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Abstract

Purpose—We have previously found that administration of erythropoietin (EPO) shortens the 

time course of recovery after experimental crush injury to the mouse sciatic nerve. The time course 

of recovery was more rapid than would be expected if EPO's effects were due to axonal 

regeneration, raising the question of whether recovery was instead due to promoting remyelination 

and/or preserving myelin on injured neurons. This study tests the hypothesis that EPO has a direct 

and local effect on myelination in vivo and in vitro.

Methods—Animals were treated with EPO after standard calibrated sciatic nerve crush injury 

and immunohistochemical analysis was performed to assay for myelinated axons. Combined in-

vitro neuron-Schwann cell co-cultures were performed to directly assess EPO mediated effects on 

myelination and putative protective effects against oxidative stress. In-vivo local administration of 

EPO in a fibrin-glue carrier was used to demonstrate early local effects of EPO treatment well in 

advance of possible neuroregenerative effects.

Results—Systemic EPO administration maintained more in-vivo myelinated axons at the site of 

nerve crush injury. In vitro, EPO treatment promoted myelin formation and protected myelin from 

the effects of nitric oxide exposure in co-cultures of Schwann cells and dorsal root ganglion 

(DRG) neurons. In a novel, surgically applicable local treatment utilizing FDA-approved fibrin 

glue as a vehicle, EPO was as effective as systemic EPO administration at time points earlier than 

explainable using standard models of neuroregeneration.
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Conclusions—In nerve-crush injury, EPO may be exerting a primary influence on myelin status 

to promote functional recovery.
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INTRODUCTION

Peripheral nerve injuries are frequently due to acute traumatic compression or crushingy. 

There are several mechanisms by which theseinjuries cause functional impairment including 

a loss of axonal integrity, destruction to myelin and denervation of muscle. Loss of function 

is variably reversible and currently there are no available treatments that accelerate recovery 

from these injuries. Current management is complicated by difficulties in both the diagnosis 

and treatment of these disorders, with little ability to predict the injuries in which enhanced 

recovery is even possible. As functional return must outpace motor end plate degeneration in 

order to prevent irreversible loss of function, enhancing this process could potentially 

prevent negative outcomes and allow partial or complete recovery in many settings.

One potential opportunity to enhance recovery in peripheral nerve injury is through the 

administration of erythropoietin (EPO). Although most commonly used to stimulate 

erythropoiesis, multiple studies have delineated the therapeutic and beneficial effects of EPO 

administration in multiple types of injuries and tissues1-5. In addition, EPO application 

ameliorates the loss of nerve conduction velocity in diabetic rats6, and accelerates functional 

recovery after peripheral nerve injury7-9.

While the cellular and molecular mechanisms by which EPO promotes repair in peripheral 

nerve injury are poorly understood, the speed of recovery observed in our previous studies 8 

indicates that recovery is not likely due to regeneration of transected axons alone. While 

axonal regeneration following transection occurs at a rate of approximately 1mm/day, we 

observed accelerated improvement in the deficits of injured nerves within 7 days following 

systemic EPO treatment.

The purpose of this study was to elucidate the mechanism by which EPO promotes 

neuroregeneration and functional recovery in acute nerve injuries. We hypothesized that 

EPO has direct effects on myelination and that these effects are mediated by interactions 

between EPO and local Schwann cells. Behavioral, immunohistochemical, and biochemical 

evaluations were employed in vivo and in vitro to examine this hypothesis. We also sought 

to develop a system for local EPO delivery that would be as efficacious as systemic 

administration. We hypothesized that local EPO administration would enhance recovery of 

nerve function comparable to that seen with systemic EPO treatment.

MATERIALS AND METHODS

Mouse Model of Peripheral Nerve Injury

The experimental design and all procedures were approved by the University Committee on 

Animal Resources at our institution. Ten-week-old female C57BL/6 mice (n=25, 20 – 25 g) 
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were used in this study. All mice received a standardized sciatic nerve crush injury, as 

previously described8. Briefly, mice were anesthetized using ketamine (60 mg/kg) and 

xylazine (4 mg/kg). Both hindlimbs were shaved, washed with 70% ethanol, and prepped 

with providone-iodine (Betadine). A gluteal-splitting approach was used for exposure of the 

left sciatic nerve immediately distal to the sciatic notch and proximal to the trifurcation. A 

smooth tipped needle driver (Miltex, Plainsboro, NJ) was then placed around the nerve and 

closed to the second notch for a duration of 30 seconds to create the acute crush injury. A 

sham surgery was performed on the contralateral limb of each mouse to serve as control. 

