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Object. Increased integration of CD34+ cells in injured nerve significantly promotes nerve regeneration, but this
effect can be counteracted by limited migration and short survival of CD34+ cells. SDF-1a and its receptor mediate
the recruitment of CD34+ cells involved in the repair mechanism of several neurological diseases. In this study, the
authors investigate the potentiation of CD34+ cell recruitment triggered by SDF-1a and the involvement of CD34+
cells in peripheral nerve regeneration.

Methods. Peripheral nerve injury was induced in 147 Sprague-Dawley rats by crushing the left sciatic nerve with
a vessel clamp. The animals were allocated to 3 groups: Group 1, crush injury (controls); Group 2, crush injury and
local application of SDF-1a recombinant proteins; and Group 3, crush injury and local application of SDF-10o. anti-
body. Electrophysiological studies and assessment of regeneration markers were conducted at 4 weeks after injury;
neurobehavioral studies were conducted at 1,2, 3, and 4 weeks after injury. The expression of SDF-10a., accumulation
of CD34+ cells, immune cells, and angiogenesis factors in injured nerves were evaluated at 1, 3,7, 10, 14,21, and 28
days after injury.

Results. Application of SDF-1a increased the migration of CD34+ cells in vitro, and this effect was dose de-
pendent. Crush injury induced the expression of SDF-1a, with a peak of 10-14 days postinjury, and this increased
expression of SDF-1a paralleled the deposition of CD34+ cells, expression of VEGF, and expression of neurofila-
ment. These effects were further enhanced by the administration of SDF-1a. recombinant protein and abolished by
administration of SDF-1a antibody. Furthermore, these effects were consistent with improvement in measures of
neurological function such as sciatic function index, electrophysiological parameters, muscle weight, and myelina-
tion of regenerative nerve.

Conclusions. Expression of SDF-1a facilitates recruitment of CD34+ cells in peripheral nerve injury. The in-
creased deposition of CD34+ cells paralleled significant expression of angiogenesis factors and was consistent with
improvement of neurological function. Utilization of SDF-1a. for enhancing the recruitment of CD34+ cells involved
in peripheral nerve regeneration may be considered as an alternative treatment strategy in peripheral nerve disorders.
(DOI: 10.3171/2011.3.JNS101582)
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beneficial effects of peripheral nerve regeneration,
including application of an electric field, transplan-
tation of stem cells, and administration of neurotrophic
factors 329333537 Cell replacement, trophic factor produc-
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Abbreviations used in this paper: CMAP = compound muscle
action potential; ECM = extracellular matrix; G-CSF = granulocyte
colony-stimulating factor; HPC = hematopoietic progenitor cell; RI
= regularity index; SFI = sciatic function index.

432

tion, ECM synthesis, guidance of ECM synthesis, axo-
nal growth cone guidance, remyelination, microenviron-
mental stabilization, and immune modulation have been
postulated as possible mechanisms for cell implanta-
tion.82*# Transplantation of whole-bone marrow cells,
bone marrow—derived hematopoietic stem cells, bone

This article contains some figures that are displayed in color
online but in black and white in the print edition.
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marrow—derived mesenchymal stem cells, or bone mar-
row—derived endothelial progenitor cells has been dem-
onstrated to promote functional recovery in injured pe-
ripheral nerves.3%1215 In addition, mobilization of bone
marrow progenitor cells by G-CSF has been shown to
facilitate nerve regeneration mostly through deposits of
CD34+ cells, which paralleled significant expression of
angiogenesis factors.*® Hence, through either endogenous
mobilization or exogenous supplementation, HPCs sig-
nificantly enhance nerve regeneration and should be con-
sidered as part of a treatment strategy.

Bone marrow contains populations of precursor cells
that can differentiate into a number of cell types, includ-
ing bone, cartilage, and mesenchymal stem cells.*® Bone
marrow cells have been shown to induce angiogenesis
and to produce several trophic factors during this process,
making them potential candidates for use in neural regen-
eration.’® Furthermore, transplantation of untreated bone
marrow cells, bone marrow—derived hematopoietic stem
cells, bone marrow—derived mesenchymal stem cells, or
bone marrow—derived endothelial progenitor cells has
become a therapeutic strategy in the treatment of periph-
eral nerve disease. The postulated mechanisms are attrib-
uted to cell differentiation, trophic factor secretion, and
modulation of glial and neuronal cell populations.3%!2:15:39
In addition, the mobilization of bone marrow cells, espe-
cially CD34+ cells, by G-CSF is also believed to exert an
influence on the injured nerve to promote nerve regen-
eration. These beneficial effects of CD34+ cell deposition
have been shown to be highly correlated with VEGF ex-
pression and vascularization/angiogenesis.*

