
Inhibition of TROY Promotes OPC Differentiation
and Increases Therapeutic Efficacy of OPC Graft

for Spinal Cord Injury

Liang Sun,1 Shengliang Liu,1 Qi Sun,1 Zhuying Li,2 Fengyan Xu,1 Chunmei Hou,1 Toshihide Harada,3

Ming Chu,4 Kun Xu,4 Xiaoling Feng,2 Yongshun Duan,4 Yafang Zhang,1 and Shuliang Wu1

Endogenous or graft-derived oligodendrocytes promote myelination and aid in the recovery from central
nervous system (CNS) injury. Regulatory mechanisms underlying neural myelination and remyelination in
response to injury, including spinal cord injury (SCI), are unclear. In the present study, we demonstrated that
TROY serves as an important negative regulator of oligodendrocyte development and that TROY inhibition
augments the repair potential of oligodendrocyte precursor cell (OPC) graft for SCI. TROY expression was
detected by reverse transcriptase–polymerase chain reaction in OPCs as well as in differentiated premature and
mature oligodendrocytes of postnatal mice. Pharmacological inhibition or RNAi-induced knockdown of TROY
promotes OPC differentiation, whereas overexpression of TROY dampens oligodendrocyte maturation. Further,
treatment of cocultures of DRG neurons and OPCs with TROY inhibitors promotes myelination and myelin-
sheath-like structures. Mechanically, protein kinase C (PKC) signaling is involved in the regulation of the
inhibitory effects of TROY. Moreover, in situ transplantation of OPCs with TROY knockdown leads to notable
remyelination and neurological recovery in rats with SCI. Our results indicate that TROY negatively modulates
remyelination in the CNS, and thus may be a suitable target for improving the therapeutic efficacy of cell
transplantation for CNS injury.

Introduction

Oligodendrocyte precursor cells (OPCs), a distinct
population of glial cells characterized by expression

of nerve/glial antigen 2 (NG2) and platelet-derived growth
factor receptor-a (PDGFRA), produce mature myelinat-
ing oligodendrocytes throughout life [1]. OPCs originate
from neural stem cells and constitute *5% of all cells in the
adult brain [1,2]. OPCs are highly proliferative and migratory
bipolar cells [3,4]. They differentiate into the O4+ pre-
myelinating oligodendrocytes, which further differentiate into
mature myelinating oligodendrocytes, a process characterized
by the emergence of the expression of myelin basic protein
(MBP), proteolipid protein (PLP), or myelin-associated gly-
coprotein (MAG) [1,4]. Mature oligodendrocytes wrap around
and myelinate axons, thereby supporting saltatory conduction
across them [1,5].

Traumatic spinal cord injury (SCI) leads to long-term
health, economic, and social consequences worldwide. Un-
fortunately, current therapies have relatively limited efficacy

[6]. Apart from axonal injury and neuronal loss, another
important pathological feature of SCI is failed remyelina-
tion, which disrupts impulse conduction across the remain-
ing axons and affects post-SCI functional recovery. Failed
remyelination in SCI is associated with failure of OPCs
to differentiate into mature myelinating oligodendrocytes
[7,8]. Therefore, strategies aimed at promoting differentia-
tion and remyelination of host and grafted OPCs can im-
prove motor functional recovery after SCI.

Previous studies have indicated that the development
of oligodendrocytes is complicatedly controlled both in-
trinsically by transcription factors and chromatin remodel-
ing [4,9], and extrinsically by neuronal and glial activity
[10,11]. Moreover, many extracellular signaling molecules
regulate the differentiation of OPCs by activating corre-
sponding receptors on the cell surface [12–15]. In addition, a
few intracellular signaling pathways, such as the RhoA-
ROCK and protein kinase C (PKC) pathways, are implicated
in the maturation of oligodendrocytes [16–21]. However,
which extrinsic signal dominates and how the ligand-receptor
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signals are transmitted inside cell to trigger differentiation are
yet to be determined.

TROY (also known as TAJ), classified as the tumor ne-
crosis factor receptor superfamily member 19, is broadly
expressed in the postnatal and adult central nervous system
(CNS) [22–25]. As a component of the Nogo receptor
complex, TROY mediates myelin-derived inhibitory ligands
[Nogo 66, MAG, and oligodendrocyte-myelin glycoprotein
(OMG)] and induces axon outgrowth inhibition in the adult
mammalian CNS [26,27]. Of note, myelin impairs CNS
remyelination by repressing OPC differentiation [19,28]. A
major unresolved issue is whether TROY is expressed in the
oligodendrocyte lineage. Further, whether and how TROY is
involved in the regulation of oligodendrocyte maturation is
also unclear. In the present study, we explored the role of
TROY in oligodendrocyte differentiation and remyelination
after SCI. Our long-term objectives were to identify novel
targets for remyelination therapies.

Materials and Methods

Primary cell culture

All procedures involving animals were conducted in ac-
cordance with the guidelines of the Harbin Medical Uni-
versity and were approved by the local Institutional
Committee for Animal Care. Dorsal root ganglions (DRGs)
were dissected from 4-week-postnatal C57BL/6 mice (In-
stitute of Model Animal, Nanjing, China) and were disso-
ciated using 0.2% collagenase (Sigma-Aldrich) and 0.1%
trypsin (Sigma-Aldrich) at 37�C for 40 min. Dissociated
cells were plated on coverslips coated with poly-d-lysine
(10 mg/mL; Invitrogen) at a density of 5 · 105 cells/mL.
Cells were grown for 2 weeks in Neurobasal medium (In-
vitrogen) supplemented with 10% fetal bovine serum
(FBS; Invitrogen) and 1% penicillin/streptomycin (Sigma-
Aldrich). To remove contaminating fibroblasts and glial
cells, cultures were pulsed twice with fluorodeoxyuridine
(15 mM) from day 2 to 6 and from day 8 to 10.

OPCs were obtained using a standard protocol with minor
modifications [29]. In brief, the cerebral cortices from
postnatal 0–2-day (P0-2) C57BL/6 mice or enhanced green
fluorescence protein (EGFP)–transgenic mice [C57BL/6-Tg
(CAG-EGFP) 1Osb/J; Institute of Model Animal, Nanjing,
China] were dissected and the meninges were removed be-
fore mechanical and enzymatic dissociation. Dissociated
cells were cultured in poly-d-lysine-coated T75 tissue cul-
ture flasks in Dulbecco’s modified Eagle’s medium/F-12
(DMEM/F-12; Invitrogen) supplemented with 10% FBS and
1% penicillin/streptomycin. After 10–12 days, the flasks
were shaken on an orbital shaker at 180 rpm for 30 min to
remove neurons and astrocytes. Media were subsequently
replaced, and the flasks were shaken overnight at 220 rpm.
Media were collected and plated on noncoated bacteriologic
plastic dishes for 20–30 min to eliminate contaminating
microglia. The final supernatant from cultures contained
*85%–90% OPCs. OPCs were cultured in DMEM/F-12
supplemented with 10% FBS and 1% penicillin/streptomy-
cin for 1 week. With the purity of NG2-positive OPCs de-
termined, OPCs (NG2 + ) were differentiated into premature
oligodendrocyte (O4 + ) and consecutively mature oligo-
dendrocyte (MBP + ) in differentiation medium comprising
DMEM/F-12 supplemented with triiodo-l-thyronine (T3;

1.0 mM; Sigma-Aldrich) and 1% penicillin/streptomycin.
The purity and differentiation of each culture were moni-
tored by phase-contrast microscopy (AX70; Olympus Op-
tical) and immunocytochemistry. Only those cultures
exhibiting > 94% purity were employed.

