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Abstract As a co-receptor of Nogo-66 receptor (NgR) and a
critical receptor for paired immunoglobulin-like receptor
(PirB), p75 neurotrophin receptor (p75NTR) mediates the
inhibitory effects of myelin-associated inhibitors on axonal
regeneration after spinal cord injury. Therefore, the p75NTR
antagonist, such as recombinant p75NTR protein or its ho-
mogenates may block the inhibitory effects of myelin and
promote the axonal regeneration and functional recovery.
The purposes of this study are to subclone and express the
extracellular domain gene of human p75NTR with IgG-Fc
(hp75NTR-ED-Fc) in prokaryotic expression system and in-
vestigate the effects of the recombinant protein on axonal
regeneration and functional recovery in spinal cord-injured
rats. The hp75NTR-ED-Fc coding sequence was amplified
from pcDNA-hp75NTR-ED-Fc by polymerase chain reaction
(PCR) and subcloned into vector pET32a (+), then the effects
of the purified recombinant protein on neurite outgrowth of
dorsal root ganglion (DRG) neurons cultured with myelin-
associated glycoprotein (MAG) were determined, and the
effects of the fusion protein on axonal regeneration, functional
recovery, and its possible mechanisms in spinal cord-injured
rats were further investigated. The results indicated that the
purified infusion protein could promote neurite outgrowth of
DRG neurons, promote axonal regeneration and functional
recovery, and decrease RhoA activation in spinal cord-injured

rats. Taken together, the findings revealed that p75NTR still
may be a potential and novel target for therapeutic interven-
tion for spinal cord injury and that the hp75NTR-ED-Fc
fusion protein treatment enhances functional recovery by lim-
iting tissue loss and stimulating axonal growth in spinal cord-
injured rats, which may result from decreasing the activation
of RhoA.
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Introduction

Traumatic spinal cord injury (SCI) is one of the leading causes
of disabilities in young adults. Growing evidence indicates
that the regeneration failure following central nervous system
(CNS) injury in adult is not due to intrinsic properties of CNS
neurons but to the neurite outgrowth inhibitors associated with
the CNS myelin, such as Nogo-A, the myelin-associated
glycoprotein (MAG), and the oligodendrocyte-myelin glyco-
protein (OMgp) [1–3]. Interestingly, these three structurally
different inhibitors share two common receptors, Nogo-66
receptor (NgR) and paired immunoglobulin-like receptor B
(PirB) [4–8]. Each of the three inhibitors can interact in high
affinity with NgR and transduce the inhibitory signal into
neurons via a complex composed of NgR and its co-
receptors [9–11]. Co-immunoprecipitation, structural analy-
sis, and deletion mutation have demonstrated that the p75
neurotrophin receptor (p75NTR) could conjunct with the C-
terminal of NgR via the extracellular domain (ED), and me-
diates the inhibitory effects of myelin without being blocked
by neurotrophic factors [9, 12]. As a result, p75NTR
expressed in neurons can specifically participate in regulating
the inhibitory effects of myelin-associated inhibitors on axo-
nal regeneration after central nervous system injury, while not
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neurotrophic factors or their high-affinity TrkA receptor. The
reason may be the lack of expression of p75NTR in oligoden-
drocytes where neurotrophic factors and TrkA receptor play
an important role in axonal regeneration following CNS injury
[13]. Recently, it also has been indicated that p75NTR medi-
ates axon growth inhibition through an association with PirB,
another common receptor of three different inhibitors [14].
Moreover, p75NTR can stimulate the downstream signal
through the interaction with ganglioside GT1b and induces
the MAG-dependent inhibition to axon outgrowth [15–17].
The final result of myelin signal transduction shows that
p75NTR appears to enhance the activation of RhoA, a small
GTPase known to affect the regulation cytoskeleton, and
achieves the inhibitory effect [18]. These research studies
indicate that p75NTR, as a co-receptor of NgR and PirB,
could mediate the inhibitory effects of myelin or through some
mechanisms unknown. Therefore, recombinant p75NTR pro-
tein or its homogenates may block the inhibitory effects of
myelin and promote the axonal regeneration and functional
recovery in spinal cord-injured rats.

The purposes of this study are to subclone and express the
extracellular domain gene of human p75NTR with IgG-Fc
(hp75NTR-ED-Fc) in prokaryotic expression system and fur-
ther investigate the effect of the recombinant protein on
neurite outgrowth of dorsal root ganglion (DRG) neurons,
axonal regeneration, and functional recovery in spinal cord-
injured rats, which may pave a way to the further research of
central nervous system (CNS) regeneration on the target of
p75NTR.

Materials and Methods

Animals

Adult female Sprague–Dawley (SD) rats (n=31) were sup-
plied by the Animal Breeding Center of Institute of Surgery
Research, Daping Hospital, Third Military Medical Universi-
ty, and housed in a light- and temperature-controlled room. All
surgical interventions and postoperative animal care were
carried out in accordance with the Guide for the Care and
Use of Laboratory Animals (National Research Council,
1996, USA) and approved by the Animal Use and Care
Committee of School of Medicine, Third Military Medical
University.

Recombinant hp75NTR-ED-Fc Fusion Protein

The DNA fragment of human p75NTR extracellular domain
and Fc fragment of human IgG (hp75NTR-ED-Fc) were
amplified from eukaryotic expression vector pcDNA-
hp75NTR-ED-Fc by using polymerase chain reaction (PCR)
and subcloned into prokaryotic expression vector pET32a (+),

and then we constructed pET-hp75NTR-ED-Fc expressing
Trx-hp75NTR-ED-Fc fusion protein in Escherichia coli. The
recombinant vectors were amplified in E. coli DH5α and
identified by using PCR, enzyme digestion, and sequencing
and then transformed into E. coli BL21 (DE3). After being
identified by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and Western blot, the recombinant
Trx-hp75NTR-ED-Fc protein was purified with His-tag affin-
ity chromatograph and digested with restriction enzymes, and
then the hp75NTR-ED-Fc protein was monitored by SDS-
PAGE analysis.

