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Erythropoietin Promotes Functional Recovery and
Enhances Nerve Regeneration after Peripheral

ORIGINAL X .
researcH | Nerve Injury in Rats
Z.-S. Yin BACKGROUND AND PURPOSE: EPO has been shown to have beneficial effects in a variety of CNS injury
H. Zhang models. The purpose of this study was to evaluate the effects of EPO on nerve regeneration and
W. Gao functional recovery in a rat model of peripheral nerve surgery.

MATERIALS AND METHODS: The sciatic nerve of the rat with a 10-mm defect was bridged with a
silicone rubber tube. Forty adult male Sprague-Dawley rats were assigned to the control or experi-
mental groups to receive an intraperitoneal injection of NGF (2000 U/kg daily for 2 weeks) or EPO (5000
U/kg daily for 2 weeks), respectively. Macroscopic, functional, electrophysiologic, ultraminiature, and
histologic assessments of nerves were performed 4-8 weeks after surgery.

RESULTS: The results showed that in EPO-treated rats, there was a significant increase in the axon
diameter, myelin thickness, and total number of nerve fibers as well as the degree of maturity of
regenerated myelinated nerve fibers in comparison with those rats not treated with EPO. In addition,
as measured by the SFl and MNCV, the motor function of the re-innervated hind limbs of rats with EPO
treatment significantly improved at week 8, whereas there was no significant difference in the motor
function between the 2 groups at 4 weeks.

CONCLUSIONS: Our results demonstrated that EPO is able to enhance nerve regeneration and pro-
mote functional recovery after peripheral nerve injury in the rat, suggesting the potential clinical

application of EPO for the treatment of peripheral nerve injury in humans.

ABBREVIATIONS: CNS = central nervous system; EPO = erythropoietin; EPOR = EPO receptor;
IgG = immunoglobulin G; IOD = integrated optical attenuation; MNCV = motor nerve conduction
velocity; MOD = mean optical attenuation; NGF = nerve growth factor; PBS = phosphate buffered
solution; PGP 9.5 = protein gene product 9.5; SEM = standard error of the mean; SFI = sciatic
function index; SPSS = Statistical Package for the Social Sciences

Peripheral nerves are often damaged by crushing, compres-
sion, stretching, avulsion, or division, and despite the ap-
plication of modern and sophisticated techniques of treat-
ment and reconstruction, morphologic and functional
regeneration is seldom complete"* due to the influence of fac-
tors like the nature and the level of the damage itself, the pe-
riod of denervation, the type and diameter of the damaged
nerve fibers, age, and other individual variables.” Poor man-
agement of peripheral nerve injuries is associated with major
functional deficits and can lead to painful neuroma when sev-
ered axons are unable to re-establish continuity with the distal
nerve. Although peripheral nerves have the potential to regen-
erate after injury, this ability is strictly dependent on the re-
generating axonal sprouts making appropriate contact with
Schwann cell basal laminae in the distal nerve segment. After
injuries to large nerve trunks, motoneurons are required to
regenerate over a long distance, which they do at a very slow
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rate.* Regenerating axons that fail to traverse the injury site
and enter the basal lamina will degenerate, resulting in a pro-
gressive apoptosis of neurons and muscle atrophy.’ In addi-
tion, a slow rate of axonal regeneration constitutes a major
deterrent to functional recovery after peripheral nerve injury.

EPO, a renal cytokine regulating hematopoiesis, is also
produced by different cell types within the CNS, where it acts
via the activation of EPOR. EPO activities are mediated by
EPOR, expressed by neurons in both the central and periph-
eral nervous system.®” Central and peripheral glial cells also
express EPOR.'"!" Brines et al showed that EPO exerts neuro-
trophic and neuroprotective activities in different in vivo and
in vitro models of brain damage.'? These authors also demon-
strated that the neuroprotective effects of EPO are associated
with antiapoptotic activity of the cytokine on neuronal cells.'?
Several independent research groups have reported that EPO
protects cultured neurons against glutamate toxicity'*'> and
reduces ischemic neuronal damage and neurologic dysfunc-
tion in rodent models of stroke.'>'*'®!” Moreover, the ad-
ministration of EPO has a significant effect on axonal re-
growth of peripheral nerve fibers, both after transection®'®
and in animals with established diabetic neuropathy.'” Re-
cently, EPO has been demonstrated to reduce or prevent sec-
ondary inflammation and lipid peroxidation during oxidative
stress,”® cerebral ischemia,”" and trauma.?* Recent work also
has shown that EPO can stimulate postnatal neovasculariza-
tion by increasing endothelial progenitor cell mobilization
from the bone marrow.>* The presence and function of EPO/
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Fig 1. Photograph shows tubulation with a 7-mm-long interstump gap. The proximal and
distal nerve stumps were joined to a 10-mm-long silicone rubber tube, leaving a 7-mm
interstump gap. The ruler is graduated in millimeters.