Experimental design

To determine the expression of TROY in the oligoden-
drocyte lineage, purified NG2 + , O4 + , or MBP + cell cul-
tures were subjected to reverse transcriptase–polymerase
chain reaction (RT-PCR) analysis. To test the involvement
of TROY in OPC differentiation, purified OPCs were plated
onto poly-d-lysine-coated glass coverslips, cultured for 4–
6 h in DMEM/F-12 supplemented with 10% FBS and 1%
penicillin/streptomycin, and then transferred to DMEM/F-
12 supplemented with soluble human TROY (TROY-Fc;
10mg/mL; Sigma-Aldrich) which serves as the antagonist
of TROY [26] or control Fc (10mg/mL; Sigma-Aldrich) for
differentiation assay. For dose-response assay, primary OPCs
were cultured in DMEM/F-12 supplemented with TROY-Fc
at gradient concentration (0, 1, 2, 4, 6, 8, 10, 12, 16, and
20mg/mL) before differentiation assay. For further study,
cells were grown in the differentiation medium and instantly
treated with TROY RNA interference (RNAi) lentiviral vec-
tor, TROY lentiviral expression vector, or TROY lenti-
viral expression vector plus a PKC inhibitor. After 72 h,
TROY RNAi lentiviral vector– and TROY lentiviral ex-
pression vector–treated cultures were subjected to immuno-
cytochemical staining for O4 or western blot analysis for
c-Jun N-terminal Kinase (c-JNK), PKC, or phosphorylated
protein kinase C (p-PKC). Cultures treated with blank lenti-
viral vector (BLV), BLV plus PKC inhibitor, TROY lenti-
viral expression vector, or TROY lentiviral expression vector
plus PKC inhibitor for 7 days were subjected to western blot
analyses to determine the expression levels of MBP. To study
in vitro myelination by OPCs in cocultures of OPCs and DRG
neurons, NG2 + OPCs were added to DRG neuron drop
cultures in the presence or absence of 10mg/mL TROY-Fc.
The culture medium (neurobasal medium complemented
with 1% penicillin/streptomycin) was exchanged, and fresh
TROY-Fc was added to the cultures every 3 days. To identify
differences in myelination, 2-week-old cocultures were ana-
lyzed by immunocytochemistry. Myelination was identified
as regions of colocalization between MBP-positive oligo-
dendrocyte processes and b-tubulin-III-positive neurites and
quantified as reported previously [30]. To identify the effects
of TROY on the repair potential of graft-derived oligoden-
drocytes following SCI, purified green fluorescence protein
(GFP)–positive OPCs treated with TROY-RNAi for 72 h
were transplanted in rats with SCI, followed by histological,
behavioral, and electrophysiological assays.

Immunocytochemistry

Samples were fixed in 4% paraformaldehyde in PBS (pH
7.4) for 20 min, permeabilized in 0.5% Triton X-100 in PBS
(pH 7.4) for 15 min, and blocked with 3% bovine serum
albumin (BSA; Invitrogen) in PBS (pH 7.4) for 20 min.
Subsequently, samples were incubated with anti-NG2 (rab-
bit IgG; 1:200; Cell Signaling Technology, Inc.), anti-O4
(rabbit IgG; 1:200; Abcam), anti-MBP (mouse IgG; 1:200;
Cell Signaling Technology), or anti-b-tubulin III (rabbit
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IgG; 1:200; Abcam) primary antibodies in 1% BSA over-
night at 4�C and incubated for 1 h with secondary antibody
(goat anti-rabbit IgG-Alexa Fluor 594, goat anti-rabbit IgG-
Alexa Fluor 488, or goat anti-mouse IgG-Alexa Fluor 594;
1:5,000; Molecular Probes, Invitrogen) for 20 min at room
temperature in the dark. Nuclei were stained with 4¢,6¢-
diamidino-2-phenylindole (DAPI; 1:500; Sigma-Aldrich).
Samples were analyzed by fluorescence microscopy (BX51;
Olympus).

Reverse transcriptase–polymerase chain reaction

Total RNA was harvested from cell samples using
RNeasy Mini Kit (Qiagen) according to the manufacturer’s
instructions. Reverse transcription of 500 ng of RNA (each
sample) was performed with first-strand cDNA synthesis
kit (Roche Applied Science) according to the manufactur-
er’s protocol. RT-PCR was used to quantify TROY mRNA
levels in primary cultured OPCs, using the forward primer
(5¢-GAATCCAAGCTTGCACTCAAGGTCCTACCTCTA
CAC-3¢) and reverse primer (5¢-ATATATGGGCCCTCAG
GCATCCTGGAAG-3¢). Primers were designed using Pri-
mer Express v3.0 (Applied Biosystems). Data were nor-
malized to b-actin levels.

Infection by lentiviral vectors

Four to 6 h after purified NG2 + OPCs were plated on
poly-lysine-coated coverslips, cells were infected with
RNAi lentiviral vectors for TROY, expression lentiviral
vectors for TROY, or BLVs. All lentiviral vectors were GFP
labeled. A multiplicity of infection of five was used in the
presence of polybrene (D-Biopharm Biotech Co. Ltd) ac-
cording to the manufacturer’s instructions. After 72 h, the
efficacy of lentiviral vector infection was quantified using an
Olympus BX51 fluorescent microscope. To determine the
knockdown or expression efficiency of the targeted genes,
RT-PCR analyses were performed to detect TROY mRNA
levels. OPC differentiation was assessed by immunocyto-
chemistry 72 h after lentiviral vector infection as outlined
earlier. To quantify the effects of RNAi on differentiation,
only GFP-expressing oligodendrocytes were counted.

Pharmacological inhibition of PKC

To examine whether PKC transduction is implicated in
TROY-mediated OPC differentiation arrest, a pharmaco-
logical inhibitor was used to block PKC signaling. The
selective PKC inhibitor bisindolylmaleimide (BIM; Sigma-
Aldrich) solubilized in dimethyl sulfoxide (DMSO; In-
vitrogen) was added to the culture medium immediately
after cells were seeded for blank lentiviral expression vector
or TROY lentiviral expression vector infection. Total cellu-
lar protein was extracted from OPCs differentiated for 7
days and the expression of MBP was evaluated by western
blot analysis.

