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Introduction: Neuropathic pain is pretty common in modern society, and the treatment
effect is far from satisfactory. This study aimed to find evidence of the neuroprotective effect
of erythropoietin (EPO) in the treatment of neuropathic pain in a rat model of chronic
constriction injury (CCI).

Methods: A total of 30 rats were randomly divided into sham operation group, CCI group,
or CCI+EPO group. The mechanical and thermal nociception thresholds are evaluated as
behavioral assessments. The dorsal root ganglion cells were morphologically evaluated by
hematoxylin and eosin staining, and AMPK, p-AMPK, mTOR, p70S6K, and AQP-2 proteins
were compared and analyzed by Western blotting. Compared with the sham operation group,
rats in the CCI group had shorter paw withdrawal threshold and paw withdrawal latency,
abnormal morphology, and increased satellite glial cells.

Results: After treatment with EPO, these changes were significantly reversed. In vivo
administration of erythropoietin seems to be able to regulate the expression of AQP-2
through the AMPK/mTOR/p70S6K pathway. Our study provides behavioral, morphological,
and immunoblot evidence to prove the neuroprotective effect of EPO in the treatment of
chronic neuropathic pain in the CCI rat model.

Conclusion: Our results indicate that EPO has the potential to treat neuropathic pain caused
by peripheral nerve injury, although further verification is needed.

Keywords: erythropoietin, chronic contractile injury, dorsal root ganglia, neuropathic pain,
satellite glial cells, AQP-2

Introduction

Peripheral nerve injury (PNI) is usually caused by crush injury or mechanical trauma,
resulting in pain characterized by hyperalgesia and allodynia." It is usually spontaneous
pain. Although this pain is not life-threatening, it is often unbearable, so it severely
reduces the patient’s quality of life. About 80% of adults have lower back or leg pain
caused by neuropathic pain,” but existing treatments cannot completely prevent pain or
reduce the consequences of nerve damage.>* Therefore, PNI is an increasingly impor-
tant public health issue.

PNI has a complicated mechanism that is still not fully understood. At present,
the pathogenesis of dorsal root ganglion (DRG) injury has attracted more and more
attention. A recent study reported that peripheral neuropathic pain is caused by the
abnormal spontaneous activity of damaged and undamaged DRG.’ Because ganglia
do not have an effective blood-nerve barrier, under certain pathological conditions,
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such as trauma or inflammation, DRG is susceptible to
irritation and cause pain.® DRG glial cells are composed of
satellite glial cells.” Neurons in sensory ganglia are sur-
rounded by satellite ganglion cells (SGCs), and ganglion
cells play a vital role in the initiation and promotion of
peripheral neuropathic pain.®’ Previous studies have
shown that during the inflammatory response, SGCs can
be triggered and activated by cytokines,'® which is usually
closely related to neuropathic pain. Therefore, activated
stem cells are considered a hallmark of PNI.

Erythropoietin (EPO) is a 30.4kd glycoprotein, which
is the main factor regulating erythropoiesis.'" It achieves
this goal by inhibiting the apoptosis of erythroid progeni-
tor cells and supporting their clonal proliferation and dif-
ferentiation into normal cells. More and more studies have
shown that EPO has a protective effect on organs that are
not involved in hematopoiesis. It has been confirmed that
EPO has a wide range of neuroprotective effects in
a variety of central and peripheral nerve injury models."?
EPO and EPO-R are widely distributed in brain neurons,
Spinal cord neurons, dorsal root ganglion (DRG) neurons,
Schwann cells, and axons. It can induce membrane depo-
larization, rapidly increase the cytoplasmic concentration
of free calcium in neurons, increase dopamine synthesis
and release, and increase the survival rate of central neu-
ron cells under harmful conditions. In a purified cell cul-
ture experiment from the spinal cord of embryonic rats,
Siren et al,'® studied the effect of recombinant human
erythropoietin (rhu-EPO) on metabolically stressed motor
neurons. They found that EPO increased from the density
and maturity of the regenerated myelinated axons that
grow at the distal end of the extrusion save the retrograde
degeneration and atrophy of axons.'* They believe that
EPO can protect neurons in adult spinal cord injury animal
models and reduce ischemic spinal cord motor neurons of
apoptosis. Buffoli et al found that the expression of AQP-2
in small-diameter DRG neurons increased after chronic
constriction injury (CCI) treatment, but not in the lumbar
spinal cord. These data support the hypothesis that AQP-2
expression is related to inflammatory nerve damage.® CCI
is used as an animal model of chronic peripheral neuro-
pathic pain,'”” which can cause pathophysiological
changes, in which ion channels and the receptor function
is impaired, which causes neurochemical and ultrastruc-
tural changes.