EPOR have not been established in the peripheral nervous
system, but it is reasonable to expect that EPO/EPOR may
provide trophic and/or neuroprotective support for neurons
and Schwann cells.

Despite the beneficial effects of EPO in neuronal injury in a
variety of CNS injury models, to our knowledge, no systematic
data are available showing the beneficial effects of EPO in pe-
ripheral nerve injury. We report here that EPO improves re-
generation and functional recovery of sciatic nerves after ex-
perimental surgery in rats.

Materials and Methods

All procedures were performed at the Experimental Animals Breeding
and Research Center of Anhui Medical University. Animal care was
conducted with the prior approval of the Animal Experimental Ethics
Committee of this institution. The functional outcomes and electro-
physiologic and histopathologic studies were performed by observers
who were blinded to the experimental intervention that the rats had
received.

Surgical Procedures

Forty adult male Sprague-Dawley rats weighing 200-230 g were used
in this study. All animals were housed in plastic cages and allowed free
access to laboratory feed and tap water. Anesthesia was induced with
an intraperitoneal injection of thiopental sodium, 40 mg/kg. After
hair shaving and local skin disinfection with povidone-iodine solu-
tion, the right sciatic nerve of each rat was exposed through a gluteal
muscle—splitting incision. The sciatic nerve was transected in each rat
by the excision of a 7-mm segment just proximal to the trifurcation of
the nerve. A 10-mm silicone rubber tube (Phycon, outer diameter, 2.0
mm; inner diameter, 1.5 mm; Fuji Systems, Tokyo, Japan) was at-
tached, by using 11-0 nylon interrupted microepineurial sutures, to
the proximal and distal stumps, resulting in a 7-mm gap (Fig 1). Forty
rats were randomly assigned to either the EPO (Kirin Brewery, Tokyo,
Japan) group (n = 20) or the NGF (Genentech, South San Francisco,
California) group (n = 20), and injected intraperitoneally with EPO
and NGF, respectively for 2 weeks. The muscle was closed with 4—0
sutures, and the skin was sealed with wound clips. Animals were re-
turned to standard housing.

Macroscopic Evaluation

A gross macroscopic assessment of nerve formation was made in all
rats 4 and 8 weeks after surgery. At the end of 4 weeks, the rats were
re-anesthetized and the surgical area was examined step by step by
microdissection. Sciatic nerves were exposed and examined to deter-
mine the extent of fibrous tissue surrounding the silicone rubber tube.
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Skin closures, muscle fascia closure, nerve adherence to the surround-
ing muscle cavity tissue, and separability of nerves were assessed by

the numeric grading scheme according to Petersen et al.?*

Functional Evaluation
All animals were evaluated by a walking track test as described previ-
ously.25 Briefly, the animals were allowed to walk down a corridor,
leaving blue footprints on the floor paper impregnated with a 0.5%
solution of the anhydrous form of bromophenol blue in absolute
acetone. The distance between the first and fifth toes (TS), the dis-
tance between the second and fourth toes (IT), and the print length
(PL) were measured. The SFI was calculated according to the
equation:

SFI = — 38.3 [(EPL-NPL) / NPL]

+109.5 [(ETS-NTS) / NTS]

+ 13.3 [(EIT-NIT) / NIT] — 8.8.

In the formula, E refers to the experimental hind limb and N refers
to the opposite normal hind limb. A total of 0 indicates normal nerve
function and — 100 represents complete dysfunction.

