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Abstract

Neuropathic pain severely impairs rehabilitation and quality of life after spinal cord injury (SCI). The sphingosine-1-

phosphate receptor agonist, FTY720, plays an important protective role in neuronal injury. This study aims to examine the

effects of FTY720 in a rat acute SCI model, focusing on neuropathic pain. Female rats with SCI induced by 1-min clip

compression were administered vehicle or 1.5 mg/kg of FTY720 24 h after the injury. Using the mechanical nociceptive

threshold test, we monitored neuropathic pain and performed histological analysis of the pain pathway, including the l
opioid receptor (MOR), hydroxytryptamine transporter (HTT), and calcitonin gene-related peptide (CGRP). Motor score,

SCI lesion volume, residual motor axons, inflammatory response, glial scar, and microvascular endothelial dysfunction

were also compared between the two groups. FTY720 treatment resulted in significant attenuation of post-traumatic

neuropathic pain. It also decreased systemic and local inflammation, thereby reducing the damaged areas and astrogliosis

and resulting in motor functional recovery. Whereas there was no difference in the CGRP expression between the two

groups, FTY720 significantly preserved the MOR in both the caudal and rostral areas of the spinal dorsal horn. Whereas

HTT was preserved in the FTY720 group, it was significantly increased in the rostral side and decreased in the caudal side

of the injury in the vehicle group. These results suggest that FTY720 ameliorates post-traumatic allodynia through

regulation of neuroinflammation, maintenance of the blood–brain barrier, and inhibition of glial scar formation, thereby

preserving the connectivity of the descending inhibitory pathway and reducing neuropathic pain.
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Introduction

Spinal cord injury (SCI) occurs when the structures sur-

rounding the spinal cord are damaged by fractures, dislocation,

expansion, or compression. Although contusion-compression in-

jury mostly causes incomplete damage of the spinal cord, SCI

causes devastating sequelae, such as severe motor, sensory, and

autonomic dysfunction. More than 1 million patients worldwide

suffer from paresis caused by SCI.1 In addition to paraparesis,

treatment of neuropathic pain at or below the level of injury is

one of the typical medical unmet needs of patients with SCI.

Approximately 40–60% of these patients are reported to have

neuropathic pain, and half of these are reported to be moderate-to-

severe cases.2,3 Pain is deeply related to the deterioration of

physical, mental, and social functions and is thought to cause

dysfunction beyond restricting rehabilitation by interfering with

sleep and daily life and therefore worsens overall quality of

life.3–5 Many pharmacological therapies have attempted to reduce

the damage caused by SCI in the past, but no single therapy has

been able to dramatically reverse serious paralysis and sensory

disturbances.6

FTY720 is a novel immunomodulator which acts as a

sphingosine-1-phosphate (S1P) receptor agonist and has recently

been approved for treatment of multiple sclerosis (MS) by the U.S.

Food and Drug Administration.7 Effects of FTY720 mainly include

systemic lymphopenia and inhibition of local inflammatory re-

sponses. However, recent reports have shown that it can also reduce

glial scar formation by modulating activated astrocytes and re-

organizing the inadequate local environment.8–11 There are several

reports showing the efficiency of FTY720 for SCI, although most of
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them focus only on motor recovery.9,12,13 The aim of this study is to

evaluate the protective effects of FTY720 in an acute phase clini-

cally relevant SCI model, focusing on the attenuation of neuro-

pathic pain.

Methods

Experimental ethics

All experimental protocols were approved by the Animal Studies
Ethical Committee at the Hokkaido University Graduate School of
Medicine (reference no.: 17-0066). All procedures used in the present
study were performed in accordance with the Institutional Guidelines
for Animal Experimentation and the Guidelines for Proper Conduct
of Animal Experiments of the Science Council of Japan.

Experimental animals

Wild-type 8- to 10-week-old female Sprague-Dawley rats
(CLEA Japan, Inc., Tokyo, Japan), weighing 250–300 g, were used
in this study. Female rats were used for better urination management
after the SCI. Animals were housed in a controlled environment
(25�C, 50% humidity, and 12-h light-dark cycle) and were allowed
free access to food and water. All experimental animals were ran-
domly divided into vehicle-treated (n = 15) and FTY720-treated
(1.5 mg/kg; n = 15) groups.