Recruitment of HPCs from the bone marrow into
peripheral blood following treatment with chemotherapy
and/or cytokines is termed “mobilization.” The release
of HPCs from the bone marrow is a physiological phe-
nomenon that protects them from toxic injury. Circulat-
ing cells can reenter bone marrow, thereby maintaining
a fixed number of HPCs in bone marrow.! Bone marrow
cells also enter the peripheral vascular system in response
to stress signals during injury and inflammation of he-
matopoietic and nonhematopoietic tissues.?*?22¢ As mo-
bilized peripheral blood stem cells are increasingly used
clinically for cell transplantation, it is becoming clear
that proteolytic degradation of chemokines and of SDF-
la and its receptor on stem cells (CXCR-4) could be an
important step in stem cell release and homing.> Further-
more, administration of G-CSF activates neutrophil elas-
tase, which cleaves membrane-bound SDF-1a from endo-
thelial or stromal cells of bone marrow and provokes an
efflux of stem cells to loci of high SDF-1a concentration.
This is consistent with in vitro data showing transmigra-
tion capacity in response to an SDF-1a gradient.?!

Injection of human SDF-1a into the spleen and bone
marrow of immunodeficient mice with severe combined
immunodeficient syndrome has led to rapid homing of
transplanted human stem cells into the spleen and bone
marrow. SDF-1a expression is increased upon tissue in-
jury, not only in the bone marrow microenvironment, but
also in several other organs, including the heart, liver, and
brain, to recruit HPCs participating in tissue regenera-
tion.>* Thus, SDF-1a appears to play a crucial role in the
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homing of HPCs into injured tissue to promote regenera-
tion.

SDF-1a is expressed in various tissues of adult rats.
Upon nerve crush injury, there is a transient increase in
the level of SDF-1 mRNA. It reaches a maximum of 175%
at 2 days after injury and declines to control level at 7
days after injury." However, the involvement of HPCs in
nerve regeneration triggered by SDF-1 expressed in in-
jured nerve has not been determined.

In this study, we postulate that SDF-lo. in injured
nerve regulates the integration of CD34+ cells into the
nerve tissue to promote its regeneration. We investigate the
potency of SDF-la expressed in injured nerve to attract
CD34+ cells to injured nerve tissue as well as strengthen-
ing or weakening these effects with local application of
SDF-1a. recombinant protein or SDF-1a antibody. Fur-
thermore, the interaction between increased deposits of
CD34+ cells and the expression of angiogenesis factors as
well as regeneration markers were also evaluated.

Methods

Animals and Group Assignments

One hundred forty-seven Sprague-Dawley rats (weight
250-300 g) were used in this study. The animals were as-
signed to 3 groups of 49 rats each. Sciatic nerve crush injury
was induced in all animals as described below. The Group
1 rats did not receive any SDF-1o. or SDF-1a antibody and
served as untreated controls. In the Group 2 and Group 3
animals, the injured nerve was wrapped with woven Surgi-
cel (Johnson & Johnson) impregnated with either SDF-1a
recombinant protein (0.1 ug/20 ul; Peprotech; Group 2) or
anti—-human SDF-1a antibody (2 ug/20 ul; R&D; Group
3). All animals underwent one neurobehavioral assessment
session (on metal mesh) per week. Food and water were
provided ad libitum. The animals were kept in a temper-
ature-controlled environment at 37°C and were exposed
to alternating light and dark periods of 12 hours each. All
animals were treated and cared for in accordance with the
guidelines recommended by the ethics committee of Taic-
hung Veterans General Hospital.

Crush Injury Model

Anesthesia was induced with 4% isoflurane and main-
tained with 1%—2% isoflurane. The left sciatic nerve was
exposed under the microscope using the gluteal muscle—
splitting method. A vessel clamp (B-3, pressure 1.5 g/mm?,
S&T Marketing, Ltd.) was applied 10 mm from the internal
obturator canal for 20 minutes. The crush site was marked
by placing a 9-0 nylon suture in the epineurium.*

Neurobehavioral Studies

Six rats from each group were assessed at intervals
of 1 week for the evaluation of sciatic nerve function and
quantitative gait analysis.

Analysis of Functional Recovery

A technician who was blinded to group allocation
evaluated sciatic nerve function once a week for 4 weeks
after the surgery. The evaluation method included ankle
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kinematics®! and SFI assessment.? In the sagittal plane
analysis, the following formula was used for the mechani-
cal analysis of rat ankle kinematics: 0 ankle = 6 foot — 0
leg (the ankle angle being estimated as the difference be-
tween the foot angle and the leg angle, where 0 represents
angle).

For calculating the SFI, the rat’s paw print was mea-
sured as follows: 1) distance from the heel to the third toe,
the print length (PL); 2) distance from the first to the fifth
toes, the toe spread (TS); and 3) distance from the second
to the fourth toes, the intermediary toe spread (ITS). All
3 measurements were taken from the experimental (E)
and normal (N) sides. The SFI was calculated accord-
ing to the following equation: SFI = 38.3([EPL — NPLJ/
NPL) + 109.5([ETS = NTS]/NTS) + 13.3([EITS - NITSJ/
NITS) - 8.8. The SFI is close to 0 in animals with normal
nerve function, whereas an SFI of —100 represents total
dysfunction.