Effects of hp75NTR-ED-Fc on the Neurite Outgrowth
of Dorsal Root Ganglia Neurons

Neurite outgrowth assay was performed with dorsal root
ganglia (DRG) neurons isolated from newly born SD rats as
previously described [19, 20]. Glass coverslips in 24-well
plates were coated with 100 μg/ml poly-L-lysine (PLL),
washed, and dried. The DRG neurons were dissected, disso-
ciated, and resuspended with Neurobasal (NB) medium in
presence of 1 μl phosphate-buffered saline (PBS) with
100 ng MAG-Fc (R&D systems), 100 ng MAG-Fc and
hp75NTR-ED-Fc, or 100 ng bovine serum albumin (BSA)
used as a positive control, and then plated separately at a
density of 1×106 cells/ml onto corresponding coverslips pre-
coated with immobilized substrates (PLL). Cells were cul-
tured 24 h before fixation with 4 % paraformaldehyde and
immunostained with a mouse anti-β III tubulin monoclonal
antibody (Millipore, USA). Neurite length was quantified by
measuring the lengths of individual neurites using the Image-
Pro Plus 5.0 image analysis software fromMedia Cybernetics,
from at least 10 areas under light microscopy per condition,
and from three independent experiments in duplicate wells.
Average neurite length was used for statistic analysis.

Spinal Cord Dorsal Hemisection Model

Spinal cord dorsal hemisection model was performed as pre-
viously described [21]. The rats were anesthetized with an
intraperitoneal injection of pentobarbital sodium (40 mg/kg),
and body temperature was maintained at 37 °C during the
period of anesthesia with a temperature-controlled heating
pad. In the dorsal hemisection model, rat spinal cords were
exposed by laminectomy at the level of T9-T11. The dorsal
hemisection was performed at a depth of 1.6 mm from the
dorsal surface of the cord, using a pair of microscissors, to
sever the left dorsal corticospinal tracts (CSTs). A total of 19
rats received spinal cord hemisection, 9 rats for hp75NTR-
ED-Fc protein administered group (SCI+p75NTR-ED-Fc
group) injected multipointly and slowly with 25 μl
hp75NTR-ED-Fc protein (0.4 mg/ml) at the points 2 mm to
the site of injury, and 10 rats for SCI group injected the same
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as hp75NTR-ED-Fc protein with BSA as a negative control.
Among them, three hp75NTR-ED-Fc protein administered
and four SCI rats died during the first week after SCI. The
remaining six hp75NTR-ED-Fc protein administered and six
SCI rats underwent the entire experiment procedures, with
other six rats whose spinal cords were only exposed by
laminectomy without dorsal hemisection as the sham group
(n=6), and the other six rats untouched as normal control (n=
6).

Assessments of Motor Function

In order to assess the motor function, long-term behavioral
experiments were then carried out using the same injury
model. Rat locomotor recovery after SCI was assessed ac-
cording to Basso, Beattie, and Bresnahan (BBB) locomotor
scale [22]. This scale provides a measure of hindlimb function
ranging scale from 0 (complete paralysis) to 21 (normal loco-
motion) by assessing hindlimb joint movements, stepping,
trunk position and stability, forelimb-hindlimb coordination,
paw placement, toe clearance, and tail position. The rats were
observed in an open field and evaluated within a period of
4 min. BBBwas performed at 24 h and 3 days post-injury, and
once weekly thereafter up to 6 weeks post-injury. Blind scor-
ing ensured that observers were not aware of the treatment
received by individual rats.

Footprint assay was modified from the protocol reported
previously [23]. The fore paws and hind paws of the animals
were inked in red and blue, respectively, and then the rats were
made to walk down a narrow runway of 100 cm long and 7 cm
wide with a white paper placed on the floor, leaving the
footprints on the paper. The base of support was determined
by measuring the core to core distance of the central pads of
the hind paws. Each rat was tested for its footprints before and
6 weeks after spinal cord injury, respectively. Blind scoring
ensured that observers were not aware of the treatments re-
ceived by each rat.

Electrophysiological Evaluation

To further evaluate the recovery of the sensory and motor
systems as total nervous systems after SCI, both somatosen-
sory evoked potentials (SEPs) and motor evoked potentials
(MEPs) were recorded. Animals were anesthetized and placed
in a stereotaxic frame adjusted so that the surface of the skull
was horizontal between the lambda and bregma. The cranium
was exposed and a small diameter hole drilled above the
primary somatosensory cortex and motor cortex of right hemi-
sphere. Stereotaxic coordinates were measured from bregma
and calculated using a rat atlas (SEP: P, −0.42–2.20 mm; L,
1.50–3.00 mm; MEP: P, −0.48–3.14 mm; L, 1.00–3.00 mm).
A metal microelectrode was positioned 0.5 mm below the
cortical surface. Signals were band-pass filtered (2–2000 Hz)

and recorded digitally on a personal computer (PowerLab
system, AD Instruments). SEPs were recorded from the skull
over the right somatosensory cortex following electrical stim-
ulation (10–40 mA, 0.2-ms duration, 4 Hz) of the left sciatic
nerve, and MEPs were recorded from the left sciatic nerve
following stimulation (10–40 mA, 0.2-ms duration, 4 Hz) of
the right motor cortex. The electrical stimulations were pro-
duced by a constant current stimulator and isolation unit (AD
Instruments, Australia). Measurements were taken at the same
stimulation and recording sites and in the same posture to
obtain reproducible results. SEP and MEP recordings were
evaluated from latency measured from the first prominent
peak by a custom-made software.

