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Abstract Erythropoietin (EPO) may protect the nervous sys-
tem of animals against aging damage, making it a potential
anti-aging drug for the nervous system. However, experimen-
tal evidence from natural aging nerve cell models is lacking,
and the efficacy of EPO and underlying mechanism of this
effect warrant further study. Thus, the present study used long-
term cultured primary nerve cells to successfully mimic the
natural aging process of nerve cells. Starting on the 11th day
of culture, cells were treated with different concentrations of
recombinant human erythropoietin (rhEPO). Using double
immunofluorescence labeling, we found that rhEPO signifi-
cantly improved the morphology of long-term cultured prima-
ry nerve cells and increased the total number of long-term
cultured primary cells. However, rhEPO did not improve the
ratio of nerve cells. A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) assay was used to measure
nerve cell activity and showed that rhEPO significantly im-
proved the activity of long-term cultured primary nerve cells.
Moreover, Annexin V-fluorescein isothiocyanate (FITC)/
propidium iodide (PI) double immunofluorescence labeling
flow cytometry revealed that rhEPO reduced the apoptotic rate

of long-term cultured primary nerve cells. Senescence-
associated β-galactosidase (SA-β-gal) immunohistochemistry
staining showed that rhEPO significantly reduced the aging rate
of long-term cultured primary nerve cells. Immunochemistry
revealed that rhEPO enhanced intracellular superoxide dismut-
ase (SOD) activity and glutathione (GSH) abundance and re-
duced the intracellular malondialdehyde (MDA) level. In addi-
tion, this effect depended on the dose, was maximized at a dose
of 100 U/ml and was more pronounced than that of vitamin E.
In summary, this study finds that rhEPO protects long-term
cultured primary nerve cells from aging in a dose-dependent
manner. The mechanism of this effect may be associated with
the enhancement of the intracellular anti-oxidant capacity.
These findings provide a theoretical basis to further the anti-
aging mechanism of EPO in the nervous system, and they pro-
vide experimental evidence at the cellular level for the clinical
application of EPO to protect the nervous system from aging.
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The nervous system is central to bodily function, and its aging
affects all systems of the body (Alcedo et al. 2013). In recent
years, studies that examine the aging of the nervous system
have attracted increasing attention (Carrasco-Garcia et al.
2015), and most of these studies have focused on anti-
oxidants (Rikans and Hornbrook 1997; Cutler 1991). Anti-
oxidants scavenge free radicals to prevent excessive amounts
of these free radicals from damaging the nerve cells. At pres-
ent, studies examining the use of anti-oxidant to protect nerves
from aging have focused on the following three classes of
molecules: intracellular anti-oxidants, such as superoxide dis-
mutase (SOD) and glutathione (GSH) (Klichko et al. 1999);
natural anti-oxidants, such as vitamin E (Vatassery 1998); and

* Haiqin Wu
whq60@sohu.com

* Xiaorui Yu
xiaoruiy@xjtu.edu.cn

1 The Department of Biochemistry and Molecular Biology, Xi’an
Jiaotong University Health Science Center, Xi’an, Shaanxi 710061,
China

2 The Department of Neurology, Xi’an Jiaotong University Second
Affiliated Hospital, Xi’an, Shaanxi 710004, China

3 The Environment and Genes Related to Diseases Key Laboratory of
Education Ministry, Xi’an Jiaotong University Health Science
Center, Xi’an, Shaanxi 710061, China

J Mol Neurosci (2017) 62:291–303
DOI 10.1007/s12031-017-0937-6

mailto:xiaoruiy@xjtu.edu.cn
mailto:xiaoruiy@xjtu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1007/s12031-017-0937-6&domain=pdf


related small molecules that can regulate intracellular anti-
oxidase (Smith et al. 2002).