Electrophysiologic Evaluation

Functional outcome of nerve regeneration was measured electro-
physiologically on the right sciatic nerve at 4 and 8 weeks after surgery
by using the MEB-7102 instrument (Nihon Koden, Osaka, Japan).
The rats were anesthetized, and the body temperature was kept con-
stant at 37°C. They were fixed with tape on a smooth table to prevent
movement artifacts due to the electric stimulation, and the lower
limbs were gently stretched to make it easier to measure distances
between distal and proximal points of stimulation. Conduction ve-
locity was determined by measuring the latency of the response to
electric stimulation of the receptive field at 5.0 mA, 0.1 ms, by using
bipolar stainless steel electrodes (each 0.8 mm in diameter; interelec-
trode distance, 3 mm); this high-intensity stimulus was chosen in an
attempt to avoid long-latency-coupled responses.*® The right sciatic
nerve was stimulated at the sciatic notch, and the tibial nerve, at the
ankle by bipolar electrodes at supramaximal stimuli. Distal and prox-
imal latencies were measured from oscilloscope recordings. MNCV
was calculated by dividing the distance between the stimulating and
recording electrodes (measured with a fine caliper) by this latency.

Histomorphometry and Electron Microscopy

Twenty sciatic nerves per group were prepared for histologic analysis
of peripheral nerve regeneration at 4 and 8 weeks after surgery. The
regenerated sciatic nerve in the silicone rubber tube was removed
entirely and fixed by immersion in 10% neutral formalin. After fixa-
tion, each specimen was embedded in paraffin. Five-micrometer-
thick cross-sections of regenerated nerve were obtained and stained
with hematoxylin-eosin and with the modified Bielschowsky silver
method. Nerve regeneration was examined with the aid of light mi-
croscopy. Myelinated axon counts were obtained at X400 magnifica-
tion by using the following sampling technique: Of 100 squares with a
surface area of 0.01 mm? each, 20 were randomly selected in an ocular
grid and used to count myelinated axons. These counts were then
normalized regarding surface area. Seventy-nanometer-thick cross-
sections of nerve originally located 10 mm distal to the silicone rubber
tube were obtained. For electron microscopy, ultrathin sections were
cut by using a LKB III ultramicrotome (Diversified Equipment Co.,
Lorton, Virginia) and stained with uranyl acetate-lead acetate. Myelin
thickness and axon diameter were measured by using an electron
microscope (JEM-1230, JEOL, Tokyo, Japan).



Table 1: Results of functional and electrophysiologic evaluation
(mean = SEM)

4 Weeks 8 Weeks
SFI @
NGF —79.98 = 458 —64.65 = 4.11
EPO —78.85 = 3.87, P> .05 —60.26 =291, P< .05
MNCV (m/s)°
NGF 9.20 = 1.07 16.37 = 3.40
EPO 10.60 = 1.36, P< .05 20.56 + 4.18, P< .05

2The SFI studies at 8 weeks postsurgery demonstrated better improvement in nerve
function in rats that received EPO.

:gil?]'g treated with EPO showed better results than those of the NGF group at the 2 time
Immunohistochemistry and Assessment of
Immunostaining

The sections from the nerve segment in the silicone rubber tube were
washed thoroughly twice with PBS (pH 7.4), then fixed for 30 minutes
in 4% buffered paraformaldehyde and incubated at room tempera-
ture with antibody diluted in PBS with 0.3% Triton X-100% and 1%
normal goat serum for 3 hours (polyclonal rabbit anti-PGP 9.5, 1:100;
Abzoom, Wuppertal, Germany). Following incubation with primary
antibody, the sections were washed in PBS (3 X 5 minutes) and incu-
bated for 3 hours with secondary antibody at a 1:100 dilution (goat-
IgG anti-rabbit-IgG, SP-9001; Zymed, San Francisco, California).
The specimens were examined by using light microscopy (Axiophot,
Zeiss, Jena, Germany). The specificity of the immunoreactions was
controlled by the application of the buffer instead of the primary
antiserum. All control sections were free of immunostaining.

Statistical Analysis

All results are reported as mean * SD. Statistical comparisons among
groups involved the use of the Student ¢ test with the software SPSS
13.0 (SPSS, Chicago, Il). Statistical significance was ascribed to the
data when P < .05.

Results

Macroscopic Evaluation

Skin sutures were removed and sciatic nerves were exposed
through the original incision. There was no sign of infection or
inflammatory reaction. Nerves treated with NGF exhibited an
attenuated collagenous scar formation surrounding the regen-
erated sciatic nerve, whereas nerves treated with EPO were
surrounded by only a very thin lucent membrane.