Therefore, we want to know whether EPO has
a neuroprotective effect on PNI, and whether the neuro-
protective effect of EPO is achieved by regulating the

expression of AQP-2. In the current study, we used rat
CCI as a model of chronic neuropathic pain.'” The pur-
pose is to find evidence of the neuroprotective effect of
EPO in the CCI rat model, which may lead to a new
treatment for PNI-related neuropathic pain.

Materials and Methods

Animals

A total of 30 male Sprague-Dawley rats (240 + 20 g, age 2
months) were used. All rats were housed and fed at room
temperature (23°C) with a humidity of 55% + 15% and a 12-
h light/dark cycle (lights on at 7:00 a.m.). Food and water
were provided adlibitum. All animals were carefully treated
as per the National Institutes of Health Guidelines for the
Care and Use of Laboratory Animals. All experiments were
approved and supervised by the Animal Care and Use
Committee of the First Affiliated Hospital of Zhengzhou
University (Authorization No.: 201,822,442,015,284). The
animals were randomly divided into three groups. The dose
of EPO (3000 U/kg) was selected according to the previous
rat studies.'®'” In the sham group (n = 10), the right sciatic
nerve was exposed without any other treatment. The CCI
group (n = 10) underwent nerve injury as described below
and had a sham injection (0.9% saline solution, 50 mg/kg)
every day after surgery. The CCI + EPO group (n = 10) also
underwent nerve injury, and the rats have then treated with
EPO (50 mg/kg) injections every day after surgery.

Surgical Procedures

The CCI models were established according to the meth-
ods described in a previous study.'” Briefly, the rats were
anesthetized with tiletamine/zolazepam (Zoletil WKO001,
Virbac, France), 50 mg/kg intraperitoneally. The right
sciatic nerve was exposed at the level of the mid-thigh,
and the connective tissue around the nerve was cleared.
Four ligatures were then tied around the nerve at 1-2 mm
intervals using 4-0 chromic gut suture material.

Behavioral Assessment

To assess for pain, mechanical and thermal nociceptive
thresholds were examined as previously described.'® To
examine the mechanical nociceptive threshold, animals
were placed individually into a small plastic cage with
an open wire mesh bottom. Before testing, rats were left in
the test cages for 30 min until their grooming and explora-
tory behaviors ceased and all four paws were placed on
the bottom. V on Frey filaments were applied vertically to
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the plantar surface of the paw with an upward force just
sufficient to bend the microfilament. We recorded the
stimulus intensity at the time of foot and leg reactions,
including foot reflexes, leg-stripping, and leg-turning, at
intervals of 10 seconds per stimulus. The paw withdrawal
threshold (PWT) index was recorded and averaged over
five measurements. For thermal nociceptive thresholds,
animals were placed in an acrylic box with a transparent
glass plate and irradiated with radiant heat on both hind
paws. The leg lift avoidance time was counted as the paw
withdrawal latency (PWL). The stimulus interval was 5
min, and the average of three measurements was calcu-
lated. The behavioral assessments were performed 1 day
before surgery and 3, 7, 14, and 21 days postsurgery.
Animals were kept in the testing chambers for 30 minutes
before each measurement to ensure they were accustomed
to the test environment. After the behavioral tests, all
animals were submitted to the morphological experiments.