Western blot analysis

Cell samples were lysed in a buffer containing 10 mM
Tris (pH 7.4), 100 mM NaCl, 1 mM EDTA, 1 mM EGTA,
1 mM NaF, 20 mM Na4P2O7, 2 mM Na3VO4, 0.1% SDS,
0.5% sodium deoxcholate, 1% Triton-X 100, 10% glycerol,

1 mM PMSF, 60 mg/mL aprotinin, 10 mg/mL leupeptin,
and 1 mg/mL pepstatin. After high-speed centrifugation,
protein concentration was measured using bicinchoninic
acid (BCA) protein assay (Sigma-Aldrich) and 15 mg was
loaded on SDS-PAGE for separation. Western blot was
conducted using a Multiphor II Electrophoresis System
(Bio-Rad Laboratories, Inc.) at 200 mA for 1 h and 30 min.
After blocking with 5% BSA in TBS-T (0.1% Triton · 100
in TBS) for 1 h at room temperature, the blots were incu-
bated with anti-c-JNK (rabbit IgG; 1:1,000; Proteintech
Group, Inc.), anti-PKC-a (rabbit IgG; 1:1,000; Santa Cruz
Biotechnology, Inc.), anti-p-PKC-a (rabbit IgG; 1:1,000;
Santa Cruz Biotechnology, Inc.), anti-MBP (mouse IgG;
1:1,000; Cell Signaling Technology), or anti-b-actin (rabbit
IgG; 1:1,000; Cell Signaling Technology) primary antibodies
overnight at 4�C. Following incubation with horseradish-
peroxidase-conjugated secondary antibody (goat anti-rabbit
IgG or goat anti-mouse IgG; 1:5,000; Molecular Probes, In-
vitrogen) for 1 h, the immunoreactive bands were detected by
the enhanced chemiluminescence western blotting detection
reagent (GE Health Care Bio-Sciences) on a film. Densito-
metric analysis was performed using Image Pro Plus 6.0
software.

SCI induction and cell transplantation

Female Sprague-Dawley (SD) rats (Institute of Model
Animal, Nanjing, China) were randomly assigned to TROY-
knockdown OPC (TKD-OPC) group, BLV-treated OPC
(BLV-OPC) group, sham treatment group, and sham surgery
group. Moderate SCI was induced and identical postopera-
tive animal care was performed on all animals, as reported
previously with slight modifications [31]. In brief, animals
were anesthetized by intraperitoneal (i.p.) injection of 4%
chloral hydrate (0.5 mL/100 g). Back skin was shaved and
scrubbed with ethanol. A dorsal laminectomy was per-
formed at thoracic segment (T) 9 or T10 to expose the spinal
cord without disrupting the dura. Using the Ohio State
University contusion device, an impact probe of 10 g in
weight and 2.5 mm in diameter was lowered onto the ex-
posed dural surface at a height of 12.5 mm. To prevent
bleeding, gelfoam was placed on the dural surface and
successively muscle and skin were closed in layers. Animals
were kept in heating chambers (37�C) overnight. Penicillin
(3,000 U/100 g) was administered for 7 days to prevent in-
fection. Manual expression of urinary bladder was performed
twice daily until voluntary bladder emptying recovered. For
the sham surgery group, the animals were subjected to a T10
laminectomy without impact injury.

Seven days following SCI, animals were re-anesthetized
as described previously, followed by the re-exposure of
the laminectomy site. Successively, 5 mL of GFP + OPCs
(1 · 105/mL) in sterile PBS (PH 7.4) was injected in situ at
the epicenter of the injury. The injected cells were allowed
to settle for at least 5 min before the needle was retracted.
The muscle and skin were subsequently sutured and closed
in layers. Appropriate postoperative treatment was per-
formed on experimental animals, as described previously.
Rats in the TKD-OPC group received TROY-RNAi-treated
GFP + OPC graft, whereas those in the BLV-OPC group re-
ceived BLV-treated GFP + OPC graft. Rats in sham treatment
group underwent equal volume of sterile PBS in situ injection
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and rats in sham operation group received no injection.
To suppress host immunological rejection, cyclosporine A
(10 mg/kg; Sigma-Aldrich) was injected i.p. to all groups for
7 days after grafting.

Histological analyses

To define the anatomical location of the lesions, injured
spinal cords were subjected to hematoxylin-eosin (HE)
staining. To measure the demyelination and remyelination
of the lesion sites of spinal cord, Luxol fast blue staining
was performed in accordance with the standard protocol. To
verify cell graft survival, integration, and differentiation
in the host tissue, immunohistochemistry was conducted.
In brief, frozen sections of the spinal cord were blocked
using 5% BSA and 0.25% Triton X-100 for 1 h, incubated
overnight at 4�C with anti-MBP (mouse IgG; 1:200; Cell
Signaling Technology), or GFP primary antibodies (rabbit
IgG; 1:200; Proteintech Group). All antibodies were diluted
with Tris-buffered saline supplemented with 0.5% Tween
20 (TBST). After incubation with secondary antibody (goat
anti-mouse IgG-Alexa Fluor 594 or goat anti-rabbit IgG-
Alexa Fluor 488; 1:5,000; Molecular Probes, Invitrogen)
for 20 min and counterstaining with DAPI (1:500; Sigma-
Aldrich) for 5 min at room temperature in the dark, sec-
tions were viewed using a fluorescence microscope (BX51;
Olympus).

For the histological ultrastructural analyses, experimental
animals of different groups were perfused with 2.5% glu-
teraldehyde in 0.1 M cacodylate buffer (pH 7.4). Spinal cords
between 0.5 mm on either side of the epicenter of injury were
excised and fixed in 2.5% gluteraldehyde in 0.1 M cacodylate
buffer (pH 7.4), processed with 1% osmiumtetroxide/1.5%
potassium ferrocyanide, and washed extensively. Having
been stained in uranyl acetate, samples were then dehydrated
and embedded in Epon 812 epoxy resin. Ultrathin sections
(60 nm) were cut on a Leica Ultra-CUT (Ultra-Microtome,
Leica Microsystems GmbH), mounted on 200-mesh copper
grids, stained with uranyl acetate and lead citrate, and viewed
under a transmission electron microscope (TEM; H-7650;
Hitachi). Images were captured with a MegaView III CCD
camera (Soft Imaging System).

Behavioral tests

For assessing motor function deficit and recovery, BBB
assessment and inclined plane test were conducted. Animals
were adapted to these tasks every second day starting from 1
week before surgery. These motor function tests were per-
formed on days 1, 3, 7, 10, 14, 17, 21, 24, and 28 following
SCI. BBB assessment trials were performed in accordance
with the procedure described by Basso et al. [31]. In brief,
this scale used for assessing hindlimb function includes
evaluation standards ranging from a score of 0, indicating no
spontaneous movement, to a maximum score of 21, with an
increasing score indicating the use of individual joints, co-
ordinated joint movement, coordinated limb movement,
weight-bearing, and other functions. Two researchers ‘‘blin-
ded’’ to rat treatment status performed 4-min tests on all
animals. The inclined plane analysis was selected as another
index of hindlimb strength. For this, rats were placed on a
board so that their body axis was perpendicular to the axis of
an inclined plane. The maximum angle at which a rat was

able to maintain its position for at least 5 s constitutes the
inclined plane score. All behavioral tests were recorded using
a digital camera.