Spinal cord injury model

Thoracic SCI was induced by a 1-min compression using a mod-
ified aneurysm clip, which was designed by the authors and manu-
facturers (Mizuho, Tokyo, Japan) as previously reported, with a slight
modification.14–16 The face of the clip blade was smoothened to apply
equal pressure on the spinal cord, and the closing force was set to 30 g.
Rats were anesthetized using isoflurane at an initial and maintenance
concentration of 4.0% and 2.0%, respectively, in 70% N2O and 30%
O2 gas through a facial mask. Rats were placed in the prone position,
and using the T2 spinous process as a landmark, laminectomy was
performed at the T6 and T7 vertebral segments. The aneurysm clip
was then applied extradurally to fully compress the spinal cord at the
T6 level for 1 min. After closing the skin, the animals were allowed to
recover on heated towels until they were fully awake. Rats with a
relatively low motor deficit (Basso-Beattie-Bresnahan [BBB] score of
<7) 24 h after the insult were excluded from the subsequent studies.
Bladders were manually pressed for urination three times daily until
spontaneous reflexive bladder control was regained.17

Administration of FTY720

FTY720 or saline (vehicle) was injected intraperitoneally 24 h
after the SCI. Rats in the FTY720 group received 1.5 mg/kg of
FTY720 (Cayman Chemical, Ann Arbor, MI) diluted in saline,
whereas the control group received the same volume of plain saline.

FIG. 1. FTY720 attenuates neurological deficit and reduces mortality. FTY720-treated animals (n = 13) show significant (A) reduction
in the threshold of neuropathic pain assessed using the von Frey monofilament test (*p < 0.05) and (B) improvement in motor recovery
as estimated using the Basso-Beattie-Bresnahan score when compared to vehicle-treated animals (n = 10; **p < 0.01). (C) FTY720
treatment decreases the overall mortality ratio after the SCI. BBB, Basso-Beattie-Bresnahan score; SCI, spinal cord injury.
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Neurological score

All neurological assessments were performed in a blinded fashion
by two independent observers on days 7, 14, 21, 28, 35, and 42 post-
injury. The von Frey monofilament test (Touch Test Sensory Eva-
luator Kit; Stoelting Co., Wood Dale, IL) was performed to evaluate
mechanical allodynia as previously reported.18,19 Briefly, rats were
placed on a rubber mat, and a set of von Frey hair was used to test the
cutaneous pain threshold in response to graded mechanical pressure,
ranging from 0.02 to 300 g, on the dorsal surface of the trunk, mainly
at the base of the tail. Only stimuli that induced consistent behavior of
avoidance and vocalization over a relatively large skin area were
considered as the withdrawal thresholds. A single trial consisted of 12
applications of the von Frey filament, applied once every 2–3 sec.

The BBB (hindlimb locomotor test) score was used to evaluate
the neurological motor deficits as previously reported.15,18–20

Hindlimb locomotor function was evaluated separately for 5 min in
the open field, and values were averaged to obtain individual
scores. All data from animals that died during the evaluation period
were excluded from the analysis.

Evaluation of blood lymphocytes

Flow cytometry using fluorescent-activated cell sorting (FACS)
was performed on the third day after the SCI to assess systemic
inflammation by counting lymphocytes in the peripheral blood
during the acute phase of the injury, as previously described.21

Approximately 30 lL of peripheral blood was collected on the third
day of injury from the tail vein, and erythrocytes were lysed using

RBC lysis buffer (BD Pharmingen, San Diego, CA). Using flow
cytometry (FACS Canto; BD Biosciences, San Jose, CA), dead
cells were excluded based on 4¢,6-diamidino-2-phenylindole pos-
itivity (Dojindo Laboratories, Kumamoto, Japan). Next, CD3
positive T cells were identified using an anti-CD3 (PE anti-rat CD3
antibody; BioLegend, San Diego, CA) antibody, and their pro-
portion in the peripheral blood was measured.