The same technique was used to expose the right sciatic nerve, but no manipulation or injury 

of the nerve was performed. A multi-layer closure was completed with simple interrupted 

5-0 nylon sutures.

All mice tolerated the procedure well and returned to free cage activity post-operatively with 

unrestricted access to food and water. Buprenorphine (0.05 mg/kg) was given for 

postoperative analgesia immediately following surgery and every 12 hours thereafter for 3 

days, at which time the mice were no longer exhibiting signs of pain.

Experimental Design

Mice were randomized into one of five groups separated into two separate study arms based 

on route of drug administration, with two groups in the systemically treated arm and three 

groups in the local delivery arm. Ten mice were randomized to receive either systemic 

erythropoietin (5000 U/kg)(n=5) or normal saline (as a control)(n=5). Recombinant human 

EPO (PROCRIT; Amgen, Thousand Oaks, CA) was administered as a single intraperitoneal 

dose immediately following the surgical procedure, with the dosage of 5000 U/kg selected 

based on previous studies in animals and humans 1,6,8-10.

Local Delivery of EPO through Fibrin Glue Matrix—If EPO is acting directly on 

Schwann cells themselves in contrast to stimulating a systemic healing response, then 

localized delivery of EPO could offer a means of harnessing the potential benefits of this 

protein while reducing the risk of possible adverse effects of systemic administration 11,12. 

To assess EPO's potential to improve functional recovery when administered locally on 

impaired nerves, we utilized a clinically applicable, FDA-approved delivery material, a 

fibrin sealant (Tisseel; Baxter Healthcare Corp., Westlake Village, CA), as the vehicle for 

local drug delivery 13,14. Fifteen mice were randomized to receive either fibrin glue (FG) 

vehicle (n=5), FG vehicle + EPO (n=5), or FG + saline (n=5). EPO was diluted in saline and 

added to thrombin and procoagulant protein, the two components of fibrin glue. EPO (0.5 

U/mL) dosage was chosen based on the conversion of a clinically relevant dose (5000 U/kg/

week) using the calculated ratio of body weight to sciatic nerve weight to derive a dosage 

appropriate for local administration. The final product was comprised of these components 

in a ratio of 1:1:4, respectively, to make 10 μL matrix at 25°C for local delivery onto the 

sciatic nerve. Implantation of the FG vehicle (+/− EPO or saline) was completed peri-

operatively following the acute crush injury to the nerve, as described earlier.

We performed an experiment to determine the rate of local drug release from the FG 

delivery system to verify this method of delivery. EPO (3000 IU) was added to 10uL of FG 
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matrix and put into 1000uL of PBS solution. The amount of EPO released into the solution 

was measured using an Erythropoietin (EPO) Human ELISA Kit (ab119522; Abcam, 

Cambridge, MA). Measurements were taken on days 1, 2, 4, and 6.

Sciatic Function Index (SFI) Determined by Walking Track Analysis

Walking track gait analysis was utilized for the assessment of motor functional recovery. 

This model has been described in detail previously 15-17. Briefly, the mice were allowed to 

walk freely down a 50-cm long corridor that was lined with white paper. The hindpaws were 

individually painted with ink (blue for the normal limb and black for the experimental limb), 

allowing footprints to be recorded on the white paper lining the floor of the walking track. 

Each mouse walked until clear print marks during a walking gait were obtained. (Two or 

three attempts were often required to obtain usable prints.)

Walking tracks were measured by two blinded observers only after randomization of all 

completed sample data to ensure proper blinding. Inked footprints were selected for 

measurement based on the clarity and morphology of the paw and anatomical structures. 

Three footprints were selected per limb and individually measured with digital calipers. 