Electrophysiological evaluation

Motor-evoked potential (MEP) was examined using a
custom demultiplexer (MEB-9402; Nihon Kohden) as de-
scribed previously with slight modifications [32]. In brief,
rats were randomly selected and injected with 4% chlorate
hydrate (0.5 mL/100 g) and xylazine (1 mg/100 g). Ten square-
wave stimuli with duration of 0.2 ms, a stimulus intensity of
0.4 mA, and an interstimulus interval of 1 Hz were transmitted
through the occipitocervical area of the spinal cord and hin-
dlimb by needle electrodes. The active electrode was placed in
the muscle belly, whereas the reference electrode was placed
near the distal tendon of the muscle in the hindlimb and the
ground electrode was placed on the tail.

To assess the somatosensory evoked potential (SEP), rats
were anesthetized 1 week before the injury, and their head
was shaved and sterilized with 75% ethanol. Electrode
pedestals were implanted into the skull as previously de-
scribed [33]. A standard dental drill (Fine Science Tools)
was used to drill 3 burr holes into the exposed part of the
cranium at locations of the primary somatosensory cortex
corresponding to the hindlimbs (2.8-mm lateral and 2.5-mm
posterior to the bregma). The third hole drilled on the right
frontal bone, 2 mm from the sagittal and coronal sutures,
served as the intracranial reference. Transcranial screw
electrodes (E363/20; Plastics One, Inc.) were secured into
the holes so that they were in very light contact with the
duramater, and they were mounted to electrode pedestals
(MS363; Plastics, One Inc.) using dental cement. For SEP
recordings, rats were anesthetized with 4% chlorate hydrate.
Tibial nerves of hindlimbs were electrically stimulated with
subcutaneous needle electrodes (Safelead F-E3-48; Grass-
Technologies). For each session, both hindlimbs were stim-
ulated in an alternating fashion and the corresponsive SEPs
were recorded. Stimuli generated by a custom demultiplexer
(Plastics One, Inc.) were delivered at 1 Hz so that each limb
received a pulse with a frequency of 0.25 Hz, an intensity of
3 mA, and a pulse width of 200 ms. A subdermal electrode
placed at the back of the neck served as a reference ground
electrode. Signals of SEPs were processed with MATLAB
7.0 (MathWorks, Inc.).

For MEP and SEP, the onset latency was gauged as the
time interval in millisecond between the stimulus and the
onset of the first wave. Ten responses in each rat were av-
eraged for the latency analysis. Electrophysiological evalua-
tions were performed 1 and 4 weeks following SCI.

Statistical analyses

For all studies at least three independent experiments were
performed. Data processing and statistical analyses were
performed using Microsoft Excel and GraphPad Prism Soft-
ware. Data are presented as the mean – standard deviation
(SD) or mean – standard error of the mean (SEM). Student’s
t-test, one-way analysis of variance, or two-way analysis of
variance followed by a Bonferroni’s multiple-comparison
post hoc test was used to determine differences between
groups. A P-value of < 0.05 was considered statistically
significant.
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Results

TROY is expressed in oligodendrocyte lineage
and involved in the negative regulation
of OPC differentiation

Purified neonatal mice-derived OPCs exhibit bipolar
shape and NG2-positive immunophenotype in proliferation
medium containing FBS (Fig. 1A). TROY expression was
verified using RT-PCR and western blot in neonatal C57BL/6
mice-derived NG2 + OPCs and differentiated O4 + and MBP +

oligodendrocytes (Fig. 1B, C), indicative of the function
TROY exerted on oligodendrocyte lineage. To test whether
TROY is involved in the regulation of oligodendrocyte dif-
ferentiation, purified OPCs were transferred to DEME/F-12
supplemented by only TROY-Fc (10mg/mL), which contains
the extracellular domain of TROY and serves as the com-
petitive antagonist to block the TROY effect [26]. Similar
to T3-induced oligodendrocyte development in vitro [30,34–
36], *80% of TROY-Fc-treated OPCs were differenti-
ated into O4+ premature oligodendrocytes with longer and
more branched processes after a 14-day treatment (F = 869.4;
TROY-Fc, P > 0.05 versus T3; n = 10 per group; Fig. 2A, B).
In contrast, the O4 + cells were below detectable limit in
control Fc-treated cultures (Fig. 2A, B). When treatment was
extended to 21 days, the majority of TROY-Fc-treated cells
displayed myelin sheet structures and MBP-positive immu-

noreactivity, which was close to but not equivalent to oligo-
dendrocyte maturation in presence of T3 (F = 3,634; TROY-
Fc, P < 0.05 versus T3; n = 10 per group). However, MBP +

cells were barely observed in control Fc-treated cultures (Fig.
2C, D). Further, as revealed by dose-response assay at day 14,
TROY-Fc promoted oligodendrocyte differentiation in a
concentration-dependent manner with a half-maximum ef-
fective concentration (EC50) of 6mg/mL (Fig. 2E). Over the
period of observation, cells grown in DMEM/F-12 supple-
mented with control Fc exhibited OPC-specific bipolar mor-
phology and NG2 + immunostaining with no evidence of
differentiation (Fig. 2F). These findings implicated that TROY
was expressed in oligodendrocyte lineage in the negative
regulation of OPC differentiation.

TROY inhibition contributes to oligodendrocyte
maturation and myelination

To further evaluate the effects of TROY on the differ-
entiation of oligodendrocyte, purified OPCs were cultured in
the presence of canonical oligodendrocyte development in-
ducer T3. TROY was attenuated by RNAi. Purified NG2-
positive OPC cultures were treated with TROY-RNAi for
72 h and the decrease of TROY transcription was verified by
RT-PCR and western blot (Fig. 3A, B). Subsequently cells
were stained for the canonical marker of premyelinating
oligodendrocyte O4. Consistent with the findings of TROY-
Fc treatment, TROY knockdown (TKD) increased O4-
positive cells with branched and membranous processes
(F = 180.8; TKD, P < 0.001 versus BLV; n = 10 per group;
Fig. 3C, E), indicating enhanced oligodendrocyte matura-
tion. Conversely, TROY overexpression (TOE) by lentiviral
expression vector transduction for 72 h in OPCs, which was
confirmed by RT-PCR (Fig. 3A, B), resulted in 50% de-
crease in premature oligodendrocytes in contrast to that by
BLV transduction group (F = 180.8; TOE, P < 0.001 versus
BLV; n = 10 per group; Fig. 3C, E). These data verified the
promotion of oligodendrocyte differentiation by inhibition
of TROY.

To further assess the effects of TROY on myelination
in vitro, cocultures of OPCs and neurons were established.
In accordance with previous data [30,37], cocultures of ro-
dent primary oligodendrocytes and DRG neurons exhibited
relatively poor myelination. Treatment of TROY-Fc for 2
weeks markedly stimulated myelination in these cultures
(Fig. 3D, F). Through identification of the colocalization of
MBP-positive oligodendrocyte processes and b-tubulin-III-
positive neurites, TROY-Fc-treated cocultures were ob-
served to develop myelin-sheath-like structure surrounding
neuronal axons, which resembled the T3-induced myelina-
tion in vitro [30]. In comparison, the axons in cocultures
treated with control Fc of equal volume remained poorly
myelinated (t = 19.10; TROY-Fc, P < 0.001 versus control
Fc; n = 10 per group; Fig. 3D, F). Accordingly, functional
attenuation of TROY in OPCs cocultured with DRG neurons
increases the myelination competence of oligodendrocytes
in vitro, suggesting that TROY inhibition facilitates CNS
myelination.