Evaluation of the spinal cord injury lesion volume

The volume of the SCI-induced lesion was evaluated 42 days
after the SCI using hematoxylin eosin (HE) and Luxol fast blue
(LFB) staining for the detection of neuronal cells and myelin, re-
spectively.15,22 Rats were deeply anesthetized using 4.0% iso-
flurane in N2O/O2 (70:30) to prevent pain and discomfort at the
time of euthanization. Animals were perfused transcardially with
50 mL of physiological saline, followed by 150 mL of 4% para-
formaldehyde. The thoracic spinal cord (T2–T11) was removed,
post-fixed in the same fixative overnight, and immersed in 20%
sucrose in phosphate-buffered saline at 4�C for 2–3 days. The
blocks were then embedded in optimal cutting temperature com-
pound (Tissue-Tek; Sakura Finetechnical Co., Tokyo, Japan), and
10-lm-thick sagittal sections or 4-lm-thick transverse sections
were mounted onto poly-l-lysine-coated slides (Matsunami, To-
kyo, Japan) for subsequent immunostaining.

Length and volume of the lesions were calculated by the method
described previously.15,22,23 Briefly, a sagittal section of the spinal
cord was used to calculate the lesion length. The distance from the
epicenter of the lesion to the most rostral and caudal points

FIG. 2. Effect of FTY720 on SCI lesion size. HE and LFB staining of sagittal spinal cord sections 42 days after SCI to assess
demyelination. The representative images here show a smaller lesion area in the (A) FTY720-treated group compared to that in the
(B) vehicle-treated group. A significant reduction in the (C) length and (D) volume of the lesion can be seen in the FTY720-treated
group (**p < 0.01). HE, hematoxylin and eosin; LFB, Luxol fast blue; SCI, spinal cord injury.
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determined by the absence of LFB staining was semiautomatically
calculated using a BZ-X analyzer (Keyence, Osaka, Japan). Lesion
volume was estimated by adding the area of damage from multiple
sections determined using LFB staining and calculated using the
following equation23: Lesion volume (mm2) = pD2 (H1 + H2)/6,
where H1 is the lesion length from the epicenter to the rostral end,
H2 is the lesion length from the epicenter to the caudal end, and D is
the diameter of the epicenter.

Immunohistochemistry

Inflammation and blood–brain barrier integrity were evaluated 7
days after the SCI (n = 5 for each evaluation). Ionized calcium
binding adaptor molecule 1 (Iba1) and CD68 expression were
evaluated to assess neuroinflammation. Sections were treated for
1 h at room temperature with anti-Iba1 (1:1500, 019-19741; Wako
Co., Tokyo, Japan) and anti-CD68 (1:1000, MCA341GA; Bio-Rad
Laboratories, Hercules, CA) antibodies. After the first antibody
incubation, sections were treated with the Histofine� Simple
StainTM Rat MAX PO (Nichirei Biosciences Inc., Tokyo, Japan)
for 1 h. The 3,3’-diaminobenzidine (DAB) chromogen of the DAB
substitute kit (Nichirei Biosciences) was applied for 10–30 sec to
obtain a chromogenic signal in accordance with the manufacturer’s
instructions. Images of the peri-damaged lesions 5 mm caudal and
5 mm rostral from the epicenter of the lesion were obtained. Five
non-overlapping lesions were randomly selected, and positive cells
were semiquantitatively counted using an automated cell counter
(BZ-X Analyzer; Keyence).

Blood–brain barrier integrity was quantitatively assessed by
evaluating the fibrin leakage around blood vessels as described
previously.24–26 A transverse section 5 mm caudal from the lesion
core was used for the evaluation, and five blood vessels of ap-
proximately 50 lm in diameter were randomly selected near the
center of the section. Fibrinogen leakage around the selected blood
vessels was measured using antifibrinogen gamma chain (1:100;
Proteintech Group Inc, Rosemont, IL), followed by DAB staining.
The area of fibrinogen leakage was then evaluated using an auto-
mated area counter (BZ-X Analyzer; Keyence).