Morphology

Hematoxylin and eosin staining was used to perform
a morphological examination on the evidence of nerve
damage in 5 DRG tissues. Rats in each group were
anesthetized with triamine/zolapam (50 mg/kg) on day 7
(n =5) or day 21 (n = 5) after surgery. Rats in each group
were anesthetized with tiletamine/zolazepam (50 mg/kg)
either on day 7 (n = 5) or day 21 (n = 5) after surgery.
They were transcardially perfused with saline, followed by
250 mL of 4% paraformaldehyde (PH0427, Phygene,
Fujian, China) in phosphate-buffered saline (PBS, 0.1 M,
pH 7.4). DRG tissues from L4 to L6, corresponding to
sciatic afferent fibers, were removed and fixed with 4%
paraformaldehyde in PBS (pH 7.4) for 4 h. After rinsing,
the DRG tissues were processed and embedded in paraffin.
Some tissue sections were examined after standard HE
staining. All the sections were observed and quantitatively
analyzed using a slice-analyzing system including an opti-
cal microscope (Nikon Ni-E, Japan) and the Image J 2.10
software package. The numbers of surrounding SGCs in
each of five consecutive sections were calculated. The
edematous DRG neurons, surrounding SGCs, and the
abnormal cell aggregates were identified according to the
cellular morphology by the same experienced researcher
blinded to the treatments of groups.

Immunoblotting Analysis
21 days after the surgical procedures all the animals were
killed; the spinal cord (lumbar L4-L6 segment) and dorsal

root ganglia (DRG) L4-L5-L6 corresponding to the sciatic
afferent fibers of each animal were removed and immedi-
ately frozen in liquid nitrogen and stored at) 80°C until use.
The tissues were homogenized in a buffer system and cen-
trifuged at 13,254 g at 4°C for 15 min, and the supernatants
were processed using immunoblotting analysis. Protein
concentration was assessed using Albumin Standards
(Pierce, Rockford, IL, USA) according to the manufac-
turer’s instruction. Twenty micrograms of the samples
were analyzed by 10% SDS—PAGE and electro-transferred
to a nitrocellulose membrane (pore size 0.45 Im; BioRad)
by wet blotting (100 V for 1 h). The membrane was blocked
with 5% non-fat dry milk in Tris-buffered saline Tween20
(TTBS) at 4°C. After washing with TTBS, proteins were
exposed overnight at 4°C to rabbit polyclonal anti-AQP-2
antibody (Bioss, bs0261R) diluted 1: 1000. These were
detected using a proper biotinylated secondary antibody
(Bioss, Beijing, China) and an avidin—peroxidase complex
according to the manufacturer’s instructions (ABC kit;
Dakopatts), with a solution of 0.05% DAB (3,3-diamino-
benzidine tetrahydrochloride) and 0.03% hydrogen perox-
ide. For the quantitative analyses, the bands were evaluated
as IOD, using GEL PRO 3.1 software, and the data obtained
were statistically examined.

Statistic Analysis

Data were analyzed using SPSS software (V 19.0, IBM,
USA). All data are reported as mean + standard deviation.
All statistical results were tested on both sides. The nor-
mality of distribution and homogeneity of variance tests
were performed first. Analysis of variance followed by
Bonferroni posthoc correction was then selected for multi-
ple comparisons. P <0.05 was considered to be statistically
significant.

Results

CCI treatment significantly shortened the PWT (Figure 1A)
and PWL (Figure 1B) as compared with the sham group.
These changes were partly ameliorated by EPO treatment,
although not to the normal levels of the sham group. The
same differences between groups were present at postopera-
tive days 3, 7, 14, and 21 (Figure 1).

In the sham group, DRG cells appeared morphologically
normal (Figure 2A). No edema or abnormal aggregation or
proliferation of cells was observed. In the CCI group, the
cell bodies of DRG neurons were markedly edematous with
evident vacuolar-like changes (Figure 2B). The cytoplasm
was concentrated, and the cell body volume contracted and
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Figure | Changes in paw withdrawal thresholds (PWTs) and paw withdrawal
latency (PWL) induced by chronic constriction injury (CCIl) and its treatment
with Erythropoietin (EPO).(A) The PWTs in the CCI group were significantly
lower than those in the sham group, whereas EPO treatment significantly enhanced
PWTs, although not to the level of the sham group. (B) Similar to the PWTs, the
PWLs of the CCIl group were significantly lower than those of the sham group.
Treatments with EPO significantly enhanced the PWLs, although not to the level of
the sham group. Sham vs CCl, **P < 0.01, ***P < 0.001. CCl vs CCI +EPO, P <
0.01, ***P < 0.001, #*P < 0.001.

deformed. Occasionally, apoptotic neuronal cells were
observed, and the number of SGCs was obviously enhanced.
Cell aggregates were observed. Such changes indicated an
enhanced inflammatory reaction associated with CCIL.