PKC signaling has been implicated in the regulation of
oligodendrocyte differentiation although its exact role in this
process remains controversial [17–21]. To define the in-
volvement of PKC in the inhibitory effects of TROY that is

FIG. 1. TROY is expressed in oligodendrocyte lineage.
(A) Purified OPCs cultured in proliferation medium con-
taining 10% FBS. (a) Phase-contrast image of purified
OPCs. (b) Immunofluorescence images of OPCs stained
for NG2 and counterstained by DAPI. (B) Images of RT-
PCR analysis exhibiting TROY mRNA expression in neo-
natal C57BL/6 mice-derived NG2-positive OPCs and
differentiated O4-positive and MBP-positive oligodendro-
cytes. b-Actin expression was tested as an internal con-
trol. (C) Images of western blot analysis exhibiting TROY
protein expression in neonatal C57BL/6 mice-derived NG2-
positive OPCs and differentiated O4-positive and MBP-
positive oligodendrocytes. b-Actin expression was tested as
an internal control. Scale bar (A) = 100 mm. DAPI, 4¢,6¢-
diamidino-2-phenylindole; FBS, fetal bovine serum; MBP,
myelin basic protein; NG2, nerve/glial antigen 2; OPC,
oligodendrocyte precursor cell; RT-PCR, reverse transcrip-
tase–polymerase chain reaction.
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FIG. 2. TROY is involved in the negative regulation of OPC differentiation. (A) Primary OPC cultures treated with
TROY-Fc or control Fc for 14 days. (a) Phase-contrast image of culture treated with TROY-Fc. (b) Immunofluorescence
image of a representative culture treated with TROY-Fc and stained for O4 and counterstained by DAPI. (c) Phase-
contrast image of a culture treated with control Fc. (d) Immunofluorescence image of a culture treated with control Fc and
stained for O4 and counterstained by DAPI. (e) Phase-contrast image of culture treated with T3. (f ) Immunofluorescence
image of a representative culture treated with T3 and stained for O4 and counterstained by DAPI. (B) Quantitative
analysis of percentage of O4-positive cells in OPC cultures treated with TROY-Fc, control Fc, or T3 for 14 days. Data are
presented as mean – SEM; bdi, below detectable limit; ***P < 0.001; ns, nonsignificant; n = 10 per group. (C) Primary
OPC cultures treated with TROY-Fc or control Fc for 21 days. (a) Phase-contrast image of culture treated with TROY-Fc.
(b) Immunofluorescence image of culture treated with TROY-Fc and stained for MBP and counterstained by DAPI. (c)
Phase-contrast image of culture treated with control Fc. (d) Immunofluorescence image of culture treated with control Fc
and stained for MBP and counterstained by DAPI. (e) Phase-contrast image of culture treated with T3. (f ) Immuno-
fluorescence image of a representative culture treated with T3 and stained for MBP and counterstained by DAPI. (D)
Quantitative analysis of percentage of MBP-positive cells in OPC cultures treated with TROY-Fc, control Fc, or T3 for
21 days. Data are presented as mean – SEM; bdi, below detectable limit; *P < 0.05; ***P < 0.001; ns, nonsignificant;
n = 10 per group. (E) Quantitative analysis of dose-dependent effects of TROY-Fc on oligodendrocyte differentiation
after 14-day treatment. Data are presented as mean – SEM; EC50, half-maximum effective concentration; n = 5 per
concentration. (F) Primary OPC cultures treated with TROY-Fc or control Fc for 14 days or 21 days. (a) Phase-contrast
image of culture treated with control Fc for 14 days. (b) Immunofluorescence image of a representative culture treated
with control Fc for 14 days and stained for NG2 and counterstained by DAPI. (c) Phase-contrast image of a culture
treated with control Fc for 21 days. (d) Immunofluorescence image of a culture treated with control Fc for 21 days and
stained for NG2 and counterstained by DAPI. Scale bars: (A-a, A-e, C-a, C-e) = 200 mm; (A-b, A-f, C-b, C-f, F-a, F-
b) = 50 mm; (A-c, A-d, C-c, C-d, F-a, F-c) = 100 mm. EC50, half-maximum effective concentration; SEM, standard error
of the mean; T3, triiodo-L-thyronine; TROY-Fc, soluble human TROY.
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FIG. 3. TROY inhibition contributes to the maturation and myelination of oligodendrocytes. (A) Images of RT-PCR
analysis of TROY transcription in OPCs treated with TROY RNAi-lentiviral vector or TROY lentiviral expression vector. b-
Actin expression was analyzed as an internal control. (B) Images of western blot analysis of TROY expression in OPCs
treated with TROY RNAi-lentiviral vector or TROY lentiviral expression vector. b-Actin expression was analyzed as an
internal control. (C) Fluorescence images of TKD or TOE-OPC cultures stained for O4 and counterstained by DAPI. (D)
Fluorescence images of TROY-Fc- or control Fc-treated OPC and DRG neuron coculture stained for b-tubulin III and MBP
and counterstained by DAPI. Arrows denote the myelinated axons identified as the colocalization of MBP-positive oli-
godendrocyte processes and b-tubulin-III-positive neuritis. (E) Quantitative analysis of O4-positive cells in TKD or TOE-
OPC cultures. Data are presented as mean – SEM; ***P < 0.001; n = 5 per group. (F) Quantitative analysis of length of
myelinated axons in TROY-Fc- or control Fc-treated OPC and DRG neuron cocultures. Data are presented as mean – SD;
***P < 0.001; n = 10 per group. Scale bars: (C) = 50 mm; (D) = 25 mm. BLV, blank lentiviral vector; DRG, dorsal root
ganglion; PKC, protein kinase C; RNAi, RNA interference; SD, standard deviation; TKD, TROY knockdown; TOE, TROY
overexpression.
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demonstrated to function through c-Jun terminal kinase (c-
JNK), the levels of c-JNK and phosphorylated PKC (p-PKC)
were measured by western blot assays. As shown in Fig. 4A
and C–E, in TROY-overexpressing OPCs with differentia-
tion inhibition, the expression of c-JNK (F = 110.5; TOE,
P < 0.001 versus BLV; n = 5 per group) and the activation of
PKC were notably enhanced (F = 479.2; TOE, P < 0.001
versus BLV; n = 5 per group). In contrast, the TROY-
knockdown (TKD) OPCs with augmented differentiation
potential displayed relatively reduced c-JNK (F = 110.5;
TKD, P < 0.001 versus BLV; n = 5 per group) and p-PKC
levels (F = 479.2; TKD, P < 0.001 versus BLV; n = 5 per
group). To further determine whether PKC transduction is
implicated in the TROY-mediated OPC differentiation ar-

rest, the pharmacological inhibitor of PKC (BIM) was added
to the OPC culture in absence or presence of TROY over-
expression. As shown in Fig. 4A and F, mere PKC inhibitor
supplement (PKC inhibition, PKCi) was capable of slightly
but significantly increasing the expression of MBP in OPC
culture differentiated for 7 days (F = 63.95; BLV + PKCi,
P < 0.05 versus BLV; n = 5 per group). Further, although
overexpression of TROY resulted in an evident decrease in
MBP level in differentiated oligodendrocytes (F = 63.95;
TOE, P < 0.001 versus BLV; n = 5 per group), functional
attenuation of PKC obviously rescued the MBP expression
(F = 63.95; TOE + PKCi, P < 0.001 versus TOE; n = 5 per
group). However, the level of MBP in cultures treated with
the TROY lentiviral expression vector and PKC inhibitor

