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Abstract

The functional recovery following non-severing peripheral nerve injury (PNI) is often incomplete. 

Erythropoietin (EPO) is a pleiotropic hormone and it has been shown to protect peripheral nerves 

following mild and even moderate severity injuries. However, the effectiveness of EPO in severe 

PNI is largely unknown. In this study, we sought to investigate the neuroprotective effect of a new 

dose regimen of EPO in severe sciatic nerve crush injury (SSCI). Adult male mice (8 animals/

group) were randomly assigned to sham (normal saline, 0.1ml/mouse), SSCI (normal saline, 

0.1ml/mouse) and SSCI with EPO (5000 IU/kg) groups. SSCI was performed using calibrated 

forceps for 30 sec. EPO or normal saline was administered intraperitoneally immediately after the 

SSCI and at post-injury day 1 and 2. The functional recovery after injury was assessed by sciatic 

function index (SFI), von Frey Test (VFT), and grip strength test. Mice were euthanized on day 7 

and 21 and nerves at injury/peri-injury site were processed for gene (quantitative real-time PCR) 

and protein (immunohistochemistry) expression analysis. EPO significantly improved SFI, VFT, 

and hind limb paw grip strength from post-injury day 7. EPO demonstrated significant regulatory 

effects on mRNA expression of inflammatory (IL-1β and TNF-α), anti-inflammatory (IL-10), 

angiogenesis (VEGF and eNOS), and myelination (MBP) genes. The protein expression of IL-1β, 

F4/80, CD31, NF-κB p65, NF-H, MPZ, and DHE (redox-sensitive probe) was also significantly 

modulated by EPO treatment. In conclusion, the new dose regimen of EPO augments sciatic nerve 

functional recovery by mitigating inflammatory, anti-inflammatory, oxidative stress, angiogenesis, 

and myelination components of SSCI.
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1. Introduction

Peripheral nerve injuries (PNI) caused by an accident or trauma can result in physiological 

and functional disabilities. PNI occurs along a wide spectrum of severity and its recovery is 

directly dependent on the type and severity of the injury [1–3]. Despite advanced 

microsurgical repair, the functional recovery after severe PNI is often unsatisfactory and 

there is no effective medical or adjunctive therapy is available [4,5]. Even microsurgical 

approaches fail to address the complex cellular and molecular events associated with PNI. 

While there is an unmet need for new therapeutic and adjunctive strategies to promote 

functional recovery after PNI, molecular and cellular events within the injured nerve 

microenvironment remain unclear.

An expanding body of evidence suggests that non-surgical strategies may improve PNI 

recovery following mild injury through cellular regeneration of nerve structure, which 

supports function [4,6]. Erythropoietin (EPO) is a U.S. Food and Drug Administration 

(FDA) approved drug for the treatment of anemia with a minimal side-effect profile [4]. In 

addition to its well-known erythropoietic function, EPO also has potent anti-inflammatory, 

vascular, neurotrophic and neuroprotective effects [7–12]. Considering its multiple 

functions, EPO has gained a tremendous attention as an adjunct to bolster neuronal function, 

especially in the peripheral nervous system [12–16]. Experimental and clinical studies have 

demonstrated that EPO can function as a neuroprotective molecule by mediating 

angiogenesis and mitigating oxidative stress, inflammation, autophagy, and apoptosis 

[11,13–16]. Although we and others have shown that EPO improves post-PNI functional 

recovery following mild injuries [17–22], the effectiveness of EPO to protect a nerve 

following severe injury is not well defined. We hypothesized that a new dose regimen of 

EPO could improve post-PNI recovery by altering pro-inflammatory, anti-inflammatory, 

oxidative stress, and angiogenesis regulatory mechanisms following severe sciatic crush 

injury (SSCI). The aim of this study was to explore the protective effect of a new dose 

regimen of EPO in a mouse model of SSCI. PNI has significant healthcare implications and 

there is no current medical treatment option for PNI. Therefore, we aimed to demonstrate 

the beneficial effects of a new dose regimen of EPO in the complex pathophysiological 

events following severe PNI and its usefulness as a potential therapeutic adjunctive agent.

2. Materials and methods

2.1. Mouse model of severe sciatic nerve crush injury (SSCI) and experimental design

The experimental design and animal protocols were approved by the ethical committee on 

animal research at The Pennsylvania State University College of Medicine, Hershey, PA. 