Three parameters were obtained in both limbs for each mouse: (1) toe spread (TS) (first 

through fifth toes), (2) print length (PL), and (3) intermediate toe spread (IT) (second, third, 

and fourth toes). To assess gait, the SFI was calculated using the following formula:

where E represents the injured limb and N is the control limb, as in previous studies 17,18.

Walking track analysis was performed at days 1, 7, and 14 for the systemically treated 

groups (n=5 per group), and days 1, 2, 3, and 5 for the local delivery groups (n=5 per group). 

All walking tracks were measured and all parameters recorded in blinded fashion.

Primary Antibodies

The following primary antibodies were used: anti-myelin protein zero (P0), anti-

neurofilament (NF) chicken monoclonal antibodies (Aves Labs, Tigard, OR); anti-myelin-

basic protein (MBP) mouse monoclonal (Chemicon, Millipore, Billerica, MA); anti-

Glutathione S-transferases (GST-Pi) monoclonal antibody (BD Biosciences, San Jose, CA); 

anti-gamma-Glutamylcysteine Synthetase (γ-GCS) rabbit polyclonal antibody (Abcam, 

Cambridge, MA); anti-thy1.1 (OX7) and anti-β-actin monoclonal antibodies (Santa Cruz 

Biotechnology, Dallas, TX); anti-fibronectin rabbit polyclonal antibody and rabbit 

complement (Sigma Aldrich, St. Louis, MO).

Immunohistochemistry and Morphometric Assessment

Sciatic nerves were harvested from contralateral and ipsilateral hindlimbs of mice at 

predetermined time-points (day 3 or day 7) following crush injury. All nerves were fixed in 

4% paraformaldehyde solution for three hours and embedded in paraffin to evaluate cross 

sections. Slides were pretreated with 0.01 M citrate buffer (pH 6.0) for antigen retrieval. 
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Nonspecific blocking was performed with 1:20 diluted goat serum. Sequential sectioned 

slides were incubated with anti-P0 antibody (1:1000 dilution) and anti-NF antibody (1:2000 

dilution) separately in 2% goat serum overnight. Fluorescent secondary antibody incubation 

was performed after sections were washed in buffer to remove primary antibodies. 

Immunofluorescence was performed and antibodies to P0 and NF were used to evaluate and 

quantify myelination status and axonal integrity, respectively. Using fluorescent images 

captured with AxioVision software (Carl Zeiss Microscopy, Thornwood, NY), semi-

automated analysis was performed with ImageJ (United States National Institutes of Health, 

Bethesda, MD, available at http://imagej.nih.gov/ij) to quantify P0 and NF19. Positive 

staining was first converted to a binary format for quantification, which was first verified by 

manual counts before the procedure was applied to all of the images. The areal fraction of 

fluorescent emission within the images was analyzed in a blinded fashion using semi-

automated computational analysis.

Fifteen representative areas of 50 × 50 m from each section were chosen for the calculation 

of signal densities in a fashion consistent with other density quantification methods20,21. 

This method prevented inclusion of artifacts acquired during the nerve fixation process or 

areas of the image otherwise damaged, and controlled for variations in cross-sectional area 

of the sciatic nerve samples. The same image processing was performed on each image 

following the particle analysis procedure outlined by the user guide for ImageJ. Additional 

sections were also stained with hematoxylin-eosin to evaluate the nerve morphology with 

light microscopy.

Immunocytochemistry

Primary Schwann Cell Culture—Schwann cells were isolated from sciatic nerves 

(n=20) of 7-day-old Sprague-Dawley rats and prepared by modified Brockes’ method22,23. 

Cells were incubated on Dulbecco's modified Eagle's medium (DMEM) containing 10% 

fetal bovine serum (FBS) and treated with 5 μM anti-mitotic cytosine-β-D-arabinofuranoside 

(Ara-C) for 3 days to eliminate dividing fibroblasts. Complement killing using anti-Thy1.1 

antibodies and rabbit complement was performed to further eliminate fibroblasts resulting in 

a typical yield of 106 purified Schwann cells 22. Purified Schwann cells were maintained in 

DMEM supplemented with 10% FBS, 100 U/ml penicillin, 100 μg/ml streptomycin, 21 

μg/ml bovine pituitary extract and incubated at 37°C, 5% CO2 24. Schwann cells were 

expanded in DMEM supplemented with forskolin (4 μM) to yield ~ 5 × 106 purifie Schwann 

cells for primary and co-cultures.

