1644

COPYRIGHT © 2008 BY THE JOURNAL OF BONE AND JOINT SURGERY, INCORPORATED

Erythropoietin Accelerates Functional Recovery
After Peripheral Nerve Injury

By John C. Elfar, MD, Justin A. Jacobson, MD, J. Edward Puzas, PhD, Randy N. Rosier, MD, PhD, and Michael J. Zuscik, PhD

Investigation performed at the Department of Orthopaedics and Rehabilitation and the Center for
Musculoskeletal Research, University of Rochester, Rochester, New York

Background: Erythropoietin is a naturally occurring hormone with multiple effects on a number of different cell types.
Recent data have suggested neuroprotective and perhaps even neurotrophic roles for erythropoietin. We hypothesized
that these functional effects could be demonstrable in standard models of peripheral nerve injury.

Methods: Experiments were undertaken to evaluate the effect of erythropoietin on the previously reported standard
course of healing of sciatic injuries in mice. The injury groups included mice that were subjected to (1) sham surgery, (2)
a calibrated sciatic crush injury, (3) transection of the sciatic nerve followed by epineural repair, or (4) a transection
followed by burial of the proximal stump in the adjacent muscle tissue (neurectomy). Either erythropoietin or saline
solution was administered to the mice in each of these experimental groups twenty-four hours preinjury, immediately
after surgical creation of the injury, twenty-four hours postinjury, or one week postinjury. All mice were evaluated on the
basis of the published model for recovery of sciatic nerve motor function by measuring footprint parameters at specific
times after the injury. Immunohistochemistry was also performed to assess the erythropoietin-receptor expression
profile at the site of injury.

Results: In general, the mice treated with erythropoietin recovered sciatic nerve motor function significantly faster
than did the untreated controls. This conclusion was based on a sciatic function index that was 60% better in the
erythropoietin-treated mice at seven days postinjury (p < 0.05). Although the group that had been given the eryth-
ropoietin immediately postinjury showed the best enhancement of recovery, the timing of the administration of the drug
was not critical. Histological analysis demonstrated enhanced erythropoietin-receptor positivity in the nerves that
recovered fastest, suggesting that accelerated healing correlates with expression of the receptor in nerve tissue.

Conclusions: Erythropoietin treatment of an acute sciatic nerve crush injury leads to an effect consistent with func-
tional neuroprotection. This protective effect may have clinical relevance, especially since it was detectable even when
erythropoietin had been administered up to one week after injury.

Clinical Relevance: Erythropoietin may represent a safe therapeutic agent to enhance nerve recovery in humans
either after or before “‘nerve-at-risk’” procedures as well as a useful adjunct to treatment of peripheral nerve crush
injuries.

commonly seen by physicians in all subspecialties of

orthopaedic surgery. Acute peripheral nerve injuries are
generally associated with trauma—such as brachial plexus
injuries, traumatic lacerations, fractures, and crush injuries.
Peripheral nerve injuries can also occur iatrogenically, arising
in the course of routine elective orthopaedic procedures'”.

P eripheral nerve injuries, both acute and chronic, are

Whatever the cause of a peripheral nerve injury, there are
some generalities about its nature and prognosis. Specifically, it
has long been known that the recovery potential is related to
both patient and injury factors'. Recovery from the most mild
neuropraxias is more reliable than recovery after complete
laceration of a nerve, and older patients with poorer consti-
tutions have the worst prognosis*®.
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Little is known about the pathophysiology of neuronal
injury. The mechanism of chronic injuries to peripheral nerves,
as in cubital tunnel and carpal tunnel syndromes, is believed to
be ischemic”®. Acute injuries that do not result in the complete
severing of the epineurium seem to have a better prognosis*, and
the rate of recovery from these injuries is believed to be gov-
erned by the logistics of axonal transport. Finally, a patient with
a lacerated nerve is likely to benefit from a repair that orients the
severed nerve fibers with respect to each other™’. These con-
siderations, although profound, have not ensured the reliable
recovery of patients with peripheral nerve injuries.