FIG. 4. Inhibitory effects of
TROY are at least partly mediated
by PKC signaling. (A) Images of
western blot analysis of c-JNK, p-
PKC-a, and PKC-a expression in
OPC cultures treated with TROY
RNAi-lentiviral vector or TROY
lentiviral expression vector. b-Actin
expression was analyzed as an
internal control. (B) Images of
western blot analysis of MBP ex-
pression in OPC cultures treated
with BLV, BLV plus PKC inhibi-
tor, TROY lentiviral expression
vector, or TROY lentiviral expres-
sion vector plus PKC inhibitor. b-
Actin expression was analyzed as
an internal control. (C–E) Quanti-
tative analysis of c-JNK, p-PKC-a,
and PKC-a expression in OPC
cultures treated with TROY RNAi-
lentiviral vector or TROY lentiviral
expression vector. Data are pre-
sented as mean – SD; ***P < 0.001;
ns, nonsignificant; n = 5 per group.
(F) Quantitative analysis of MBP
expression in OPC cultures treated
with BLV, BLV plus PKC inhibitor,
TROY lentiviral expression vector,
or TROY lentiviral expression vec-
tor plus PKC inhibitor. Data are
presented as mean – SD; *P < 0.05;
**P < 0.01; ***P < 0.001; ns, non-
significant; n = 5 per group. c-JNK,
c-Jun N-terminal kinase; PKCi,
protein kinase C inhibition; p-PKC,
phosphorylated protein kinase C.
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was not raised up to that in cells treated with the BLV
(F = 63.95; TOE + PKCi, P < 0.001 versus TOE, P < 0.01
versus BLV; n = 5 per group). These results suggested that
the inhibitory effects of TROY on OPC maturation are
mediated, at least partly, by PKC signaling transduction.

TROY inhibition reinforces the morphological
restoration by OPC graft in rats with SCI

Since the in vitro effects of TROY on the differentiation
of OPCs were verified, the impact of the molecule on the
repair potential of grafted OPCs for SCI was further in-
vestigated in vivo through the grafting of TKD-OPCs in the
rats with SCI. HE-stained axial paraffin sections of spinal
cord exhibited evident cavitation and tissue loss at the epi-
center of the lesion, indicative of the successive induction
of SCI (Fig. 5A). After SCI rats received OPC graft for 21
days, HE staining on sagittal paraffin sections showed better
recovery of spinal cord tractus in TKD-OPC-treated rats
in contrast to the BLV-OPC-treated group (Fig. 5B). Im-

munohistochemical staining confirmed the survival of
transplanted cells for at least 21 days (Fig. 5C). Although no
significant difference existed in the survival of grafted cells
(t = 0.08684; TKD-OPC, P > 0.05 versus BLV-OPC; Fig.
5C, D), notably more MBP + /GFP + cells were detected in
the lesion sites of the spinal cord of TKD-OPC-grafted rats
when compared with BLV-OPC-grafted animals (t = 5.787;
TKD-OPC, P < 0.001 versus BLV-OPC; Fig. 5C, E), sug-
gesting that TKD promotes the differentiation of grafted
OPCs in the host spinal cord tissue. To further investigate
the remyelination post-SCI, LFB staining and ultramicro-
pathological analysis were performed. As shown by LFB
staining (Fig. 6A), evident demyelination was clearly ob-
served at lesion sites one week after SCI. Consistent with
enhanced OPC differentiation and accelerated remyelina-
tion, overall myelinated area increased evidently at lesion
sites at week 3 following OPC grafting (ie, 4 weeks post-
SCI) in contrast to that observed in animals received BLV-
OPC grafting (F = n; TKD-OPC, P < 0.01 versus BLV-OPC;
n = 6 per group; Fig. 6A, C). Early after the injury, the

FIG. 5. TROY inhibition reinforces maturation of grafted OPCs in rats with SCI. (A) Images of HE-stained axial sections
at the lesion epicenter of spinal cord. (B) Images of HE-stained sagittal sections at the lesion epicenter 28 days following
SCI (21 days after grafting). (C) Immunofluorescence images of axial sections at the lesion epicenter 28 days following SCI
(21 days after grafting). Square frames denote the GFP and MBP double-positive graft-derived mature oligodendrocyte.
Pentagram denotes central canal of spinal cord. (D) Quantitative analysis of GFP-positive grafted cells in host spinal cord
tissue. Data are presented as mean – SEM; ns, nonsignificant; n = 6 per group. (E) Quantitative analysis of percentage of
GFP and MBP double-positive graft-derived mature oligodendrocyte in host spinal cord tissue. Data are presented as
mean – SEM; *** P < 0.001; n = 6 per group. Scale bars: (A and B) = 500 mm; (C) = 100 mm. GFP, green fluorescent protein;
HE, hematoxylin-eosin; SCI, spinal cord injury.
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myelin regenerated by oligodendrocytes forms shorter and
more thinly packed sheaths surrounding axons, in contrast to
the surviving native myelin that features densely packed
layers wrapping the axon. This difference in length and
thickness around axons has been selected as an indicator of
remyelination following injury by grafted or endogenous
cells [38,39]. In the present study, the ultramicrohistological
analyses revealed that the rats that received TKD-OPC
grafting for 21 days were detected with more newly gen-
erated thinly packed myelin sheaths that could be simply
distinguished from native uninjured dense myelins. In
comparison, rats subjected to BLV-OPC graft showed less
remyelination after transplantation, whereas rats sham-
treated with PBS displayed only primarily disrupted or
damaged myelin sheaths and very little remyelination (Fig.
3D). Additionally, quantitative analyses further revealed
that the TKD-OPC-grafted rats had significantly higher
percentage of preserved myelinated axons (F = 56.87; TKD-
OPC, P < 0.001 versus sham treatment, P < 0.01 versus
BLV-OPC; n = 6 per group) and lower g-ratio (ratio of axon
diameter to myelinated axon diameter; F = 34.54; TKD-
OPC, P < 0.001 versus sham treatment, P < 0.001 versus
BLV-OPC; n = 6 per group) in comparison with BLV-OPC-
grafted animals, which even statistically demonstrated the
remarkable remyelination competence of TKD-OPCs. Thus,
the results of these morphological analyses, consistent with
each other, verified the positive effects of TROY inhibition
on the repair potential of OPCs for SCI.

