PC, posterior column; LC, Iateral column; AC, anterior column of the spinal cord. Ordinate: the number of number of TUNEL-positive cells.
The number of TUNEL-positive cells was higher in the white matter (PC, AC} in severe compression compared with moderate compression.
There appeared significant decrement in the number of TUNEL-positive cells in the gray matter (PH] in the maximally compressed spinal
cord segment {middle graph, B). Data are mean = SEM of number of mice indicated in Table 1. *P < 0.05.
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Figure 4. Transmission: electron micrographs: showing glia-like
cells in the white matter of the control ICR mouse (A} and twy/twy
mouse in the maximally compressed spinal cord segment (B} with
severe compression. The glia-like: cell in ICR mouse shows ab-
sence of apoptosis (A} but in the twy/twy mouse, the glia-like cell
shows aggregation of nuclear chromatin into dense and sharply
delineated masses despite preservation of cytoplasmic organelles,
suggestive of cell apoptosis (B). Scale bars = 2 um.

of twy/twy mice with severe compression, the number of
TUNEL-positive cells was significantly lower in the pos-
terior horn at the segment of maximal compression (Fig-
ure 3B), and was also significantly higher in the white
matter, particularly, posterior and anterior columns in
all 3 spinal cord segments (Figures 3A~C), compared
with moderate compression.

TEM examination showed a significant number of
apoptotic glia-like cells in the white matter, particularly
in the maximally compressed segment of the spinal cord
with severe compression. TEM also showed accumula-
tion of nuclear chromatin into dense, finely delineated
masses, together with preservation of cytoplasmic or-
ganelles (Figure 4B). The presence of TUNEL-positive
cells confirmed that these were apoptotic cells. In con-
trast, no such apoptotic cells were seen in control ICR
mice (Figure 4A).

Findings in Double Immunofluorescence Staining

In twy/twy mice, most TUNEL-positive cells were also
RIP-positive, and the number of TUNEL-RIP double-
positive cells appeared to increase with the magnitude of
cord compression (Figure 5). The ratio of TUNEL- and
RIP-double positive cells to TUNEL-positive cells was on
average 59% = 18% in the moderate compression group
and 78% * 14% in the severe compression group (Fig-
ure 5]). A small number of TUNEL-NeuN double-
positive neurons were found in moderate and severe
compression groups. A few GFAP or OX-42 double-
positive cells were identified in some fwy/twy mice ex-
amined with severe spinal cord compression, particularly
in the white matter.

TNF-a-Mediated Apoptosis in the twy/twy Mouse
Spinal Cord
Next, we evaluated the relationship between TNF-o/
TNEFR pathway and apoptosis in twy/fwy mouse spinal
cord by immunoblot analysis. Overexpression of TNF-a,
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TNFR1, and TNFR2, and activation of caspase-3, a
marker of apoptosis, was evident in fwy/twy mouse spi-
nal cord compared with ICR mouse (Figure 6). Semi-
quantitative immunoblot analysis showed increased im-
munoreactivity to TNF-a, TNFR1, and TNFR2, and
activated-caspase-3, with increase in the magnitude of
spinal cord compression.

In twy/twy mice with severe cord compression
(TRAS% =50%), double-staining for TNF-a and OX-
42, GFAP and RIP was identified (Figure 7), which was
scattered in the compressed cord particularly in the white
matter. In sections double-stained for TNFR1, TNFR2,
and activated-caspase-3 with RIP, a number of double-
stained cells were identified among the abundant oligo-
dendrocytes in the white matter of twy/twy mouse with
severe cord compression (Figure 8). Expression of
TNF-o; TNFR1, TNFR2, and activated-caspase-3 was
noted in the abundant oligodendrocytes in twy/twy
mouse.

W Discussion

A number of investigators have attempted to character-
ize the pathologic features of chronically compressed spi-
nal cords of patients with cervical myelopathy secondary
to spondylosis or ossified posterior longitudinal liga-
ment.'~3 These studies reported the presence of exfolia-
tion of anterior horn neurons with progressive spongy
degeneration and demyelination in the white matter in
areas of spinal cord mechanical compression. In our pre-
vious publications, we observed a significant reduction
in the number of remaining surviving neurons (Nissl
stain-positive motoneurons) when the TRAS% of the
twyltwy spinal cord decreased to =70% of the con-
trol.*® Furthermore, we also reported that the extent of
demyelination and Wallerian degeneration in the white
matter increased proportionately with the magnitude of
spinal cord compression.” In the present study, we found
significant decrement in the number of TUNEL-positive
cells in the posterior horn of the gray matter in the max-
imally compressed spinal cord segment in severe com-
pression. The population of neuronal cells in the poste-
rior horn significantly decreased when the magnitude of
external compression to the spinal cord increased at
C1=C2 vertebral level,’ and thus the findings are ex-
plained so far as the number of TUNEL-positive neuro-
nal cells at this site also decreased. On the other hand, we
found a significant increase in TUNEL-positive cells in
the white matter, in spinal cord segments both rostral
and caudal to the segment with maximal compression, and
that these cells were most noticeable in the anterior and
posterior columns of the spinal cords of fuy/tuy mice with
severe compression. Although TUNEL staining is not spe-
cific to apoptotic cells,?” because the staining is also pos-
itive for necrotic cells, our observation suggests that neu-
ronal loss in anterior horn, after gray matter atrophy or
together with spongy degeneration and demyelination in
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TUNEL RIP