Automated Quantitative Gait Analysis

Computerized gait analysis was performed as previ-
ously described.?* Briefly, animals had to cross a 100-cm-
long glass floor plate, confined by Plexiglas walls spaced
8 cm apart in a darkened room. Light from an otherwise
completely encased white fluorescent tube entered one of
the long edges of the glass floor. The light tube was placed
2 cm from the glass plate so that light entering the 5-mm-
thick glass plate was completely internally reflected.
Only at those points where a paw touched the glass plate
did light exit the plate through scattering, thereby illumi-
nating the points of contact of the paws. During crossings,
the walkway was monitored from below by a Pulnix TM-
62EX camera (Pulnix, Inc.) equipped with a wide-angle
objective (8.5 mm, Cosmicar). The camera registered the
paw-floor contact in pixels of 1.23 mm?, with the intensity
(gray value) of the signal depending on the applied pres-
sure. Higher paw pressure resulted in a larger total area
of skin-floor contact and a more intense scatter—that is,
brighter pixels. The signal was digitized by a pclmage-
SRGB frame grabber board (Matrix Vision GmbH) and
subsequently acquired, compressed, and stored by Cat-
Walk software (Noldus Information Technology) for fur-
ther analysis. All areas containing pixels brighter than a
preset analysis threshold were stored. Using the analysis
component of the CatWalk program, these areas were as-
signed to one of the paws and data were exported to a
spreadsheet. Quantitative analysis of these data included
the following parameters.

1. Step sequence distribution. Six different walking
patterns or normal step sequence patterns that fall into 3
different categories can be discerned in rats, depending
on the sequential placement of the 4 paws.

2. Regularity index. This parameter is a measure of
interlimb coordination. Interlimb coordination is con-
sidered normal when, during uninterrupted locomotion,
only normal step sequences are used. The RI rates the
degree of interlimb coordination as a percentage of com-
plete coordination by the following equation: RI = (NSSP
x 4/PP) x 100%, where NSSP represents the number of
normal step sequence patterns and PP indicates the to-
tal number of paw placements. Consequently, extra paw
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placements and irregular walking on 3 paws will result in
a decrease of RI.

3. Print area. This parameter was defined as the total
floor area in pixels contacted by the paw during stance
phase. Possible reasons for increase in the hind limb print
area are paralysis of the lower limb leading to a deficien-
cy in plantar stepping or paw/toe dragging during part of
the step cycle. A decrease in this parameter can be indica-
tive of mechanical allodynia.

4. Base of support. The distance in millimeters be-
tween the 2 hind paws is defined as the base of support.
This distance is measured perpendicular to the direction
of walking.

5. Duration of stance and swing phase. Since dura-
tion of stance or swing phase depends on the animal’s
walking speed and degree of dysfunction, these param-
eters are transformed to a fraction of total step duration
according to the following formula: fraction stance or
swing phase = [time in stance or swing phase/(time single
step)] x 100%. Time of stance phase or swing phase and
total step are expressed in seconds.

6. Hind paw pressure. This is the mean intensity of
the contact area of the hind paw at the moment of maxi-
mum paw-floor contact. This parameter is expressed in
arbitrary units (intensity arbitrary units).

Electrophysiological Study

Four weeks after the crush injury, all 18 animals
used for the behavioral studies were anesthetized as for
the original procedure and their bilateral sciatic nerves
were exposed. Electrical stimulation was applied to the
proximal side of the injured site. The evoked CMAP
amplitudes and conduction latency were recorded in the
gastrocnemius with an active monopolar needle electrode
10 mm below the tibial tuberosity and with a reference
needle 20 mm from the active electrode. The stimulation
intensity was 5 mA and the filtration range was 20-2000
Hz. A similar assessment was performed on the nonin-
jured side. The CMAP data and conduction latency were
converted to a ratio (the injured side divided by the nor-
mal side) to adjust for the effect of anesthesia.®

Histological Examination

After neurobehavioral and electrophysiological test-
ing, 4 weeks after crush injury, the 18 rats (6 per group)
were reanesthetized with pentobarbital (30 mg/kg) and
then euthanized by means of transcardial perfusion with
4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4).
The left sciatic nerve was harvested and the nerve tissue
was fixed on a plastic plate using stay suturing to keep
the nerve straight.>* The bilateral gastrocnemius muscles
were dissected from the bones and sent for measurement
of muscle weight. The nerve was embedded in paraffin
and cut longitudinally (parallel to the long axis of the
axon) into sections 8-um thick, which were then stained
with H & E for the measurement of vacuole number or
subjected to immunohistochemical staining with S100
protein for determination of myelination. The numbers of
vacuoles and density of S100-positive cells were deter-
mined as previously described.??

