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Abstract

Introduction

Peripheral nerve injury (PNI) often leads to significant functional loss in patients and poses a
challenge to physicians since treatment options for improving functional outcomes are lim-
ited. Recent studies suggest that erythropoietin and glucocoticoids have beneficial effects
as mediators of neuro-regenerative processes. We hypothesized that combination treat-
ment with erythropoietin and glucocoticoids would have a synergistic effect on functional
outcome after PNI.

Materials and methods

Sciatic nerve crush injury was simulated in ten-week-old male C57BL/6 mice. The mice
were divided into four groups according to the type of drugs administered (control, erythro-
poietin, dexamethasone, and erythropoietin with dexamethasone). Motor functional recov-
ery was monitored by walking track analysis at serial time points up to 28 days after injury.
Morphological analysis of the nerve was performed by immunofluorescent staining for neu-
rofilament (NF) heavy chain and myelin protein zero (PO) in cross-sectional and whole-
mount nerve preparations. Additionally, morphological analysis of the muscle was per-
formed by Hematoxylin and eosin staining.

Results

Combination treatment with erythropoietin and dexamethasone significantly improved the
sciatic functional index at 3, 7, 14, and 28 days after injury. Fluorescence microscopy of
cross sectional nerve revealed that the combination treatment increased the ratio of PO/NF-
expressing axons. Furthermore, confocal microscopy of the whole-mount nerve revealed
that the combination treatment increased the fluorescence intensity of PO expression. The
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cross-sectional area and minimum Feret’s diameter of the muscle fibers were significantly
larger in the mice which received combination treatment than those in the controls.

Conclusion

Our results demonstrated that combination treatment with erythropoietin and dexametha-
sone accelerates functional recovery and reduces neurogenic muscle atrophy caused by
PNI in mice, which may be attributed to the preservation of myelin and Schwann cell re-mye-
lination. These findings may provide practical therapeutic options for patients with acute
PNI.

Introduction

Acute peripheral nerve injuries (PNIs) are commonly encountered problems in patients who
have experienced multiple and severe trauma. It is estimated that roughly 3% of all trauma
patients experience PNI, and the annual incidence has been increasing [1, 2]. PNI frequently
leads to significant functional loss and permanent physical disability, that disproportionately
affects young healthy adults of working age. PNT has a very close relationship with skeletal
injuries [1]. Fractures and other musculoskeletal injuries damage the adjacent nerves either by
direct compression or stretch/compression by hematoma in the nerve. PNI can also occur iat-
rogenically during routine orthopedic surgical procedures such as compression of the nerve
during fixation with screws or wires, direct insult to the nerve from soft tissue dissection, and
stretching of the nerve due to soft tissue retraction. Despite the availability of modern diagnos-
tic tools and recent microsurgical advances, patients with PNI do not attain full functional
recovery [3]. Because axonal regeneration and growth support of Schwann cells diminish with
increasing time and distance from the injury site, the timely regeneration of axons are required
in order to regain satisfactory function [4]. Thus, promoting this regeneration process could
potentially prevent negative outcomes and facilitate partial or complete functional recovery
[5].

Erythropoietin, an endogenous hematopoietic cytokine, is mainly responsible for the prolif-
eration, differentiation, and maturation of erythroid progenitor cells. Erythropoietin was the
first hematopoietic growth factor to be cloned, and is one of the highest-selling biopharmaceu-
tical products worldwide, according to the U.S. Food and Drug Administration [6]. Although
the cellular and molecular-level mechanisms of PNI and its response to erythropoietin are not
fully understood, recent evidence has shown that erythropoietin has therapeutic and beneficial
effects on PNI. Numerous preclinical studies have shown that erythropoietin is effective in
accelerating functional recovery after PNI [5, 7-15], and that it prevents axonal degeneration,
protects against oxidative stress, and stimulates axonal regeneration and Schwann cell re-mye-
lination after PNI [5, 7, 12, 13, 16, 17]. On the other hand, glucocorticoids have been widely
used for treating various kinds of peripheral nerve disorders such as autoimmune neuropathy,
acute spinal cord injury, traumatic optic neuropathy, facial nerve palsy, and compressive neu-
ropathy. Glucocorticoids are often used after injury to reduce edema in the neurologic tissue
and inhibit inflammatory response. It has been reported that glucocorticoids inhibit the pro-
duction of nuclear factor kappa B (NF-kB) and reduce the upregulation of tumor necrosis fac-
tor-alpha, as well as transcapillary permeability [18, 19]. Moreover, previous studies showed
that Schwann cells of peripheral nerves express glucocorticoid receptors, and that glucocorti-
coids enhance Schwann cell proliferation, myelin formation, and myelin protein zero (P0)

PLOS ONE | https://doi.org/10.1371/journal.pone.0238208 September 3, 2020 2/17


https://doi.org/10.1371/journal.pone.0238208

PLOS ONE

Erythropoietin and dexamethasone in acute peripheral nerve injury

gene expression [20-22]. Several studies also have demonstrated that glucocorticoids promote
functional recovery after PNI [23-27].

One retrospective clinical study found that the pharmaceutical approach of combining
erythropoietin and glucocorticoids accelerates the recovery of motor and sensory function in
patients with acute postoperative nerve palsy after joint replacement arthroplasty [28]. How-
ever, it is not known whether the combination treatment has an effect on nerve regeneration,
re-myelination, skeletal muscle loss, and functional recovery. We therefore designed an animal
study to explore the possible effects of combination treatment with erythropoietin and gluco-
corticoids on functional recovery after acute sciatic nerve crush injury. Our hypothesis was
that if monotherapy with erythropoietin or glucocorticoids can promote nerve regeneration
and functional recovery, then combination therapy with these pharmaceutical agents should
have synergistic beneficial effects.

Materials and methods

Mouse models of peripheral nerve crush injury

The experimental design and animal protocols were approved by the Institutional Animal
Care and Use Committee (IACUC) at the Hanyang University College of Medicine (2019-
0056). Ten-week-old male C57BL/6] mice weighing 20-25 g were used in this study. The mice
were housed at the animal facility, and were handled according to the IACUC guidelines for
the care and use of laboratory animals. The mice were anesthetized with isoflurane-mediated
inhalation anesthesia. Their right hind limb and lower back were shaved, washed with 70%
ethanol, and prepped with povidone iodine. A 2 cm long skin incision was made on the
extended posterior right hind limb to carefully expose the right sciatic nerve through a trans-
gluteal approach under an operating microscope (OPMI pico, Carl Zeiss, Oberkochen, Ger-
many). All crush injuries were created proximal to the trifurcation site of the sciatic nerve’s
sural, tibial and peroneal divisions using diagonal jawed forceps (Integra Miltex 18-1107,
York, PA) for 30 seconds. Extreme care was taken to avoid inflicting additional damages to the
sciatic nerve, which could affect recovery after injury. After the injury, the skin incision was
closed using four or five interrupted 4-0 prolene sutures (Ethicon, Somerville, NJ). The mice
were then returned to their cages, allowed to continue with free activity, and observed under
the supervision of the attending veterinarian. The sutures were removed on 14 days after sur-
gery, and functional analysis was performed at specific time points.