Erythropoietin (EPO) is an important glycoprotein hormone
in the body, and previous studies have found that it plays a
protective role in a variety of nerve injuries (Juul 2002). The
aging of and damage to the nervous system is the result of a
concerted action of various factors, but the role EPO in the
progression of the aging of the nervous system remains unclear.
The expression of EPO in the nervous system has been shown to
inversely correlate with age in animals and humans (Chung et al.
2004), and supplementation with exogenous EPO delays the
pathogenesis and progression of neurodegenerative disorders
(Chong et al. 2013). Specifically, our previous study (Wu et al.
2017) found that recombinant human erythropoietin (rhEPO)
upregulates anti-oxidase activity in the nervous system via the
extracellular signal-regulated kinase/nuclear factor-like 2 (ERK/
Nrf2) pathway, reduces oxidative stress injuries to aged rat brain
tissue induced by D-galactose, and improves the learning and
memory functions of rats. We and others also found that EPO
upregulated intracellular anti-oxidase activity in nerve cell
models (Yoo et al. 2016). These results suggest that EPO plays
a role in regulating anti-oxidase activity in nerve cells, and it
may protect against aging-induced damage in animals.
Therefore, EPO may be an anti-aging drug for the nervous sys-
tem. However, this use requires further experimental verification
in natural aging nerve cell models, and the efficacy of EPO and
mechanism underlying its effect warrant further exploration.

Aging differs by cell type. Specifically, nerve cells are ter-
minally differentiated and consequently no longer divide and
replicate. Thus, they undergo non-replicative aging, which is
mainly characterized by the retention of β-galactosidase (β-
gal) and other aging-related substances, a decrease in the num-
ber of neuronal synapses, reduced neuronal synapse activity,
and an increase in apoptotic cells (Ermini and Jucker 2000).
Early nerve cell aging models primarily consisted of induced
aging models (Dong et al. 2014; Andrews 1996), including D-
galactose-induced aging models, ozone-induced aging
models, and β-amyloid-induced aging models. In recent
years, the introduction of BNeurobasal^ medium and BB27
growth factor^ has facilitated the long-term culture of primary
nerve cells. During long-term culture, protein carbonyls and
Aβ proteins accumulate in primary nerve cells and cell mito-
chondrial membrane potential and anti-oxidant capacity de-
crease, which ultimately increases the number of apoptotic
cells. These changes approximate the changes of nerve cells
in the central nervous system during aging. A number of stud-
ies have used long-term cultured primary nerve cells to study
naturally aging-associated mechanisms in the nervous system
at the cellular level (Lesuisse and Martin 2002).

In this study, we aimed to use long-term cultured primary
nerve cells to establish a nerve cell model of natural aging.
Before the cells entered the aging period, they were treated
with various concentrations of rhEPO, and changes in nerve

cell aging-associated indicators were then observed to assess
the anti-aging effect of rhEPO in nerves at the cellular level.
The relevant mechanism was explored to provide a theoretical
basis for the clinical application of EPO.

Materials and Methods

Experimental Animals

Neonatal Sprague-Dawley (SD) rats aged 1 day, without a
specific requirement for sex, were purchased from the
Animal Experiment Center of the Biofavor Biotech Service
Co., Ltd.,Wuhan, China (No. 42000600012249). The animals
were housed at 22 ± 2 °C and a relative humidity of 55 ± 5%
under a 12-h light cycle. All experiments were completed at
the Experimental Center of the Second Affiliated Hospital of
Xi’an Jiaotong University, China. This study was carried out
in strict accordance with the recommendations in the Guide
for the Care and Use of Laboratory Animals of the National
Institutes of Health. The animal use protocol was reviewed
and approved by the Institutional Animal Care and Use
Committee (IACUC) of Xi’an Jiaotong University.

Long-Term Primary Culture of Neurons

One-day-old neonatal SD rats were sacrificed by cervical dislo-
cation, and the brain cortex was isolated and digested with
0.125% trypsin (Lesuisse and Martin 2002). The digested mix-
ture was filtered with a 200-mesh filter, and the filtrate was
centrifuged for 5 min (800 rpm) to harvest the cells.
Neurobasal (InvitrogenGibco, NewYork, USA) +B27medium
(InvitrogenGibco, NewYork, USA)was used to prepare the cell
suspension solution, which was seeded into a polylysine-coated
culture plate and incubated overnight at 37 °Cwith 5%CO2 in a
saturated humidity atmosphere. Half the medium was changed
every 2 days, and the size and morphology of the cells were
observed under an inverted microscope.