Functional Evaluation

Preoperatively, the SFI in rats in both groups was approxi-
mately zero, indicating normal function. After injury, the SFI
decreased to approximately — 100, indicating complete loss of
function. The SFI values as an indicator of functional recovery
are listed in Table 1. No statistical difference was found be-
tween the NGF group and EPO group in the initial recordings
at 4 weeks after the operation; the values were similar in the 2
groups. At the eighth week, the values were significantly better
than those at the fourth week for both groups; the SFI value in
the EPO group was significantly greater than that in the NGF
group (Fig 2).

Electrophysiologic Evaluation
Electrophysiologic measurements reflect the functional be-
havior of the regenerated nerve, with the MNCV being one of

O NGF
W EPO

Sciatic function index

Fig 2. Comparison of the mean functional recovery of each group after sciatic nerve
transection and repair. Functional analysis of neural regeneration was assessed at 4 and
8 weeks after surgery by using walking-track analysis. Measurements made from walking-
track prints were then submitted to an SFI. Data are the mean = SEM. The asterisk
indicates P < .05 compared with the NGF group significance.

@ NGF
EEPO

8 weeks

4 weeks

Notor nerve conduction velocity
(w/s)

Fig 3. Effect of EPO administration on MNCV. At weeks 4 and 8 after surgery, MNCV was
significantly lower in the NGF group than in the EPO group. There are statistically
significant differences in MNCV between the 2 groups. Data are mean = SEM. The
asterisk indicates P < .05 compared with the NGF group.

the most relevant of the these measurements studied for re-
generative capacity. MNCV was measured to confirm the re-
covery-promoting effect of EPO. The results of MNCV mea-
surement at 4 and 8 weeks after the operation are listed in
Table 1. MNCV was 9.20 = 1.07 m/s for the NGF group and
10.60 = 1.36 m/s for the EPO group at 4 weeks. Differences in
MNCYV between the 2 groups were statistically significant (P <
.05). At week 8, the MNCV was also significantly lower in the
NGF group (16.37 * 3.40 m/s) than in the EPO group
(20.56 = 4.18 m/s) (Fig 3). EPO treatment significantly inhib-
ited a MNCYV decrease.

Histomorphometry and Electron Microscopy

Nerves treated with NGF demonstrated a thick band of scar
tissue surrounding nerve fiber bundles. In contrast, nerves
treated with EPO were surrounded by thin bands of scar tissue
(Fig4). Significant statistical difference was found between the
2 groups with respect to the myelinated fiber counts (Table 2
and Fig 5). In addition, electron micrographs demonstrated
multiple large robust myelinated fibers in the EPO group. In
contrast, nerves treated with NGF had fewer myelinated fibers,
and nerves treated with EPO had significantly higher myelin
thickness and axon diameter than nerves treated with NGF
(Table 2). Analysis of the distal sciatic nerve tissue harvested
from each group revealed significant differences, summarized
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Fig 4. The arrows demonstrate the thickness of scar tissue of nerve fiber bundles 8 weeks after surgery. A, A rat treated with NGF shows a very thick band of scar tissue surrounding
fiber bundles. B, A rat treated with EPO shows very thin bands of scar tissue surrounding fiber bundles (hematoxylin-eosin stain, original magnification x100).

Table 2: Results of histomorphometry and electron microscopy and
immunohistochemistry (mean = SEM)

4 Weeks 8 Weeks

Myelin thickness (um)*

NGF 0.43 +0.09

EPO 0.57 +0.08, P< .05
Axon diameter (um)?

NGF 173 £0.51

EPO 239+032, P< .05
Myelinated axon counts (at original magnification x400)°

NGF 17.56 = 4.19 49.30 + 9.56

EPO 2290 = 5.24, P< .05 58.00 = 7.73, P< .05
MOD (at original magnification x400)°

NGF 0.2173 = 0.0257 0.3089 = 0.0343

EPO 0.2419 = 0.0204, P< .05 0.3611 = 0.0547, P< .05
10D (at original magnification X400

NGF 15.8494 =+ 3.0825 16.6742 = 1.7156

EPO 19.4382 + 4.1861, P< .05 224111 = 4.3418, P< 01

@At 8 weeks after surgery, nerves treated with EPO had significantly larger myelin
thickness and axon diameter compared with those in the NGF group, and there were
statistically significant differences between the 2 groups.