Erythropoietin is a U.S. Food and Drug Administration-
approved drug for use in the treatment of anemia with a
minimal side-effect profile. Its proposed mechanism is anti-
apoptotic and anti-inflammatory, which promotes cell sur-
vival'. Recent evidence has shown that erythropoietin also has
an effect on cardiac, vascular, renal, and neural tissues".
Patients treated with erythropoietin show a reproducible im-
provement in peripheral neuronal function, even when pe-
ripheral neuropathy is not the chief symptom".

Although the role of erythropoietin in both central and
peripheral neurons is still under investigation, in vitro evidence
of its neuroprotective and neurotrophic role has motivated its
application to various nerve-tissue disorders'*"”. Furthermore,
investigators have shown a protective effect of erythropoietin
in the central nervous system—following both stroke and spi-
nal cord injury®**. In addition, diabetic peripheral neuropathy
in a rat model seems to be sensitive to the administration of
erythropoietin®. Despite these new findings, little is known
about the effect of erythropoietin on acute peripheral nerve
injuries. This study was designed to evaluate the possible role
of erythropoietin administration, including a possible tem-
poral administration response, in the functional recovery fol-
lowing acute peripheral nerve injuries.

Materials and Methods
Animal Model of Peripheral Nerve Injury

he experimental design and protocols were approved by

the Institutional Animal Care and Use Committee at our
institution. Ten-week-old female C57BL6 mice weighing 20
to 25 g were anesthetized with an intraperitoneal injection of
ketamine (60 mg/kg) and xylazine (4 mg/kg). The left hindlimb
was shaved, washed with alcohol, and prepared with Beta-
dine (povidone-iodine). A lateral skin incision along the length
of the femur was made and a direct lateral approach through
the iliotibial band was performed to expose the sciatic nerve
lying directly posterior to the femur. The sciatic nerve was
bluntly exposed, and then the mice underwent one of the
following randomly assigned procedures: (1) wound closure
without manipulation of the nerve (sham-surgery group), (2)
a calibrated sciatic crush injury of thirty or sixty seconds’
duration (crush-injury group), (3) a sciatic transection fol-
lowed by epineural repair (transection/repair group), and (4) a
sciatic transection followed by burial of the proximal nerve
stump in the adjacent muscle tissue (neurectomy group). All
injuries, regardless of their nature, were created proximal to
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the tibial and peroneal divisions, and all crush injuries were
created with a smooth needle driver closed to the second notch.
The skin was closed with surgical staples, which were removed
fourteen days postoperatively. Buprenorphine (0.05 mg/kg)
was used for postoperative analgesia on the day of surgery and
was given every twelve hours until the mice were able to walk
without signs of pain.

Erythropoietin was administered at predetermined time
points at a dose of 5000 U/kg. The time points were selected to
establish a foundation for translation to treatments of human
traumatic nerve injuries. The dosage was selected on the basis
of previous studies of animals and humans'"***. Medical-
grade erythropoietin was obtained from the hospital pharmacy
and was kept refrigerated until it was used. A separate single-
use vial was used at each time point. The erythropoietin was
suspended in sterile saline solution and injected subcutane-
ously into the dorsal contralateral flank of each mouse in ac-
cordance with pharmacy and veterinary recommendations.