In the CCI + EPO group, there was less neuronal cell
body edema and fewer vacuolar changes than in the CCI
group, but EPO treatment did not completely restore the
tissue to a normal appearance (Figure 2C).

Counting the numbers of SGCs yielded similar results. The
numbers of SGS in the CCI group were significantly higher
than in the sham group, and ALA treatment partially relieved
this effect, although without restoring the DRG tissues to
normal. This suggests that ALA treatment partly relieves the
inflammatory reaction induced by CCI (Figure 2D).

Western blot analysis showed that the expression of
AQP-2 in the DRG in the sham group was close to nega-
tive staining, the AQP-2 expression in the control group
was significantly increased after CCI treatment, and the
expression of AQP-2 in the EPO treatment group was
similar to that in the sham operation group. Calculated
according to the IOD value, the staining is mainly located
in the cytoplasm, while the staining of the nucleus is not
obvious. This reflects some conclusions from Barbara et al
(2009). That is, the expression of AQP-2 in the dorsal root
ganglia of mice treated with EPO injection was lower than
that of the CCI group (Figure 3A and B).

When DRG suffers from chronic constriction injury, the
internal stimulation of DRG produces a large amount of
AMPK and is further phosphorylated to form p-AMPK
(Figure 3C and D). Compared with the CCI group, after
EPO treatment, its AMPK phosphorylates to form p-AMPK
(Figure 3E). Compared with the CCI group, the EPO treat-
ment group had a higher ratio of AMPK phosphorylation to
form p-AMPK (Figure 3E), and the expression of mTOR
and its downstream p70S6K after EPO treatment was lower
than that of the CCI group, but compared to the sham group,
there is still a significant increase (Figure 3F and G).

Discussion

In this study, EPO was used to treat chronic neuropathic
pain in a CCI rat model. We found that EPO treatment
significantly shortened the time of PWT and PWL,
improved the morphological changes of DRG neurons,
reduced the aggregation and proliferation of SGCs, and
reduced the expression of AQP-2. Therefore, our findings
provide evidence of behavior (Figure 1), morphology
(Figure 2), and immunoblotting (Figure 3), proving that
we have successfully established a CCl-induced rats PNI
model. We also proved that EPO can partially alleviate the
pathological changes induced by CCI. Therefore, we con-
firmed the protective effect of EPO on chronic neuropathic
pain. These findings indicate that EPO is a potential treat-
ment for PNI-related neuropathic pain, although further
verification is needed.

The CCI rats model used in this study is a classic model
used to simulate chronic neuropathic pain.'® The sciatic
nerve ligation can damage the peripheral nerves, so the
animal may try to bite the injured leg. This abnormal beha-
vior is considered to be a response to neuropathic pain.'*=
Because of changes in excessive pain caused by CCI, PWT
and PWL may be shortened when measuring mechanical and
thermal nociceptive thresholds. Our behavioral data showed
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Figure 2 Morphology of dorsal root ganglia (DRG) and satellite glial cells (SGC) (hematoxylin and eosin) (A) Representative photo of DRG cells in in the sham group with
normally shaped neuronal cells. (B) Representative photo of DRG cells in in the CCl group. The black arrows indicate edematous neurons; the red rings indicate enhanced
SCGs, which form cell aggregates. (C) Representative photo of DRG cells in in the CCl + EPO. Although there are some edematous neurons and enhanced SGCs, they are
fewer than in the CCI group. (D) SGC cells counts, significantly higher in the CCl group than the sham group but somewhat decreased after EPO treatment. *P < 0.05; scale

bar = 50 pm.

that after CCI, the behavioral data of PWT and PWL
decreased significantly.®’ Together with morphological and
immunoblotting evidence, our findings confirm that we have
successfully established this CCI rat model. EPO treatment
prolonged the PWT and PWL of the CCI+EPO group, which
indicated that it reduced pain and hypersensitivity, thus con-
firming the efficacy of EPO treatment.