Experimental design

The mice were randomly assigned to four groups (n = 7/group): a control group and three
treatment groups based on the different types of drugs adminstrered: erythropoietin, dexa-
methasone, and combination treatment (erythropoietin + dexamethasone) (Fig 1). The control
mice received a daily intraperitoneal injection containing 200 uL of normal saline daily, starting
immediately and up to 10 days after the crush injury. Erythropoietin-treated mice received a
dose of 100 pg/kg EPO (Epoetin beta [Mircera], Roche, Basel, Swiss) every two weeks starting
immediately after the crush injury. Dexamethasone-treated mice received a dose of 2 mg/kg
dexamethasone (Yuhan, Seoul, South Korea) daily starting immediately and up to 10 days after
the crush injury. Erythropoietin+dexamethasone-treated mice received both erythropoietin
and dexamethasone. The dosages were based on previous animal studies with erythropoietin or
dexamethasone. Most investigators usually used glucocorticoid (either betamethasone or dexa-
methasone) at a dose of 1 ~ 2 mg/Kg for 1 ~ 28 days after surgery for treating PNI in rodents
[23, 24, 29]. Regarding erythropoietin, 5,000 IU/Kg was the usual dosage for treating PNI in
rodents [5, 9, 12], and thus we assumed an equivalent or slightly higher dose of epoetin beta,
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Fig 1. Flow chart of experimental design. Control, mice treated with saline; EPO, mice treated with erythropoietin; Dexa, mice treated with
dexamethasone; EPO+Dexa, mice treated with erythropoietin and dexamethasone (n = 7 / group).

https://doi.org/10.1371/journal.pone.0238208.9001

which is a long-acting erythropoietin. Erythropoietin and dexamethasone were suspended in a
200 pL solution of sterile saline at the time of injection and delivered intraperitoneally.

We sampled 1 cc of whole blood from the mice treated with erythropoietin before injection
as well as every week after injection. The blood samples were analyzed for serum hemoglobin
and hematocrit to confirm the well-known hematopoietic effects of erythropoietin in these mice.

Functional analysis by sciatic functional index

We performed a walking track analysis according to a previously described method to quantify
sciatic functional index (SFI) and evaluate motor functional recovery [9, 30, 31]. Briefly, the
hind paws of the mice were painted with ink, which allowed footprints to be recorded on the
paper lining the floor of the walking track on days 1, 3, 7, 14, 21, and 28 after surgery. We
made each mouse walk along a 70 cm-long corridor until at least three clear footprints were
obtained. Two observers blinded to the study protocols selected three footprints per limb,
which were measured using digital calipers. The observers recorded three parameters in both
limbs (experimental limb [E] and normal limb [N]): the lengths of the third toe to heel (Print
Length [PL]), the first toe to the fifth toe (toe spread [TS]), and the second toe to the fourth toe
(intermediate toe spread [IT]). The SFI was calculated using the following formula described
by Bain et al.: SFI = —(38.3 x (EPL-NPL))/NPL + (109.5 x (ETS-NTS))/NTS + (13.3 x (EIT-
NIT))/NIT- 8.8 [30]. In general, an index of 0 indicates normal function and an index of -100
represents complete loss of function.

Immunofluorescent staining of cross-sectioned nerves and morphometric
assessments

After functional analysis on day 28 after surgery, the mice were euthanized by CO, asphyxia-
tion with cervical dislocation. The sciatic nerves were harvested, and all nerves were fixed for 5
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hours in 4% paraformaldehyde at 4°C. The nerves were embedded in paraffin and cross-sec-
tion were taken at the crush site. The 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
(ab7481, Abcam, Cambridge, UK). Sequential sectioned slides were incubated with anti-P0
myelin antibody (PO, 1:200, ab31851; Abcam) and anti-neurofilament (NF) heavy chain anti-
body (1:500, ab4680; Abcam) separately in 5% BSA PTX (phosphate-buffered saline [PBS]
with 1% Triton X-100 [Sigma X100]). Incubation with 4’,6-diamidino-2-phenylindole (DAPI
1:1000) and fluorescent secondary antibodies (Alexa Fluor 488, and 594-conjugated antibodies
[1:500, ab197485 and ab150088, Abcam)) was performed after washing the sections in buffer
to remove the primary antibodies. Fluorescent images of cross-sectioned nerves were captured
using a Leica DMI4000B fluorescence microscope (Leica microsystems, Wetzlar, Germany).

Three cross-sectioned nerve images per group were used to evaluate and quantify the NF-
and PO-labeled axons. Images were analyzed in a semiautomatic fashion using Image]J
(National Institutes of Health, Bethesda, MD) to determine the number of NF or P0-labeled
axons.

Immunofluorescent staining of whole-mount nerves

Whole-mount immunofluorescent staining of nerves was performed according to a previously
described method to evaluate axonal regeneration and re-myelination [32]. Briefly, after SFI
analysis 28 days after surgery, the nerves were collected and fixed for 5 hours in 4% parafor-
maldehyde at 4°C. The nerves were then washed three times for 10 minutes each with PTX
and incubated in a blocking solution (10% normal goat serum in 5% BSA PTX) overnight at
4°C. The next day, the nerves were transferred into two primary antibodies (NF, 1:1000; PO,
1:500) in 5% BSA PTX and incubated for 72 hours at 4°C with gentle rocking. The nerves were
then washed with PTX for 4 hours at 4°C, with a change of PTX every 1 hour. Thereafter, the
nerves were incubated with DAPI (1:1000), Alexa Fluor 488, and 594-conjugated secondary
antibodies (1:500) for 48 hours at 4°C with gentle rocking. The nerves were washed in PTX
three times for 15 minutes each, followed by 4 hours of washing in PTX with a PTX change
every hour. The nerves were then left overnight at 4°C without changing the PTX. The next
day, the nerves were washed with PBS three times for 10 minutes to remove the triton, and
were cleared sequentially in 25% and, 50% glycerol (Sigma G6279) in PBS for 6 and 12 hours,
respectively. After clearing, the nerves were mounted in Anti-Fade Fluorescence Mounting
Medium (ab104135, Abcam). Stained whole nerves were imaged using a Leica DMI4000B
fluorescence microscope (Leica microsystems, Wetzlar, Germany). Six individual images were
combined into one image using Adobe Photoshop software (Adobe Systems) to obtain the
whole nerve image. The crush sites of the stained nerves were captured using a Leica TCS SP5
confocal microscope in order to assess the regeneration of the axon and myelin.

Morphometric assessments of whole-mount nerves

Four confocal nerve images at the crush site per group were analyzed to evaluate the number
of NF expressing axons as well as the fluorescence intensity (F.I) of PO-expressing myelin.
Quantitative analysis of confocal images was carried out automatically using the Leica Applica-
tion Suite X (LAS X) software, which provides automated measures of F.I. of the selected area.
The graphs menu in LAS X show histograms that have been measured a gray-scale values rang-
ing from pure black (0) to pure white (255) from the linear regions of interest. The number of
bars in the histograms as well as the mean of the gray-scale values of the linear regions of inter-
est were also calculated. The perpendicular lines of the nerve fibers were drawn on the nerve
images distal to the crush site at 500, 1000, and 1500 pm. The histograms according to F.I on
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three perpendicular lines were generated and the mean values of F.I on the three lines were
also acquired. The numbers of NF-expressing axons distal to the crush site at 500, 1000, and
1500 um were measured by the number of histogram bars on three lines in the NF-stained
images, and the F.I of PO-expressing myelin was measured distal to the crush site at 500, 1000,
and 1500 pm by the mean value on these lines in the P0-stained images.

Hematoxylin and eosin staining and morphometric assessments of muscles

The tibialis anterior (TA) muscles of the injured hind limb were harvested from the surround-
ing tissues 28 days after surgery. The harvested TA muscles were immersed in 4% paraformal-
dehyde for histological examination. They were then embedded in paraffin and cross-
sectioned longitudinally at 5 um, stained with hematoxylin and eosin, and imaged using a
BX53 microscope with a DP72 camera (Olympus USA, Center Valley, PA). Quantitative analy-
sis for the cross-sectional area (CSA) and minimum Feret’s diameter (MFD) was carried out
using Image J software. Three random microscopic fields were chosen from each muscle and
three animals were analyzed per group.

Statistical analysis

All results are presented as means + standard error of mean. Statistical analysis was performed
using the Student t-test and one-way ANOVA-followed by Tukey’s post-hoc test for multiple
comparisons.