Experimental Design

To characterize the effect of injury on gait, animals were ran-
domized to receive sham surgery, a crush injury (of thirty or sixty
seconds in duration), sciatic transection and repair, or neurec-
tomy with nerve burial in the gluteal muscle, as described above.
In a second experiment, the mice received sham surgery or a
sixty-second crush injury and were randomized to receive sub-
cutaneous injection of erythropoietin (5000 U/kg) or saline
solution (as a control) perioperatively. In the third experiment,
the mice underwent sham surgery, a sixty-second crush injury,
transection and repair, or neurectomy. These mice were given
erythropoietin or saline solution twenty-four hours prior to the
injury, perioperatively, twenty-four hours postinjury, or one
week postinjury to evaluate whether the timing of administration
of erythropoietin affects functional recovery of the sciatic nerve.
The transection/repair and neurectomy groups were used to test,
in this model, the ability of erythropoietin to overcome the effect
of injuries from which recovery was hitherto not considered
possible. All mice were evaluated at regular intervals for func-
tional measures of gait as described previously***’. The mice
were also evaluated preoperatively and postoperatively to es-
tablish baseline and injury effects on gait parameters.

The number of mice chosen for each group was deter-
mined with a standard power analysis. We set the significance
level (probability of a type-I error) at 5% (« = 0.05) and sought
to choose a sample size that would minimize the probability of
type-1I error (B < 10%). From our initial experiment, we
obtained estimates of the expected effects of the sixty-second
crush injury and variability for a given number of mice. On the
basis of this analysis, we determined that a sample size of five
animals in each treatment group at each time point would be
sufficient to detect a 30% difference in the sciatic function
index (described below) with a statistical power of 95%.

Walking Track Analysis
Walking track analysis was performed according to a published
model that quantifies sciatic nerve injury and recovery ™.



1646

THE JOURNAL OF BONE & JOINT SURGERY - JBJS.ORG
VOLUME 90-A - NUMBER 8 - AUGUST 2008

Fig. 1
Representative control footprint demonstrating measurements used to calculate the sciatic

function index. These include toe spread (TS), intermediate toe spread (ITS), and print length
(PL).

Walking tracks were constructed as previously described with
use of an open-ended narrow corridor that provided a dark-
ened compartment™. Individual mouse footprints were ob-
tained by painting each foot with ink (blue for the normal limb
and black for the experimental limb). The mice walked with-
out inducement or coaxing down the 50-cm path lined with
paper. Each mouse walked until clear print marks during a
walking gait were obtained. (Multiple attempts were often
required.)

Walking tracks were measured in random order by two
blinded observers using digital calipers. The samples were
measured only after randomization of all completed sample
data. Each observer made a separate set of paired measure-
ments for each mouse—i.e., they each measured toe spread
(first through fifth toes), print length, and intermediate toe
spread (second, third, and fourth toes) of both the experi-
mental (left) limb and the control (right) limb (Fig. 1). The
two observers did not have to use the same footprint on each
sample. The freedom to use any footprint on the sample did
not introduce significant variability in the measurements when
compared with measurements of samples on which the mea-
sured footprint had been predetermined. Each observer chose
prints that clearly showed anatomical structures and repre-
sented steps within a walking gait.

The measurements were compared directly with values
derived from published norms (K1, K2, and K3) for either in-
jured limbs or limbs that had undergone a sham operation®,
and a sciatic function index was calculated with the equation:
sciatic function index = K1 * toe spread + K2 * print length +
K3 * intermediate toe spread. As was the case with the func-
tional experiments, this assessment of the parameters was done
in a blinded fashion. Once the parameters were recorded, they
were unblinded in the analysis phase of the experiment, and
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the raw data were never again measured or tabulated (to ensure
proper blinding).

Immunohistochemistry

The experimental and contralateral (uninjured) sciatic nerves
from each test group were harvested at specific time points
during healing and recovery. The nerves were bluntly dissected
from the dorsal root ganglion to a point distal to the peroneal-
tibial nerve divisions. All nerves were fixed in 10% neutral
buffered saline solution for four days and embedded in par-
affin to evaluate cross sections. Hematoxylin and eosin staining
and erythropoietin-receptor immunohistochemistry were per-
formed. Slides were pretreated with 0.01-M citrate buffer (pH
6.0) for antigen retrieval. Nonspecific blocking was performed
with 1:20 diluted goat serum. Rabbit polyclonal erythropoietin-
receptor antibodies (Santa Cruz Biotechnology, Santa Cruz,
California) at a 1:50 dilution in 2% goat serum were incubated
overnight. Secondary goat anti-rabbit antibody (Santa Cruz
Biotechnology) at a 1:200 dilution was incubated for thirty
minutes, and then color reaction was performed with Romulin
AEC chromogen (Biocare Medical, Walnut Creek, California)
for five minutes. Mouse brain, fixed and sectioned as described
above, was used as a positive control for the erythropoietin-
receptor immunohistochemistry on the basis of results de-
scribed elsewhere®.