Post-traumatic glial scar formation was evaluated based on the
expression of the glial fibrillary acidic protein (GFAP). Using an anti-
GFAP antibody (dilution 1:200; BD Biosciences, Franklin Lakes,
NJ), GFAP expression was assessed in sagittal sections. Sensory-
related synapse and neurons were evaluated using the anti-l opioid
receptor (MOR)27 (dilution 1:200; Abcam, Cambridge, UK), anti-
hydroxytryptamine transporter (HTT),28 and anticalcitonin gene-
related peptide (CGRP; C8198; dilution, 1:8000; Sigma-Aldrich, St.
Louis, MO) antibodies, as previously reported. Areas of MOR-,
HTT-, and CGRP-positive cells in the spinal dorsal horn 1 mm rostral
and caudal from the epicenter of the injury were semiautomatically
counted in a transverse section.29

Quantification of the labeled dorsal corticospinal tract

To trace the dorsal corticospinal tract (dCST), animals (3 each
from both groups) were anesthetized 42 days after the SCI, as de-
scribed above. They were fixed in a stereotactic apparatus (Model
DKI-900; David Kopf Instruments, Tujunga, CA), and the midline
incision wound was reopened. The needle of a 10-lL Hamilton sy-
ringe was positioned 10 mm rostral to the center of injury and in-
serted 1.5 mm into the spinal cord from the surface of the dura mater.
Fluoro-Ruby (FR; 2 lL; 10,000 molecular weight, D-1817; Mole-
cular Probes, Eugene, OR), a fluorescent axonal tracer, was injected
into the spinal cord 0.5 mm lateral to the midline on both sides over a
period of 3 min, using an automatic microinjection pump (Model
KDS-310; Muromachi Kikai Co., Tokyo, Japan), as previously re-
ported.30 The needle was left in place for 3 min and then withdrawn
slowly to minimize leakage of the tracer. After the injection, the
wound was closed, and animals were housed.

To visualize the residual dCST axons, rats were euthanized 5
days after the FR injection, and transverse sections of the spinal
cord 10 mm caudal from the injury site were observed. Given that
the dCST is known to exist within the ventral one-third of the dorsal
funiculus in rats, the number of FR-labeled axons in this area was
counted bilaterally.30,31

Statistical analysis

All the data were collected and analyzed by investigators in a
blinded manner. The data have been presented as mean – standard
deviation. All statistical analyses were performed using JMP Pro
software (version 14; SAS Institute Inc., Cary, NC). Differences
between the two groups were compared using an unpaired t-test or
the Mann Whitney U test, and p < 0.05 was considered statistically
significant.

Results

FTY720 improves allodynia and functional motor
recovery and reduces mortality

FTY720-treated animals showed significant improvement in the

threshold of neuropathic pain as monitored by the von Frey

monofilament test (Fig. 1A). Further, these animals showed sig-

nificant functional motor recovery and lower mortality when

compared to vehicle-treated animals ( p < 0.05; Fig. 1B,C).

FTY720 decreases the size of spinal cord injury lesions

FTY720 treatment significantly decreased the length and vol-

ume of the injury lesion, as determined by the absence of LFB

staining, in sagittal sections 6 weeks after the SCI ( p < 0.01; Fig. 2).

FIG. 3. Effect of FTY720 on systemic inflammation. Percentage
of CD3+ T lymphocytes in peripheral blood measured using flow
cytometry 3 days after the SCI. A significant decrease can be seen
in the FTY720 group (*p < 0.01). SCI, spinal cord injury.

FTY AMELIORATES NEUROPATHIC PAIN AFTER SCI 1723



FTY720 induces systemic lymphopenia

To check the systemic effects of FTY720, we evaluated the

proportion of CD3-positive lymphocytes in the peripheral blood

using flow cytometry 3 days after the SCI. FTY720-treated animals

had a significantly lower proportion of CD3+ lymphocytes com-

pared to vehicle-treated animals (Fig. 3).