Experimental Grouping

The control group (group C): the control group was divided
into the mature cell group (C-DIV10) and aged cell group (C-
DIV22). Cells in the mature group were cultured for a total of
10 days and represented mature nerve cells; cells in the aged
group were cultured for a total of 22 days and represented
aged nerve cells. EPO treatment group (group E): starting on
day 11, the culture medium was supplemented with EPO
(PeproTech, New Jersey, USA), and half the medium was
changed every 2 days. The group was divided into the follow-
ing four subgroups according to the final concentration of
EPO: E(1) group, 1 U/ml; E(10) group, 10 U/ml; E(100)
group, 100 U/ml; and E(200) group, 200 U/ml. The cells were
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cultured for a total of 22 days. Vitamin E treatment group (Vit
E group): starting on day 11, the culture medium was supple-
mented with vitamin E (Sigma, Santa Clara, USA), and the
final concentration of Vit E was 2 mM (Wang et al. 2012).
Half the mediumwas changed every 2 days, and the cells were
cultured for a total of 22 days (DIV22).

Double Immunofluorescence Labeling of Nerve Cells
to Observe the Purity of the Cells

Isolated cells were seeded into polylysine-treated 12-well
plates at a density of 1.0 × 106 cells/ml, and 1 ml of medium
was added to each well. The cells were cultured overnight at
37 °C in 5% CO2 and saturated humidity. The cover slip cov-
ered with cells was washed with PBS, and the cells were fixed
with 4% paraformaldehyde. The cells were permeabilized with
0.5% Triton X-100 at room temperature for 20 min. After
being washed with PBS, the cells were blocked with normal
goat serum at room temperature for 30 min. The cells were
then incubated with the following microtubule-associated pro-
tein (MAP)-2 antibody (1:100, species: rabbit, Proteintech
Group Inc., Wuhan, China) at 4 °C overnight, followed by
incubation with fluorescent (Cy3) goat anti-rabbit immuno-
globulin (IgG) secondary antibody (1:200, Boster Biological
Technology co. ltd, Wuhan, China) for 1 h at 37 °C in a hu-
midified atmosphere. Glial fibrillary acidic protein (GFAP)
antibody (1:100, species: mouse, Santa Cruz Biotechnology,
Santa Cruz, USA) was incubated with the cells in the dark at
4 °C overnight, and fluorescein isothiocyanate (FITC) goat
anti-mouse IgG (1:200, Boster Biological Technology Co.
Ltd, Wuhan, China) was then added, and the slides were incu-
bated at 37 °C for 1 h in a humidified atmosphere. Phosphate-
buffered saline containing Tween (PBST) was used to wash the
slides three times for 3 min each. Subsequently, 4′6-diamidine-
2′-phenylindole dihydrochloride (DAPI) was added dropwise
and incubated for 5 min in the dark to counterstain the nuclei.
The slides were sealed with mounting medium containing anti-
quench agent and then observed under a fluorescence micro-
scope to capture images. Cy3 produced red fluorescence at an
excitation wavelength of 550 nm and an emission wavelength
of 570 nm; FITC produced green fluorescence at an excitation
wavelength of 494 nm and an emission wavelength of 518 nm.
All manipulation steps were conducted in the dark.

Determination of Cell Activity by MTTAssay

Isolated neuronal cells were seeded in 96-well plates at a den-
sity of 5 × 104 cells/well, with 200 μl of medium in each well,
and a blank control group was established simultaneously.
The cells were cultured at 37 °C in 5% CO2 and saturated
humidity. Half the mediumwas exchanged with fresh medium
every 2 days. At the time of assay, 20 μl of 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)

(Sigma, Louisiana, USA) was added to each well, the cells
were cultured at 37 °C for 4 h, and the medium was aspirated.
Subsequently, 150 μl of dimethyl sulfoxide (DMSO) was
added to each well, and the plate was shaken for 10 min. A
plate reader was used to determine the absorbance value of
each well (Filter: 568).

Determination of Apoptotic Cell Ratio with a Flow
Cytometer

Newly isolated neuronal cells were seeded in T25 flasks at a
density of 2 × 105 cells/ml, with 5 ml of medium in each flask,
and the cells were cultured at 37 °C in 5% CO2 and saturated
humidity. Half the medium was replaced with fresh medium
every 2 days. At the time of measurement, 0.25% trypsin with-
out ethylenediaminetetraacetic acid (EDTA) was used to digest
the cells. After the digestion was terminated, cells were harvest-
ed by centrifugation (1500 rpm) for 5 min. The supernatant was
removed, and PBS was added to re-suspend the cells. The cells
were rinsed twice with PBS and centrifuged (1500 rpm) again
for 5 min. An Annexin V-FITC/propidium iodide (PI) apoptosis
detection kit (Nanjing KeyGen Biotech Co. Ltd., Nanjing,
China) was used for detection.