ICR

Figure 5. Photomicrographs. of
double immunofluorescence. stain-
ing of TUNEL-positive cells with an-
tioligodendrocyte monoclonal anti-
body (RIP) in the anterior column
of ‘the twi/twy mouse at maxi-
mally compressed C1-C2: spinal
cord. segment. White arrows in
(A-1). indicate colocalization of
TUNEL and RIP. Overlap of mark-
ers-appears -as yellow color in
the ‘middle -and: bottom rows:
Note - the increased number. of
double-stained oligodendrocytes
(white arrows) in twy/twy mouse
with' severe compression com-
pared with that ‘of moderate
compression:. Scale bars =50
wm; J, shows the ratio-of TUNEL-
and RIP-double positive cells
{yellow) to: the total number of
TUNEL-positive cells (green). in
each moderate and severe com-
pression group. at 3 representa-
tive segments in the white matter
{posterior: column, lateral col-
umn,. anterior column). The per-
centages of TUNEL and RIP dou-
ble-positive cells out of the total
number of TUNEL-positive cells
was on average 59% in the mod-
erate compression group and
78% in the severe compression
group.

moderate
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the white matter of the twy/fwy mouse spinal cord is
likely to be due to apoptotic death of neurons and glia.
Apoptosis is an active form of cell death that occurs in
a variety of physiologic and pathologic conditions, such
as damage to the central nervous system caused by isch-
emia,”®?’ neuronal degenerative diseases,?® and viral en-
cephalitis.?! After spinal cord injury, apoptosis of neu-
rons and glial cells occurs rapidly at the level and vicinity of
the traumatic injury, thus contributing to a secondary
pathologic cascade of neural injury. Several groups have
concluded that neuronal cell apoptosis is the underlying
process of spinal cord damage after traumatic injury.'>!*
Our group suggested previously the role of mitogen ac-
tivated protein-kinase cascade in neuronal cell apoptosis
of rwy/twy mice in addition to other yet unknown mech-
anism(s).® In spinal cord injury, apoptotic oligodendro-
cytes are found along the spinal cord longitudinal axis both
proximally and caudally far from the level of injury, but
most significantly at and around the level of injury.'>'”%’
Liu et al'® reported that the initial damage of neurons and
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oligodendrocytes occurred extensively in the area of di-
rect trauma and that 7 days later, the second wave of
injury occurred mainly in the form of apoptotic oligo-
dendrocytes in the white matter proximally and caudally
far from the level of direct injury. Several chemical and
circulatory disturbances, in addition to other yet un-
known mechanisms could contribute to such extensive
apoptosis of oligodendrocytes. Crowe et al'® reported
that apoptosis. of oligodendrocytes occurring distal to
the injury site in a spinal cord injury model was possibly
due to a lack of neurotrophic factors after axonal dam-
age. It is highly probable for oligodendrocytes and other
neural cells to undergo cellular death through this neu-
rotrophin-deficient apoptosis mechanism, and we have
reported recently the presence of neurotrophin deficiency-
related cell death, including apoptosis, in acute spinal
cord injury.®? Apoptosis of oligodendrocyte correlates
significantly with delayed axonal demyelination after
spinal cord injury.?’ In the current study in twy/twy
mouse model, immunocytochemistry of double-stained
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Figure 6. Immunoblot analysis showing overexpression of TNF-q;
TNFR1, TNFR2, and active-caspase-3 in the twy/twy mouse with
moderate and severe spinal cord compression. The major. molec-
ular bands detected were 19 kDa in. TNF-o, 55 kDa in . TNFRT, 81
kDa in.TNFR2, and 17 kDa in active-caspase-3. The same blot was
stripped and reprobed with B-tubulin antibodies as internal load-
ing control (B-tubulin; 52 kDa). Representative results of 3 exper-
iments with similar results.

sections revealed that most of the identified apoptotic
cells in the white matter were oligodendrocytes (popula-
tion 78 * 14%) while others included microglia and
astroglial cells. Shuman et al*? and Koda et al*’ reported
similar findings in different trauma models of spinal cord
injury. Though insignificant when compared with the
acute spinal cord injury, the longitudinally diffuse and
extensive pattern of oligodendrocyte apoptosis in twy/
twy mouse may be similar to the secondary damage
process observed after acute trauma, and it was very
interesting that increment in the number of apoptotic
cells in this mouse model was proportional to the mag-
nitude of chronic external compression.