Dorsal Root Ganglia (DRG) Neuron Cell Culture—DRG neurons were isolated from 

18 day-old embryos (E18) of Sprague-Dawley rats and seeded within laminin/poly-L-lysine-

coated wells (48 wells/plate). Neuronal cultures were maintained in neurobasal media 

(Gibco, Life Technologies, Carlsbad, CA) supplemented with B27-containing antioxidants, 

50 ng/mL NGF, and 1 μM Ara-C. Ara-C (1 μM) treatment was performed three times (for 

two days each time) following two days of fresh medium without Ara-C to eliminate 

fibroblasts. After two weeks, DRG neurons with extensive axons were seeded with Schwann 

cells for myelination analysis 25.
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DRG Neuron and Schwann Cell Myelinating Co-cultures—30,000 Schwann cells 

were added to each well holding 5,000 DRG neurons. Co-cultures were maintained in 

differentiation medium (DMEM/F12 (1:1), 50 ng/mL NGF, N2 supplement) for one week. 

Co-cultures were then changed to myelination medium (MEM supplemented with 50 ng/mL 

NGF, 50 μg/mL ascorbic acid, 10% FBS) for two weeks. Medium was changed every two 

days 25,26.

For the investigations performed with Schwann cells and Schwann cell/DRG co-cultures, 

each experimental condition was done in triplicate wells and all cell culture experiments 

were repeated 4 times on independent days. Overall, one plate was created with primary 

Schwann cell culture (30,000 Schwann cells/well in 48 wells/plate) and two plates were 

created with DRG Neuron-Schwann cell co-cultures (5,000 DRG neurons + 30,000 

Schwann cells co-cultured per well in 48 wells/plate) for use in the relevant investigations.

EPO Administration

To determine whether EPO exposure might alter Schwann cell function in a manner 

potentially relevant to our in vivo results, we examined effects of EPO on cultures of pure 

Schwann cells and on co-cultures of Schwann cells with DRG neurons in conditions that 

induce myelination. Co-cultures of Schwann cells and DRG neurons were exposed to 

various concentrations of EPO (1, 10, 100 U/mL of EPO and 0 U/mL for a control). EPO 

was administered at the beginning of the myelination induction phase, which correlated to 

three pre-determined time points: day 5 of differentiating stage and days 1 and 3 of the 

myelinating stage (corresponding to day 5, 7, 9 of evaluation).

As NO exposure is known to contribute to initiation and progression of demyelination and 

neurodegeneration in both CNS and PNS 23,27,28, we sought to examine EPO's potential in 

modifying these NO-induced injurious effects to myelin and related structures in vitro. 

Although it has proved difficult to determine the absolute levels of NO in vivo29-30, some 

studies have characterized the concentrations of NO anticipated to be present at a site of 

inflammation (~ 1 – 10 uM)30-33. These micromolar concentrations of NO are orders of 

magnitude higher than those within the physiological range and demonstrate similar findings 

of conduction block and axonal degeneration without significant cell death in both in 

vivo31,34 and in vitro23,32,35 studies. Preliminary tests with different experimental 

concentrations of the NO donor, S-Nitroso-N-acetyl-DL-penicillamine (SNAP), done in our 

lab found that 100uM is the most suitable concentration of SNAP to create the pathological 

state and NO-rich environment expected in vivo. Primary cultures of myelinating Schwann 

cells were also exposed to SNAP in the presence or absence of EPO (100 U/ml) to evaluate 

EPO's potential to overcome the NO-driven myelin inhibition. Wells holding saline-treated 

cells were created to serve as controls in experiments quantifying myelin density.