FTY720 decreased the extent of local inflammation
and preserved the blood–brain barrier

Local inflammation was investigated by monitoring both the ac-

tivated microglia and infiltrated macrophages. Iba1 staining to detect

activated microglia 1 week after the SCI showed significantly lower

cell numbers at both the rostral and caudal ends of the damaged

lesion in FTY720-treated animals when compared to vehicle-treated

animals ( p < 0.01 and 0.05, respectively; Fig. 4A,B). Similarly, ac-

tivation of macrophages measured by CD68 staining was also lower

in FTY720-treated rats when compared to vehicle-treated rats

(Fig. 4C,D; p < 0.01).

Fibrin leakage, which is caused by dysregulation of the blood–

brain barrier and is associated with prolonged local inflammation,

was also significantly lower in FTY720-treated animals when

compared to the vehicle-treated group (Fig. 5A–C; p < 0.01).

FTY720 significantly reduced glial scars
and preserved axons

Glial scars were evaluated using GFAP staining. The area of

GFAP-positive glial scars 4 mm caudal from the epicenter lesion

was significantly smaller in FTY720-treated animals compared to

that in vehicle-treated animals. FTY720 treatment resulted in an

80% reduction in the area of the glial scars (Fig. 6A–C). Residual

axons were evaluated using FR dye. The dye was injected rostral to

the damaged spinal cord, and the signal was obtained from the

caudal end of the injured spinal cord, which enabled us to monitor

FIG. 4. Effect of FTY720 on local inflammatory cells. (A and B) Detection of activated microglia using Iba1 staining. (A-1)
Representative images of Iba1 staining of the spinal cord 1 week after the SCI. In FTY720-treated rats, Iba1 staining is significantly
reduced in both the rostral (A-2, FTY720; A-3, vehicle) and caudal (A-4, FTY720; A-5, vehicle) lesions. Scale bar = 20 lm. The
FTY720-induced decrease in Iba1 staining is significant in both the rostral (*p < 0.05) and caudal (**p < 0.01) lesions (B). (C and
D) Detection of activated macrophages using CD68 staining. (C-1) Representative images of CD68 staining of the spinal cord 1 week
after the SCI. In FTY720-treated rats, CD68 staining is significantly reduced in both the rostral (C-2, FTY720; C-3, vehicle) and caudal
(C-4, FTY720; C-5, vehicle) lesions. The FTY720-induced decrease in CD68 staining is significant in both the rostral and caudal lesions
(**p < 0.01; D). SCI, spinal cord injury.
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delivery of the FR dye along the residual axon across the damaged

spinal cord. The number of FR-labeled axons within the dorsal

funiculus in the dCST was higher in the FTY720 group, indicative

of better preservation of the spinal axons (Fig. 6D–F).

Evaluation of the sensory related nerve

Expression of the sensory neurons and synapses was studied.

Evaluation of CGRP at the dorsal horn for preservation of peripheral

fibers showed no difference between the two groups (Fig. 7A–D).

However, MOR, which is the interneuron for the local pain inhibitory

synapse expression, was significantly preserved in lesions both rostral

and caudal from the injury epicenter in FTY720-treated animals

(Fig 7E–H). We further investigated the connectivity of the des-

cending inhibitory pathway by HTT analysis. In the FTY720 groups,

HTT was preserved in both the rostral and caudal lesions, whereas in

the vehicle group it was significantly increased in the rostral lesion but

decreased in the caudal lesion (Fig. 7I–L).

FIG. 5. FTY720 preserves blood–brain barrier integrity. Detection of fibrin leakage using fibrinogen staining. Representative images
of fibrin leakage around a vessel in (A) FTY720-treated and (B) vehicle-treated animals. (C) FTY720 treatment significantly reduces
fibrin leakage (*p < 0.05; scale bar = 10 lm).