Corticospinal Tract Retrograde Tracing

Sixteen to 18 h before perfusion 6 weeks after the dorsal
hemisection, an retrograde axonal tracer nuclear yellow (NY,
376.37 MW; 0.5 % in PBS; Sigma) was slowly injected into
the left lateral sciatic nerve of the hind limb, as previously
described [21, 24]. For each injection, 6 μl NY was delivered
for a period of 15 min via a 10–15-nm inner diameter glass
pipette attached to a Picopump, and stuck needles for 10 min.
Sixteen to 18 h later, the animals were perfused transcardially
with PBS followed by 4% paraformaldehyde. The spinal cord
3 mm rostral to the lesion site was sagittally sectioned at a
thickness of 20 μm using a cryostat (Leica CM1900, Ban-
nockburn, IL) and thaw-mounted on gelatin-coated slides.
Transverse sections were collected from the spinal cord 4–
6 mm rostral to the injury site. The sections were directly
examined, and all pictures were captured at the same area of
tissue sections using a ZEISS LSM510 Meta confocal
microscope.

Histological Analysis

After the last functional tests at the 6 weeks after injury, rats
were deeply anesthetized by intraperitoneal injections of so-
dium pentobarbital (80 mg/kg) and killed by transcardial
perfusion with 100 ml of cold 0.1 M phosphate-buffered
saline (PBS, pH 7.4), followed by 400 ml of 4 % paraformal-
dehyde in cold 0.1 M PBS (pH 7.4). After perfusion, a 12-mm
block of the spinal cord containing the injury site in the middle
was carefully removed, and 6 mm containing the entire injury
site in the middle for longitudinal sections (20 μm) and 3–
6 mm rostral and 3–6 mm caudal to the injury site for trans-
verse sections (20 μm) were postfixed in the same fixation
solution, dehydrated overnight in ethanol, and embedded in a
paraffin block. Serial longitudinal and transverse sections
were made. For further morphological and morphometric
analyses, two sets of slides each containing serial sections
were respectively stained with hematoxylin and eosin (HE)
and toluidine blue (Nissl), and all images were collected at the
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same area of tissue sections by an Olympus BX60 micro-
scope. Morphometric analysis of spared spinal cord (SC)
parenchyma was carried out in the most central portion of
the SC judging from the presence of ependyma in the longi-
tudinal sections of tissue by HE stain. Area measurements
were performed using the Image-Pro Plus 5.0 image analysis
software (Media Cybernetics Inc., Atlanta, GA, USA). The
sections 3–6 mm rostral to the injury site were analyzed for
residual ventral horn motoneurons, and the number of surviv-
ing ventral horn neurons were confirmed by the exhibition of
Nissl substance, euchromatic nucleus, and nucleolus [25].
From each spinal cord, approximately 50 sections were
inspected, and all slides were assessed blindly with respect
to treatment. For frozen section preparation, the specimen was
transferred to a solution containing 30 % sucrose in 0.1 M
PBS (pH 7.4) at 4 °C, until it was stayed at the bottom of the
container, and 6-mm spinal cord segment containing the entire
injury site for longitudinal sections and 3–6 mm rostral and 3–
6 mm caudal to the injury site for transverse sections were
embedded in tissue freezing medium (Tissue-Tek, Miles,
Elkart, IN), serial 20-μm-thick cross sections were obtained
using a cryostat (Leica CM1900, Bannockburn, IL) and thaw-
mounted on gelatin-coated slides. The frozen sections were
stored at 4 °C and would be further used for immunofluores-
cence staining.

Immunofluorescence Staining

The immunofluorescence staining was used to identify
the extent of axons regeneration through the expression
of growth-associated protein-43 (GAP-43) in normal and
injured spinal cord. In brief, spinal cord frozen sections
were mounted on gelatin-coated slides. After incubation
with a blocking buffer (10 % normal goat serum, 0.3 %
Triton X-100 in 0.01 M PBS) for 1 h at room temper-
ature, sections reacted with the primary antibody, a
mouse anti-GAP-43 monoclonal antibody (1:4000,
Millipore) at 4 °C overnight, and then with Cy3 conju-
gated goat anti-mouse antibody (1:100, Sigma) for 1 h
at 37 °C. After incubation with Cy3 conjugated goat
anti-rabbit antibody, slides were incubated with DAPI
for 5 min, cover slipped, and all pictures were captured
at the same area of tissue sections using a ZEISS
LSM510 Meta confocal microscope.

RhoA Activity Assay

RhoA activity was assessed by a pull-down assay according to
the manufacturer’s instructions for a RhoA Activation Assay
Biochem Kit (Cytoskeleton, Denver, CO). As previously re-
ported [26], injured spinal cords were rapidly removed 3 days
after transection and 5-mm blocks of tissue taken each side of
the epicenter of the lesion. The same blocks of spinal cord

tissues were also taken from the normal and sham rats. All the
tissues were lysed in cell lysis buffer with protease inhibitors
and processed as described previously [27]. Active GTP-
RhoAwas isolated from tissue homogenates of injured spinal
cord 3 days after transection by pull-down assay and detected
by Western blot analysis with RhoA-specific monoclonal
antibody (Santa Cruz). Total RhoA in the tissue homogenates
from the same animals was also detected and used as a control
for the cross-comparison of Rho activity. Total RhoA and
GTP-RhoA levels were quantified by densitometry, and the
Rho-GTP level was normalized to total RhoA bands.