J Neurosurg |/ Volume 116 / February 2012



Tracking of CD34-positive cells in nerve regeneration

Western Blot Analysis

Three rats from each group were used for Western
blot analysis at 1, 3, 7, 10, 14, 21, and 28 days after crush
injury (a total of 63 rats). The animals were euthanized by
inhalation of CO, and then a 10-mm specimen of nerve
tissue (extending 5 mm on each side of the suture marker)
was harvested and proteins were extracted. Proteins (50
ug) were resolved by SDS-polyacrylamide gel electro-
phoresis and transferred onto a blotting membrane. After
blocking with nonfat milk, the membranes were incubat-
ed with antibodies against CD34, CD68, SDF-1, CXCR-
4, VEGF, and GAPDH (Santa Cruz Biotechnology, Inc.)
overnight at 4°C. The membranes were next incubated
with horseradish peroxidase—conjugated secondary anti-
body and developed using enhanced chemoluminescence
Western blotting reagents. The intensity of protein bands
was determined by means of a computer image analysis
system (IS 1000, Alpha Innotech Corporation).

Transwell Migration Assays

One week after crush injury, 1 animal from each
group was euthanized by means of CO, inhalation, and
bone marrow was collected from the bilateral long bones
as follows. The bones were dissected, and the proximal
and distal ends were removed to reveal the marrow cav-
ity, which was aspirated with 10 ml of 0.01 M phosphate-
buffered saline through a 21-gauge needle. The aspirate
was filtered through a 70-um filter (Falcon) to remove
bone fragments for migration analysis.

The bone marrow aspirates were suspended in
RPMI-1640 medium and seeded into Millicell hanging
cell-culture inserts (5-um pore size, 10° cells per insert;
Millipore Corporation). Migration-inducing medium was
placed in the chambers of the 24-well plates (Corning
Costar Corporation), which contained different concen-
trations of recombinant SDF-1a (5, 10, and 20 umol/L)
or 0.1% of DMSO as the solvent control. Then, the plates
were placed into a humidified incubator. After 12 hours,
assays were stopped by removal of the insert, and migrat-
ed cells were collected from the 24-well plates. The total
number of cells in each well was counted and the contents
of each well were centrifuged separately at 400 G for 5
minutes at 25°C to obtain 1 pellet per well. The cell pellet
was suspended in 2-ml 0.01 M phosphate-buffered saline
for centrifugation using a Cytospin centrifuge (Thermo
Scientific). Slides and filters were placed into appropriate
slots in the centrifuge with cardboard filters facing the
center, and 100 ul of each sample was placed in the ap-
propriate wells of the centrifuge. The lid was placed on
the centrifuge and the samples were spun at 600 rpm for 3
minutes. Each slide was examined under the microscope
to be sure that the cells annealed properly. Slides were
dried in a desiccation chamber overnight. The slides were
subjected to immunohistochemical staining with anti-
bodies against CD34, CD68, CD45, and DAPI. Five areas
(of 0.01 mm? each) were randomly selected for analysis.

Immunohistochemical Analysis of Injured Nerve Tissue

An additional 3 animals from each group were eu-
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thanized (with transcardial perfusion following intraperi-
toneal injection of pentobarbital) at 1, 3, 7, 10, 14, 21, and
28 days after crush injury and used for immunohisto-
chemical analysis. Serial 8-um-thick sections of sciatic
nerve were cut on a cryostat and mounted on SuperFrost
Plus slides (Menzel-Gliser) and were subjected to im-
munohistochemical analysis using antibodies against
CD68, CD34, CD45 (Chemicon, 1:200 dilution), CD8,
CD3 (Serotec, 1:200 dilution), CD19 (Thermo Scientific,
1:200 dilution), neutrophil (Abcam, 1:200 dilution), and
neurofilament (Chemicon, 1:300 dilution), for detection
of inflammatory cells and nerve fibers. The immunore-
active signals were observed using goat anti-mouse IgG
(FITC, Jackson, 1:200 dilution), anti—-mouse IgG (Rhoda-
mine, Jackson, 1:200 dilution), or 3,3’-diaminobenzidine.
Of 100 squares with a surface area of 0.01 mm? each,
20 squares were randomly selected in an ocular grid and
used for cell counts. For the determination of neurofila-
ment, 6 nerves in each group were cut lengthwise (paral-
lel to the long axis of the axon) into 8-um-thick sections
and stained with each antibody. The region of maximum
diameter of the resected nerve tissue with crush mark was
chosen to be examined. Areas of immunoreactivity (0.2
mm?) appeared dense against the background and were
measured with a computer image analysis system (IS
1000, Alpha Innotech).