Statistical Methods

With the above-mentioned power criteria, we made compar-
isons using standard statistical software to probe for significant
differences in quantitative results. All statistical tests were
performed on standard tabulated sciatic function index values
after analyses were performed to show that results were in-
dependent of constants chosen within one order of magnitude.
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Fig. 2

Effects of sciatic crush injury on the sciatic function index. (The various types of sciatic injury are
described in the Materials and Methods section.) The bars represent the mean and standard error
of the mean for each group (n = 8), and the asterisks denote a significant difference (p < 0.05)
compared with the sham-operation group at the same time point as determined by analysis of
variance. A: Direct comparison between the sham-operation group (white bars) and the groups
subjected to crushing of the nerve for thirty seconds (red bars) or sixty seconds (black bars). (Data
were not collected for the sixty-second-crush group on Day 28.) Curves fit to the data demonstrate
that there was no significant difference in the sciatic function index over the recovery period between
the thirty and sixty-second-crush groups at any time point except at fourteen days (pound sign; p <
0.005). B: A negative control experiment was performed to verify that transection and repair (yellow
bars) and neurectomy (blue bars) resulted in irreversible injury of the sciatic nerve and complete
abrogation of recovery of sciatic function (as measured with the sciatic function index) in mice. The
sciatic function index in these groups was compared with that in the sham-operation control group
(white bars).
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Effect of erythropoietin (5000 U/kg administered by subcutaneous injection immediately postinjury), as compared with saline solution (control), on
the sciatic function index in mice subjected to a sciatic crush injury (for a sixty-second duration) as described in the Materials and Methods section.
A: The sciatic function index preinjury and at one hour and seven, fourteen, twenty-one, and twenty-eight days postinjury for the erythropoietin-treated
(Epo; black bars) and saline-solution-treated (Control; white bars) mice. The bars represent the mean and standard error of the mean for each group
(n = 8), and the asterisks denote a significant difference (p < 0.05) compared with the control group at the same time point as determined with
analysis of variance. B: Representative photographs of the foot position of a control (saline-solution-treated) mouse immediately after the surgical
crush injury described in A (B1), the same foot one week after the surgical crush injury (B2), an erythropoietin-treated mouse (as described in A)
immediately after the surgical crush injury (B3), and the same foot one week after the surgical crush injury (B4).

Standard two-way analysis of variance was performed to com-
pare averaged data from each experimental group at each time
point.

Results
Effect of Sciatic Injury on Sciatic Function Index

he natural recovery from the crush injuries did not differ

significantly between the groups with the different dura-
tions of crushing (Fig. 2, A). Specifically, direct comparison of
the sciatic function indices between the mice that had under-
gone the crush injury for thirty seconds and those that had
undergone it for sixty seconds showed no significant difference
in the time course to full recovery (p > 0.5). However, the in-
cremental recovery achieved at fourteen days was greater in
the mice that had undergone the crushing for a shorter du-
ration (p < 0.005). Overall, the mice subjected to the crush
injury for thirty or sixty seconds had full recovery of sciatic
nerve function, as measured by the sciatic function index, by
twenty-one days (Fig. 2, A). Comparison of the two crush regi-

mens demonstrated that full axonotmesis could be achieved
with either duration of crushing.