Results

Combination treatment with erythropoietin and dexamethasone
accelerates functional recovery

Firstly, we obtained the blood cell counts of the mice treated with erythropoietin to confirm
the hematopoietic effect of erythropoietin. Hemoglobin and hematocrit levels in the mice
treated with erythropoietin 7 days after the injection, were significantly higher than those in
the mice treated with saline (S1 Fig).

Since restoration of motor function is the primary goal of PNI treatment, we first examined
the effect of the drugs on the functional outcomes. Overall, all mice subjected to the crush
injury lost sciatic nerve function on the first day after injury. Sciatic nerve function, as mea-
sured by the SFI, recovered gradually over the 28 days after injury (Fig 2). The mice treated
with erythropoietin, dexamethasone, and their combination had significantly better SFI than
the mice treated with saline at 28 days after injury (Saline, -21.1 + 3.9; erythropoietin,

-10.9 £ 2.5; dexamethasone, -10.4 + 2.7; erythropoietin+dexamethasone, -3.9 + 2.7). However,
the mice treated with erythropoietin+dexamethasone showed better SFI than the control mice
at 3,7, and 14 days after injury.

Combination treatment increases re-myelination

To determine the functional benefit of drug therapy, nerves of the mice were harvested 28 days
after injury and analyzed both qualitatively and quantitatively through immunofluorescence
staining of cross-sectional and whole-mount nerve preparations. Antibodies to NF and PO
were used to evaluate the underlying changes in axonal continuity and myelination status,
respectively. A cross-sectional image of an uninjured nerve (Fig 3A) showed large homoge-
nous axons enveloped with thick round myelin sheath. All images of crushed nerves (Fig 3A)
showed decreased numbers/sizes of axons as well as loss of myelin. However, nerves that were
subjected to combination treatment (Fig 3A) showed increased numbers/sizes of axons and
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Fig 2. Functional improvement after combination treatment with erythropoietin and dexamethasone for mouse sciatic nerve crush injury. (A and
B) Hind limb motor function as indicated by the sciatic functional index (SFI) in mice treated with erythropoietin or dexamethasone was better than
that in control mice treated with saline at various time points. However, it was significantly higher only at 28 days after injury. (C) SFI of mice treated
with combination therapy was significantly higher than that of control mice at various time-points except at 21 days after surgery, suggesting
accelerated functional recovery via synergistic effects. (n = 7/group; *P<0.1, **P<0.05; saline, mice treated with saline; EPO, mice treated with
erythropoietin; Dexa, mice treated with dexamethasone; EPO+Dexa, mice treated with erythropoietin and dexamethasone).

https://doi.org/10.1371/journal.pone.0238208.9002

myelin than the nerves of control mice. Dexamethasone and combination treatment showed
only a few blue cells in the merged images, suggesting that dexamethasone reduced inflamma-
tory responses. However, there were no statistically significant differences in the number of
DAPI-positive cells. There were no significant differences in the number of NF or P0O-stained
axons among the four treatment groups. However, combination treatment increased the ratio
of PO/NF-expressing axons (Fig 3B; saline, 0.65 + 0.06; erythropoietin, 0.82 + 0.04, dexametha-
sone, 0.64 + 0.09; erythropoietin + dexamethasone, 0.86 + 0.02).

Whole-mount nerve images were captures using both a fluorescence (Fig 4A) and confocal
microscope (Fig 4B) to visualize any differences in axonal continuity and myelination status.
Uninjured control nerves showed normal architecture with uniform NF and PO staining and
unidirectional nerve fibers being aligned in parallel. All injured nerves after crush injury dis-
played misdirected nerve fibers, which were least prominent in the nerve treated with the com-
bination treatment, as well aslow and heterogeneous signal intensity of NF and PO staining
compared to the uninjured nerve. The number of NF-stained axons in the treated nerves was
not different from that in the saline-treated control nerve. PO signal intensity of the nerve
treated with combination treatment was more pronounced than that of the nerve treated with
saline, erythropoietin, or dexamethasone. Combination treatment led to a significant increase
in the F.I of PO expression of nerves at 500, 1000 and 1500 pm distal from the crush site com-
pared with saline treatment (Fig 5; 500 um- Saline, 22.5 + 4.1; erythropoietin+dexamethasone,
44.4 £ 6.2; 1000 um- Saline, 33.4 * 4.1; erythropoietin+dexamethasone, 54 + 4.2; 1500 pm-
Saline, 27.6 * 5.2; erythropoietin+dexamethasone, 51.9 + 10.1).

Combination treatment attenuates denervation-induced muscular atrophy

Quantitative analysis for CSA and MFD of the muscle fiber was performed with Image ] soft-
ware to evaluate the degree of muscular atrophy caused by nerve crush injury (Fig 6). Measure-
ments of the CSA and MFD revealed extensive muscle atrophy in the injured mice treated
with saline compared to that in the uninjured mice (uninjured: 1890.8 + 314.6 um2,

57.5 + 1.9 pum; saline: 1105.4 £ 39.9 um?2, 48.5 + 1 um). All pharmacologic treatments, but mot
the saline treatment, protected the CSA and MFD of the muscle fiber, and this protective effect
was found to be highest with the combination treatment (erythropoietin, 1318.8 + 137.1 um?,
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Fig 3. Preservation of myelinated axons after combination treatment with erythropoietin and dexamethasone for mouse sciatic nerve crush
injury. (A) Representative cross-sectional images of the nerve at the crush site upon immunofluorescence staining (x 200). Combination treatment
increased the number/size of axons and myelin compared with the saline treatment. (B) Combination treatment did not increase the number of NF or
P0-expressing axons, but increased the ratio of PO / NF expressing axons. (n = 3/group; “P < 0.1 vs. saline-treated group; green (Alexa Fluor 488 1:500,
ab197485, Abcam), neurofilament (NF) heavy chain (1:500, ab4680, Abcam); red (Alexa Fluor 594 1:500, ab150088, Abcam), myelin protein 0 (PO,
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All images of crushed nerves showed that the NF-stained crushed axons re-grew multidirectionally to regenerate the distal side. All pharmacologic
treatments increased the number of NF-stained axons and the fluorescence density of PO-stained myelin compared to the saline treatment. These
findings are evident from the confocal images of crushed nerves treated with both erythropoietin and dexamethasone. (n = 4 / group; green (Alexa
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Fig 5. Increased fluorescence intensity (F.I) of myelin after the combination treatment with erythropoietin and dexamethasone for mouse sciatic
nerve crush injury. (A) The numbers of axons at different distances in the erythropoietin and erythropoietin + dexamethasone treatment groups were
larger those that in the control (saline treatment) groups, but these differences were not significant. (B) The F.I of myelin at different distances in the
pharmacological treatment groups was larger than that in the saline-treated group. These findings were significant at a distance of 500 pm for all the
pharmacological treatment groups and at 1000 and 1500 pum for the erythropoietin+ dexamethasone treatment group. (n = 4/ group; *P < 0.1,

**P < 0.05 vs. saline-treated group; F.I, fluorescence intensity; saline, mice treated with saline; EPO, mice treated with erythropoietin; Dexa, mice
treated with dexamethasone; EPO+Dexa, mice treated with erythropoietin and dexamethasone).

https://doi.org/10.1371/journal.pone.0238208.9005
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Fig 6. Reduction in denervation-induced atrophy of muscle fibers after combination treatment with erythropoietin and dexamethasone. (A)
Representative H & E images of transverse sections of the tibialis anterior (TA) muscle from different groups (x 200). The saline-treated group showed
decreased muscle fiber, increased intermyofiber spacing and fibrotic changes compared to the uninjured group. Pharmacologic treatments reversed
these effects, which was most signigicant in the erythropoietin+dexamethasone group. (B and C) Crush injury of the sciatic nerve reduced the cross-
sectional area (CSA) and minimum Feret’s diameter (MFD) of the muscle fiber, but the pharmacological treatments allowed the atrophied muscle fibers
to recover. In particular, the erythropoietin+dexamethasone treatment group showed significantly larger CSA and MFD than the saline-treated group,
indicating minimum muscle atrophy. (n = 3 / group; **P < 0.05 vs. saline-treated group; saline, mice treated with saline; EPO, mice treated with
erythropoietin; Dexa, mice treated with dexamethasone; EPO+Dexa, mice treated with erythropoietin and dexamethasone).

https://doi.org/10.1371/journal.pone.0238208.9006
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52.5 + 3 um; dexamethasone, 1321 + 45.7 um?, 53 + 0.9 um; erythropoietin +dexamethasone,
1775.5 + 247.6 um?, 60 + 4.1 um).