Western Blot

The cell culture samples were collected and lysed in RAPI buffer. Samples were resolved on 

SDS-PAGE gels and transferred to PVDF membranes (PerkinElmer Life Science, Wellesley, 

MA). After being blocked in 5% bovine serum albumin in PBS containing 0.1% Tween 20, 

membranes were incubated with a primary antibody, followed by incubation with a HRP-
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conjugated secondary antibody (Santa Cruz Biotechnology, Inc., Dallas, TX). Membranes 

were visualized using Western Blotting Luminol Reagent (Santa Cruz Biotechnology, Inc., 

Dallas, TX) and imaging system. Primary antibodies were used to detect Glutathione S-

transferases (GST-Pi) and gamma-Glutamylcysteine Synthetase (γ-GCS), markers of 

cellular antioxidant and detoxification capabilities. Anti-β-actin was used for as internal 

control.

Myelin Quantification

To quantify the extent of myelination in Schwann cell cultures and co-cultures, the total 

number of MBP+ myelin segments were counted in each whole culture well and normalized 

by the total cell number (DAPI+). Cell nuclei were stained with DAPI. These MBP+ myelin 

segments were labelled and counted manually with computer guided-assistance using the 

ImageJ software (NIH).

Statistical Analysis

The sample size of mice needed for the study was determined based on a standard power 

analysis. With a significance level (α) set to 0.05 and the power (β) set to 0.8, we found that 

5 animals per treatment group would be sufficiently powerful to perform our desired 

analysis. An equal number of samples and data points were obtained per group and time 

point in each of the experiments throughout our study. All data are expressed as mean ± 

SEM and were analyzed using the unpaired Student t-test. Differences were considered 

significant if P<0.05, with P<0.01 noted if present. All statistics were reviewed by an 

institution statistician to confirm appropriateness of analyses.

RESULTS

Systemic EPO Administration

SFI—We confirmed our previous studies using crush injuries and found that recovery was 

enhanced by EPO administration. Systemic EPO administration accelerated functional 

recovery as measured by improvement in sciatic function index (SFI) at 7 and 14 days post-

injury (P<0.05)(Figure 1C). Although the difference in SFI was not significant between 

groups when calculated 7 days after injury (P=0.08), the functional improvement observed 

on day 7 was greater in mice that received EPO post-operatively than those that received 

saline (P<0.05)(Table 1). On day 14 after injury, there was substantial improvement in both 

groups, but mice treated with EPO still showed a significantly greater recovery than 

untreated mice (P<0.05). Crushed nerves showed a reduced diameter at the point of crush 

(Figure 1A) while mice receiving these injuries showed a marked reduction in normal toe 

spread on day 7 as seen by visual inspection (Figure 1Bi-ii). In contrast, the toe spread on 

mice receiving EPO treatment was normal in its appearance (Figure 1Biii).

Histomorphometry—As the speed of recovery was too rapid to be accounted for by 

axonal regeneration alone (1 mm/day regrowth following Wallerian degeneration), we tested 

the hypothesis that EPO might be protecting or restoring myelination on spared axons, 

which could also restore function. There was a visually marked decrease in peripheral 

myelin at the site of crush injury (Figure 2A). Cytological analysis of sections cut at the 
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level of injury are shown in Figure 2B. There were comparable reductions in the total 

number of axons in both treated and untreated nerves (P>0.05), but a greater number of 

these axons were myelinated in the EPO-treated mice (Table 2). In control mice, only 22.95 

+/− 2.19% of surviving axons (defined by neurofilament expression) were myelinated, while 

57.40 +/− 2.26% of the axons were myelinated in mice treated with EPO (P<0.01) (Figure 

2C).

Local Delivery of EPO

When placed directly on the nerve immediately following crush injury, extended release of 

the drug occurs with 90% of the EPO released from the material over a period of 6 days, as 

shown by in vitro pharmacokinetic analysis (Figure 3A). Mice treated by localized EPO 

delivery in fibrin glue immediately after injury showed enhanced functional recovery of 

crushed nerves when compared to control-treated mice (Table 3), which mimics that 

observed with systemic EPO treatment. Saline- and fibrin glue vehicle-treated control 

groups did not differ in SFI or percent recovery over the course of 5 days (P>0.05). 

However, local EPO-treated animals showed significantly greater functional improvements 

in SFI than either control groups at day 3 and day 5 post-injury (P<0.05)(Figure 3C).