More severe transection injuries were created as controls
to show complete abrogation of sciatic function that could not
be recovered, as demonstrated by the sciatic function index. As
described in the Materials and Methods section, operations
were performed to either transect and repair the nerve with a
suture or transect the nerve and bury the proximal stumps in a
muscle flap (neurectomy). There was a significant worsening
of the sciatic function indices in those groups, as compared
with the crush-only groups, at seven days postinjury (Fig. 2, B)
that was comparable with that in the thirty and sixty-second
crush-injury groups at the same time point (Fig. 2, A). As ex-
pected, neither injury group (transection/repair or neurectomy)
showed significant recovery of sciatic function at twenty-eight
days (Fig. 2, B). This finding was in contrast to the significant
recovery that occurred in the crush-injury groups (Fig. 2, A).
These results confirm that the sciatic function index is com-
pletely dependent on the integrity of the sciatic nerve.
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Effect of timing of erythropoietin administration (5000 U/kg administered by subcutaneous in-

jection) on the sciatic function index in mice subjected to a sciatic crush injury (for a sixty-second
duration) as described in the Materials and Methods section. The sciatic function index was de-
termined preinjury and at one, seven, fourteen, and twenty-one days postinjury for the control group
(no erythropoietin, white bars) and the groups treated with erythropoietin (Epo) preinjury (yellow

bars), immediately after injury (red bars), twenty-four hours after injury (blue bars), and one week

after injury (black bars). (The sciatic function index was not measured on Day 1 for the mice given
erythropoietin at twenty-four hours or one week. Similarly, it was not measured on Day 7 for the mice
given erythropoietin at one week.) The bars represent the mean and standard error of the mean for
each group (n = 8), and the asterisks denote a significant difference (p < 0.05) compared with the
control group at the same time point as determined with analysis of variance.

Effect of Erythropoietin on Recovery of the Sciatic

Function Index

As demonstrated in Figure 2, A, mice subjected to a crush
injury alone seemed to recover their normal footprint pa-
rameters within one month after the original injury. With this
as a benchmark, it was determined that mice should be eval-
uated for the effects of erythropoietin on recovery within this
period. A sixty-second sciatic crush injury was administered as
described in the Materials and Methods section. Mice treated
with erythropoietin (a single dose of 5000 U/kg administered
subcutaneously immediately after the injury) had a significantly
(60%) better sciatic function index than the saline-solution-
treated control mice at seven and fourteen days postinjury (Fig.
3, A). This difference was visually obvious seven days post-
injury as depicted in the photographs presented in Figure 3, B.
The top pair of photographs show a representative digit pat-
tern in an untreated mouse (no administration of erythro-
poietin) immediately following injury (Bl) and seven days
postinjury (B2), and the bottom pair of photographs depict a
representative digit pattern in an erythropoietin-treated mouse
immediately following injury (B3) and seven days later (B4).
These photographs demonstrate the change in digit orientation

that is quantified by the sciatic function indices in Figure 3, A.
It should be noted that mice in the neurectomy group showed
no improvement in any functional parameter. These results
provide evidence that administration of erythropoietin affects
functional recovery of damaged sciatic nerves, raising the
possibility of therapeutic effects.

To evaluate whether the timing of administration of
erythropoietin affects functional recovery of the sciatic nerve,
as demonstrated by the sciatic function index, a separate co-
hort of mice was treated with erythropoietin at various times
relative to the injury. A sixty-second crush injury to the sciatic
nerve was surgically induced and a single dose of erythropoi-
etin (5000 U/kg) was administered subcutaneously twenty-
four hours prior to the injury, perioperatively (immediately
following the injury), twenty-four hours after the injury, or
one week after the injury. While the group that had received
the erythropoietin twenty-four hours postinjury had the most
improved sciatic function index at seven days postinjury, all of
the erythropoietin-treated groups showed robust improve-
ment at the fourteen-day time point (Fig. 4). Interestingly,
when data from the groups that received the erythropoietin
preoperatively or did not receive erythropoietin at all were
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Fig. 5