Discussion

We report the synergistic effects of combination treatment with erythropoietin and dexameth-
asone on re-myelination, denervation-induced muscle atrophy, and global motor function
after sciatic crush injury in a mouse model (Fig 7). The present study’s results demonstrate
that the combination treatment accelerated motor functional recovery, as measured by SFI in
as early as day 3 after therapy initiation, possibly by promoting Schwann cell re-myelination,
as per histomorphometric analysis. We demonstrate that, in addition to accelerating functional
recovery, combination treatment also reduces denervation-induced muscle atrophy by pro-
moting an increase in muscle fiber size.

Because our primary goal was to show functional recovery with combination pharmaco-
therapy, we chose to use an established murine model of sciatic nerve crushing injury [3, 5, 9,
11, 24]. Evaluating the functional response of animals with PNI to drug treatments is critical in
evaluating their potential for actual clinical use in human. Histomorphometric measurements
of nerve regeneration (the number of regenerated axons and myelinated axons and muscle
fiber size, etc.) and assessment of cellular mechanisms of pharmacotherapy are also important
for determining the process of functional regeneration after PNI. However, improvements in
histomorphometric measurements are not synonymous with improvement in function. Fur-
ther histologic, cellular, molecular, and genetic studies may be considered if the candidate
agent leads to successful functional outcomes in animal models. The rodent sciatic nerve-
crush model is a well-established model in both rats and mice, and allows for performing func-
tional assays for motor nerve regeneration [9].

Previous studies suggest that glucocorticoids have a positive effect on functional recovery in
PNI [23-27]. Al-Bishri et al. found that systemic administration of betamethasone improved
functional recovery as measured by SFI, after sciatic nerve crush injury in rats [23]. Systemic
administration of dexamethasone promotes functional recovery in rats after sciatic nerve
crush injury, as evaluated by walking track analysis [24, 27]. The functional benefits of topical

Combination treatment

(Erythropoietin + Dexamethasone)

|

Acute peripheral nerve injury Motor function of hind limb T

‘ Ratio of PO / NF-expressing axonsT ’

‘ Fluorescence intensity of PO expression T ’

‘ CSA and minimum Feret's diameter of the muscle fibers T ’

Fig 7. Schematic summary of effect of combination treatment.

https://doi.org/10.1371/journal.pone.0238208.9007
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administration of betamethasone or dexamethasone were also reported in a study wherein
these treatments were applied on the gap between transected nerve ends treated with a conduit
graft [25, 26]. Evidence from preclinical studies on spinal cord injury suggest that glucocorti-
coids attenuate nerve damages by reducing proinflammatory cytokine production and tissue
edema [33], lipid peroxidation, inducible nitric oxide synthase activity, and neuronal apoptosis
[34] as well as by stabilizing calcium and sodium transcellular flux [35].

Glucocorticoids exhibit their neuroprotective effect against PNI by alleviating the conse-
quences of neural inflammatory responses mediated by inflammatory cytokines and enzymes
such as NF-kB and phospholipase A2, which lead to subsequent neutrophil, macrophage and
lymphocyte recruitment [18, 24, 36]. It has been documented that glucocorticoids do not only
mitigate neural inflammation but also promote Schwann cell re-myelination following PNI
[24, 26, 37]. Glucocorticoid receptors (GRs) are expressed in cultured Schwann cells of the
peripheral nerve [38, 39]. Glucocorticoids enhance Schwann cell proliferation and the rate of
myelin formation, which are mediated through GRs [20, 21, 40]. Glucocorticoids stimulate the
activity of PMP22 and PO gene promoters [22]. Glucocorticoids have a myeloprotective effect
against demyelination and an augmentative effect on re-myelination after PNI [37].

The functional benefits of erythropoietin in treating acute PNI have been reported [5, 7-
15]. Elfar et al. demonstrated that erythropoietin improves motor functional recovery, as mea-
sured by SFI, after acute sciatic nerve crush injury in mice, possibly due to upregulation of the
erythropoietin receptor (EPOR) in the nerve tissues after erythropoietin treatment [9]. The
beneficial effects of erythropoietin on pain behavior, nerve recovery, motor strength, and mus-
cle restoration have also been found in rats who underwent combined muscle-nerve crush
injury [10]. Functional benefit after administration of erythropoietin were also found when
using the rodent model of end-to-side neurorrhaphy after complete transection of the sciatic
nerve [8] and in the rodent model of a conduit graft which induced a segmental defect of the
sciatic nerve [11]. Previous studies suggest that these benefit may, in part, be attributable to the
ability of erythropoietin to inhibit both apoptosis and the reactive increases in inflammatory
cytokines [7, 41], promote mobilization of endothelial progenitor cells and angiogenesis [42],
protect against oxidative damages [43], and stimulate axonal regeneration and Schwann cell
re-myelination [5, 12, 44].

EPORs are present in a wide variety of non-erythroid cells throughout the body and may
impact many biological functions [6, 44]. EPORs are expressed in the central nervous system
and on the myelin sheath of radicular nerves in humans [45, 46]. The presence and upregula-
tion of EPOR in the Schwann cells surrounding an injured sciatic nerve was observed in
rodents [7, 47]. Although the mechanism of erythropoietin in peripheral nerve regeneration is
poorly understood, it is thought to exert its effect by inducing the expression of myelin genes,
peripheral myelin protein-22 (PMP22) and P-0 Myelin protein (P0), through the EPORs [48].
In vitro, erythropoietin treatment preserves myelin and promotes myelin formation in co-cul-
tures of Schwann cells and dorsal root ganglion neurons [5]. In vivo, erythropoietin was also
found to increase the ratio of PO to NF in cross-sections of injured sites [5, 12]. Erythropoietin
has a positive effect on recovery after PNI via its ability to preserve and/or promote Schwann
cell re-myelination [5, 12, 44]. In addition to its myeloprotective effects, erythropoietin also
has neuroprotective effects which prevents axonal degeneration as well as promotes neurite
sprouting and regrowth to restore axonal continuity [17, 49, 50].

Our results show that erythropoietin and dexamethasone promote motor functional recov-
ery, as per the walking track analysis, after PNI. Mice treated with a single agent (erythropoie-
tin or dexamethasone) had higher SFI than the control mice at all-time points, but this
difference was statistically significant only at 28 days after injury. In previous murine study,
significant SFI improvements during the earliest time points after erythropoietin treatment
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were only observed in not mild or severe but moderate crushed sciatic nerve injury. Thus, it
was assumed that injury severity mediates the beneficial effects that erythropoietin may have
on functional recovery [12]. Previous studies also found no improvement in motor functional
recovery in crush injured sciatic nerves in rodents two weeks after glucocorticoids treatment,
with the beneficial effect of glucocorticoids only observed three weeks after treatment [23, 24].
Our SFI results show that combination treatment with erythropoietin and dexamethasone
improves motor functional recovery as early as 3 and up to 28 days after PNI, which differ
from the results obtained after treatment with single agents. This finding suggests that combi-
nation treatment with erythropoietin and dexamethasone is a viable therapeutic option that
can be used in the clinical setting in order to optimize the posttraumatic course of patients
with acute PNI. This is because nerve recovery must outstrip the degradation of the denervated
motor end plate [5, 51]. Hoping that when both drugs are combined, their protective effects
might be synergistic, a few clinical studies have attempted to investigate if there would be
improvements in functional recovery after PNI or peripheral neuropathy using combination
treatment. Combination treatment with erythropoietin and tapered oral steroids for patients
suffering from iatrogenic nerve injuries after total joint replacement arthroplasty demon-
strated a faster and more complete recovery of motor and sensory function compared to those
reported in previous clinical studies [28]. Combination treatment with erythropoietin and
high doses of steroids for patients with toxic optic neuropathy led to structural and functional
improvements [52, 53].