TROY inhibition intensifies the functional recovery
by grafting of OPCs in SCI rats

BBB assessment, which involves the examination of
hindlimb motor function, was performed to evaluate the
impact of TROY inhibition on the therapeutic efficacy of
OPCs. As shown in Fig. 7A, a clear functional defect was
detected in rats at day 1 following SCI in comparison with
those in the sham surgery group (TKD-OPC, BLV-OPC,
and sham treatment, P < 0.001 versus sham surgery group on
day 1 following SCI; n = 6 per group), verifying the suc-
cessful induction of SCI. Although rats with SCI displayed a
gradual improvement in motor function over time (Ftime =
1,924, P < 0.001, n = 6 per group per time point), no dif-
ference was detected before grafting (7 days following SCI)
between the treatment groups and the sham treatment group
(Fgroup = 5,614; TKD-OPC and BLV-OPC, P > 0.05 versus
sham treatment on days 1, 3, and 7 following SCI; n = 6 per
group per time point). From 3 days after the transplantation
treatment (10 days following SCI) to the end of observation
(28 days following SCI), rats in the treatment groups at-
tained higher scores than those in the sham treatment group
(TKD-OPC and BLV-OPC, P < 0.001 versus sham treatment
on 10, 14, 17, 21, 24, and 28 days following SCI; n = 6 per
group per time point), indicative of the effectiveness of OPC
graft treatment for SCI. However, rats receiving grafting of
TKD-OPCs displayed better recovery than those undergoing
transplantation of BLV-treated OPCs since a week after

FIG. 6. TROY inhibition
reinforces remyelination by
OPC graft in rats with SCI.
(A) Images of LFB-stained
axial sections at the lesion
epicenter 1 week following
SCI or 3 weeks following
grafting (4 weeks following
SCI). (B) TEM images of
axial sections at the lesion
epicenter 28 days following
SCI (21 days after grafting).
(C) Quantitative analysis of
proportion of LFB-stained
myelinated area at the lesion
epicenter 4 weeks following
SCI. (D) Quantitative analysis
of percentage of myelinated
axons at the lesion epicenter
4 weeks following SCI. (E)
Quantitative analysis of g-
ratio of myelinated axons at
the lesion epicenter 4 weeks
following SCI. For (C), (D),
and (E), data are presented
as mean – SEM; *P < 0.05;
**P < 0.01; ***P < 0.001; n = 6
per group. Scale bars: (A) =
500 mm; (B) = 1mm. LFB,
Luxol fast blue; TEM, trans-
mission electron microscope.
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grafting (14 days following SCI) (TKD-OPC, P < 0.001
versus BLV-OPC on days 14, 17, 21, 24, and 28 following
SCI; n = 6 per group per time point). At the end of obser-
vation, TKD-OPC-grafted rats scored 18 – 0.89, indicative
of nearly normal movement except for asynergic tail and
instable trunk. In contrast, BLV-OPC-grafted rats achieved
merely a score of 13 – 0.75, indicating frequent to consis-
tent weight supported plantar steps and frequent forelimb–
hindlimb coordination. These data suggest an enhanced
therapeutic efficacy of TKD-OPCs. Inclined plane test was
employed as another index to assess hindlimb strength res-
toration (Fig. 7B). Consistent with outcomes of BBB as-
sessment, the data from the inclined plane test showed an
effective SCI induction on rats (Fgroup = 8,261; TKD-OPC,
BLV-OPC, and sham treatment, P < 0.001 versus sham
surgery group on day 1 following SCI; n = 6 per group) and
a time-dependent recovery of motor function of SCI rats
(Ftime = 3,295; P < 0.001; n = 6 per group per time point).
The inclined plane test also showed that although OPC
grafting contributed to functional recovery (TKD-OPC,
P < 0.001 versus sham treatment on days 10, 14, 17, 21, 24,
and 28 following SCI; BLV-OPCs, P < 0.05 versus sham
treatment on day 10 following SCI, P < 0.01 versus sham
treatment on day 14 following SCI, P < 0.001 versus sham
treatment on 17, 21, 24, and 28 days following SCI; n = 6
per group per time point), the restoration of motor function
in rat receiving TKD-OPC graft was augmented (TKD-
OPC, P < 0.05 versus BLV-OPC on day 10 following SCI,
P < 0.001 versus BLV-OPC on days 10, 14, 17, 21, 24, and
28 following SCI; n = 6 per group per time point). These
data demonstrate that TKD improves the therapeutic effi-
cacy of OPCs after SCI.

MEP has been widely used in clinical and animal trials
of SCI to evaluate neuromuscular system function. In the
present study, the latency of MEP was used to assess motor
function objectively (Fig. 8A, C). At week 1 after injury,
waves could not be detected in all rats that underwent
the SCI induction surgery. However, at week 3 after grafting
(week 4 after injury), grafted rats exhibited MEP waves
compared with the sham-treated animals in which waves
were still undetectable. Further, the latency of TKD-OPC-
grafted rats (2.10 – 0.13 ms) became comparable to that of

the sham surgery rats (2.08 – 0.15 ms), whereas that of BLV-
treated cell-grafted rats (3.60 – 0.19 ms) was significantly
longer (F = 713; TKD-OPC, P > 0.05 versus sham surgery;
P < 0.001 versus BLV-OPC; n = 6 per group). To further
determine the impairment and restoration of nerve conduc-
tion tractus, another electrophysiological analysis, SEP
analysis, was performed (Fig. 8A, D). Similar to MEP, SEP
is virtually absent at week 1 following SCI in animals of all
groups except sham surgery group. Sham-treatment rats
show little-to-no recovery thereafter up to 28 days following
injury, whereas week 4 after injury (week 3 after grafting),
animals in cell-grafted groups were detected with evident
waves and TKD cell-grafted rats were determined with ev-
idently faster conduction of SEP (16.5 – 0.55 ms) in contrast
to BLV-treated cell-grafted rats (18.03 – 0.18 ms) (F = 3,683;
TKD-OPC, P < 0.001 versus BLV-OPC; n = 6 per group).
Inconsistent with the results of MEP analysis, at the end of
observation (week 4 after injury, ie, week 3 after grafting),
SEP conduction in TKD-OPC-grafted rats was still slower
than that of sham surgery rats (14.93 – 0.34 ms) (TKD-OPC,
P < 0.001 versus sham surgery; n = 6 per group).

Collectively, the validity of promoting effects of TROY
inhibition on therapeutic efficacy of OPCs for SCI was
demonstrated by the data of behavioral and electrophysio-
logical assays that are consistent and confirmed each other.

Discussion

TROY serves important regulatory roles in neuronal and
glial cell development in CNS and olfactory system [22–25].
Besides, it is also demonstrated to mediate caspase-independent
cell death [40,41], regulate neuronal regeneration and axonal
outgrowth [26,27], modulate glial-neuronal interactions in de-
myelination lesions [42], and even promote glioblastoma cell
invasion [43,44]. In this study, we demonstrate that TROY is
involved in the modulation of oligodendrocyte lineage matu-
ration and remyelination of injured spinal cord by graft-derived
oligodendrocytes.