Statistical Analysis

All the data were presented as mean±SEM and were analyzed
with SPSS10.0 application software. Quantification of the
fluorescence intensity of GAP-43 immunohistochemical
staining, NY-labeled neurons around the lesion site, the histo-
logical assay, and RhoA activity assay were statistically ana-
lyzed using the two-tailed Student’s t test. The length of
neurite outgrowth was analyzed by one-way analysis of var-
iance (ANOVA) followed by a post hoc Tukey test. BBB
behavioral scores and footprint analysis were analyzed by
repeated measures ANOVA followed by the post hoc Tukey
test. Differences were considered to be statistically significant
when P<0.05.

Results

Preparation of Recombinant hp75NTR-ED-Fc Fusion Protein

The choice of polypeptide sequence is important for the
therapeutic efficacy of protein antagonist. In the present
study, the extracellular domain gene of human p75NTR
and the Fc fragment of human IgG (hp75NTR-ED-Fc)
were subcloned into prokaryotic expression vector
pET32a (+). Besides targeting effects of the extracellular
domain of p75NTR, the Fc fragment could improve the
efficiency of antigen presentation, extend the half-life in
the body, and provide a tag for affinity chromatograph of
fusion protein purification. After identified by PCR, re-
striction endonuclease digestion, and DNA sequencing
analysis (Fig. 1a), the recombinant plasmid was induced
by IPTG. The recombinant fusion protein hp75NTR-ED-
Fc was monitored by SDS-PAGE (Fig. 1b) and Western
blot with an anti-IgG-Fc monoclonal antibody (Fig. 1c)
and then was purified with high-performance liquid chro-
matography (HPLC). The above results showed that the
recombinant prokaryotic expression plasmid pET32a-
hp75NTR-ED-Fc was constructed and expressed
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successfully and that abundant purified hp75NTR-ED-Fc
protein was obtained for antagonist.

Promotional Effects of hp75NTR-ED-Fc on Nuerite
Outgrowth

To determine if hp75NTR-ED-Fc fusion protein could neu-
tralize myelin-associated inhibitors and promote neurite out-
growth in vitro, the hp75NTR-ED-Fc fusion protein was
added into the cultures of rat dorsal root ganglia neurons in
presence of MAG, one of the three known myelin-associated
inhibitors, with MAG used as a negative control and BSA as a
positive control, respectively. After being cultured for 24 h,
neurite lengths were measured according to the neurons im-
munostained with a mouse anti-β III tubulin monoclonal
antibody. The results showed that hp75NTR-ED-Fc and the
positive control significantly enhanced neurite outgrowth in
DRG neurons as compared withMAG (Fig. 2a, c) and that the
average length of neurites treated with hp75NTR-ED-Fc and

BSA significantly increased than that of MAG (Fig. 2b; one-
way ANOVA, F=52.212, P<0.0001). These results strongly
indicated that hp75NTR-ED-Fc protein could reverse the
inhibition of myelin-associated inhibitors.

hp75NTR-ED-Fc Improved Functional Recovery After SCI

To determine the effect of hp75NTR-ED-Fc fusion protein on
functional recovery, besides BBB locomotor, another function-
al measure, footprint analysis was performed. The results of
BBB locomotor showed significant improvements in locomo-
tor recovery in hp75NTR-ED-Fc-treated rats starting as early as
7 days, and lasted up to 6 weeks after SCI as compared to the
SCI group (Fig. 3a; repeated measures ANOVA and post hoc
Tukey test, F=109.329, P<0.0001). In the footprint analysis at
the sixth week after SCI, the prints of all hind toes in the
hp75NTR-ED-Fc-treated rats were very visible, while in the
SCI group, they were not clearly separated which indicated the
signs of toe dragging (Fig. 3b). Furthermore, the base of

Fig. 1 Preparation of recombinant hp75NTR-ED-Fc fusion protein. a
Colony PCR and restriction enzyme analysis of recombinant vector of
pET32a-hp75NTR-ED-Fc. Lanes 1–2, positive PCR products of
pET32a-hp75NTR-ED-Fc; lane 3, pET32a(+) digested with Kpn I and
Xho I; lane 4, pET32a-hp75NTR-ED-Fc digested with Kpn I and Xho I;
lane 5, pET32a(+) digested withXho I; lane 6, pET32a-hp75NTR-ED-Fc
digested with Xho I;M1,M2, DNAmarker. b SDS-PAGE analysis of the
recombinant hp75NTR-ED-Fc protein. Lane 1, full bacterial proteins
from transformed E. coliwithout induction of IPTG; lane 2, full bacterial
proteins from transformed E. coli with induction of IPTG; lane 3, super-
natant bacterial proteins from transformed E. coliwith induction of IPTG;

lane 4, precipitation bacterial proteins from transformed E. coli with
induction of IPTG; lanes 5–6, supernatant bacterial proteins without
conjugation with His-tag column; lane 7, elution of supernatant bacterial
proteins (Trx-p75NTR-ED-Fc) from His-tag column; lane 8, Purified
recombinant hp75NTR-ED-Fc protein; M, protein molecular weight
standard. c Identification of the recombinant hp75NTR-ED-Fc protein
using Western blot by an anti-IgG-Fc monoclonal antibody. Lanes 1–2,
supernatant bacterial proteins from transformed E. coli with induction of
IPTG; lane 3, supernatant bacterial proteins from transformed E. coli
without induction of IPTG
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Fig. 2 The inhibitory effect of
MAG on neurite outgrowth was
reversed by hp75NTR-ED-Fc fu-
sion protein. a Immunostaining
with a mouse anti-β III tubulin
monoclonal antibody for the
neurite of DRG neurons cultured
with MAG-Fc, MAG-Fc in pres-
ence of hp75NTR-ED-Fc, and
BSA. Scale bar represents 50 μm
and is valid for all pictures. b
Quantifications of the average
neurite lengths of DRG neurons.
Recombinant hp75NTR-ED-Fc
fusion protein significantly re-
versed the inhibition of MAG and
promoted neurite outgrowth
compared with MAG.
***P<0.0001, compared with
MAG group