Although these clinical studies and our functional data found a synergistic effect of both
drugs on peripheral nerves, one animal study modeling contusive spinal cord injury showed
that coadministration of glucocorticoid antagonized the beneficial effects of erythropoietin
[54]. They speculated several possible mechanisms for this antagonistic effect, such as
decreased EPOR, glucocorticoid-induced vascular dysfunction, and increased clearance of
erythropoietin, but there were no supporting data provided regarding the possible underlying
mechanisms. In contrast, another animal study modeling optic neuritis found a synergistic
effect with combination treatment using both drugs [55]. The synergistic effect with the use of
both drugs may be explained by the ability of erythropoietin to completely abolish the negative
effect of glucocorticoids on neuronal survival by antagonistic regulation of the phosphoryla-
tion of mitogen-activated protein kinases. Our histomorphometric analysis revealed that com-
bination treatment increased the ratio of PO / NF-expressing axons in the cross-sections of the
crush site as well as PO-expressing myelin in whole-mounted nerves. These findings suggest
that the functional benefits of the combination treatment may be mediated by their preserva-
tion of myelin and/or promotion of Schwann cell re-myelination in treated nerves. The anti-
inflammatory effect of glucocorticoids may have a positive influence on functional recovery by
preserving the injured axon or a negative influence on recovery by reducing clearance of mye-
lin debris by macrophages during Wallerian degeneration [26, 56]. We speculate that combi-
nation treatment with erythropoietin and glucocorticoids allows minimization of the negative
anti-inflammatory effects, associated with the use of glucocorticoids while enhancing its mye-
loprotective effects.

Our study has some limitations. First, we evaluated SFI based on a walking track analysis.
Although SFI assessment is the gold standard for evaluation of functional recovery after sciatic
nerve injury, it tends to have a bias toward the best possible gait that the mouse can perform
[12, 30, 31]. The mice were allowed to walk down the corridor three times or more per trial,
giving them the best opportunity to walk as normally as they could. Second, the number and
the F.I of PO expression were investigated to confirm re-myelination after PNI, but these do
not fully reflect the functional status of myelin. Electron microscopy would be helpful in
assessing the functional status of the myelin sheath encircling the single axon. Third, we did
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not perform molecular and cellular studies to investigate the mechanisms of action of the com-
bination treatment in nerve and muscle regeneration after PNI.

Conclusions

Taken together, our data suggest that combination treatment with erythropoietin and dexa-
methasone accelerates functional recovery and reduces neurogenic muscle atrophy after
nerve-crushing injury, which may be attributed to preservation of myelin and Schwann cell re-
myelination. These findings show that combination treatment with erythropoietin and dexa-
methasone may be a practical therapeutic options for patients with acute PNL

Supporting information
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with erythropoietin).

(TIF)

S1 Data. EPO, dexa project.
(PZFX)

Acknowledgments

The authors would like to thank Cho-Eun Shim from College of Medicine, Hanyang Univer-
sity, Seoul, South Korea, for the excellent technical assistance.

Author Contributions

Conceptualization: Jung Il Lee, Duk Hee Lee.

Data curation: Duk Hee Lee.

Funding acquisition: Jung Il Lee.

Investigation: Jung Il Lee, Jeong Min Hur, Jooyoung You.
Methodology: Jeong Min Hur, Jooyoung You.

Project administration: Jooyoung You.

Resources: Duk Hee Lee.

Supervision: Jung Il Lee, Duk Hee Lee.

Writing - original draft: Jung Il Lee.

References

1. Noble J, Munro CA, Prasad VS, Midha R. Analysis of upper and lower extremity peripheral nerve inju-
ries in a population of patients with multiple injuries. J Trauma. 1998; 45(1):116—122. https://doi.org/10.
1097/00005373-199807000-00025 PMID: 9680023.

2. Wilcke O, Sanker P. Peripheral nerve lesions in multiple injuries. Neurosurg Rev. 1989; 12(Suppl
1):55-8. https://doi.org/10.1007/bf01790625 PMID: 2812429.

PLOS ONE | https://doi.org/10.1371/journal.pone.0238208 September 3, 2020 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0238208.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0238208.s002
https://doi.org/10.1097/00005373-199807000-00025
https://doi.org/10.1097/00005373-199807000-00025
http://www.ncbi.nlm.nih.gov/pubmed/9680023
https://doi.org/10.1007/bf01790625
http://www.ncbi.nlm.nih.gov/pubmed/2812429
https://doi.org/10.1371/journal.pone.0238208

PLOS ONE

Erythropoietin and dexamethasone in acute peripheral nerve injury

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

Yue L, Talukder MAH, Gurjar A, Lee JI, Noble M, Dirksen RT, et al. 4-Aminopyridine attenuates muscle
atrophy after sciatic nerve crush injury in mice. Muscle Nerve. 2019; 60(2):192—201. https://doi.org/10.
1002/mus.26516 PMID: 31093982.

Chan KM, Gordon T, Zochodne DW, Power HA. Improving peripheral nerve regeneration: from molecu-
lar mechanisms to potential therapeutic targets. Exp Neurol. 2014; 261:826—-835. https://doi.org/10.
1016/j.expneurol.2014.09.006 PMID: 25220611.

Sundem L, Chris Tseng KC, Li H, Ketz J, Noble M, Elfar J. Erythropoietin Enhanced Recovery After
Traumatic Nerve Injury: Myelination and Localized Effects. J Hand Surg Am. 2016; 41(10):999-1010.
https://doi.org/10.1016/j.jhsa.2016.08.002 PMID: 27593486,

Hernandez CC, Burgos CF, Gajardo AH, Silva-Grecchi T, Gavilan J, Toledo JR, et al. Neuroprotective
effects of erythropoietin on neurodegenerative and ischemic brain diseases: the role of erythropoietin
receptor. Neural Regen Res. 2017; 12(9):1381-1389. https://doi.org/10.4103/1673-5374.215240
PMID: 29089974.

Campana WM, Myers RR. Exogenous erythropoietin protects against dorsal root ganglion apoptosis
and pain following peripheral nerve injury. Eur J Neurosci. 2003; 18(6):1497—-1506. https://doi.org/10.
1046/j.1460-9568.2003.02875.x PMID: 14511329.

Lykissas MG, Sakellariou E, Vekris MD, Kontogeorgakos VA, Batistatou AK, Mitsionis GlI, et al. Axonal
regeneration stimulated by erythropoietin: an experimental study in rats. J Neurosci Methods. 2007;
164(1):107—115. https://doi.org/10.1016/j.jneumeth.2007.04.008 PMID: 17532473.

Elfar JC, Jacobson JA, Puzas JE, Rosier RN, Zuscik MJ. Erythropoietin accelerates functional recovery
after peripheral nerve injury. J Bone Joint Surg Am. 2008; 90(8):1644—1653. https://doi.org/10.2106/
JBJS.G.00557 PMID: 18676898.