Statistical Analysis

Data were expressed as means + SEs. The statistical
significance of differences between groups was deter-
mined by I-way ANOVA followed by the Dunnett test.
For the SFI, ankle angle, and CatWalk analyses, the results
were analyzed by repeated-measures ANOVA followed by
the Bonferroni multiple comparison method. A p value <
0.05 was considered significant. Data pertaining to muscle
weight, CMAP, and conduction latency are presented as
ratios (injured-site value divided by normal-site value).

Results
Effect of SDF-1a on Migration of CD34* Cells In Vitro

SDF-1a expression is increased upon nerve injury, but
the intensity of HPC recruitment to injured nerve by SDF-
1o has not previously been elucidated. To mimic stimula-
tion of HPC release by expression of SDF-1at in crushed
nerve tissue, rat bone marrow cells were harvested and
seeded in Millicell hanging cell-culture inserts. Bone mar-
row cell recruitment was evaluated using various concen-
trations of SDF-1a.. A high proportion of migratory cells
(DAPI-positive cells) were CD34+ cells, with a range from
95% + 2.1% (SDF-1o. 5 ug/ml) to 97% = 1.7% (SDF-1a
20 wg/ml). There were very few immune cells express-
ing CD68 involved in the migration assay. The density of
CD34~ cells was 37 = 4.1, 155 = 4.3, and 264 = 179 cells
per 0.01 mm?, respectively, at 5, 10, and 20 ug/ml concen-
trations of SDF-1a (p < 0.001). A significant difference in
CD34+ cell density was found between SDF-1a 5 and 10
ug/ml (p < 0.001), SDF-1a. 5 and 20 ug/ml (p < 0.001), and
SDF-la 10 and 20 pg/ml (p < 0.01) (Fig. 1). This effect
suggests that SDF-1a exerted a homing effect on HPCs,
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especially CD34+ cells, the density of which was highly
correlated with the concentration of SDF-1a..

Expression of SDF-1a and Associated Proteins

The expression of SDF-1a is increased upon tissue
injury not only in the bone marrow microenvironment,
but also in several other organs such as heart, liver, and
brain, to recruit HPCs for tissue regeneration. However,
the recruitment of bone marrow progenitor cells to in-
jured nerve and their regulation by SDF-1a are not fully
understood. In the present study, expression of SDF-1a
started to increase at 3 days after crush injury (19.3 =
3.8 intensity arbitrary units) and reached a maximum at
14 days (41.5 = 3.8 intensity arbitrary units, p < 0.001).
This trend reflected a similar increase in the expression of
the receptor CXCR-4 (measured by Western blot analy-
sis). The increased expression of SDF-1a paralleled the
significantly increased expression of CD34 (3.7 = 0.5 in-
tensity arbitrary units at 3 days [p < 0.001] and 17.1 + 1.3
intensity arbitrary units at 14 days [p < 0.001]). However,
the expression of SDF-1a was not correlated with that of
CD68, which was compatible with the results of the trans-
well migration study described above (Fig. 2). This indi-
cates that SDF-1a expression upon nerve injury recruits
HPCs, especially CD34+ cells, into the injured nerve, and
therefore plays a role in nerve regeneration.

Effect of Treatment With SDF-1a Recombinant Protein and
SDF-10 Neutralizing Antibodies on SDF-10. Expression

The increased expression of SDF-1a was abolished

A
SDF-10. 5 pg/ml

Fic. 1. Migration of HPCs treated with SDF-1c..  A: Photomicrographs showing transwell migration assay. Original magni-
fication x 200. Bar = 50 um.  B: Quantitative analysis of cell numbers of field (HPCs per 0.01 mm2). ***p < 0.001 (relative to
SDF-1a 5 ug/ml); ###p < 0.01 (relative to SDF-1a 10 ug/ml).
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by the administration of SDF-la neutralizing antibod-
ies (19.8 = 2.2 intensity arbitrary units) at Day 14 (p <
0.001), whereas the effect was augmented by application
of SDF-1a recombinant protein (Fig. 3). In untreated in-
jured animals and in those treated with local application
of SDF-1a, the expression of SDF-1a at Day 14 paralleled
the significant increase in CD34 expression (22.5 = 1.9
[p < 0.01] and 29.8 = 1.9 [p < 0.001] intensity arbitrary
units, respectively) and VEGF expression (15.3 = 1.5 [p <
0.001] and 24.5 = 3.1 [p < 0.001] intensity arbitrary units,
respectively). These phenomena were counteracted by the
administration of SDF-1a. antibodies, which resulted in
decreased expression of CD34 (15.3 + 2.3 intensity arbi-
trary units) (p < 0.001) and VEGF (14.5. + 2.1 intensity
arbitrary units) (p < 0.001) (Fig. 4).