Ten-week-old male C57BL/6J mice (Jackson Laboratories, Bar Harbor, Maine) weighing 25 

± 3g were used in this study. Sciatic nerve crush injury was performed as previously 

described [17]. Briefly, after intraperitoneal (IP) ketamine (100 mg/kg)/xylazine (10 mg/kg) 
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anesthesia, the right hindlimb was shaved and prepared with alcohol swabs and povidone-

iodine (Betadine). Under a precision stereo zoom binocular microscope (Model PZMIII, 

World Precision Instruments), a lateral skin incision (~2.5 cm) was made along the length of 

the femur and the sciatic nerve (SN) was bluntly exposed through the iliotibial band. Crush 

injury was performed ~3 mm proximal to the SN trifurcation using calibrated forceps (5 mm 

tip width; 18-1107, Miltex Instruments) for 30s. The skin was closed by surgical staples and 

post-operative slow release buprenorphine (0.05 mg/kg) was given subcutaneously to all 

animals as an analgesic. The experimental animals (8 animals/group) were randomly 

assigned to Sham (normal saline, 0.1ml/mouse), SN crush injury (normal saline, 0.1ml/

mouse) and SN crush injury with EPO (5000 IU/kg; Epoetin alfa, PROCRIT®) groups. EPO 

was given intraperitoneally (IP) immediately after surgery and on post-surgery day 1 and 2. 

The dose of 5000 IU/kg EPO was based on previous studies by us and others (17,18,20–22) 

and the new dose-regimen of EPO was selected based on our recent dose-escalation study 

with EPO on mouse severe sciatic nerve crush injury (data not shown) in addition to the fact 

that similar regimens have been used in humans. Post-injury functional recovery was 

assessed by walking track analysis (WTA), sensory nerve test (SNT), grip strength test, and 

hematological test on day 3, 7, 14 and/or 21. The animals were euthanized on post-injury 

day 7 and 21 to harvest nerves (flash-frozen in liquid nitrogen) for gene (quantitative real-

time PCR, qRT-PCR) and protein (immunohistochemistry, IHC) expression analysis.

2.2. Sciatic functional index (SFI)

To evaluate in vivo global motor function recovery, sciatic function index (SFI) was 

determined by WTA as previously described [17]. Briefly, mice were trained to walk freely 

along a 77 cm by 7 cm corridor lined with white paper and individual footprint of the hind 

limbs were obtained by painting each foot with ink before surgery and on post-surgery day 

3, 7, 14, and 21. At least three measurable footprints for each hind limb were obtained. Two 

blinded observers selected three footprints per hind limb, which were measured by digital 

calipers. SFI was calculated using three parameters of footprints: (1) toe spread (TS, first to 

the fifth toe), (2) total print length (PL), and (3) intermediate toe spread (IT, second to the 

fourth toe) and following formula: SFI = −38.3 {(EPL-NPL)/NPL} + 109.5 {(ETS-NTS)/

NTS} + 13.3 {(EIT-NIT)/NIT} − 8.8, where E for experimental (injured) and N for normal 

(contralateral uninjured) sides.

2.3. Hindlimb grip strength test

The grip strength meter (BIO-GS3; Bioseb-In Vivo Research Instruments) was used to 

measure hindlimb grip strength [23]. Briefly, the mice were restrained properly by holding 

the scruff and base of the tail and allowed to grasp the angled grid. Mice were then gently 

pulled along the length of the sensor grid until the grip was released. The displayed value in 

the “kg” force was recorded with each animal tested 5 times to obtain an average value of 

the grip strength. Attention was paid to the animals to avoid paw injury and habit formation 

during each trial.

2.4. Von Frey test (VFT)

Mice were placed in a transparent polycarbonate chamber (~10 × 10 cm) equipped with a 

metallic mesh floor, ~25 cm above the bench. Animals were allowed to acclimatize prior to 
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testing. SNT was then performed as previously described using Von Frey filament unit 

(NC12775-08, Touch Test® Sensory Evaluators) [24,25]. In brief, the filament pressure (1g 

force) was applied to the plantar surface of the hind limb through the mesh floor, until the 

filament bends (maximum 3 seconds) or animal withdraws the paw. The withdrawal reflex 

of the hind limb was recorded and each animal tested three times to calculate the percent 

response of sensory nerve.

2.5. Hematological evaluation

Mice were anesthetized using isoflurane (IsoSol™, VEDCO) and blood samples (125 μl) 

were collected into the K2EDTA anticoagulant tubes (07 601; Safe-T-Fill, RAM Scientific) 

via retro-orbital plexus using heparinized microhematocrit capillary tubes (22-260950; 

Fisher Scientific). Blood samples were immediately processed for hematological evaluations 

[Hemoglobin (Hb g/dl) and hematocrit (HCT %)] using automatic blood cell counter 

(Element HT5 Veterinary hematology analyzer).