Rotter R, Kuhn C, Stratos |, Beck M, Mittimeier T, Vollmar B. Erythropoietin enhances the regeneration
of traumatized tissue after combined muscle-nerve injury. J Trauma Acute Care Surg. 2012; 72
(6):1567—1575. https://doi.org/10.1097/TA.0b013e318246498f PMID: 22695424.

Yin ZS, Zhang H, Bo W, Gao W. Erythropoietin promotes functional recovery and enhances nerve
regeneration after peripheral nerve injury in rats. ADINR Am J Neuroradiol. 2010; 31(3):509-515. https://
doi.org/10.3174/ajnr.A1820 PMID: 20037135.

Geary MB, Li H, Zingman A, Ketz J, Zuscik M, De Mesy Bentley KL, et al. Erythropoietin accelerates
functional recovery after moderate sciatic nerve crush injury. Muscle Nerve. 2017; 56(1):143-151.
https://doi.org/10.1002/mus.25459 PMID: 28168703.

Modrak M, Sundem L, Elfar J. Erythropoietin enhanced recovery after peripheral nerve injury. Neural
Regen Res. 2017; 12(8):1268—-1269. https://doi.org/10.4103/1673-5374.213544 PMID: 28966638.

Grasso G, Meli F, Fodale V, Calapai G, Buemi M, lacopino DG. Neuroprotective potential of erythropoi-
etin and darbepoetin alfa in an experimental model of sciatic nerve injury. Laboratory investigation. J
Neurosurg Spine. 2007; 7(6):645—651. https://doi.org/10.3171/SP1-07/12/645 PMID: 18074690.

Govindappa PK, Talukder MAH, Gurjar AA, Hegarty JP, Elfar JC. An effective erythropoietin dose regi-
men protects against severe nerve injury-induced pathophysiological changes with improved neural
gene expression and enhances functional recovery. Int Inmunopharmacol. 2020; 82:106330. https://
doi.org/10.1016/j.intimp.2020.106330 PMID: 32143001.

Campana WM, Li X, Shubayev VI, Angert M, Cai K, Myers RR. Erythropoietin reduces Schwann cell
TNF-alpha, Wallerian degeneration and pain-related behaviors after peripheral nerve injury. Eur J Neu-
rosci. 2006; 23(3):617—626. https://doi.org/10.1111/j.1460-9568.2006.04606.x PMID: 16487143.

Keswani SC, Buldanlioglu U, Fischer A, Reed N, Polley M, Liang H, et al. A novel endogenous erythro-
poietin mediated pathway prevents axonal degeneration. Ann Neurol. 2004; 56(6):815-826. https://doi.
org/10.1002/ana.20285 PMID: 15470751.

Gao W, Tong D, Li Q, Huang P, Zhang F. Dexamethasone promotes regeneration of crushed inferior
alveolar nerve by inhibiting NF-kappaB activation in adult rats. Arch Oral Biol. 2017; 80:101-109.
https://doi.org/10.1016/j.archoralbio.2017.03.025 PMID: 28412609.

Shishido H, Kikuchi S, Heckman H, Myers RR. Dexamethasone decreases blood flow in normal nerves
and dorsal root ganglia. Spine (Phila Pa 1976). 2002; 27(6):581-586. https://doi.org/10.1097/
00007632-200203150-00005 PMID: 11884905.

Neuberger TJ, Kalimi O, Regelson W, Kalimi M, De Vries GH. Glucocorticoids enhance the potency of
Schwann cell mitogens. J Neurosci Res. 1994; 38(3):300-313. https://doi.org/10.1002/jnr.490380308
PMID: 7932865.

Morisaki S, Nishi M, Fujiwara H, Oda R, Kawata M, Kubo T. Endogenous glucocorticoids improve myeli-
nation via Schwann cells after peripheral nerve injury: An in vivo study using a crush injury model. Glia.
2010; 58(8):954-963. https://doi.org/10.1002/glia.20977 PMID: 20169622.

PLOS ONE | https://doi.org/10.1371/journal.pone.0238208 September 3, 2020 15/17


https://doi.org/10.1002/mus.26516
https://doi.org/10.1002/mus.26516
http://www.ncbi.nlm.nih.gov/pubmed/31093982
https://doi.org/10.1016/j.expneurol.2014.09.006
https://doi.org/10.1016/j.expneurol.2014.09.006
http://www.ncbi.nlm.nih.gov/pubmed/25220611
https://doi.org/10.1016/j.jhsa.2016.08.002
http://www.ncbi.nlm.nih.gov/pubmed/27593486
https://doi.org/10.4103/1673-5374.215240
http://www.ncbi.nlm.nih.gov/pubmed/29089974
https://doi.org/10.1046/j.1460-9568.2003.02875.x
https://doi.org/10.1046/j.1460-9568.2003.02875.x
http://www.ncbi.nlm.nih.gov/pubmed/14511329
https://doi.org/10.1016/j.jneumeth.2007.04.008
http://www.ncbi.nlm.nih.gov/pubmed/17532473
https://doi.org/10.2106/JBJS.G.00557
https://doi.org/10.2106/JBJS.G.00557
http://www.ncbi.nlm.nih.gov/pubmed/18676893
https://doi.org/10.1097/TA.0b013e318246498f
http://www.ncbi.nlm.nih.gov/pubmed/22695424
https://doi.org/10.3174/ajnr.A1820
https://doi.org/10.3174/ajnr.A1820
http://www.ncbi.nlm.nih.gov/pubmed/20037135
https://doi.org/10.1002/mus.25459
http://www.ncbi.nlm.nih.gov/pubmed/28168703
https://doi.org/10.4103/1673-5374.213544
http://www.ncbi.nlm.nih.gov/pubmed/28966638
https://doi.org/10.3171/SPI-07/12/645
http://www.ncbi.nlm.nih.gov/pubmed/18074690
https://doi.org/10.1016/j.intimp.2020.106330
https://doi.org/10.1016/j.intimp.2020.106330
http://www.ncbi.nlm.nih.gov/pubmed/32143001
https://doi.org/10.1111/j.1460-9568.2006.04606.x
http://www.ncbi.nlm.nih.gov/pubmed/16487143
https://doi.org/10.1002/ana.20285
https://doi.org/10.1002/ana.20285
http://www.ncbi.nlm.nih.gov/pubmed/15470751
https://doi.org/10.1016/j.archoralbio.2017.03.025
http://www.ncbi.nlm.nih.gov/pubmed/28412609
https://doi.org/10.1097/00007632-200203150-00005
https://doi.org/10.1097/00007632-200203150-00005
http://www.ncbi.nlm.nih.gov/pubmed/11884905
https://doi.org/10.1002/jnr.490380308
http://www.ncbi.nlm.nih.gov/pubmed/7932865
https://doi.org/10.1002/glia.20977
http://www.ncbi.nlm.nih.gov/pubmed/20169622
https://doi.org/10.1371/journal.pone.0238208

PLOS ONE

Erythropoietin and dexamethasone in acute peripheral nerve injury

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Desarnaud F, Bidichandani S, Patel PI, Baulieu EE, Schumacher M. Glucocorticosteroids stimulate the
activity of the promoters of peripheral myelin protein-22 and protein zero genes in Schwann cells. Brain
Res. 2000; 865(1):12—16. https://doi.org/10.1016/s0006-8993(00)02130-2 PMID: 10814728.

Al-Bishri A, Dahlin L, Sunzel B, Rosenquist J. Systemic betamethasone accelerates functional recovery
after a crush injury to rat sciatic nerve. J Oral Maxillofac Surg. 2005; 63(7):973-977. https://doi.org/10.
1016/j.joms.2004.10.010 PMID: 16003625.

Feng X, Yuan W. Dexamethasone enhanced functional recovery after sciatic nerve crush injury in rats.
Biomed Res Int. 2015; 2015:627923. https://doi.org/10.1155/2015/627923 PMID: 25839037.