Neurobehavior After Crush Injury and Treatment With
SDF-1 or Neutralizing Antibodies

In nerve crush injury, SDF-1a has been shown to be
involved in recruitment of CD34+ cells, which may par-
allel the expression of angiogenesis factors to augment
the regenerative response.’® In the current study, animals
were administered SDF-1a recombinant protein or neu-
tralized antibodies after crush injury to further verify
this hypothesis. The SFI values were significantly bet-
ter in the untreated injured rats and the rats treated with
SDF-la than in the animals treated with SDF-la—neu-
tralizing antibodies (p < 0.01 and p < 0.001, respectively);
results in the SDF-1a group were significantly better than
those in the control group (p < 0.01) (Fig. 5A). The ankle
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Fic. 2. Expression of SDF-1a. and associated protein after sciatic
nerve crush injury. A: Expression of SDF-1a,, CXCR-4, CD68, and
CD34 at different time intervals; B-actin was used for calibration. B:
Results of quantitative analysis at 1, 3, 7, 10, and 14 days after crush
injury. IAU = intensity arbitrary units; L = left sciatic nerve (crushed with
vessel clamps); R = right sciatic nerve (control). *p < 0.05, **p < 0.01,
***p < 0.001 (vs Day 1).

angle also showed the same trend (Fig. 5B). In the Cat-
Walk analysis, the mean intensity and print area showed
a remarkable improvement in the SDF-lo—treated group
compared with the untreated injured animals, and the in-
tensity ratios in the antibody-treated rats were even lower
than those in the untreated injured controls. With respect
to stance duration, the ratio of duration dropped to half of
the original value upon injury. Then it demonstrated sig-
nificant improvement in the SDF-1a group as compared
with the untreated controls, whereas the SDF-1a antibody
group showed minimal change. With respect to swing
duration, the ratio of duration was significantly lower (a
sign of better function) in the SDF-1a group than in the
untreated group, and it was also significantly lower in the
untreated group than in the antibody group (Fig. 6).

Electrophysiological Study and Histological Examination

The parameters of CMAP, conduction latency, and
muscle weight also were restored by SDF-1a. administra-
tion and were further reduced by administration of neu-
tralized antibodies. The mean CMAP amplitude ratio
(value from injured side divided by value from uninjured
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Fic. 3. Expression of SDF-1a. profiles treated with either neutralized antibodies or SDF-1a..  A: Expression of SDF-1a in
right and left sciatic nerves treated with neutralized antibodies or SDF-1a recombinant proteins at different time intervals.  B:
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28

C = crush injury (left sciatic nerve); N = neutral-

ized antibody; R = right sciatic nerve as a control. **p < 0.01; ***p < 0.001 (vs crush injury group [untreated controls]).
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Fic. 4. Expression of angiogenesis factors.  A: Expression of CD68, CD34, and VEGF based on different treatment modali-
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side, expressed as a percentage) was 22.1% = 1.8% in the
untreated injured controls, 48.9% = 3.2% in the SDF-lo—
treated animals (p < 0.05 vs controls), and 20.9% =+ 2.3%
in the animals treated with neutralized SDF-1a antibody
(p < 0.05 vs controls). The latency ratio was 310% = 20%
in the untreated injured controls, 170% + 10% in the ani-
mals treated with SDF-1a (p < 0.001 for comparison with
controls), and 330% = 20% in the animals treated with
neutralizing antibody (p < 0.05 vs controls). The ratio of
muscle weight (left/right) was 49.2% + 1.4% in the con-
trols, 65.7% = 1.1% in the SDF-la—treated animals (p <
0.05), and 45.8% = 1.1% in the animals treated with SDF-
la antibody (p < 0.05 compared with controls). Hence,
administration of SDF-la. promoted nerve regeneration
in terms of SFI, muscle weight, CMAP, and conduction
latency. The delivery of SDF-1a antibodies contributed to
further reduction of this effect (Fig. 5C).

In comparison with the background, the mean rela-
tive density per square millimeter of cells expressing
S100 was 46.5 = 2.1 in the untreated controls, 127.1 =
7.3 in the SDF-la—treated group (p < 0.001), and 39.8 =
2.1 in the antibody-treated group (p < 0.05). The mean
vacuole counts were 202 = 2.1/0.05 mm? in the control
group, 134.3 + 7.9/0.05 mm? in the SDF-1a group (p <
0.001 compared with controls), and 229 + 8.8/0.05 mm?
in the SDF-1a antibody group (p < 0.05 compared with
controls). The quantitative histological findings in terms
of expression of myelination fiber and vacuole counts fur-
ther confirmed these trends (Fig. 7).