In Vitro Studies

Immunohistochemical staining—In Schwann cell-DRG neuron co-cultures exposed to 

various concentrations of EPO (1, 10, 100 U/mL), we found EPO exposure increased the 

total number of MBP-expressing Schwann cells in a dose-dependent manner (P<0.05) 

(Figure 4B). The baseline number of MBP+ Schwann cells that arose in pro-myelinating 

conditions was almost eradicated in cultures when exposed to 100 μM SNAP (although it 

did not cause a concomitant increase in cell death). This impact of SNAP exposure was 

minimized to almost negligible levels if cultures were also exposed to 100 U/ml of EPO 

(P<0.01)(Figure 4C). In addition, exposure of purified Schwann cell cultures to EPO caused 

increases in levels of GST-Pi and γ-GCS, as seen by Western Blot (Figure 4D), suggesting a 

direct effect of EPO on these cells in respect to expression of enzymes relevant to protection 

from oxidative stress, a known effect of exposure to NO 36,37.

DISCUSSION

We and others previously found that systemic EPO treatment promotes functional recovery 

after peripheral nerve injuries 8,38, and diabetic neuropathy 6. Initially, we repeated our 

previous observation that systemic administration of EPO can accelerate motor function 

measured by sciatic function index following acute nerve crush8. Improvement can be 

observed within several days after EPO administration, a time course too rapid to be 

accounted for by axonal regeneration. Our present studies suggest that this benefit may be 

mediated by preservation and/or promotion of Schwann cell myelination. Importantly, we 

demonstrated that EPO doesn’t necessarily require systemic administration to produce these 

neuroregenerative effects. Instead, localized EPO delivery may provide comparable results 

and a safer means of harnessing these benefits for eventual therapeutic application.
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Previous studies have shown that EPO prevents apoptosis in neurons and glial cells in both 

CNS and PNS 39,40 and is neuroprotective in a wide variety of injury paradigms 41,42. Our 

current study suggests that EPO may also promote Schwann cell myelination. The marked 

increase we observed in the proportion of axons that are myelinated 7 days after crush injury 

in EPO-treated mice could be due to preservation of myelin and/or to promotion of 

remyelination after injury. The fact that EPO also enhances recovery even if administration 

is delayed for a week after injury 8 suggests that there are effects that extend beyond the 

prevention of apoptosis and preservation of myelin immediately after injury. It has been 

suggested that EPO also exerts neuroprotective effects to prevent axonal degeneration39,43 as 

well as regenerative effects to promote neurite sprouting and regrowth to restore axonal 

continuity9,44-46.

The success of localized EPO administration was particularly important in considering how 

we might best apply these findings in the clinical arena. EPO has a number of undesirable 

side effects that have been described, including thrombosis, hypertension, and decrease of 

survival rate of cancer patients 2,11. The severity of these side effects is such that systemic 

EPO therapy may not be a clinically viable option for treatment of peripheral nerve injuries 

in certain patients and clinical settings. Interestingly, we were able to obtain benefits similar 

to those seen with systemic delivery by using an FDA-approved fibrin glue matrix loaded 

with EPO and implanted at the injury site. This novel approach of promoting recovery from 

peripheral nerve injury may help facilitate the transition of EPO's neuroregenerative effects 

into benefits that are clinically relevant and usable.

Previous studies have reported that EPO can also protect against oxidative stress 47-49, which 

can be induced by NO exposure following injury 36,37. Our findings from in vitro studies 

agree with this neuroprotective role of EPO. We found that EPO protected against adverse 

effects of NO production and caused increased expression in levels of enzymes relevant to 

protection against oxidative stress.

Although neurons and Schwann cells express EPO receptors 24,50,51, it has not been clear 

whether beneficial effects of EPO administration are due to effects locally at the lesion site 

or whether systemic effects of EPO are required in order to improve functional recovery. We 

found that EPO administration promotes MBP expression in Schwann cell-DRG co-cultures 

and that localized slow-release delivery of EPO provides equivalent levels of benefit as 

systemic delivery. Taken together, these findings suggest that local effects on cells are 

important in the mechanism by which EPO administration confers benefit.