Immunohistochemical staining of erythropoietin receptors in sciatic nerve tissue harvested from mice subjected to sciatic
injury or sham surgery with or without erythropoietin administration. A, B, and C: Representative images of cerebellum, used
as a control, are shown depicting the expected red staining of climbing fibers with erythropoietin-receptor antibodies (black
arrows) and the expected absence of receptor positivity in cerebellar granule cells (area denoted with a red asterisk)
(magpnification, x4 for A, x10 for B, and x20 for C). D, E, and F: Representative images of sciatic nerve cross sections showing
erythropoietin-receptor positivity seven days postinjury in the sham-operation group not treated with erythropoietin (D), the
group subjected to a sixty-second crush injury and treated with erythropoietin (E), and the group subjected to a sixty-second
crush injury and not treated with erythropoietin (F) (magnification, x4 for all). G and H: Sections of the repair site after
transection and repair, showing staining for erythropoietin receptor around the repair stitch (magnification, x20 for both).

removed from the statistical analysis, there was no significant | week; only the group treated immediately postinjury was
difference between the group that received the erythropoietin | found to be significantly different from the other treatment
at twenty-four hours and the group that received it at one | groups. Furthermore, two-way analysis of variance of these
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data showed a significant effect of treatment with erythro-
poietin (p < 0.0001); however, other than immediate admin-
istration, the timing of the drug administration did not have a
significant effect (Fig. 4). These results not only support our
earlier finding that erythropoietin enhances recovery of sci-
atic function in injured mice, but it also suggests that the
timing of postinjury administration of the drug is not critical.
The wide window of therapeutic efficacy seen in this model
suggests that, if erythropoietin were to be found useful in
clinical situations, the timing of administration might be
flexible.

Erythropoietin-Receptor Expression in the Sciatic Nerve
Immunohistochemical analysis of nerves recovered from mice
killed after the experiments revealed that the nerve could be
stained and analyzed in isolation from the surrounding muscle
tissue if it had been harvested carefully. With use of standard
hematoxylin staining as a localizer, successive slices of sciatic
nerve and mouse cerebellum (the control) underwent im-
munohistochemical staining for the presence of the erythro-
poietin receptor. Confirming antibody detection of cells
expressing erythropoietin receptors, cerebellar tissue showed
intense staining in the climbing fibers (black arrows in Fig. 5, B
and C) and absence of staining in receptor-negative cerebellar
granule cells (red asterisk in Fig. 5, B and C). This distribution
of erythropoietin receptors (Fig. 5, A, B, and C) is consistent
with that found in previously published studies®. Not only was
the erythropoietin receptor found in the sciatic nerves from
the mice that had undergone the sham operation (Fig. 5, D),
positivity in the nerves from the erythropoietin-treated mice
was enhanced seven days after the crush injury (Fig. 5, E).
Interestingly, while erythropoietin-receptor expression was not
enhanced seven days postoperatively in the nerves that had
been subjected to a crush injury but not treated with eryth-
ropoietin (Fig. 5, F), higher-power magnification showed
strong expression in neurons proximal to sutures in nerves that
had been transected and repaired (Fig. 5, G and H). Overall,
these results support the concept that cellular responsiveness
to erythropoietin is preserved and possibly enhanced in in-
jured nerves and that administration of erythropoietin in
general does not lead to detectable negative regulation of re-
ceptor expression.

Discussion
here is little doubt that erythropoietin has a wider spec-
trum of effects on a larger number of tissues than was
previously believed'*"". Recent reviews of the literature have
suggested three principal areas of erythropoietin-mediated
protection: neuroprotection, cardioprotection, and erythroid
support'>*’. These effects likely point to a teleologic role of
erythropoietin as a pleuriprotective agent'>"’. Thus, there is an
expectation that hormones that are triggered by hemorrhage
may play a protective role in many tissue systems.
There is specific evidence that points to erythropoietin as
a potent neuromodulator. Studies have confirmed neuropro-
tective’”, neurotrophic®*, and neuromodulatory™ effects that
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are directly attributable to erythropoietin. Some would argue
that this effect is not surprising as neurons express receptors
for erythropoietin both centrally and peripherally’**.