Y addition, there were also statistically significant differences in MOD and 10D as well
as myelinated axon counts between the 2 groups at the 2 time points.

in Fig 6. The most remarkable differences were seen in the total
number of myelinated fibers, myelin thickness, and axon di-
ameter, which all showed much greater regeneration in the
EPO-treated group.

Expression of PGP 9.5

In all cases of immunopositive nerve fibers, the immunohis-
tochemistry reaction was localized within the axoplasm.
Quantitative analysis by using MOD and IOD revealed that
the intensity of PGP 9.5 immunoreactivity in the sciatic nerve
of the operated side was significantly increased in both groups
at 4 and 8 weeks following sciatic nerve axotomy. The optical
attenuation of PGP 9.5-immunoreactive nerve fibers as evalu-
ated by image analysis is presented in detail in Table 2. The
expression of PGP 9.5 was significantly higher in the EPO
group at 4 and 8 weeks, with the value being significantly
higher than that in the NGF group. There were statistically
significant differences in MOD and IOD between the 2 groups.
The results of this analysis are shown in Fig 7. EPO treatment
significantly enhanced the expression of PGP 9.5 in the regen-
erated sciatic nerve.

Discussion
Retrograde regeneration has been estimated to increase the

proximal fiber count by 40%-50% in the first several months
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after nerve repair.””*® Axonal sprouts that grow in a retro-
grade direction originate from the proximal stump near the
suture line and can extend considerable distances along the
parent nerve and may even backtrack to proximal branches
before innervating novel targets.*>*° In the last few years, ev-
idence has accumulated showing that EPO exerts neurotro-
phic and neuroprotective effects in various in vivo and in vitro
models of brain injury'? and has a significant effect on axonal
regrowth of peripheral nerve fibers.®'®'? In fact, an early study
that indicated a role for EPO in the nervous system showed
that the administration of EPO had a neurotrophic effect on
transected nerve tracts and on the growth of neuronal pro-
cesses in culture.’’ Our research was performed to examine
the outcome of EPO treatment on axonal growth and recovery
of function. The results of this study demonstrate that EPO
provides neuroprotective and neurotrophic actions in a rat
model of peripheral nerve injury. Our findings show that EPO
promotes functional recovery and enhances nerve regenera-
tion after peripheral nerve injury in rats compared with con-
trols and those treated with NGF.

For effectiveness of EPO treatment, a functional evaluation
was preferred. The SFI gives general information about nerve
regeneration and functional recovery because it represents the
outcome of the repair process. It has been proved to be reli-
able, repeatable, economical, and highly useful for determin-
ing motor function following compression and stretch
injury,’” nerve graft or conduit,”® and surgical repair.** The
degree of recovery of sciatic nerve function was assessed by
measuring the SFI, which provided a noninvasive and easily
quantifiable method in the rat model.”® Because SFI compared
the experimental and the normal prints, each animal acted as
its own control. Our data showed that at 4 weeks after surgery,
the function was still poor in both groups. At the eighth week,
an increasing ability to walk became evident. A better and
faster functional recovery was shown in the EPO group. In
contrast, the functional recovery progressed more slowly in
the NGF group. As a result, although the SFI was no better
than that in the NGF-treated group at 4 weeks, functional
outcome was better in the EPO-treated group at week 8, with
statistically significant differences between the 2 groups (Fig 2
and Table 1). The recovery of the SFI for the EPO group was
superior to that in the NGF group, indicating that EPO has the
effect of promoting functional recovery after transection of
sciatic nerve fibers, though there was no significant difference
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Fig 5. Representative photomicrographs of regenerated sciatic nerve cross-sections. The modified Bielschowsky silver stain was used to visualize myelinated axons. A and B, Regeneration
of myelinated axons at 4 weeks. C and D, Regeneration at 8 weeks. A—D, These photomicrographs demonstrated significantly better regeneration in the EPO group (B and D) compared
with the NGF group (A and (). £, Quantitation of myelinated axon counts in regenerated sciatic nerve cross-sections is shown. There are statistically significant differences in myelinated
axon counts between the 2 groups at 4 and 8 weeks after surgery. Data are the mean + SEM. The asterisk indicates P < .05 compared with the NGF group significance (uranyl acetate-lead
stain, original magnification x400).