Mohammadi R, Amini K, Eskafian H. Betamethasone-enhanced vein graft conduit accelerates func-
tional recovery in the rat sciatic nerve gap. J Oral Maxillofac Surg. 2013; 71(4):786—-792. https://doi.org/
10.1016/j.joms.2012.08.009 PMID: 23084563.

Mohammadi R, Azad-Tirgan M, Amini K. Dexamethasone topically accelerates peripheral nerve repair
and target organ reinnervation: a transected sciatic nerve model in rat. Injury. 2013; 44(4):565-569.
https://doi.org/10.1016/j.injury.2012.10.013 PMID: 23131678.

SunH, Yang T, LiQ, Zhu Z, Wang L, Bai G, et al. Dexamethasone and vitamin B(12) synergistically pro-
mote peripheral nerve regeneration in rats by upregulating the expression of brain-derived neurotrophic
factor. Arch Med Sci. 2012; 8(5):924—930. https://doi.org/10.5114/aoms.2012.31623 PMID: 23185205.

Bernstein DT, Weiner BK, Tasciotti E, Mathis KB. Does the combination of erythropoietin and tapered
oral corticosteroids improve recovery following iatrogenic nerve injury? Injury. 2016; 47(8):1819-1823.
https://doi.org/10.1016/j.injury.2016.05.034 PMID: 27287740.

Al-Bishri A, Forsgren S, Al-Thobaiti Y, Sunzel B, Rosenquist J. Effect of betamethasone on the degree
of macrophage recruitment and nerve growth factor receptor p75 immunoreaction during recovery of
the sciatic nerve after injury: an experimental study in rats. Br J Oral Maxillofac Surg. 2008; 46(6):455—
459. https://doi.org/10.1016/j.bjoms.2008.01.020 PMID: 18499314.

Bain JR, Mackinnon SE, Hunter DA. Functional evaluation of complete sciatic, peroneal, and posterior
tibial nerve lesions in the rat. Plast Reconstr Surg. 1989; 83(1):129-138. https://doi.org/10.1097/
00006534-198901000-00024 PMID: 2909054.

Varejao AS, Meek MF, Ferreira AJ, Patricio JA, Cabrita AM. Functional evaluation of peripheral nerve
regeneration in the rat: walking track analysis. J Neurosci Methods. 2001; 108(1):1-9. https://doi.org/
10.1016/s0165-0270(01)00378-8 PMID: 11459612.

Dun XP, Parkinson DB. Visualizing peripheral nerve regeneration by whole mount staining. PLoS One.
2015; 10(3):e0119168. https://doi.org/10.1371/journal.pone.0119168 PMID: 25738874.

Merola A, O’'Brien MF, Castro BA, Smith DA, Eule JM, Lowe TG, et al. Histologic characterization of
acute spinal cord injury treated with intravenous methylprednisolone. J Orthop Trauma. 2002; 16
(3):155-161. https://doi.org/10.1097/00005131-200203000-00003 PMID: 11880777.

YuY, Matsuyama Y, Nakashima S, Yanase M, Kiuchi K, Ishiguro N. Effects of MPSS and a potent
iNOS inhibitor on traumatic spinal cord injury. Neuroreport. 2004; 15(13):2103-2107. https://doi.org/10.
1097/00001756-200409150-00021 PMID: 15486490.

Cetin A, Nas K, Buyukbayram H, Ceviz A, Olmez G. The effects of systemically administered methyl-
prednisolone and recombinant human erythropoietin after acute spinal cord compressive injury in rats.
Eur Spine J. 2006; 15(10):1539—1544. https://doi.org/10.1007/s00586-006-0091-2 PMID: 16547753.

Galloway EB 3rd, Jensen RL, Dailey AT, Thompson BG, Shelton C. Role of topical steroids in reducing
dysfunction after nerve injury. The Laryngoscope. 2000; 110(11):1907—1910. https://doi.org/10.1097/
00005537-200011000-00026 PMID: 11081608.

Zhu TS, Glaser M. Neuroprotection and enhancement of remyelination by estradiol and dexametha-
sone in cocultures of rat DRG neurons and Schwann cells. Brain Res. 2008; 1206:20-32. https://doi.
org/10.1016/j.brainres.2008.02.051 PMID: 18367155.

Jung-Testas |, Renoir M, Bugnard H, Greene GL, Baulieu EE. Demonstration of steroid hormone recep-
tors and steroid action in primary cultures of rat glial cells. The Journal of steroid biochemistry and
molecular biology. 1992; 41(3-8):621-631. https://doi.org/10.1016/0960-0760(92)90394-x PMID:
1562533.

Vardimon L, Ben-Dror |, Avisar N, Oren A, Shiftan L. Glucocorticoid control of glial gene expression.
Journal of neurobiology. 1999; 40(4):513-527.

Chan JR, Phillips LJ 2nd, Glaser M. Glucocorticoids and progestins signal the initiation and enhance
the rate of myelin formation. Proceedings of the National Academy of Sciences of the United States of
America. 1998; 95(18):10459-10464.

Villa P, Bigini P, Mennini T, Agnello D, Laragione T, Cagnotto A, et al. Erythropoietin selectively attenu-
ates cytokine production and inflammation in cerebral ischemia by targeting neuronal apoptosis. J Exp
Med. 2003; 198(6):971-975. https://doi.org/10.1084/jem.20021067 PMID: 12975460.

PLOS ONE | https://doi.org/10.1371/journal.pone.0238208 September 3, 2020 16/17


https://doi.org/10.1016/s0006-8993%2800%2902130-2
http://www.ncbi.nlm.nih.gov/pubmed/10814728
https://doi.org/10.1016/j.joms.2004.10.010
https://doi.org/10.1016/j.joms.2004.10.010
http://www.ncbi.nlm.nih.gov/pubmed/16003625
https://doi.org/10.1155/2015/627923
http://www.ncbi.nlm.nih.gov/pubmed/25839037
https://doi.org/10.1016/j.joms.2012.08.009
https://doi.org/10.1016/j.joms.2012.08.009
http://www.ncbi.nlm.nih.gov/pubmed/23084563
https://doi.org/10.1016/j.injury.2012.10.013
http://www.ncbi.nlm.nih.gov/pubmed/23131678
https://doi.org/10.5114/aoms.2012.31623
http://www.ncbi.nlm.nih.gov/pubmed/23185205
https://doi.org/10.1016/j.injury.2016.05.034
http://www.ncbi.nlm.nih.gov/pubmed/27287740
https://doi.org/10.1016/j.bjoms.2008.01.020
http://www.ncbi.nlm.nih.gov/pubmed/18499314
https://doi.org/10.1097/00006534-198901000-00024
https://doi.org/10.1097/00006534-198901000-00024
http://www.ncbi.nlm.nih.gov/pubmed/2909054
https://doi.org/10.1016/s0165-0270%2801%2900378-8
https://doi.org/10.1016/s0165-0270%2801%2900378-8
http://www.ncbi.nlm.nih.gov/pubmed/11459612
https://doi.org/10.1371/journal.pone.0119168
http://www.ncbi.nlm.nih.gov/pubmed/25738874
https://doi.org/10.1097/00005131-200203000-00003
http://www.ncbi.nlm.nih.gov/pubmed/11880777
https://doi.org/10.1097/00001756-200409150-00021
https://doi.org/10.1097/00001756-200409150-00021
http://www.ncbi.nlm.nih.gov/pubmed/15486490
https://doi.org/10.1007/s00586-006-0091-2
http://www.ncbi.nlm.nih.gov/pubmed/16547753
https://doi.org/10.1097/00005537-200011000-00026
https://doi.org/10.1097/00005537-200011000-00026
http://www.ncbi.nlm.nih.gov/pubmed/11081608
https://doi.org/10.1016/j.brainres.2008.02.051
https://doi.org/10.1016/j.brainres.2008.02.051
http://www.ncbi.nlm.nih.gov/pubmed/18367155
https://doi.org/10.1016/0960-0760%2892%2990394-x
http://www.ncbi.nlm.nih.gov/pubmed/1562533
https://doi.org/10.1084/jem.20021067
http://www.ncbi.nlm.nih.gov/pubmed/12975460
https://doi.org/10.1371/journal.pone.0238208

PLOS ONE

Erythropoietin and dexamethasone in acute peripheral nerve injury

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Bahlmann FH, De Groot K, Spandau JM, Landry AL, Hertel B, Duckert T, et al. Erythropoietin regulates
endothelial progenitor cells. Blood. 2004; 103(3):921-926. https://doi.org/10.1182/blood-2003-04-1284
PMID: 14525788.