FIG. 6. FTY720 reduces glial scar formation and preserves axons. Evaluation of glial scars using GFAP staining. Representative
images of glial scar formation in (A) FTY720-treated and (B) vehicle-treated rats. The white dotted line represents the spinal cord, and
the yellow dotted line represents the epicenter of the lesion (scale bar = 1 mm). (C) The glial scar area is significantly reduced in the
FTY720-treated group when compared to that in the vehicle-treated group (*p < 0.05). The connectivity of axons that runs through the
injury area was evaluated using FR signals. The axonal network is significantly preserved in the FTY720-treated group (D) when
compared to that in the vehicle-treated group (E). The number of FR-positive axons is significantly higher in the FTY720 group when
compared to that in the vehicle-treated group (F; *p < 0.05; scale bar = 50 lm). FR, Fluoro-Ruby; GFAP, glial fibrillary acidic protein.
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Discussion

FTY720 was first synthesized from the fungal metabolite myr-

iocin isolated from Isaria sinclairii. Its strong immunosuppressive

potential led to its approval as the first oral immunomodulatory

drug for MS.11 Phosphorylation of FTY720 to its active form,

FTY720-P, is catalyzed by sphingosine kinase, and FTY720-P

shows unique biological effects as a functional agonist and antag-

onist through S1P receptors. FTY720 acts as an agonist by binding

to four of the five known G-protein-coupled S1P receptors (S1P1,

S1P3-5) expressed on the membrane surfaces of cells, including

neurons, astrocytes, and vessel endothelial cells. These pathways

regulate multiple cellular events, including cell proliferation and

survival, mostly in a cell-protective manner. FTY720 acts as an

antagonist by the temporary downregulation and degradation of

S1P receptors on lymphocytes, preventing their entry into the

bloodstream from the lymph nodes, resulting in strong systemic

lymphopenia. Because of its agonistic and antagonistic properties,

FTY720 has been increasingly recognized as a potential therapeutic

target for neurological diseases, including neurodegenerative dis-

eases, stroke, traumatic brain injury, and SCI.

Previous studies have shown that administration of FTY720 in the

acute phase of SCI promotes better functional recovery, including

hindlimb motor and bladder functions, by reducing inflammation

and, possibly, secondary damage.9,12,32 Consistent with these reports,

we found that in FTY720-treated rats, the fluorescent axon tracer

injected at the rostral side of the injury was highly detectable at the

caudal side, indicating the preservation and/or regeneration of the

descending axonal fibers. Together with these results, we show that

FTY720 can attenuate neuropathic pain after SCI.

Given that the pathophysiology of neuropathic pain after SCI is

not fully understood, many of our findings from this study may be

helpful in understanding the mechanism of pain alleviation. First,

lymphopenia, followed by lower local inflammation, may lead to

less secondary damage to neuronal networks. We found that, 3 days

after SCI, lymphocyte counts were significantly lower in the

FTY720 group than in the vehicle group. Moreover, in FTY720-

treated rats, activated microglia and macrophages on both the

FIG. 7. Evaluation of sensory-related nerves and synapses. (A) Expression of calcitonin gene-related peptide (CGRP) at the dorsal
horn of both rostral and caudal sides of the injury site. (B) No difference is seen in expression between the FTY720-treated (B1, rostral;
B3, caudal) and vehicle-treated (B2, rostral; B4, caudal) groups in both the (C) rostral and (D) caudal lesions. (E) l opioid receptor
(MOR) expression is preserved in FTY720 rats in (F) both the (F1) rostral and (F3) caudal sides of the injured area compared to that in
the vehicle group (rostral, F2; caudal, F4; rostral, G; caudal, H). (I) Expression of hydroxytryptamine transporter (HTT) is preserved in
(J) both the ( J1) rostral and ( J3) caudal sides of the injury site in FTY720-treated animals. An increase in the HTT signal on the ( J2)
rostral side and decrease on the ( J4) caudal side of the injury can be seen in the vehicle-treated group (rostral, K; caudal, L; *p < 0.05;
scale bar = 20 lm).
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rostral and caudal sides of the injury site were significantly decreased

7 days after the injury. This is unlikely to be a direct effect of FTY720

on the microglia and macrophages given that these cells mostly ex-

press S1P2 receptors, to which FTY720 does not directly bind.11,33

We therefore believe that the decrease in systemic inflammation

could have led to an attenuation of the secondary local inflammation.