Of specific interest is the idea that erythropoietin might
have effects on nerve repair and regeneration in cases of
peripheral nerve injury. Such effects have direct clinical im-
portance because the safety of therapeutic doses of erythro-
poietin makes it an attractive adjunct to current treatments.
Recovery is unpredictable following injuries to peripheral
nerves sustained traumatically or iatrogenically. These inju-
ries often require difficult procedures such as neurorrhaphy,
neurolysis, neurotization, direct repair, and conduit-assisted
repair’”.

To our knowledge, erythropoietin has not been investi-
gated in all accepted models of peripheral nerve regeneration
and repair. Although a number of models have been used to
investigate the theoretical efficacy of treatments for peripheral
nerve injury®*®, the rodent sciatic nerve model has some ad-
vantages. First, it is a well-established model both in the rat*******
and the mouse'>*"*. Second, and perhaps more importantly,
it allows a functional assay of motor nerve regeneration and
therefore is of particular clinical relevance. The murine model
also opens the door to molecular and genetic studies if a can-
didate agent proves successful.

There is already evidence to suggest that erythropoietin
should have a positive effect on nerve regeneration. Bianchi
et al. found improvement following administration of eryth-
ropoietin in a rat model for diabetic neuropathy™. Of particular
interest in that study was the use of a functional assay of sensory
function, which is the relevant deficit experienced by patients
with diabetic neuropathy. Other studies have demonstrated,
rather convincingly, that the erythropoietin receptor is present
on central dopaminergic® and peripheral nerves™*' as well as
the supporting structures of the nerves. Campana and Myers
even showed an upregulation of erythropoietin receptors in
Schwann cells surrounding an injured rat sciatic nerve™. Finally,
on the intracellular side, Tanaka et al. implicated tetrahy-
drobiopterin in the cascade of mediators responsible for the
neurotrophic effects of erythropoietin®. These findings are in
the face of a fair amount of data suggesting that erythropoietin
acts both directly on neurons and preferentially on the micro-
vasculature to prevent neuronal cell death and bolster micro-
circulation at the site of an injury’***"". Both of these effects
occur over a time course that argues for an erythroid-
precursor-independent and neuronally specific role for
erythropoietin.

The cellular level mechanism of peripheral nerve injury
and its response to erythropoietin are poorly understood, but
certain mechanisms are being elucidated. In vitro primary
cultures of rat sciatic nerve Schwann cells show increased ex-
pression of erythropoietin receptor when the cultures are
stressed (low-serum cultures)*’. Furthermore, Schwann cell
cultures under stress show increased proliferation after exog-
enous administration of erythropoietin when compared with
controls”. The underlying intracellular signaling response to
erythropoietin that might transduce these phenotypic re-
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sponses in target cells is only now being defined. Such intra-
cellular events have great importance as they represent essential
steps for Schwann cell proliferation and development**. Tt is
possible that these types of signaling responses participate in the
direct effects of erythropoietin on the sciatic function index in
our injury model.

Given our goal of showing a functional response to
erythropoietin treatment, we chose a model that would reveal
regeneration of motor function. Critical to this model is the
ability to record actual gait patterns of mice as neurons re-
generate. The sciatic crush model ensures a reliable recovery in
untreated mice—an advantageous feature in the study of nerve
regeneration. The results of actual repairs after transection in
this model are reliably poor, probably because of the difficulty
in orienting repairs to allow fascicular congruity.