Observation of the Ratio of Aged Cells by SA-β-gal
Staining

Cover slips coated with cells were washed three times with
PBS for 3 min each. The cells were fixed for 15 min with 4%
paraformaldehyde, and the cover slip was washed again three
times with PBS for 3 min each. Subsequently, 100 μl of
senescence-associated (SA)-β-gal staining solution (Nanjing
KeyGen Biotech Co. Ltd., Nanjing, China) was added to each
cover slip, which was then incubated in the dark at 37 °C in a
CO2 incubator for 10 h to allow the reaction to proceed. The
cover slip was then washed three times with PBS, the solution
on the slip was absorbed with a piece of absorbent paper, and
the slide was sealed with aqueous mounting medium. The
cells were observed under a light microscope, and cells in
different fields were counted. The ratio of SA-β-gal-positive
cells represented the ratio of aged cells.

Determination of SOD Activity, GSH, and MDA Content

At the measured time points, cell lysis buffer was added to
lyse the cells and obtain protein solution. An SOD assay kit
(Jiancheng Bioengineering, Nanjing, China) was used to de-
termine SOD activity. A trace-reduced GSH detection kit
(Jiancheng Bioengineering, Nanjing, China) was used to de-
termine GSH content. A malondialdehyde (MDA) assay kit
(Jiancheng Bioengineering, Nanjing, China) was used to de-
termine MDA content.
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Statistical Analysis

All data were analyzed using SPSS (ver. 20.0) software. All
the experiments were performed in triplicate, and the data are
shown as the mean ± SD. The data were analyzed using a one-
way analysis of variance (ANOVA). Probability values of
P < 0.05 were considered statistically significant.

Results

rhEPO Improved the Morphology of Long-Term
Cultured Primary Nerve Cells

Under an inverted phase-contrast microscope, cells appeared
homogeneous and round immediately after seeding, and most
cells were floating in medium (Fig. 1). At 3–4 h, the cells
began to adhere, and almost all cells were adherent 12 h later.
After culture for 1 day (C-DIV1), some cells developed small
protrusions, and the cell body was somewhat enlarged. On the
10th day (C-DIV10), the cell body of the neuron was mature;
the protrusions were thick and intertwined. On the 22nd day
(C-DIV22), the nerve cells degenerated, nuclear pyknosis and
lysis occurred, small vacuoles were observed in the cytoplasm,
the protrusions decreased in size, the cells shrank, and cell grid
became sparse. Twenty-two days after rhEPO treatment, the
nerve cell morphology and nerve cell network had significant-
ly improved compared with the cells of the control group at the
same time point. This improvement was especially pronounced
for EPO concentrations of 100 U/ml (E (100)) and 200U/ml (E
(200)). Vitamin E treatment had a similar effect.

rhEPO Increased the Total Number of Long-Term
Cultured Primary Cells but Failed to Increase the Ratio
of Nerve Cells

Double immunofluorescence labeling was used to observe
cell morphology and the number of long-term cultured prima-
ry cells (Fig. 2). The cytoplasm of cells that stained positive
for the neuronal marker MAP-2 was red, whereas the cyto-
plasm of cells positive for the glial cell marker GFAP was
green; DAPI stained the nuclei blue.

The number of blue nuclei was counted to determine the
number of long-term cultured primary cell, which revealed sig-
nificantly fewer C-DIV22 cells than C-DIV10 cells (P = 0.0001).
After rhEPO or vitamin E treatment, each group contained sig-
nificantly fewer total cells than the C-DIV10 group (P = 0.0001
vs. E(1), P = 0.0003 vs. E(10), P = 0.001 vs. E(100), P = 0.015
vs. E(200), andP = 0.011 vs. Vit E), but the C-DIV22 showed an
increase in cells. Specifically, the increases in groups E(10)
(P = 0.005), E(100) (P = 0.0004), E(200) (P = 0.0004), and Vit
E (P = 0.0006) were significant, whereas groups E(100), E(200),
and Vit E did not significantly differ (P > 0.05).

The number of MAP-2-positive cells represented the num-
ber of nerve cells. The results showed that the number of nerve
cells in the C-DIV22 group was significantly less than the of
C-DIV10 group (P < 0.0001), After rhEPO or vitamin E treat-
ment, each group contained significantly fewer nerve cells
than the C-DIV10 group (P < 0.0001 vs. E(1), P = 0.0001
vs. E(10), P = 0.002 vs. E(100), P = 0.003 vs. E(200), and
P = 0.002 vs. Vit E). When compared with the C-DIV22
group, the groups all showed an increase in nerve cells.
Specifically, the increases in groups E(10) (P = 0.003),
E(100) (P = 0.0005), E(200) (P = 0.0006), and Vit E
(P = 0.0007) were significant, whereas groups E(100),
E(200), and Vit E did not significantly differ (P > 0.05).