A variety of signal transduction pathways are involved
in the complex process of apoptosis.'?>* Caspases are a
family of cysteine proteases that play important roles in the
effector phase of apoptosis and are activated through in-
trinsic and extrinsic pathways. Previous studies reported
that spinal cord injury resulted in the induction of apo-
ptosis mediated by caspase-3>° and increased expression
of the death receptors, especially Fas and p75 recep-
tors.>® The p75 neurotrophin receptors play a role in not
only the promotion of neuronal cell death®” but also
neuronal survival.® On the other hand, the extrinsic
pathway is initiated by ligand of cell surface death recep-
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tors belonging to the TNF/nerve growth factor receptor
superfamily.®® Recent studies have described overex-
pression of TNF-a in apoptotic neuronal and glial cells
including microglia in spinal cord injury and suggested it
was the cytokine that triggers oligodendrocyte apopto-
sis, though the source of this TNF-a in injured spinal
cord was not clear.'”*" A previous study suggested that
activated microglia secrete various cytotoxic factors in-
cluding TNF-« in response to axonal regeneration and
induce apoptosis of oligodendrocytes. It was also re-
ported that the population of apoptotic cells following
spinal cord contusion comprised oligodendrocytes and
possibly phagocytic microglia or macrophages.** Dou-
ble immunofluorescence staining in this study also indi-
cated the expression of TNF-a in local cells including
microglia, while the expression of TNFR1 and TNFR2
was identified in apoptotic oligodendrocytes in the seg-
ment with the most severe cord compression in the zwy/
twy mice. The discovery and studies of a “death domain”
in the TNFR 1 and in other related receptors has revealed
information on the signaling pathways leading to the
activation of caspase-8 and caspase-3, before apopto-
sis.*! It seems reasonable to suggest, therefore, that fol-
lowing a traumatic injury to the spinal cord, accumula-
tion of TNF-a may act to initiate an apoptotic cascade
via receptor-mediated signaling.: Although TNFR1 me-
diates the majority of the apoptotic effects as well as:cell
surviving signals while TNFR2 predominantly transmits
cell-surviving signals, their locations and roles in TNF-
a-induced signaling pathway are still not elucidated and
controversial.*> Holmes et a/*° described immunocyto-
chemical localization of these receptors: TNFR1 was lo-
cated on neuronal cells and afferent fibers within the
dotsal root ganglion, but TNFR2 immunoreactivity was
absent in these locations. On the other hand, Yan ez a/*®
reported possible roles of expression of TNFR1 and
TNFR2 in adult rat spinal cord injury. They reported
overexpression of TNFR1 and TNFR2 in the spinal cord
and that such expression was located on neurons, astro-
cytes, and oligodendrocytes after spinal cord injury. In
chronic spinal cord compression; we found overexpres-
ston of both TNFR1 and TNFR2 primarily in oligoden-
drocytes and the number of those receptor-positive oli-
godendrocytes increased proportionately with the
increased magnitude of mechanical compression in the
twy/twy mouse. Although this source was not demon-
strated in the present study and mechanisms other than
those involving TNF-a and TNFRs (TNFR1 and
TNFR2) pathway exist for apoptosis of oligodendro-
cytes,>? the above results and those of the present study
suggest the involvement of certain mechanisms in up-
regulation of inflammatory eytokines, including TNF-¢,
and that mechanical compression-induced expression of
TNER1 and TNFR2 may closely contribute to apopto-
sis, particularly that of oligodendrocytes in twy/tiwy
mouse spinal cord with severe compression, a model that
simulates cervical compressive myelopathy.
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TNF-a OX-42:GFAP:RIP ‘ merged

Figure 7. Photomicrographs show-
ing 'double immunostaining for
TNF-a¢ ‘and’ immunoreactivity for
microglia 0X-42, astrocyte GFAP
and oligodendrocyte: RIP. in' the
anterior column* at- spinal cord
level of maximal compression in
twy/twy mice with-severe com-
pression.:White arrows in- A-I:
colocalization of TNF-«, 0X-42,
GFAP -and. RIP. QOverlap of the
markers ‘appears yellow in. the
third rows. Note the expression
of TNF-« in'microglia; astrocytes,
and oligodendrocytes, Scale
bars = 20 um (A=F}, 10 wm (G-1).

In conclusion, we observed an increased number of = ing, and the number of these cells increased with the
TUNEL-positive oligodendrocytes in the white matter of =~ magnitude of compression. Longitudinal topographic
the #wy/twy mouse spinal cord that was subjected to  mapping of TUNEL-positive cells showed considerable
progressive mechanical compression vis a tergo with ag- ~ distribution along the spinal cord axis. The results

merged

Figure 8. Photomicrographs show-
ing double staining for TNFRI1,
TNFRZ, and active-caspase-3 with
immunoreactivity for oligodendro-
cyte RIP in the anterior funiculus
at spinal cord level of maximal
compression in twy/twy mice with
severe compression. White ar-
rows in A-l: colocalization of
TNFR1, TNFR2, active-caspase-3
- and RIP. Overlap of the markers
active- - . . appears yellow in the third rows.
caspase-3 ‘ Note the expression of TNFRT,
R TNFR2, and active-caspase-3 in
oligodendrocytes. Scale bars =

20 pm.
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