Fig. 3 Treated with hp75NTR-ED-Fc fusion protein promoted function-
al recovery after SCI. a The BBB scores in hp75NTR-ED-Fc-treated rats
were consistently higher than those in SCI group. b Footprint analysis
showed that the prints of all hind toes in hp75NTR-ED-Fc-treated rats
were very visible, while in SCI rats, they were not clearly separatedwhich
indicated the signs of toe dragging. Fore paw footprints (red) and hind

paw footprints (blue) from rats tested. “d” shows the vertical distance
between the hind paws. c The distance of the base of support between the
hind paws in hp75NTR-ED-Fc-treated rats was significantly reduced
compared with SCI rats. *P<0.05, **P<0.01, ***P<0.0001, compared
with SCI group (Color figure online)

1826 Mol Neurobiol (2015) 52:1821–1834



support was significantly reduced in both the hp75NTR-ED-
Fc-treated and the sham rats compared with the SCI rats
(Fig. 3c; repeated measures ANOVA and post hoc Tukey test,
F=41.146, P<0.0001). The above results suggested that
hp75NTR-ED-Fc fusion protein noticeably promoted recovery
of motor function after SCI.

Electrophysiological Evaluation

To Further evaluate the recovery of the sensory and motor
systems as total nervous systems after SCI, both SEP and
MEP were recorded, and the latency was analyzed from the
first prominent peak by a custom-made software. When re-
corded following electrical stimulation of the left sciatic nerve,
SEPs in each group were all in stable wave form, as well as
MEPs recorded following electrical stimulation of the right
motor cortex (Fig. 4a, b). However, both latencies ofMEP and
SEP in SCI rats were obviously longer than those in sham and
control rats, and when treated with p75NTR-ED-Fc fusion
protein, both were decreased significantly (Tables 1 and 2 and
Fig. 4; two-tailed Student’s t test, P<0.05, P<0.01, compared
with SCI).

Treatment with hp75NTR-ED-Fc Promoted Axon
Regeneration After Spinal Cord Hemisection

To evaluate whether hp75NTR-ED-Fc fusion protein-
mediated functional recovery was the consequence of axon
regeneration, axonal transport was detected by NY-labeled
neurons of spinal cord corticospinal tract in sham, SCI,
hp75NTR-ED-Fc-treated, and normal control rats. In trans-
verse and longitudinal sections rostral to the lesion site, the
number of labeled positive neurons and corresponding fluo-
rescence intensity in hp75NTR-ED-Fc-treated rats was much
more and higher than that in SCI rats, and the same change
was found in sham and control groups when compared with
SCI group. (Fig. 5a–d; two-tailed Student’s t test, P<0.001,
P<0.0001, compared with SCI). These results of NY retro-
grade tracing suggested that the hp75NTR-ED-Fc fusion pro-
tein could efficiently promote axonal outgrowth and repair the
fiber contact of injured spinal cord.

hp75NTR-ED-Fc Improved Tissue Repair
and Neuroprotection After SCI

To determine whether hp75NTR-ED-Fc antagonist-mediated
tissue repair resulted from the survival of motoneurons in the
ventral horn, and the neuroprotective efficacy of hp75NTR-
ED-Fc protein following SCI, the sections at the sixth week
after SCI were stained with HE and Nissl, respectively. HE
stain showed cysts of variable size and shape in the left portion
of the cord, often trabeculated and containing foamy macro-
phages. Although showing microcysts, white and gray

substances surrounding the larger cysts were considered
spared tissue. In contrast to spinal cord-injured animals, in
hp75NTR-ED-Fc-treated rats, the glial scar surrounding the
connective tissue matrix appeared to be less extensive, and
there were many longitudinally oriented blood vessels grow-
ing into the lesion site several millimeters distant from the
crush site (Fig. 6a). The percentage of spared spinal cord (SC)
tissue in hp75NTR-ED-Fc treated group was significantly
smaller than that in SCI group (P=0.019, compared with
SCI), as well as in sham and normal control group (P=
0.001, compared with SCI; P=0.001, compared with SCI)
(Fig. 6c; two-tailed Student’s t test). As shown in Fig. 6b by
Nissl stain, in hp75NTR-ED-Fc-treated group, more residual
motoneurons were found in the rostral to the lesion sites.
Quantitative assessment of numbers of neuronal survival in-
dicated that hp75NTR-ED-Fc antagonist resulted in a signif-
icant enhancement of survival of motoneurons in the ventral
horn following SCI, compared to the SCI group (P=0.024,
compared with SCI), as well as the sham and normal control
group compared with the SCI group (P<0.0001, compared
with SCI; P<0.0001, compared with SCI) (Fig. 6d; two-tailed
Student’s t test). The results indicated that antagonism of
hp75NTR-ED-Fc resulted in significantly better tissue repair
and neuroprotection after SCI.