The extent of the motor improvement observed is of considerable potential clinical 

relevance. The ability to promote more rapid recovery after peripheral nerve injury is 

important because nerve recovery must outpace the degradation of the denervated motor 

endplate 52. This interplay between a recovering nerve and the time envelope for a 

significant recovery is an even greater concern in the elderly where little recovery is often 

seen after complex nerve injury. This situation is further complicated by the difficulty in 

distinguishing partial and complete nerve injuries as both leave patients without any 

function, creating a diagnostic dilemma without operative exploration and assessment. The 
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improved function associated with localized EPO administration in the period following 

injury is therefore of potential importance in improving outcomes after nerve crush injury.

There are limitations of this study that should be noted. First, we did not perform any testing 

to assess the extent of systemic absorption with our local delivery system. As one of the 

main benefits of local administration of EPO may be minimizing the deleterious side effects 

that commonly occur with systemic therapy, it is imperative that any systemic impact of 

local EPO be defined and quantified. We do believe that the local EPO described in this 

study would likely result in negligible systemic effects as the dose of EPO used in the local 

delivery system is markedly less than that given systemically. Any concentration of EPO 

found in systemic circulation with the local delivery would be minimal and far less than that 

expected to produce measureable side effects. Second, our study was strictly evaluating 

acute traumatic nerve injuries, which are less common than chronic nerve compression 

(CNC) injuries. As CNC injuries are due to local damage to myelin with relative 

preservation of axons, we believe that EPO would likely provide comparable therapeutic 

effects in this chronic setting if we extrapolate our current findings to any situation of myelin 

damage. This is something worthy of further investigation, which is currently being 

undertaken in our lab. Last, local concentration of NO in the vicinity of peripheral nerve is 

currently undetermined in both physiologic and pathologic states. Lack of a reproducible 

and standardized method of quantification leaves this as a topic of interest with no consistent 

findings in the literature to date. We were unable to find any literature on the predicted [NO] 

in pathologic situations of peripheral nerve injury, as most of the investigations have been 

revolved around CNS pathology or inflammatory neuropathies, such as seen in systemic 

conditions. This is an area that would be useful to investigate further to elucidate a value of 

[NO] that could be used as a reference standard.

In summary, our results suggest that the functional benefit of EPO administration in 

peripheral nerve crush injury is due to Schwann cell re-myelination. Based on our current 

findings that localized EPO administration is sufficient to generate beneficial outcomes after 

nerve crush injuries, we provide a possible new avenue of using EPO therapeutically by 

avoiding the several risks that have been associated with systemic EPO administration 2,11.
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Clinical Relevance

Mixed injury to myelin and axons may allow the opportunity for the repurposing of EPO 

for use as a myeloprotective agent where injuries spare a requisite number of axons to 

allow early functional recovery.
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Figure 1. 
EPO improves SFI in mice after crush injury. A Representative pictures of crushed sciatic 

nerve in mice. B i) Representative photographs of the foot position of the sham-surgery 

group, ii) saline-treated mouse, iii) and systemic EPO-treated mouse 7 days after the surgical 

crush injury. C Effect of systemic EPO administration on improvement in SFI days 7 and 14 

following acute crush injury (N=5 per group). Improvement (%) measured as the percent 

change in SFI from post-injury day 1, a time point of maximum injury shown by worst value 

of SFI (−100 to −110). * P < 0.05.
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Figure 2. 
EPO supported preservation of myelin within crushed nerve. A Labeling with anti-P0 

antibodies reveals loss of myelin at the lesion site 7 days post-injury. (Red: P0; Blue: DPAI) 

B Analysis with anti-P0 (red; i-iii) and anti-NF (green; iv-vi) antibodies reveals that crush 

injury is associated with a reduction in numbers of myelinated axons (ii versus iii) seen in 

cross sections of sham control, crushed and crushed + EPO sciatic nerves 7 days post-injury. 