Expression of Nerve Regeneration Markers and
Associated HPCs in Injured Nerve

Neurofilament is an early marker of nerve regenera-
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tion. To determine the expression of neurofilament and its
relation with HPC deposition at different time points, it
was necessary to obtain serial specimens for analysis of
neurofilament, CD34, and CD68 expression. The expres-
sion of neurofilament in the crush group increased from
217 = 13.6 relative density/mm? at 7 days and reached
413.2 = 15.8 relative density/mm? at 21 days. The ad-
ministration of SDF-1a resulted in a significant increase
in neurofilament expression (mean relative density per
square millimeter: 418.1 = 15.5 at 7 days and 1017.3 =
47.8 at 21 days [p < 0.001 vs controls for both measure-
ments]). Neurofilament expression was reduced by ad-
ministration of SDF-1a antibody (mean relative density
per square millimeter: 142.5 = 11.2 at 7 days and 220.1
= 10.9 at 21 days [p < 0.05 vs controls for both]). In the
untreated injured controls, the mean number of CD34+
cells per 0.05 mm? increased from 8.7 = 0.9 at 7 days
to 16.8 = 1.1 at 21 days. The administration of SDF-1a
resulted in increased CD34 expression, with the mean
number of CD34+ cells per 0.05 mm? being 14.5 = 0.7 at
7 days (p < 0.01 compared with controls) and 34.5 = 2.1
at 21 days (p < 0.001 compared with controls). This effect
was attenuated by administration of neutralizing antibod-
ies, which resulted in mean values of 3.5 + 0.6 cells/0.05
mm? at 7 days (p < 0.05 compared with controls) and 3
+ 0.4 cells/0.05 mm? at 21 days (p < 0.05 compared with
controls). In contrast, the mean number of CD68* cells
in specimens from the untreated controls remained rela-
tively high and quite stable from 7 to 14 days after in-
jury (34.2 = 1.2 cells/0.05 mm? at 7 days and 35.5 = 1.6
cells/0.05 mm? at 14 days) and was markedly decreased
at 21 days (6.5 = 0.7 cells/0.05 mm? at 21 days). The ad-
ministration of SDF-1a did not have an effect on CD68
expression (31.5 = 1.2 cells/0.05 mm? at 7 days, 33 = 1.5
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cells/0.05 mm? at 14 days, and 6 + 0.4 cells/0.05 mm?
at 21 days). Similarly, in the animals treated with SDF-
law antibodies, the count was 32 = 1.1 cells/0.05 mm? at
7 days and remained stable (31.2 = 1.38 cells/0.05 mm?)
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at 14 days, decreasing to 7.3 = 0.9 cells/0.05 mm? at 21
days (Fig. 8). Hence, spontaneous regeneration of nerve
occurred with progressively increased expression of neu-
rofilament, and this effect was enhanced by SDF-1a ad-
ministration and eliminated by SDF-1a. antibodies. There
was a significant positive correlation between neurofila-
ment expression and the numbers of CD34+ cells, but not
between neurofilament expression and numbers of CD68*
cells. This further confirmed that SDF-la expression
played a crucial role in the recruitment of CD34+ cells
involved in nerve regeneration.

Discussion

Increased expression of SDF-la in injured nerve
occurred upon injury, and this result paralleled the sig-
nificant recruitment of CD34+ cells to the site of injury.
Increased amounts of CD34+ cells in injured nerve corre-
lated with expression of angiogenesis factors. These phe-
nomena were increased by the administration of SDF-1a
recombinant protein and partially prevented by adminis-
tration of neutralizing antibodies. The results of neurobe-
havioral and electrophysiological evaluations, the degree
of myelination of the injured nerve, and the expression
of regeneration markers were also consistent with the ex-
pression profile of SDF-1a and CD34+ cells. Hence, the
expression of SDF-1a appears to exert a homing effect
on CD34+ cells by recruiting them in the process of nerve
regeneration.

Integration of HPCs into injured tissue has been
shown to limit cell loss and promote regeneration in con-
ditions such as brain ischemia, heart ischemia, spinal cord
injury, and peripheral nerve injury.5!344 Administration
of G-CSF activates neutrophil elastase, which cleaves the
membrane-bound SDF-1 of endothelial or stromal cells
of bone marrow and provokes an efflux of stem cells to
loci of high SDF-1a. concentration.?! Furthermore, injec-
tion of human SDF-la into spleen and bone marrow of
immunodeficient mice with severe combined immuno-
deficiency syndrome led to rapid homing of transplanted
human stem cells into the spleen and bone marrow.>2?° In
the present study, SDF-1a expression was induced in in-
jured nerve with a peak from 7 to 14 days, and the pro-
gressively increased expression of SDF-la was in line
with recruitment of significant amounts of CD34+ cells.
This phenomenon was enhanced by the local injection of
SDF-1a recombinant protein and partially prevented by
SDF-1a neutralized antibody. Hence, SDF-1a expression
in injured nerve was highly correlated with the integra-
tion of CD34+ cells and paralleled the recovery of neuro-
logical function.