Wu'Y, Shang Y, Sun S, Liu R. Antioxidant effect of erythropoietin on 1-methyl-4-phenylpyridinium-
induced neurotoxicity in PC12 cells. Eur J Pharmacol. 2007; 564(1-3):47-56. https://doi.org/10.1016/j.
ejphar.2007.02.020 PMID: 17362920.

Modrak M, Talukder MAH, Gurgenashvili K, Noble M, Elfar JC. Peripheral nerve injury and myelination:
Potential therapeutic strategies. J Neurosci Res. 2019. https://doi.org/10.1002/jnr.24538 PMID:
31608497.

Brines M, Cerami A. Emerging biological roles for erythropoietin in the nervous system. Nat Rev Neu-
rosci. 2005; 6(6):484—494. https://doi.org/10.1038/nr 1687 PMID: 15928718.

Hassan K, Gross B, Simri W, Rubinchik |, Cohen H, Jacobi J, et al. The presence of erythropoietin
receptors in the human peripheral nervous system. Clin Nephrol. 2004; 61(2):127—129. https://doi.org/
10.5414/cnp61127 PMID: 14989632.

Inoue G, Gaultier A, Li X, Mantuano E, Richardson G, Takahashi K, et al. Erythropoietin promotes
Schwann cell migration and assembly of the provisional extracellular matrix by recruiting beta1 integrin
to the cell surface. Glia. 2010; 58(4):399-409. https://doi.org/10.1002/glia.20931 PMID: 19705458.

Cervellini I, Annenkov A, Brenton T, Chernajovsky Y, Ghezzi P, Mengozzi M. Erythropoietin (EPO)
increases myelin gene expression in CG4 oligodendrocyte cells through the classical EPO receptor.
Mol Med. 2013; 19:223-229. https://doi.org/10.2119/molmed.2013.00013 PMID: 23821361.

Berkingali N, Warnecke A, Gomes P, Paasche G, Tack J, Lenarz T, et al. Neurite outgrowth on cultured
spiral ganglion neurons induced by erythropoietin. Hear Res. 2008; 243(1-2):121-126. https://doi.org/
10.1016/j.heares.2008.07.003 PMID: 18672044.

Ostrowski D, Ehrenreich H, Heinrich R. Erythropoietin promotes survival and regeneration of insect
neurons in vivo and in vitro. Neuroscience. 2011; 188:95-108. https://doi.org/10.1016/j.neuroscience.
2011.05.018 PMID: 21600963.

Kang JR, Zamorano DP, Gupta R. Limb salvage with major nerve injury: current management and
future directions. The Journal of the American Academy of Orthopaedic Surgeons. 2011; 19(Suppl 1):
S28-S34. https://doi.org/10.5435/00124635-201102001-00006 PMID: 21304044.

Zamani N, Hassanian-Moghaddam H, Shojaei M, Rahimian S. Evaluation of the effect of erythropoietin
+ corticosteroid versus corticosteroid alone in methanol-induced optic nerve neuropathy. Cutan Ocul
Toxicol. 2018; 37(2):186—190. https://doi.org/10.1080/15569527.2017.1373121 PMID: 28849680.

Pakravan M, Esfandiari H, Sanjari N, Ghahari E. Erythropoietin as an adjunctive treatment for metha-
nol-induced toxic optic neuropathy. Am J Drug Alcohol Abuse. 2016; 42(6):633—-639. https://doi.org/10.
1080/00952990.2016.1198800 PMID: 27463192.

Gorio A, Madaschi L, Di Stefano B, Carelli S, Di Giulio AM, De Biasi S, et al. Methylprednisolone neutral-
izes the beneficial effects of erythropoietin in experimental spinal cord injury. Proceedings of the
National Academy of Sciences of the United States of America. 2005; 102(45):16379—-16384. https:/
doi.org/10.1073/pnas.0508479102 PMID: 16260722.

Diem R, Sattler MB, Merkler D, Demmer |, Maier K, Stadelmann C, et al. Combined therapy with methyl-
prednisolone and erythropoietin in a model of multiple sclerosis. Brain. 2005; 128(Pt 2):375-385.
https://doi.org/10.1093/brain/awh365 PMID: 15601662.

Boivin A, Pineau |, Barrette B, Filali M, Vallieres N, Rivest S, et al. Toll-like receptor signaling is critical
for Wallerian degeneration and functional recovery after peripheral nerve injury. The Journal of neuro-
science: the official journal of the Society for Neuroscience. 2007; 27(46):12565-12576. https://doi.org/
10.1523/JNEUROSCI.3027-07.2007 PMID: 18003835.

PLOS ONE | https://doi.org/10.1371/journal.pone.0238208 September 3, 2020 17/17


https://doi.org/10.1182/blood-2003-04-1284
http://www.ncbi.nlm.nih.gov/pubmed/14525788
https://doi.org/10.1016/j.ejphar.2007.02.020
https://doi.org/10.1016/j.ejphar.2007.02.020
http://www.ncbi.nlm.nih.gov/pubmed/17362920
https://doi.org/10.1002/jnr.24538
http://www.ncbi.nlm.nih.gov/pubmed/31608497
https://doi.org/10.1038/nrn1687
http://www.ncbi.nlm.nih.gov/pubmed/15928718
https://doi.org/10.5414/cnp61127
https://doi.org/10.5414/cnp61127
http://www.ncbi.nlm.nih.gov/pubmed/14989632
https://doi.org/10.1002/glia.20931
http://www.ncbi.nlm.nih.gov/pubmed/19705458
https://doi.org/10.2119/molmed.2013.00013
http://www.ncbi.nlm.nih.gov/pubmed/23821361
https://doi.org/10.1016/j.heares.2008.07.003
https://doi.org/10.1016/j.heares.2008.07.003
http://www.ncbi.nlm.nih.gov/pubmed/18672044
https://doi.org/10.1016/j.neuroscience.2011.05.018
https://doi.org/10.1016/j.neuroscience.2011.05.018
http://www.ncbi.nlm.nih.gov/pubmed/21600963
https://doi.org/10.5435/00124635-201102001-00006
http://www.ncbi.nlm.nih.gov/pubmed/21304044
https://doi.org/10.1080/15569527.2017.1373121
http://www.ncbi.nlm.nih.gov/pubmed/28849680
https://doi.org/10.1080/00952990.2016.1198800
https://doi.org/10.1080/00952990.2016.1198800
http://www.ncbi.nlm.nih.gov/pubmed/27463192
https://doi.org/10.1073/pnas.0508479102
https://doi.org/10.1073/pnas.0508479102
http://www.ncbi.nlm.nih.gov/pubmed/16260722
https://doi.org/10.1093/brain/awh365
http://www.ncbi.nlm.nih.gov/pubmed/15601662
https://doi.org/10.1523/JNEUROSCI.3027-07.2007
https://doi.org/10.1523/JNEUROSCI.3027-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/18003835
https://doi.org/10.1371/journal.pone.0238208