The Expression of GAP-43

To further elucidate the mechanism of action of p75NTR-ED-
Fc on functional recovery and axonal regeneration, its effects
on the expression of GAP-43, a crucial marker of neurite
growth, was investigated by immunofluorescence stained
with a mouse anti-GAP-43 monoclonal antibody. The results
showed that the fluorescence intensity of anti-GAP-43 stain-
ing in hp75NTR-ED-Fc-treated rats was much weaker than
that in SCI rats (Fig. 7a, b; two-tailed Student’s t test,
P<0.0001). However, the same expression was found in the
sham and normal control rats compared with the SCI rats
(Fig. 7a, b). These results suggest that the hp75NTR-ED-Fc
fusion protein as an antagonist could improve the functional
recovery significantly and promote axon regeneration effec-
tively through upregulation of the expression of GAP-43 in
spinal cord injured-rats.

RhoA Activity Assay

It have been confirmed that GTP-Rho levels are low in unin-
jured spinal cord homogenates and increase in tissue sur-
rounding the site of transection after SCI, and the activation
of RhoA inhibits axon regeneration after SCI [28]. Interest-
ingly, they found that RhoAwas active as early as 1.5 h after
injury, the significant increase in activation observed by 24 h,
peaked at 3 days, and was sustained for at least 7 days. In the
present study, to determine whether p75NTR-ED-Fc inhibits
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Table 1 The latencies of SEPs (ms) after SCI

Group Time after SCI

1 week 2 weeks 4 weeks 6 weeks

Sham 13.58±0.80 12.25±0.67 11.72±0.86 11.78±0.67

SCI 31.5±0.75 29.33±0.52 22.87±0.53 18.62±0.17

SCI+p75NTR-ED-Fc 30.47±0.95 ** 27.85±0.71** 20.99±0.56** 15.16±0.79**

Control 11.75±0.5 12.16±0.38 12.21±0.96 12.48±0.82

The data given are the mean±SEM of six separate experiments

SEP somatosensory evoked potential, SCI spinal cord injury

**P<0.01, compared with SCI

Fig. 4 Electrophysiological
recordings of motor and cortical
somatosensory evoked potential
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RhoA activation, and further elucidate the possible mecha-
nism of action of p75NTR-ED-Fc on functional recovery and
axonal regeneration after SCI, RhoA activity assay was de-
tected in spinal cord tissue homogenates from sham, injured,
p75NTR-ED-Fc-treated, and normal rats after injured 3 days.
The results indicated that spinal cord tissue homogenates from
p75NTR-ED-Fc-treated rats, as well as the normal and sham

rats, had significantly lower GTP-RhoA levels than those
from spinal cord-injured rats measured 3 days after injury in
dorsal hemisection models (Fig. 8a, b; two-tailed Student’s t
test, P<0.0001). These results suggest that most of the RhoA
activation was blocked by the antagonism of hp75NTR-ED-
Fc protein in the spinal cord following injury, which resulted
in upregulation of the expression of GAP-43, and

Table 2 The latencies of MEPs (ms) after SCI

Group Time after SCI

1 week 2 weeks 4 weeks 6 weeks

Sham 13.25±0.5 13±0.5 12.89±0.64 12.92±0.90

SCI 32.5±0.87 32.4±0.62 31.37±0.88 26.25±0.7

SCI+p75NTR-ED-Fc 31.77±0.89* 30.97±0.85** 27.45±0.76** 21.31±0.68 **

Control 12.66±0.52 12.33±0.38 12.70±0.77 13.11±0.84

The data given are the mean±SEM of six separate experiments

MEP motor evoked potential, SCI spinal cord injury

*P<0.05, **P<0.01, compared with SCI

Fig. 5 hp75NTR-ED-Fc promoted axon regeneration following SCI. a
NY-labeled neurons of transverse sections of the spinal cords from the
sham, normal control, SCI, and hp75NTR-ED-Fc-antagonistic rats at
levels rostral to the lesion site. Scale bar represents 80 μm and is valid
for all pictures. b NY-labeled neurons of sagittal sections of the spinal
cord from the sham, normal control, SCI, and hp75NTR-ED-Fc-antago-
nistic rats at levels rostral to the lesion site. Scale bar represents 150 μm

and is valid for all pictures. c Quantifications of fluorescence intensity in
neurons labeled with NY in the sham, normal control, SCI, and
hp75NTR-ED-Fc-antagonistic rats at transverse sections rostral to the
lesion site. d Quantifications of fluorescence intensity in neurons labeled
with NY in the sham, normal control, SCI, and hp75NTR-ED-Fc-antag-
onistic rats at sagittal sections rostral to the lesion site. **P<0.01,
***P<0.0001, compared with the SCI
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improvement of the functional recovery significantly and
promotion of axon regeneration effectively in spinal cord-
injured rats.

Discussion

The function of p75NTR is extremely complex and difficult to
dissect [13, 29]. As the common neurotrophin receptor, it has
been shown to promote nerve regeneration or cell survival
either in association with Trk receptors or by itself [30].
Paradoxically, its activation has also been shown to promote
apoptotic cell death [31]. Besides these, p75NTR has also
been shown to be a co-receptor to the NgR and PirB, thereby
possibly playing a role in inhibition of axonal regeneration
after spinal cord injury [9, 14]. Growing evidence has dem-
onstrated that p75NTR could conjunct with the C-terminal of
NgR via the extracellular domain (ED) and mediates the

inhibitory effects of myelin without being blocked by neuro-
trophic factors after CNS injury [9, 12], which indicate that
p75NTR plays a more important role in the inhibitory effects
of myelin in CNS compared with neurotrophic factors and
their high-affinity TrkA receptor. The reason may be that the
lack of expression of p75NTR in oligodendrocytes, where
neurotrophic factors and TrkA receptor play a pivotal role in
axonal regeneration following CNS injury, results in the dif-
fusion of neurotrophins and the reduction of the neurotrophin
gradient developed around oligodendrocyte, which could not
attract and guide incoming axons to regenerate into injured
distal central nerves, and decrease the axonal regeneration
after CNS injury [13]. In other words, the p75NTR expressed
in neurons mainly inhibits axonal regeneration as a co-
receptor for NgR and PirB mediating the inhibitory signal of
myelin-associated inhibitors on axonal regeneration after spi-
nal cord injury. Therefore, antagonism of the function of
p75NTR and the interaction between p75NTR and NgR or
PirBmay efficiently block the inhibitory signals frommultiple