Second, preservation of the blood–brain barrier integrity can also

decrease secondary damage. FTY720 has been shown to protect tight

and adherence junctions through S1P receptors.34

We also found lower fibrin leakage around blood vessels in

FTY720-treated animals. The blood components leaking though the

blood–brain barrier have been shown to increase activation of mi-

croglia, damage to endothelial cells, and penetration of blood mac-

rophages into the damaged area. Third, FTY720 has been shown to

suppress the activation of astrocytes, thereby reducing astrogliosis

after central nervous system disorders,8–10 which is consistent with

our finding of reduced gliosis. In FTY720-treated animals, with lower

local inflammation and gliosis, there was a higher chance for the

damaged neuronal network to survive and recover, allowing neuronal

regeneration, ultimately resulting in better neurological recovery.

One of the novel findings in this report is that FTY720 can

ameliorate neuropathic pain through preservation of the descending

inhibitory pain pathway. Bruce and colleagues have reported that

disruption of the descending antinociceptive serotonergic tracts is

responsible for neuropathic pain in the SCI model.29 We also found

that although the SCI did not change the distribution of CGRP in the

dorsal horn, serotonin immunoreactivity was increased at the ros-

tral side, but decreased at the caudal sides of the injury in vehicle-

treated rats. Bruce and colleagues concluded that the descending

pain inhibitory tract is blocked by SCI, which results in decreased

serotonergic immunoreactivity caudal of SCI, resulting in positive

feedback to the rostral side of the SCI, thereby upregulating the

descending pain inhibitory pathway. FTY720 has also been re-

ported to be effective against neuropathic pain in a peripheral nerve

injury model35, but its effects on SCI-related neuropathic pain are

not well elucidated. In this study, we have shown that FTY720

prevents degradation of the descending inhibitory pain pathway

and MOR, which is the local interneuron for controlling pain, but

did not observe any effect on the peripheral C fiber.

FTY720 has been reported to mediate antinociceptive effects by

reducing prostaglandin synthesis through inhibition of cytosolic

phospholipase A2, which accounts for central pain.36,37 We believe

that FTY720 inhibits progression of the adhesive arachnoiditis as

observed by the lower gliosis in the chronic phase of the injury,

which could also account for better pain recovery. However, the pain

and inflammation cascade are intricately inter-related, and further

investigation is warranted to elucidate the underlying mechanisms.38

Our study has several limitations. First, we were not able to

directly connect systemic inflammation to local inflammation.

Given that activated lymphocytes secrete several proinflammatory

factors, including interleukin-3 and nuclear factor kappa-light-

chain-enhancer of activated B cells, which are thought to upregu-

late microglia and macrophages, FTY720 can also directly inhibit

microglial activation. Gene knockout mouse models or models in

which leukocytes are abolished might help in determining the ef-

fects of FTY720 more precisely.

Second, we did not include other types of SCI models in this

study. Transection injury and crush injury models are also exam-

ined for SCI study experiments. Each of these models is important

to study different aspects of the pathophysiology of SCI; however,

because of improvements in car safety, the instances of complete

SCI are decreasing, whereas with the increase in the aging popu-

lation, the number of elderly individuals with incomplete SCI is

increasing, and a compression model would be most suitable for

evaluating clinical settings.

Third, we were also not able to examine the route- and dose-

dependent therapeutic effects of FTY720, which will be crucial for

determining its optimal dose for clinical use. Oral intake of FTY720

should also be considered, given that FTY720 administration is ap-

proved through the oral route. Intraperitoneal injection was chosen in

this study, because SCI can cause severe illness and apathy in animals

for at least a week, which makes it difficult to monitor whether they

have ingested the appropriate amount of FTY720. Autonomic dysre-

gulation after SCI can lead to bowel disfunction, and this may cause

heterogenous absorption rates of FTY720 among animals. We con-

sidered that intraperitoneal injections would overcome these problems.

Our results here provide new insight into regenerative medicine

by the administration of FTY720 in the acute phase of SCI. FTY720

ameliorates inflammatory and glial scar formation, thereby pro-

viding an optimal environment for administration of stem cells for

regeneration in the subacute phase of SCI.

In conclusion, acute administration of FTY720 after SCI can

ameliorate neuropathic pain, presumably by reducing systemic and

local inflammation, maintaining blood–brain barrier integrity, and

reducing glial scar, thereby preserving the descending inhibitory

pain pathway.
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