However, it is worth noting that EPO did not prevent
nerve damage at the beginning of the experiment. At 3
days after the operation, the PWT and PWL of the CCI
+EPO group decreased significantly and were close to the
CCI group, but gradually rose back to the level close to the
Sham group after 7 days. This may be due to the rapid
expression of AQP-2* by nerve cells when the ganglion is
in the acute stage of trauma, causing acute edema and
inflammation, and EPO needs to gradually reduce the
expression of AQP-2 through continuous administration,
thereby alleviating the inflammation and inflammation of
nerve cells. Edema and reduce the risk of apoptosis.

Unlike astrocytes or oligodendrocytes, SGCs are a unique
type of glial cells that surround sensory neurons in the gang-
lia of the peripheral nervous system. Although studies have
shown that SGCs play a crucial role in neuropathic pain
including visceral pain** and peripheral neuropathic
2% the role of SGCs is not yet fully understood.
Many studies have shown that various noxious stimuli may

pain,

trigger the activation of stem cells.***> SGCs activation is
considered to be a neurophysiological response to neuronal
stress induced by these stimuli.** Activated SGC usually has
significant cell proliferation.”® In our CCI rat model, HE
staining showed proliferation and abnormal aggregation of
SGCs. Together with other morphological abnormalities of
DRG neurons, we confirmed that CCI can induce nerve
damage. EPO treatment reduces these physiological changes,
reduces the proliferation of stem cells, reduces the edema of
neurons, and makes the morphology of neurons normal.
Therefore, EPO relieves the neuronal stress state, indicating
that EPO has a neuroprotective effect.
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Figure 3 Western blot analysis of AQP-2, AMPK, p-AMPK, mTOR, and p70S6K expression of dorsal root ganglia (DRG). (A) Corresponding to AMPK, p-AMPK, mTOR,
and p70S6K bands. (B—G) are AQP-2, AMPK, p-AMPK, p-AMPK/AMPK ratio, and mTOR and p70S6K in the sham operation group, the CCl group and the CCl + EPO group
were quantitative Evaluation. CCl vs CCl +EPO, *P < 0.05, “P < 0.01.

Previous studies have shown that although EPO cannot edema and apoptosis. The findings of the AQP-2 Western
directly act on AQP-2, EPO can regulate the expression of  blot analysis we used have also strengthened evidence. The

AQP-2 through certain signaling pathways and affect cell  expression of AQP-2 in the CCI group and the CCI+EPO
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group was significantly higher than that of the sham group.
At the same time, it can be observed that the expression of the
EPO group was significantly lower than that of the CCI
group. When the CCI model was established, DRG suffered
chronic constriction injury, the blood supply was lacking in
its tissues, the nerve cells were in a state of ischemia and
hypoxia, and the intracellular AMP/ATP ratio increased,
which caused the massive production of AMPK. AMPK is
an important energy sensor that can regulate cell glucose and
lipid metabolism. Its expression is up-regulated under
hypoxic environment,?” which makes AMPK of CCI group
and EPO group significantly higher than that of the sham
operation group (Figure 3C). It is worth noting that the
p-AMPK/AMPK ratio of the sham group was significantly
lower than that of the CCI+EPO group and the CCI group,
but the CCI+EPO group had a slightly lower AMPK phos-
phorylation rate when AMPK and p-AMPK were lower than
the CCI group. It is higher than the CCI group (Figure 3E).
We speculate that the reasons may be as follows: First,
systemic application of EPO can promote bone marrow
hematopoietic function, promote the production of red
blood blood’s oxygen-carrying
capacity,”™ and relieve it to a certain extent the hypoxia of
the damaged tissue reduces the AMP/ATP ratio and reduces
the production of AMPK. Secondly, EPO promotes the
expression of VEGE and its receptor (KDR) by activating