Fig. 6 Histological analyses of spinal cord sections after SCI. a HE
staining of the sections of spinal cord segment containing the rostrocaudal
extension of the lesion cavity (black arrows). Trabeculated cysts
(asterisk) in the left portion of the cord containing foamy macrophages;
spared nervous tissue with microcysts (plus sign). Scale bar represents
1 mm and is valid for all pictures. b The transverse sections 3–6 mm
rostral to the injury site were analyzed for residual ventral horn motoneu-
rons byNissl stain. In the hp75NTR-ED-Fc-treated group, the majority of
neurons presented undisturbed morphology (yellow arrows). However,

transverse sections taken from the SCI group were associated with the
presence of ischemic neurons (white arrows) in ventral horn rostral to the
lesion site. Scale bar represents 100 μm and is valid for all pictures. c
Quantifications for the percentage of spared spinal cord (SC) tissue in the
sham, normal control, SCI, and hp75NTR-ED-Fc-treated groups by HE
stain. d Quantifications for the number of surviving ventral horn neurons
in spinal cord tissue of the sham, normal control, SCI, and hp75NTR-ED-
Fc-treated groups by Nissl stain. *P<0.05, **P<0.01, ***P<0.0001,
compared with the SCI (Color figure online)
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myelin inhibitors without influencing the function and expres-
sion of neurotrophic factors and TrkA receptor on the surface
of oligodendrocytes. It had been indicated that p75NTR anti-
body could block the inhibition ofmyelin through neutralizing
the interaction between p75NTR and NgR [12].Moreover, the
interaction of p75NTR and Rho-GDI had been blocked with a
peptide ligand associated with the fifth alpha helix of p75NTR
(Pep5). Pep5 could promote neurite outgrowth through inter-
fering with the interaction between p75NTR and Rho-GDI
and preventing the activation of Rho [18]. It was also reported
that the small interfering RNA (siRNA) had been used to
suppress endogenous p75NTR protein levels by triggering

posttranscriptional gene silencing [15]. RNA interference
(RNAi) was achieved by using siRNAs to silence gene ex-
pression in a sequence-specific manner. Therefore, p75NTR
interfered by siRNA may provide a more accurate method to
study p75NTR function than traditional studies of knockout
mice where there are likely differences in gene expression that
modify the cellular context [32]. However, it is shown that
gene knockouts often result in inferior regeneration compared
to treatment with neutralizing agents [19, 20, 33–37].

The aim of this study was to design an hp75NTR-ED-Fc
fusion protein used as an antagonist through combining with
the C-terminal of NgR and PirB via the extracellular domain
(ED) and neutralize the inhibitory effects of endogenous my-
elin and its receptors. For this purpose, the present study first
designed and prepared the hp75NTR-ED-Fc fusion protein,
and then the fusion protein was monitored by using SDS-
PAGE.Moreover, the result of Western blot also demonstrates
that the fusion protein can be specifically recognized by rabbit
anti-NGFRp75 polyclonal antibody, which further indicates

Fig. 7 The expression of GAP-43 in the spinal cord injured-rats. a
Sagittal sections of the spinal cord showed that the expression of GAP-
43 in hp75NTR-ED-Fc-treated rats was much higher than that in the SCI
rats killed at 6 weeks after SCI. The same expression was found in the
sham and normal control compared with the SCI group. The cell nucleus
was stained blue with DAPI, and immunoreactivity of GAP-43 was
labeled with red. Scale bar represents 80 μm and is valid for all pictures.
b Quantifications of GAP-43 immunoreactivity in sham, normal
control, SCI, and hp75NTR-ED-Fc-treated rats. ***P<0.0001, com-
pared with the SCI (Color figure online)

Fig. 8 p75NTR-ED-Fc reduces RhoA activation in injured spinal cord
tissue. a Active GTP-RhoA was isolated from tissue homogenates of
injured spinal cord 3 days after transection by pull-down assay and
detected by Western blot analysis with RhoA-specific monoclonal anti-
body. Total RhoA in the tissue homogenates from the same animals was
also detected and used as a control for the cross-comparison of Rho
activity. b Total RhoA and GTP-RhoA levels were quantified by densi-
tometry and the Rho-GTP level was normalized to total RhoA bands.
*P<0.05, **P<0.01, compared with the SCI
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that the fusion protein is the interest protein hp75NTR-ED-Fc
indeed. The conjunction of the fusion protein is between the
hinge region of p75NTR extracellular domain and IgG-Fc. As
a result, it could enhance the stability and extend the half-life
in the body without influencing its activity and the correct
folding of either part of the fusion protein. In order to inves-
tigate the function of hp75NTR-ED-Fc infusion protein, after
the recombinant protein purified with His-tag affinity chro-
matograph, the effect of the recombinant protein on DRG
neuron neuritis was further investigated. The results showed
that the infusion protein could markedly promote neurite
outgrowth of DRG neurons when cultured with MAG, one
of main myelin inhibitors.