2.6. RNA isolation and qRT-PCR analysis

Total RNA was extracted from the SN (at injury and peri-injury site) using the miRNeasy 

mini kit (217004; Qiagen) and the RNA reverse transcribed to cDNA using iScript™ reverse 

transcription supermix (1708840; Bio-Rad), according to the manufacturer’s instructions. 

Primers were purchased from Invitrogen (Life Technologies) and the sequences are listed in 

Supplementary Table 1. qRT-PCR was performed using Fast SYBR Green Master Mix 

(4385612; Applied Biosystems) with a Step One Plus Real-Time PCR System (Applied 

Biosystems) for detection of gene expression. Relative mRNA expression of the target genes 

was normalized to the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene. The data 

were represented as fold change versus respective control.

2.7. Nerve processing and IHC analysis

SN processing and immunofluorescence (IF) staining was performed as previously described 

with slight modification [20]. Briefly, on day 7 and 21, SN was harvested from the ipsilateral 

hindlimbs of mice. Nerves were fixed in 4% paraformaldehyde (PFA) solution overnight, 

washed with 70% alcohol 3 times and embedded in paraffin. The serial 5μm thick 

longitudinal sections were taken from the embedded blocks using a microtome (Model 

RM2235, Leica) to evaluate targeted antibodies. Prior to staining, tissue sections were 

deparaffinized and serially rehydrated using xylene and alcohol respectively. Antigen 

retrieval was performed using 10 mM sodium citrate buffer (pH 6.0) for 20 min at 95°C. 

Permeabilization and blocking of nonspecific binding were performed using 1% Triton 

X-100 and 5% goat serum respectively. Primary antibody staining was performed with anti-

NF-H (1:1000; NB300-135, Novus biologicals), anti-MP0 (1:1000; PZ0, AvesLabs), anti-

IL-1β (1:250; GTX74034, GeneTex), F4/80 (1:100; MCA497GA, Bio-Rad), anti-NF-κB 

p65 (1:500; ab86299, abeam) and anti-CD31 (1:100; 553370, BD Pharmingen) followed by 

incubation with the appropriate secondary antibody Alexa Fluor 488 (1:1000; A11008, 

Invitrogen) or Alexa Fluor 647 (1:1000; A21449; Invitrogen). Staining without primary 

antibodies was used as a control for non-specific fluorescence. Nuclei were counter-stained 

using ProLong™ Gold anti-fade reagent with DAPI (P36935; Invitrogen) and sections were 
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examined under a fluorescent microscope (ZEISS Apotome 2). Stained nerve tissues were 

analyzed using NIH-ImageJ software.

2.8. Dihydroethidinm (DHE) staining for reactive oxygen species (ROS)

DHE staining was performed to detect the intensity of ROS (superoxide and hydrogen 

peroxide) as described previously [26]. In brief, SN tissue sections were deparaffinized and 

serially rehydrated as described above. SN was incubated with DHE (5 μmol/l, Cat# D1168, 

Invitrogen) in deionized water in a light-protected, humidified chamber (37°C) for 10 min. 

Slides were washed three times with deionized water for 1 min. Nuclei were counterstained 

with ProLong™ Gold anti-fade reagent with DAPI and DHE fluorescence was measured 

using Cy3 (548 nm excitation and 561nm emission; 5-mm slits).

2.9. Hematoxylin and Eosin (H & E) staining

SN tissue sections were deparaffinized and serially rehydrated as described above. The 

sections were stained with Mayer’s hematoxylin (Cat # MHS32, Sigma-Aldrich) for 8 min 

and then incubated in 0.2% ammonia water for 10 min. The sections were stained with eosin 

(71204; Thermo Scientific) for 40s, followed by dehydration with 95% and 100 % alcohol 

for 5 min, two times. Sections were then cleared in xylene for 5 min, 2 times and mounted 

with Permount™ medium (SP15-500; Fisher Scientific). H & E stained slides were 

visualized on the Olympus BX53 microscope.

2.10. Statistical Analyses

The data were analyzed using Student’s t-Test, One-way and two-way analysis of variance 

(ANOVA) using GraphPad Prism Version 8.2.0. All values are presented as mean ± SEM. 