cells, improve the

the AMPK-KLF2 signaling pathway,” thereby promoting
vascular regeneration and development and improving the
original hypoxic microenvironment reduces the production
of AMPK. Thirdly, EPO may act as an activator to promote
the phosphorylation of AMPK in some way and increase the
ratio of p-AMPK/AMPK. A large number of literatures show
that AMPK has a negative regulatory effect on its down-
stream mTOR/p70S6k pathway.”> When p-AMPK/AMPK
increases, it will inhibit the activation of mTOR and reduce
mTOR to its downstream effectors. Eukaryotic cell initiation
factor 4E binding protein and ribosomal protein the phos-
phorylation of S6 kinase and 70S6k kinase inhibits protein
synthesis and reduces cell energy consumption, that is, the
expression of mTOR and p70S6k will be inhibited after the
increase of p-AMPK (Figure 3F and G), At the same time,
the synthesis process of AQP-2 as an effector protein was
also inhibited, resulting in a decrease in its expression, and to
a certain extent reduced neuronal inflammatory edema and
apoptosis. However, at present, how EPO promotes the
intensification of AMPK into p-AMPK is still unclear.
Some scholars believe that EPO can activate JAK2 and
PI3K/Akt to activate or inhibit its downstream target proteins

Bad, Caspase9, NF-kB, etc., and then regulate cell
proliferation,®® differentiation, apoptosis and migration.
Some studies have shown that p- AMPK is also involved in
regulating voltage-gated Na+ channels, delaying the inacti-
vation of open channels, thereby effectively improving the
electrophysiological characteristics of injured nerve cells, but
the process and pathways of action need further research.

Although our study provides several different types of
evidence to prove the efficacy of EPO in neuropathic pain
models, its mechanism of action needs further study.
Reducing the expression of AQP-2 may be a potential
mechanism to inhibit neuronal apoptosis. Stevens®' found
that AQP-2 is also expressed in several extrarenal sites
including the peripheral nervous system. Small-diameter
dorsal root ganglion neurons increase the expression of
AQP-2 after chronic compression injury and strengthen
the transmembrane of water molecules. After transport, it
often aggravates inflammatory edema and apoptosis of
nerve cells. These data support the hypothesis that AQP-
2 expression is related to inflammatory nerve damage.*” In
this study, we found that when EPO was applied systemi-
cally in CCI model rats, the expression of AQP-2 in dorsal
root ganglion nerve cells decreased significantly, and cell
edema and apoptosis were also reduced, indicating the
important protective effect of EPO on peripheral nerves.
It is related to its regulation of the expression of AQP-2.
Neuronal apoptosis is a mechanism for neuropathic pain,
and inhibiting cell apoptosis can improve hyperalgesia and
mechanical allodynia,®> which is completely consistent
with our findings in this study. All evidence strongly
suggests that EPO plays a neuroprotective effect on neuro-
pathic pain associated with PNI.

It is well known that in addition to AQP-2, EPO can also
regulate many other aquaporins in the AQP family. In addi-
tion, many studies have shown that AQP-1 and AQP-4 are
also abundantly expressed in sciatic nerve cells.**>” The
study of Hong showed that EPO treatment can prevent the
down-regulation of renal AQP-4 and sodium transporter
caused by ischemia.*® Annelies reported that EPO can induce
the renal tubular AQP-1 and Bcl-2 in mice with acute kidney
injury.®® However, the above situation is completely different
to the result of the down-regulation of AQP-2 expression in
DRG of CCI model rats induced by EPO in this experiment.
At the same time, this experiment did not explore whether
AQP-1 or AQP-4 is expressed in the DRG of CCI model rats,
and whether EPO has a regulatory effect on AQP-1 or AQP-4
of CCI model rats. Therefore, future research needs further
exploration on these mechanisms.
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Conclusion

In summary, our study provides evidence of behavior,
morphology, and Western blot analysis of the neuropro-
tective effect of EPO in the treatment of chronic neuro-
pathic pain in the CCI rat model. Our results indicate that
EPO is a potentially effective treatment for neuropathic
pain associated with PNI. Further clinical trial verifica-
tion and exploration of treatment mechanisms will be
necessary.
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