SDF-1a. has been demonstrated to upregulate the
expression of VEGF through the induction of extracel-
lular signal-regulated kinase 1/2 signaling and to induce
proliferation of human umbilical vein endothelial cells.*
Furthermore, the interaction of SDF-laa and CXCR-4
plays a crucial role in ECM-dependent endothelial tube
formation as well as in the regulation of endothelial cell
morphogenesis and angiogenesis.* On the other hand, the
parallel recruitment of CD34+ cells in the injured nerve
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has been shown to be responsible for elevation of VEGF.3*
In this study, expression of VEGF was in accordance with
SDF-1a and CD34 expression profiles, either augmented
by SDF-la recombinant proteins or reduced by neutral-
ized antibody. Thus, elevation of SDF-1a not only recruit-
ed CD34+ cells but also exerted angiogenesis effects on
CD34+ cells. This effect was responsible for the signifi-
cant expression of VEGF in the injured nerve, which is an
essential requirement for nerve regeneration.

CD34+ cells represent a heterogeneous population
at many different stages of functional differentiation,
from pluripotent stem cells to lineage-restricted progeni-
tor cells. Most CD34+ cells are progenitors for myeloid
and lymphoid lineages, but a subpopulation, defined by
the expression of c-kit receptors and lack of expression
of CD38 and hematopoietic lineage markers, is consid-
ered to be composed of pluripotent HPCs that can give
rise to all hematopoietic lineages.'* Recently, CD34+* cells
have been widely applied to various categories of regen-
erative medicine. In the immunodeficient rat model of
acute myocardial infarction, transplanted human CD34+
cells incorporated into the site of myocardial neovascu-
larization, differentiated into mature endothelial cells,
augmented capillary density, inhibited myocardial fibro-
sis, and preserved left ventricular function.'®-!8 Systemic
administration of human cord blood—derived CD34+ cells
to immunocompromised mice 48 hours after induction
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of stroke induces neovascularization in the ischemic
zone and provides a favorable environment for neuronal
regeneration.”’” Furthermore, transplantation of CD34+
cells promotes revascularization and augmented wound
healing in full-thickness skin wounds of diabetic mice.*
CD34+ cells also augmented bone fracture and ligament
healing with involvement of angiogenesis.?**® Significant-
ly, CD34+ cells also have the potential to differentiate into
neurons and become part of the brain or spinal cord #4354
In our previous report, we also found that CD34+ cells
were integrated into injured nerve without differentiation
into Schwann or neuronal cells.® The expression of an-
giogenesis factors did not colocalize with CD34+ cells;
this failure to colocalize CD34+ cells with angiogen-
esis factors indicates the paracrine effects of the CD34+
cells.” In this study, the accumulation of CD34+ cells was
in line with the expression of VEGF without the potentia-
tion of lineage differentiation, and this result supports the
findings reported in our previous study.

During nerve regeneration, myelination of nerve fi-
ber was used as a marker of the extent of nerve regenera-
tion.” Neurofilament expression provided early evidence
of nerve regeneration potential.’! The amount of S100 im-
munoreactivity in myelinated fibers appeared to be direct-
ly correlated with thickness of the myelin sheath formed
by Schwann cells.?” Further, vacuole formation and vas-
cular staining reflected the extent of nerve regeneration.*?
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Hence, in this study, we used neurofilament as an early
marker as well as the expression of immunoreactivity of
S100 and vacuole counts as late markers to evaluate the
extent of nerve regeneration. The significant expression of
SDF-1a, CD34+* cells, and VEGF paralleled the elevation
of nerve regeneration markers, which further confirmed
the hypothesis that involvement of CD34+* cells in nerve
regeneration is influenced by SDF-1a. expression.

Spontaneous recovery of motor function in a sciatic
nerve crush injury model had been discussed several de-
cades ago, and it has recently become a topic of interest
again.”»? In our previous studies, we found that nerve re-
generation in a crush injury experimental model did not
reach full recovery and left serious neurological deficits
4 weeks postinjury.’># There were several possibile fac-
tors contributing to this reported spontaneous recovery of
motor function, including secretion of neurotrophic and
angiogenesis factors.*10:1425404246 [p this study, the signifi-
cant expression of SDF-1a. was correlated with increased
recruitment of CD34+* cells and was highly correlated with
expression of VEGF. This effect was further augmented by
administration of SDF-1a. and was reduced by administra-
tion of SDF-1a antibody. This indicates that SDF-1at exerts
its influence by attracting hematopoietic progenitors to re-
cruit them in peripheral nerve regeneration.

J Neurosurg / Volume 116 / February 2012

Conclusions

The elevation of SDF-1a at different time points af-
ter crush injury paralleled the significant recruitment of
CD34+ cells and was highly correlated with expression of
VEGEF. These effects were in line with improvements in
neurobehavior and increased levels of regeneration mark-
ers. Also, the effects were further augmented by the ad-
ministration of SDF-1a recombinant protein and prevent-
ed by administration of the neutralizing antibody. Hence,
SDF-1a triggered recruitment of HPCs involved in nerve
regeneration. This strategy may be considered as a treat-
ment alternative in peripheral nerve disease.
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