Probability (P) values of < 0.05 were considered statistically significant

3. Results

3.1. An effective therapeutic dose regimen of EPO in SSCI

3.1.1. EPO improves post-injury SFI—In previous studies, we showed that the 

systemic administration of EPO can accelerate sciatic functional recovery after mild and 

moderate crush injuries but not after severe crush injury [5,9]. It was unknown whether an 

effective therapeutic dose of EPO would be able to overcome the severity of injury and 

improve the function. In this study we show that systemic IP administration of EPO (vs. 

saline) at three doses (5000 IU/kg/day) can treat the increased injury severity and 

significantly improve post-injury functional recovery (SFI) on day 7 (37.21% vs. 18.54%) 

and day 14 (85.18% vs. 67.29%) (Fig. 1A, *P<0.05). While EPO treatment restored the SFI 

to normal level (95.6%) on post-injury day 21, SFI in the saline group remained persistently 

impaired (85.4%). These findings demonstrate that an effective dose regimen of EPO can 

overcome the functional deficit produced by SSCI.

3.1.2. EPO improves muscle grip strength—Grip strength examines neuromuscular 

function in the mouse by determining the maximum volitional force produced by the animal 

[27]. Compared to the saline group, EPO treatment significantly improved hind limb muscle 

grip strength at post-injury day 14 and it was 70.18 kg vs. 55.73 kg (Fig. 1B, *P<0.05). The 
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muscle strength in both groups on post-injury day 21 was comparable between the groups 

(EPO, 74.34 kg vs. saline, 77.98 kg). This suggests that EPO treatment improves volitional 

muscle strength in proportion to improved global motor function (SFI) following SSCI.

3.1.3. EPO accelerates sensory nerve function recovery—Sensory testing 

(Touch Test®; North Coast Medical) provides a non-invasive assessment of cutaneous 

sensations by evaluating paw withdrawal thresholds [28]. To determine the effect of EPO on 

sensory nerve recovery, we performed Von Frey filament testing (Fig. 1C, *P<0.05). Similar 

to muscle grip strength, EPO treatment also significantly improved withdrawal reflex 

(percent response to filament) as compared to the saline group (87.50 % vs. 

33.33%,*P<0.05) on post-injury day 14 and sensory reflexes in both groups returned to the 

baseline level on post-injury day 21. These findings demonstrate that EPO can improve 

sensory nerve function after SSCI.

3.2. Effect of new EPO dose regimen on hematological parameter

The primary function of EPO is to stimulate red blood cells (RBC) production in the bone 

marrow [29,30]. But too much RBC production can lead to polycythemia. To determine the 

possible erythropoietic effect of our new EPO dose regimen in mice, we checked the 

hematological parameter before (day 0) and after EPO treatment (day 7, 14 and 21). We 

observed a small significant increase in HCT % on day 7 (54.78%) as compared to day 0 

(49.92%) (Fig. 2, *P<0.05). However, this increase was transient and HCT% returned to the 

baseline level by day 14 (49.42%) and day 21 (47.94%). Of note, we did not observe any 

adverse events in mice with transient rise in HCT%, such as hunched posture, inactivity, 

respiratory difficulty, leg edema or bleeding issues, with animals remaining normally active 

all the time, they demonstrated significant improvements in both motor and sensory 

function. This indicates that our new EPO dose regimen is safe, effective, and non-toxic to 

the animal, and the effects do not depend on a higher HCT.

3.3. EPO modulates inflammatory, angiogenesis and myelination components in the 
injured nerve

EPO is a pleiotropic cytokine reported to mediate neuroprotective effects by regulating 

inflammatory, oxidative stress, and angiogenesis in PNI [31,32]. To determine the role of 

these factors in our SSCI model, we analyzed the gene expression profile in the injury or 

preinjury site of SN using qRT-PCR. The qRT-PCR data on day 7 and day 21 revealed 

significantly increased mRNA expression level of the inflammatory genes IL-1β (Figs. 3A 

and 4A, *P <0.05) and TNF-α (Figs. 3B and 4B, *P <0.05) in saline group as compared to 

the sham group, and EPO treatment totally abolished these increased expressions. However, 

compared to the sham group, the expression level of anti-inflammatory gene IL-10 at day 7 

(Fig. 3C) and 21(Fig. 4C) was significantly increased in both saline and EPO groups (*P 
<0.05), and there was no significant difference between the saline and EPO groups.

Angiogenesis plays an important role during tissue injury, inflammation and repair, and EPO 

is known to induce angiogenesis in different experimental models [11,33]. On day 7, 

compared to sham group, we observed a significantly increased expression levels of vascular 

endothelial growth factor (VEGF) (Fig. 3D, *P <0.05) and endothelial nitric oxide synthase 
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(eNOS) (Fig. 3E, * P <0.05) in both saline and EPO groups; however, the expression levels 

were more pronounced in the saline group. In contrast, compared to sham and saline groups 

on day 21, EPO significantly augmented the upregulation of angiogenic VEGF (Fig. 4D, 

*#P <0.05) and this upregulation was associated with increased expression of eNOS (Fig. 