in the SFI between the EPO group and the NGF group at 4  ing functional recovery, MNCV will be considered in our next
weeks after surgery. step because there is significant correlation between electro-
In addition, to further understand the specific process dur-  physiologic and morphologic parameters (ie, conduction ve-
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Fig 6. A and B, Representative ultrastructural imaging of cross-sections of nerve originally located 10-mm distal to the silicone rubber tube in the NGF and EPO groups respectively at
week 8 after surgery. A The NGF group shows lower myelin thickness and axonal diameter and fewer myelinated fibers. B, The EPO group shows higher myelin thickness and axonal
diameter and more myelinated fibers. C and D, There are statistically significant differences in myelin thickness (C) and axonal diameter (D) between the 2 groups at 8 weeks after surgery.
Data are the mean = SEM. The asterisk indicates P < .05 compared with the NGF group significance.
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significance.

locity and axon diameters/myelination).”® In this study, the
MNCYV of the regenerating nerves was faster in the EPO group
than in the NGF group at weeks 4 and 8 (Table 1). There were
statistically significant differences between the 2 groups in
MNCYV after axotomy, and the MNCV values were consistent
with previously reported values. This outcome suggests that
the recordings were reliable and reproducible (Fig 3). Our
findings indicate that administration of EPO significantly in-
hibits the decrease of MNCV and promotes functional recov-
ery following sciatic nerve transection in adult rats. Electro-
physiologic studies revealed higher MNCV values in rats
treated with EPO, reflecting a higher number of normally
functioning axons. Taken together, these data indicate that
administration of EPO promotes functional recovery and en-
hances nerve regeneration after sciatic nerve transection in the
rat. In the present study, we observed that the improvement in
functional recovery was accompanied by significant increases
in myelin thickness and axon diameter as well as myelinated
fiber counts (Figs 5 and 6 and Table 2). The observed improve-
ment in the axon regeneration is in agreement with the results
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of the previous experimental studies and shows that EPO re-
duces neurologic deficits in a variety of peripheral nerve injury
models.”

To quantify axonal outgrowth from peripheral nerve-dor-
sal root ganglions, we labeled preparations by using panaxonal
antibodies to PGP 9.5 and visualized them by using peroxi-
dase-conjugated avidin as described previously.”® PGP 9.5 ap-
pears to be one of the earliest neuron-specific genes to be ex-
pressed in the developing nervous system. The expression
pattern of PGP 9.5 closely matches the degree of maturity of
regenerated nerve fibers. After 4 and 8 weeks of regeneration,
one of the most striking observations was the abundance of
PGP 9.5 expression and the significant differences between the
NGF group and EPO group, indicating continuing axonal
sprouting and growth. The polyclonal PGP 9.5 antibody
showed, in sciatic nerve cross-sections from the silicone rub-
ber tube segment, specific strong pan-neuronal immunoreac-
tivity, with low background staining. Quantitative analysis by
using MOD and IOD revealed that nerves treated with EPO
had significantly higher MOD and IOD compared with those



in the NGF group at the 2 time points (Fig 7 and Table 2).
These histologic and quantitative studies support the data ob-
tained from our tests on functional recovery. The promotion
of SFI and MNCYV recovery by the treatment of EPO also con-
firmed these findings.

The mechanism underlying the observed improvement in
regeneration and function in the transected sciatic nerves is
presently not investigated in our study. Clearly, further inves-
tigations are needed to understand the mechanism of the pro-
tective action of EPO in peripheral nerve injury.

In conclusion, data from the present study show that EPO
promotes functional recovery and enhances nerve regenera-
tion of the surgically transected sciatic nerves in rats. Further
studies are needed to define the mechanisms and optimal dose
of EPO in peripheral nerve injuries in experimental animals
and humans.
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Erratum

In the article “Erythropoietin Promotes Functional Recovery and En-
hances Nerve Regeneration after Peripheral Nerve Injury in Rats”
(AJNR Am ] Neuroradiol 2010;31:509—15), the name of the third au-
thor, Wan Bo, was omitted.
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