One interesting result of our study is that both func-
tional experiments yielded similar courses of recovery despite
our use of a longer crush time in the second experiment. This
might be explained by inferring that both durations of crush-
ing are sufficient to provide complete axonotmesis. If this were
the case, then it would theoretically not matter how long a
nerve is crushed as it must regenerate along the same path
distal to the injury. Indeed, our goal as well as that of others has
been to crush the nerve completely, leaving only the outer
epineurium intact. Thus, our findings provide a strong basis
for choosing a single crush duration of sixty seconds for future
work with this sciatic crush-injury mouse model.

The results presented in Figures 3 and 4 show an ac-
celeration of functional recovery attributable to erythropoietin
treatment. Additional studies are under way to further define
the quantitative difference in healing rates. Moreover, this re-
sult seemed to have little dependence on the exact time of
erythropoietin administration within a week after the injury
with the exception of a slight, but significant, advantage in the
mice that had received the erythropoietin at the time of the
injury. The fact that erythropoietin can have a positive effect
on the functional outcome even when it is administered well
after the injury may point to multiple roles for erythropoietin-
mediated neuroprotection in this model.

There were limitations to this study. A crush injury to a
mixed (motor and sensory) nerve must result in a mixed loss
of function. Although we did observe a loss of sensory function
that anecdotally coincided with the motor loss, we did not
measure this sensory deficit directly. Sensory recovery is an
important part of the functional recovery needed following a
human peripheral nerve injury. Classically, insensate limbs
have contributed to morbidity even in the setting of adequate
motor function®. We did not control for the possibility that
erythropoietin-mediated recovery may be preferential to one
or another cell type in mixed nerves, a fact that would be
relevant to fully characterize the effect of erythropoietin. This
limitation notwithstanding, data from a study of erythropoi-
etin, albeit involving a different species of animal with a dif-
ferent injury profile, do suggest a neuroprotective role for
erythropoietin in diabetic neuropathy™. Perhaps future func-
tional experiments could be directed at quantitatively de-
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scribing the time course of erythropoietin-mediated sensory
and motor recovery in the same injury model.

The model for sciatic nerve injury is useful in that it
provides a reliable recovery in a predictable time period. Al-
though critical to the purposes of this study, the recovery period
does limit the ability to fully describe the erythropoietin-
mediated healing potential. For example, we could not include
a group in which erythropoietin was administered beginning at
fourteen days postinjury because the untreated mice had made
a great stride toward healing by then in this model. We do not
know of any nerve injury in rodents that heals reliably well
over a time course of months. It is just such a model that would
be needed to completely describe the time window for eryth-
ropoietin’s protective effects on murine peripheral nerves. It is
likely that larger animals with more complex nerves will serve
better in this regard. A related difficulty lies in the character-
ization of erythropoietin-mediated effects on complex nerve
repair. We cannot rule out the possibility that erythropoietin
has effects on function following a classic or fascicular nerve
repair because our chosen model does not provide a repro-
ducible recovery following repair with which recovery in
erythropoietin-treated animals can be compared.

Taken together, our data suggest a neuroprotective role for
erythropoietin in the setting of crush injury of mixed peripheral
nerves. Histological analysis of relevant structures showed re-
ceptor expression comparable with that found in previous
studies of erythropoietin in nervous tissue*"*, suggesting that the
observed rescue may at least partially depend on the direct in-
fluence of erythropoietin on the nerve. Since erythropoietin has
a favorable side-effect profile, we believe that it may be a can-
didate agent for the treatment of nerve injuries. This is especially
true in the patient population with concomitant anemia. Ex-
amples of such patients include adults who have undergone
major reconstructive procedures and total joint arthroplasties
complicated by traction nerve injury as well as those who have
sustained polytrauma. The benefits of erythropoietin treatment
for these patients may be multifold. Finally, it is possible that
nerve transfer surgery, an emerging and exciting application of
nerve repair principles outlined by Mackinnon et al.** and
Bianchi et al.”, might provide an interesting venue for the in-
vestigation of the clinical efficacy of adjunctive erythropoietin
treatment to enhance nerve healing. ®
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