4E, *#P <0.05). Myelination status of the nerve is a key factor for nerve conduction and 

function, and myelin basic protein (MBP) is a major constituent of the myelin sheath. On 

day 7, while MBP gene expression was significantly increased in saline group as compared 

to sham group (Fig. 3F, * P <0.05), MBP gene expression with EPO treatment was 

comparable to the sham group (Fig. 3F, * P <0.05). In contrast, compared to sham and saline 

groups on day 21, EPO significantly augmented the upregulation of MBP gene (Fig. 4F, *# 

P <0.05).

To evaluate the effect of EPO on post-injury morphological alterations, cellular infiltration/

inflammation, and molecular changes, H&E and IF staining were performed with SN. H&E 

staining of SNs on day 21 in Fig. 5 showed increased infiltration of inflammatory cells and 

ill-defined myelin sheaths in the saline group as compared to the sham group. Compared to 

the saline group, EPO treatment markedly reduced the infiltration of inflammatory cells and 

effectively preserved myelin sheaths. Immunofluorescence analysis on day 7 (Fig. 6) and 

day 21 (Fig. 7) revealed significantly increased intensity of IL-1β, F4/80 (macrophage 

marker), and DHE in the saline group as compared to the sham group. Compared to the 

saline group, EPO treatment either totally abolished or significantly attenuated the increased 

intensity of IL-1β and F4/80 (Figs. 6A, 6B and Figs. 7A, 7B, # P <0.05) and DHE (Figs. 8A, 

8B and Figs. 8C and 8D, # P <0.05) at day 7 and day 21. Figure 9 shows the area fraction % 

of CD31 (endothelial cell marker) and it was significantly increased in saline group as 

compared to the sham group on day 7 (Figs. 9A and 9B, *P <0.05) and day 21 (Figs. 9C and 

9D, * P <0.05). While EPO treatment had no effect on the area fraction % of CD31 on day 7 

(Figs. 9A and 9B), it was significantly augmented by EPO by day 21 (Figs. 9C and 9D, #P 
<0.05).

Nuclear factor-κB (NF-κB) is a transcription factor that regulates the expression of genes/

proteins and influences diverse biological processes including cell proliferation, apoptosis, 

inflammation, oxidative stress, and angiogenesis [34]. The phosphorylated form of NF-κB, 

NF-κB p65, activates the expression of target genes [35]. We observed that the expression 

level of NF-κB p65 was significantly increased on day 7 as compared to the sham group 

(Figs. 10A and 10B, * P <0.05) and EPO had no effect on this increased level of NF-κB. 

However, by day 21, EPO treatment significantly attenuated the intensity of NF-κB p65 as 

compared to the saline group (Figs. 10C and 10D, # P <0.05). We also checked the 

expression level of NF-H and MPZ to evaluate the neuroprotective effect of EPO after nerve 

injury. Figures 11 and 12 show the expression level of NF-H and MPZ at day 7 and day 21, 

respectively. On day 7, both NF-H and MPZ levels were significantly reduced in saline 

group as compared to the sham group (Figs. 11A and 11B, *P <0.05). While EPO treatment 

had no effect on the reduced levels of NF-H and MPZ on day 7 (Figs. 11A and 11B), the 

levels of NF-H and MPZ were significantly rescued with EPO treatment by day 21 as 

compared to the drastically reduced level in the saline group (Figs. 12A and 12B, # P <0.05).
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4. Discussion

The key finding of this study is that a new augmented dose regimen of EPO can overcome 

severe crush injury-induced nerve pathophysiology and improve post-injury functional 

recovery by modulating inflammatory, oxidative stress, angiogenesis, and myelination 

components of nerve injury. We provide new mechanistic insights into the beneficial effects 

of EPO in severe PNI-induced neural gene expression and functional dysfunction, and 

further confirm the potent neuroprotective effect of EPO in PNI.