To evaluate the efficacy of hp75NTR-ED-Fc fusion protein
on functional recovery after SCI, a dorsal hemisection model
was used for studying axon regeneration, tissue sparing, and
functional recovery in vivo. GAP-43 immunohistochemical
staining and NY tracing in the dorsal hemisection model
showed that, in most of the hp75NTR-ED-Fc-treated rats after
SCI, injured CSTaxons could grow beyond the lesion site into
the rostral spinal cord as compared to the lack of such growth
in the SCI rats. This was likely a result of the antagonism
target on p75NTR that reversed some inhibitory activities of
the myelin inhibitors such as NgR and PirB and consequently
inhibited the activation of RhoA in the following signal trans-
duction pathway after SCI, which resulted in promotion of
axonal regeneration of the CST. The following experiments of
the present study well confirmed the above supposition, and
the activation of RhoA was significantly decreased in
p75NTR-ED-Fc-treated rats compared with spinal cord-
injured rats. In addition to inducing axonal regeneration, the
fusion protein may also have an effect on tissue protection and
functional recovery through some multifarious mechanisms
[14]. In the present study, antagonism of hp75NTR-ED-Fc
fusion protein after SCI induced significantly better morpho-
logical and functional recovery compared with spinal cord-
injured rats. These findings suggest that, in addition to stim-
ulating axon regeneration, the fusion protein may also have
some neuroprotective effect which may contribute to the
overall functional recovery after SCI.

Besides inhibition of axonal regeneration as common sig-
nal pathway of myelin inhibitors, RhoA also can regulate
apoptotic cell death pathways [28, 38, 39]. Overexpression
of RhoA can induce apoptosis in vitro after serum deprivation
[38, 39]. Caspase-3 is required and activation of the JNK
pathway can also occur in response to Rho activation for this
process [38, 40, 41]. Inactivation of RhoA in vivo by treat-
ment with the RhoA antagonist C3-05 protects neurons and
oligodendrocytes from apoptotic cell death after SCI and
results in improvement of functional recovery that was attrib-
uted in part to the neuroprotective effect of the RhoA antag-
onist [28]. It also have been demonstrated that LINGO-1-Fc,
another co-receptor of NgR in signal pathway of myelin

inhibitors, may protect neurons from apoptotic death possibly
through reducing the activation of RhoA, caspase-3, and JNK
phosphorylation in LINGO-1-Fc-treated spinal cord [26].
Based on the above research and present study, the neuropro-
tective effect of p75NTR-ED-Fc fusion protein in spinal cord-
injured rats may also result from inactivation of RhoA, may be
related to caspase-3 activation and JNK phosphorylation, and
the mechanism underlying such neuroprotection remains to be
further investigated.

Recently, a p75NTR homolog, TAJ/TROY, has been im-
plicated in the same role as p75NTR in the Nogo/myelin
inhibition of axonal regeneration [42, 43]. It is possible that
this protein may play a similar role as p75NTR in functional
recovery after SCI. However, little is known regarding Troy’s
specific role in axon regeneration relative to p75NTR. As we
all know, p75NTR can regulate neuronal survival and axonal
regeneration upon binding to neurotrophins, while Troy does
not and its ligands remain undiscovered [43]. It is not known if
Troy, like p75NTR, inhibits axon regeneration through PirB
or RhoA-GDI binding [14, 18], nor if its activation requires
proteolysis by α- and γ-secretases. Much remains to be done
to understand Troy’s specific role in axon regeneration, and
the potentially diverse CNS biology that it may contribute to.
Troy’s potential to interact with diverse proteins and its varied
cell type expression pattern indicates a context-dependent role
that has yet to be elaborated [44]. As this result, it is signifi-
cance to treat the SCI on the target of p75NTR.

These results seem to conflict with the previous study of
Song et al. [45], which had concluded that suppression of
p75NTR may not promote regeneration of injured spinal
cord in mice 2 weeks after SCI by using p75NTR-deficient
mice and local administration of p75NTR-Fc fusion mole-
cule. However, because of some unknown mechanisms, it is
shown that gene knockouts often result in inferior regener-
ation compared to treatment with neutralizing agents [19,
20, 33–37], and there are also some crucial differences
between their study and ours. In the present study, we used
a hemisection spinal cord injury model of rats and observed
the kinetics of the effects of the hp75NTR-ED-Fc on the
spinal cord-injured rats until 6 weeks after SCI. The results
of our study indicated that hp75NTR-ED-Fc, as an antago-
nist for p75NTR, might block the interaction of exogenous
p75NTR and NgR or PirB, result in inhibiting the activation
of RhoA during early injury of spinal cord, promote nerve
regeneration, and improve functional recovery at least until
6 weeks after SCI; the therapeutic efficacy might be long-
termed, and set on about 2 weeks after SCI. On the other
hand, short-term efficacy of p75NTR-Fc was observed in
the study of Song et al. only 2 weeks after SCI, and the
therapeutic efficacy might not be showed at this time [45].
The results of our study are in concordance with those
previously reported by Ji et al. [26], which demonstrate that
treatment with LINGO-1-Fc, another co-receptor of NgR,
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promotes the recovery of function at 3 and 4 weeks after
spinal cord injury.

Conclusions

The results of the current study indicated that antagonist on the
target of p75NTR can be used therapeutically to treat SCI in
adult rats. The recombinant hp75NTR-ED-Fc fusion protein
treatment enhances functional recovery by limiting tissue loss
and stimulating axonal growth in spinal cord-injured rats,
which may result from decreasing the activation of RhoA.
Therefore, our present study may further confirm a strong
rationale that p75NTR is still a potential and novel target for
therapeutic intervention after SCI, and provide a new thera-
peutic strategy or pharmacal design of neurodegenerative
disease and neurotrauma on the target of p75NTR.
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