Strikingly, the expression of TROY was detected by RT-
PCR and western blot analysis in oligodendrocytes at dif-
ferent stages of differentiation (Fig. 1B, C), which suggest
the possibility of TROY function in oligodendrocyte

FIG. 7. TROY inhibition intensifies motor function recovery by grafting of OPCs in SCI rats. (A) Quantitative analysis of
BBB scores of rats. Transplantation was performed on day 7 following SCI. Data are presented as mean – SD; n = 6 per
group per time point. (B) Quantitative analysis of inclined plane score of rats on the inclined plane. Transplantation was
performed on day 7 following SCI. Data are presented as mean – SD; n = 6 per group per time point.
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lineage. Following which, efforts were made to test the
TROY effect on OPC differentiation. To exclude the pos-
sible impacts of other factors, the differentiation assays were
performed in DMEM/F-12 supplemented only by TROY-Fc,
which serves as the competitive antagonist of TROY [26].
The results verified the inhibitory effects of TROY on oli-
godendrocyte differentiation (Fig. 2A–E), which was further
confirmed by the differentiation status of TKD-OPCs and
TOE-OPCs (Fig. 3C, E). Of note, although TROY expres-
sion in various differentiation stages of oligodendrocyte
lineage was determined (Fig. 1B, C), OPCs with silenced
TROY remained capable of maturation (Figs. 3C and 4B),
indicating that TROY is probably dispensable in physio-
logical development of oligodendrocyte and the inhibitory
effects of TROY may mainly function in pathophysiological
process, such as demyelination and remyelination. However,
the specific mechanism remains to be determined. Coinciding
with the results of the differentiation assay, pharmacological
inhibition of TROY resulted in the development of MBP +

myelin-like structures surrounding axons in cocultures of
OPCs and DRG neurons (Fig. 3D). To date, coculture with
isolated DRG neurons tends to be considered as the standard
method to measure the myelin-sheath-forming capability of
OPCs and Schwann cells in vitro [13,30,37]. The distinction

in the in vitro myelination competence of OPCs between in
presence and absence of TROY-Fc further confirmed the
negative effects of TROY upon CNS myelination.

To further elucidate the molecular mechanism underlying
the inhibitory effects of TROY on oligodendrocyte devel-
opment, the signaling pathways mediating OPC differenti-
ation should be tested. Previous studies implicate PKC
signaling transduction in the oligodendrocyte differentiation
inhibition [17,18,20], particularly in the demyelination-
derived myelin debris-induced OPC differentiation block
[19]; however, the opposing opinion also exists that PKC
promotes the expression of MBP by phosphorylating tran-
scription factor Sp1 [21]. Further, c-JNK pathway through
which TROY mediates caspase-independent cell death is
also modulated by PKC signaling [40,45–47]. Our data
showed that the oligodendrocyte differentiation progression
inversely correlated with the activity of PKC and PKC-
regulated c-JNK signaling and the pharmacological in-
hibition of PKC reversed the inhibitory effects of TROY
overexpression on OPC differentiation (Fig. 4). These re-
sults verified the involvement of PKC in the negative reg-
ulation of oligodendrocyte maturation mediated by TROY.
These findings may shed light on the strategies promoting
the oligodendrocyte maturation and remyelination.

FIG. 8. TROY inhibition in-
tensifies nerve conduction
tractus recovery by grafting of
OPCs in SCI rats. (A) Rep-
resentative profiles of MEPs
recorded at week 1 and week 4
after injury. Calibration bar
denotes 0.2 mV/4 ms. Arrow
indicates stimulus. (B) Rep-
resentative profiles of SEPs
recorded at week 1 and week 4
after injury. Calibration bar
denotes 0.5 mV/10 ms. Arrow
indicates stimulus. (C) Quan-
titative analysis of latency of
MEP measured at week 4 after
injury (week 3 after grafting).
Data are presented as mean –
SD. ns, nonsignificant; ***P <
0.001. #, waves were not de-
tected in sham treatment group.
n = 6 per group. (D) Quantita-
tive analysis of latency of SEP
measured at week 4 after injury
(week 3 after grafting). Data
are presented as mean – SD.
***P < 0.001. #, waves were
not detected in sham treatment
group. n = 6 per group. MEP,
motor-evoked potential; SEP,
somatosensory evoked potential.
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In SCI, which is characterized by major damage to neu-
rons and myelin sheaths, remyelination failure results in
disruption of normal nerve conduction and delay of func-
tional recovery [7,8]. OPC grafts contribute to remyelination
and therefore aid in restoring normal conduction [5,38,48].
However, OPC graft therapy faces two main challenges, one
of which is the lack of abundant purified cell source. OPCs
only constitute 5% of total cells in adult brain and the pri-
mary OPCs are not readily available [1,49]. Moreover, the
derivation of engraftable OPCs from pluripotent stem cells,
including embryonic stem cells and induced pluripotent
stem cells, has proven slow and tedious [49–52]. Accord-
ingly, effective in vitro expansion of OPCs is essential for
successful graft treatment. The discovery that PDGF is re-
quired for the survival and proliferation of OPCs led to the
identification of PDGFRA as a determinant marker of OPCs
[1]. Inconsistently, we obtained purified and highly prolif-
erative OPC culture using DMEM/F-12 supplemented with
FBS instead of bFGF and PDGF (Fig. 1A), which may
suggest the existence of PDGF mimics in complex FBS and
lead to the development of more convenient methods for the
culture and expansion of OPCs. The other challenge is the
microenvironment in the lesion sites dampening the differ-
entiation and remyelination of OPCs [7,8]. Hence, an ef-
fective strategy that promotes the maturation of grafted cells
is required for successful OPC transplantation and re-
myelination. In accordance with in vitro findings that indi-
cate that the functional repression of TROY facilitated OPC
differentiation and augmented the myelination competence,
TKD significantly improved the repair potential of grafted
OPCs for SCI. TKD-OPCs that survived and developed into
mature MBP + myelinating cells at lesion epicenters brought
about evident remyelination and morphological restoration
(Figs. 5 and 6). In parallel, animals that received TKD-OPC
graft showed notable recovery in motor and nerve conduc-
tion tractus function (Figs. 7 and 8). These findings provide
evidence that supports effects of TROY inhibition on oli-
godendrocyte development and the therapeutic efficacy of
OPC graft on SCI.

Summary

In summary, TROY (tumor necrosis factor receptor su-
perfamily member 19), which is expressed in the oligo-
dendrocyte lineage on various differentiation stages, serves
as an important negative regulator of OPC differentiation
and myelination. Further, silencing of TROY expression in
grafted OPCs significantly improves the therapeutic efficacy
for SCI, resulting in evident morphological and neurological
recovery. Our research identifies TROY as a new modulator
in oligodendrial maturation and a new target in enhancing
remyelination after CNS injury.
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