PNI remains an important health problem that often leads to significant functional 

impairment and permanent disability. Although preclinical and clinical studies have focused 

on several novel therapeutic approaches for the treatment of PNI, there is no reliable or 

effective treatment option employed clinically [4,5]. We recently showed that a single dose 

EPO treatment could promote functional recovery and enhance nerve regeneration after mild 

to moderate sciatic nerve crush injuries, but not after severe crush injury [18]. In this 

context, we sought to investigate the effect of a multi-dose augmented EPO regimen in a 

mouse model of severe PNI. With a new EPO dose regimen, we demonstrate a significant 

improvement in motor functional recovery from post-injury day 7, and improvements in 

hind limb grip strength and sensory function from post-injury day 14. Although we observed 

a minor transient increase in HCT on post-injury day 7, HCT returned to normal level 

afterwards and we did not observe any adverse events or toxic effects (such as hunched 

posture, inactivity, respiratory difficulty, leg edema or bleeding problems) associated with 

this transient elevation of HCT. Notably HCT was not found to exit the normal range even 

with this augmented EPO dose regimen. Functional recovery with this new EPO dose 

regimen in SSCI was consistent with the beneficial effects of single dose EPO in milder 

injuries [17,18,20] and supports the therapeutic importance of the multi-dose EPO regimen 

in severe PNI treatment.

PNI occurs along a spectrum from injuries in which some axonal continuity is maintained 

with demyelination (crush or compression injuries) to injuries involving complete nerve 

transection [1–3]. A complex multicellular event takes place after PNI and the functional 

recovery is usually slow and incomplete [4,36,37]. The nerve damage that occurs after the 

severe crushing injury using forceps (mechanical pressure) might be associated with several 

pathophysiological complexities, such as: A) deformation of the tissues at crush zone, B) 

ischemic conditions and intraneural edema, C) changes in the electrolytes and nerve 

conduction, D) inflammation and oxidative stress, E) apoptosis and necrosis, and F) myelin 

and axonal degradation. The extent of these complexities is directly related to the type and 

severity of injury [1,37,38]. To address these circumstances, we looked at the expression 

level of inflammatory, anti-inflammatory, angiogenesis, and myelination genes at injury and 

peri-injury sites. Our qRT-PCR data demonstrated that in both early (day 7) and late (day 21) 

stages of injury EPO significantly attenuated mRNA expression of pro-inflammatory genes 

(IL-1β and TNF-α) and also effectively modulated anti-inflammatory (IL-10) gene. Nerve 

injury induced hypoxia promotes angiogenesis by upregulating multiple angiogenic factors 

that mediates key aspects of endothelial cell biology [39,40]. Our result supports an effect of 

hypoxic microenvironment with increased mRNA expression of VEGF and eNOS in both 

saline and EPO groups. Interestingly, on day 21, EPO treatment significantly augmented the 
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expression of angiogenic genes compared to the saline group supporting the role of EPO in 

tissue repair process [41]. It is also evident that EPO’s effective modulation of inflammation, 

anti-inflammation, and angiogenesis processes can significantly protect against nerve injury 

by promoting myelination (MBP). The overall findings in this study are in agreement with 

EPO’s well-recognized potent anti-inflammatory, angiogenic, and neuroprotective effects 

[7,8,12,42] and thus support the beneficial effects of our new EPO dose regimen in severe 

PNI.

The beneficial neuroprotective effect of our new EPO dose regimen was also evident in the 

histopathological evaluation of the injured nerves. We observed that the injured sciatic 

nerves had intense cellular infiltrations and disrupted myelin sheaths compared to the intact 

myelin sheaths and negligible cellular infiltrations in control nerves. EPO treatment 

markedly reduced the extent of cellular infiltrations and maintained the intactness of myelin 

sheaths. These findings are consistent with the neuroprotective effects of EPO in rats and 

mice where myelin sheaths were well preserved [21,22,43]. To further investigate the 

cellular and molecular processes involved in PNI, we performed immunofluorescence 

staining for IL-1β, F4/80, CD31, NF-κB p65, NF-H, and MPZ proteins. Our findings are 

very interesting in demonstrating significantly reduced expression of IL-1β and F4/80 with 

EPO treatment in both early and late stages of nerve injury and significantly increased 

expression of CD31, NF-H, and MPZ with EPO treatment in the late stage of nerve injury. 