Representative images of the cross sections of the sciatic nerves (i, iv: healthy nerve; ii, iii, v, 

vi: crushed nerve). C EPO administration causes an ~3-fold increase in the percentage of 
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NF-expressing axons surrounded by P0-expressing Schwann cells (N=3 per group). ** P < 

0.01.
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Figure 3. 
Local EPO treatment via fibrin glue vehicle improves motor function. A EPO is released 

from fibrin glue vehicle over a several day period in vitro (N=5 per group), shown as the 

percentage of EPO released from the local drug delivery system into PBS solution over time 

(concentration of EPO in PBS/concentration of EPO in fibrin glue vehicle x 100%). B 
Photomicrograph of crushed sciatic nerve to which fibrin glue matrix was applied, visualized 

with hematoxalin-eosin staining of nerve section as seen 3 days after surgery. C 0.5 U EPO-
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loaded fibrin glue implant improved SFI significantly over the course of 5 days when 

compared to saline or vehicle-only groups (N=5 per group). * P < 0.05.
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Figure 4. 
EPO exposure enhances Schwann cell myelination and protects against NO-induced 

reductions in myelination in vitro. A Immunocytochemical staining of Schwann cell/DRG 

neuron co-cultures with anti-MBP antibodies shows a marked increase in MBP+ Schwann 

cells. B Quantitative analysis of the number of MBP-expressing Schwann cells in the 

presence of different concentrations of EPO shows a dose-dependent increase (N=4 per 

group). * P < 0.05. C Exposure to 100 μM of SNAP during the myelination-induction 

process almost eliminates Schwann cell expression of MBP, whereas this SNAP-induced 

inhibition can be rescued by treatment with 100 U/mL EPO (N=4 per group). ** P < 0.01. D 
Levels of glutathione S-transferase (GST-Pi) and gamma-glutamylcycteine synthetase 

(gamma-GCS) are increased in Schwann cells exposed to 100 U/mL EPO, as detected by 

Western blot analysis.
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Table 1

Walking Track Analysis and Functional Recovery with Systemic EPO

PID1 PID7 PID14

GROUP SFI SFI Improvement SFI Improvement

Saline −106.06 ± 1.45 −81.68 ± 0.88 23.0% −41.31 ± 5.59 61.1%

EPO −111.94 ± 3.09 −72.25 ± 3.76 35.5% −26.73 ± 2.55 76.1%

P-value >0.05 >0.05 <0.05 <0.05 <0.05

PID = Post-injury day. SFI = Sciatic Function Index. EPO = Erythropoietin.
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Table 2

Histomorphometric Results

Saline EPO P-value

AXON Sham Crush Sham Crush Sham Crush

Myelinated (#) 2337.50 ± 22.50 696.00 ± 86.51 2437.67 ± 93.24 1783.67 ± 15.51 0.40 <0.001

Total(#) 2965.00 ± 229.00 3017.67 ± 83.38 3435.67 ± 373.73 3118.67 ± 142.59 0.36 0.57

Ratio (P0/NF) 79.25 ± 5.36 22.95 ± 2.19 72.06 ± 5.09 57.40 ± 2.26 0.41 <0.001

P0 = Protein 0. NF = Neurofilament. EPO = Erythropoietin.
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Table 3

Walking Track Analysis and Functional Recovery with Local Delivery of EPO

PID1 PID2 PID3 PID5

GROUP SFI SFI Improvement SFI Improvement SFI Improvement

Control −106.06 ± 1.30 −103.90 ± 4.16 2.03 ± 2.79% −92.88 ± 3.28 12.33 ± 2.39% −92.16 ± 3.57 13.19 ± 1.90%

FG Only −102.47 ± 1.72 −104.19 ± 2.84 0.65 ± 3.86 % −96.39 ± 4.58 13.21 ± 2.42 % −87.10 ± 3.23 14.97 ± 3.24 %

FG-EPO −102.76 ± 2.38 −99.95 ± 4.11 2.51 ± 3.48 % −77.04 ± 3.37 24.97 ± 3.46 % −78.43 ± 3.64 23.46 ± 4.35 %

P-value >0.05 >0.05 >0.05 <0.05 <0.05 <0.05 <0.05

PID = Post-injury day. SFI = Sciatic function index. FG = Fibrin Glue. EPO = Erythropoietin.
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