NF-κB is one of the most important transcription factors regulating gene expression of 

proinflammatory cytokines and NF-κB is activated following peripheral nerve injuries 

[44,45]. Several studies have shown that EPO (5000 units/kg) improves neuroinflammation, 

neuropathic pain, and neural injury by modulating NF-κB activation [45,46,47]. Consistent 

with these reports, we were also able to show that EPO treatment can significantly reduce 

crush injury-induced neuronal NF-κB activation on day 21 with near complete functional 

recovery. In addition, the significantly reduced level of DHE fluorescence in the injured 

nerves on day 7 and day 21 with EPO treatment demonstrated the potent anti-oxidative 

effect EPO in PNI [16]. Our findings on day 7 and day 21 also demonstrated an interesting 

spatially-localized and temporal neuronal effects of EPO where anti-inflammatory and anti-

oxidative effects occurred early after treatment compared to its late tissue-regenerative effect 

(myelination). The overall results in this study are in good agreement with the reported 

immunomodulatory, angiogenic, and neuroregenerative properties of EPO 

[9,10,12,18,48,49]. Taken together, we provide robust preclinical evidence for the use of an 

augmented multi-dose EPO regimen in severe PNI recovery.

In conclusion, this study demonstrates a novel and effective EPO dose regimen that can 

address increased severity of nerve injury and promote post-injury functional recovery by a 

complex but coordinated modulation of inflammation, oxidative stress, angiogenesis, and 

myelination components of nerve injury. Although our findings provide new insight for the 

potential therapeutic application of EPO in non-severing severe nerve injuries, its effects on 

nerve transection and gap-graft injuries are largely unknown in preclinical models. EPO is a 

multifunctional molecule that triggers diverse biological responses. The intracellular cross-

talk between different sub-cellular and molecular signaling cascades is poorly understood in 

relation to EPO. In addition to the spatially-localized effects of EPO in tissues, there is also 

temporal relationship of its beneficial effects [50]. Moreover, it is also unknown how other 
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cytokines, growth factors, and disease conditions may modify the actions of EPO and the 

risks of potential adverse effects. While recombinant human EPO has been safely used at 

haematopoietic doses in many patients, the successful translation of positive preclinical 

neuroprotective effects of other drugs has failed in clinical trials [51]. Therefore, there is an 

absolute need for more robust preclinical models of nerve injury. Future studies directed to 

address, characterize and understand the non-haematopoietic effects of EPO in relation to 

the above-mentioned factors may contribute to the optimization of its use in diverse 

peripheral nerve injuries.
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Highlights

• Characterization of severe sciatic nerve crush injury improving effects of EPO

• EPO downregulates pro-inflammatory and upregulates anti-inflammatory 

neural genes

• EPO induces an upregulation of angiogenic and myelination genes in injured 

nerve

• EPO-induced gene expression and protein expression profiles are comparable

• EPO attenuates macrophage activation and oxidative stress, and improves 

function
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Fig. 1. 
EPO improves nerve function after SSCI. The systemic dosage of EPO (5000 IU/kg/IP, 

immediately after surgery and on post-surgery day 1 and 2) significantly enhanced SFI on 

day 7 and day 14 (A), hind limb grip strength (kg) on day 14 (B), and percent response of 

nerve on day 14 (C). Data are expressed as the mean ± SEM, *P < 0.05 vs. saline group, n=8 

per group.
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Fig. 2. 
Effect of new EPO dose regimen on HCT level. The systemic dosage of EPO (5000 

IU/kg/IP, immediately after surgery and on post-surgery day 1 and 2) significantly increased 

HCT% on day 7 and the values returned to the normal level afterwards. Data are expressed 

as the mean ± SEM, *P < 0.05 vs. before EPO treatment, n=5 per group.
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Fig. 3. 
EPO regulates the expression of SN genes after SSCI on post-injury day 7. The systemic 

dosage of EPO (5000 IU/kg/IP, immediately after surgery and on post-surgery day 1 and 2) 

significantly modulated mRNA expression of inflammatory (IL-1β and TNF-α), anti-

inflammatory (IL-10), angiogenesis (VEGF and eNOS), and myelination (MBP) genes. Data 

are expressed as the mean ± SEM, *P < 0.05 vs. sham, #P < 0.05 vs. saline, n=3 per group.
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Fig. 4. 
EPO regulates the expression of SN genes after SSCI on post-injury day 21. The systemic 

dosage of EPO (5000 IU/kg/IP, immediately after surgery and on post-surgery day 1 and 2) 

significantly modulated mRNA expression of inflammatory (IL-1β and TNF-α), anti-

inflammatory (IL-10), angiogenesis (VEGF and eNOS), and myelination (MBP) genes. Data 

are expressed as the mean ± SEM, *P < 0.05 vs. sham, #P < 0.05 vs. saline, n=3 per group.
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Fig. 5. 
Effect of EPO on SN morphology and cellular infiltrations on day 21 after SSCI. 

Representative H&E images of SNs showing that EPO treatment (5000 IU/kg/IP, 

immediately after surgery and on post-surgery day 1 and 2) markedly attenuated 

mononuclear cell infiltration and improved the structural organization of SN. Each image 

represents 9 images from 3 different mice. Scale bar, 50 μm; magnification, 20x.
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Fig. 6. 
EPO modulates inflammatory processes after SSCI on post-injury day 7. Representative IF 

images of SNs showing that EPO treatment (5000 IU/kg/IP, immediately after surgery and 

on post-surgery day 1 and 2) significantly attenuated IL-1β and F4/80 (macrophage marker) 

expression (A) and their integrated density of fluorescence (B). Each image represents 9 

images from 3 different mice. Scale bar, 50 μm; magnification, 20x. Data are expressed as 

means ± SEM, * P < 0.05 vs. sham, # P < 0.05 vs. saline, n = 3/group.
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Fig. 7. 
EPO modulates inflammatory processes after SSCI on post-injury day 21. Representative IF 

images of SNs showing that EPO treatment (5000 IU/kg/IP, immediately after surgery and 

on post-surgery day 1 and 2) significantly attenuated IL-1β and F4/80 (macrophage marker) 

expression (A) and their integrated density of fluorescence (B). Each image represents 9 

images from 3 different mice. Scale bar, 50 μm; magnification, 20x. Data are expressed as 

means ± SEM, * P < 0.05 vs. sham, # P < 0.05 vs. saline, n = 3/group.
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Fig. 8. 
EPO decreases oxidative stress after SSCI. Representative IF images of SNs showing the 

effect of EPO treatment (5000 IU/kg/IP, immediately after surgery and on post-surgery day 1 

and 2) on DHE expression intensity on post-injury day 7 (A) and day 21 (C). Each image 

represents 9 images from 3 different mice. Scale bar, 50 μm; magnification, 20x. 

Quantification of DHE integrated density (Int. Den.) on day 7 (B) and day 21 (D). Data are 

expressed as means ± SEM, * P < 0.05 vs. sham, # P < 0.05 vs. saline, n = 3/group.
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Fig. 9. 
EPO augments angiogenesis after SSCI. Representative IF images of SNs showing that the 

effect of EPO treatment (5000 IU/kg/IP, immediately after surgery and on post-surgery day 1 

and 2) on CD31 expression intensity on post-injury day 7 (A and B) and day 21 (C and D). 

Each image represents 9 images from 3 different mice. Scale bar, 50 μm; magnification, 20x. 

Quantification of CD31 area fraction % on day 7 (B) and day 21 (D). Data are expressed as 

means ± SEM, * P < 0.05 vs. sham, # P < 0.05 vs. saline, n = 3/group.
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Fig. 10. 
EPO modulates Nuclear Factor-κB after SSCI. Representative IF images of SNs showing 

that the effect of EPO treatment (5000 IU/kg/IP, immediately after surgery and on post-

surgery day 1 and 2) on NF-κB p65 expression on post-injury day 7 (A and B) and day 21 

(C and D). Each image represents 9 images from 3 different mice. Scale bar, 50 μm; 

magnification, 20x. Quantification of NF-κB p65 integrated density (Int. Den.) on day 7 (B) 

and day 21 (D). Data are expressed as means ± SEM, * P < 0.05 vs. sham, # P < 0.05 vs. 

saline, n = 3/group.
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Fig. 11. 
The expression level of neurofilament (NH-F) and myelination (MBZ) proteins after 7 days 

of SSCI. Representative IF images of SNs showing that the effect of EPO treatment (5000 

IU/kg/IP, immediately after surgery and on post-surgery day 1 and 2) on NF-H and MBZ 

expression on post-injury day 7 (A). Each image represents 9 images from 3 different mice. 

Scale bar, 50 μm; magnification, 20x. Quantification of NF-H and MPZ integrated density 

(Int. Den.) (B). Data are expressed as means ± SEM, * P < 0.05 vs. sham, # P < 0.05 vs. 

saline, n = 3/group.
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Fig. 12. 
EPO restores neurofilament and myelination proteins after 21 days of SSCI. Representative 

IF images of SNs showing that EPO treatment (5000 IU/kg/IP, immediately after surgery 

and on post-surgery day 1 and 2) significantly increased NF-H and MPZ expression (A) on 

post-injury day 21. Each image represents 9 images from 3 different mice. Scale bar, 50 μm; 

magnification, 20x. Quantification of NF-H and MPZ integrated density (Int. Den.) (B). 

Data are expressed as means ± SEM, * P < 0.05 vs. sham, # P < 0.05 vs. saline, n = 3/group.
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