The number of GFAP-positive cells represented the number
of glial cells. The results showed that the number of glial cells in
the C-DIV22 group was significantly higher than the of C-
DIV10 group (P = 0.029). After rhEPO or vitamin E treatment,
there was a trend toward an increase in the number of glial cells,
with group Vit E as the vertex. Specifically, compared with the
C-DIV22 group, the increases in groups E(100) (P = 0.015),
E(200) (P = 0.002), and Vit E (P = 0.002) were significant, and
the increases in groups E(200) (P = 0.029) and Vit E
(P = 0.016) were more significant than that in the E(100) group.

The proportion of the number of MAP-2-positive cells to
the number of DAPI-positive cells represented the ratio of
nerve cells. The results showed that 95% of the cells in the
C-DIV10 group were nerve cells, and 77% of the cells in the
C-DIV22 group were nerve cells, but this proportion was sig-
nificantly lower than that of the C-DIV10 group (P = 0.005).
Moreover, rhEPO or vitamin E treatment slightly increased
the proportion of nerve cells to 70–85%, but this proportion
remained significantly lower than that of the C-DIV10 group
(P = 0.005 vs. E(1), P = 0.013 vs. E(10), P = 0.008 vs. E(100),
P = 0.016 vs. E(200), P = 0.002 vs. Vit E) and did not signif-
icantly differ from that of the C-DIV22 group (P > 0.05).

The proportion of the number of GFAP-positive cells to the
number of DAPI-positive cells represented the ratio of glial
cells. The results showed that less than 1% of the cells in the
C-DIV10 group were glial cells, and more than 5% of the cells
in the C-DIV22 group were glial cells, and this proportion was
significantly higher than that of C-DIV10 group (P = 0.0008).
Moreover, rhEPO or vitamin E treatment slightly decreased
the proportion of glial cells to 3–5.5%, but this proportion
remained significantly higher than that of the C-DIV10 group
(P = 0.001 vs. E(1), P = 0.002 vs. E(10), P = 0.001 vs. E(100),
P = 0.0007 vs. E(200), and P = 0.002 vs. Vit E) and did not
significantly differ from that of the C-DIV22 group (P > 0.05).

rhEPO Improved the Activity of Long-Term Cultured
Primary Nerve Cells

The relative optical density (OD) value determined by the
MTT assay represented cell activity (Fig. 3a). Specifically,
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the OD value of the C-DIV22 group was significantly lower
than that of the C-DIV10 group (P < 0.0001), and the OD
value of each group remained lower than that of the C-
DIV10 group after rhEPO or vitamin E treatment
(P < 0.0001 vs. E(1), P = 0.0003 vs. E(10), P = 0.004 vs.
E(100), P = 0.006 vs. E(200), and P = 0.001 vs. Vit E) but
was slightly higher than that of the C-DIV22 group. Of these
increases, the increases in the E(10) (P = 0.023), E(100)
(P = 0.0008), E(200) (P = 0.002), and Vit E (P = 0.0008)
groups were significant. The comparison between various
concentrations of rhEPO treatment showed that the OD value
of the E(10) group was significantly higher than that of the
E(1) group (P = 0.043) and that of the E(100) was

significantly higher than that of the E(10) group (P = 0.01).
However, groups E(200) and E(100) did not significantly dif-
fer (P > 0.05). In addition, the OD values of groups E(100),
E(200), and Vit E also did not significantly differ (P > 0.05).

rhEPO Reduced Apoptosis in Long-Term Cultured
Primary Nerve Cells

Annexin V-FITC/PI double labeling flow cytometry was used
to assess apoptosis, which showed that the apoptotic rate of
the C-DIV10 group was approximately 7%, and the apoptotic
rate of the C-DIV22 group was approximately 61%, which
was significantly higher than that of the C-DIV10 group

Fig. 1 Changes in the morphology of long-term cultured primary nerve
cells after different treatments, as observed under an inverted microscope:
A ×100, scale bar = 50 μm; B enlarged view of (A), take the arrow as the
center, ×400.C-DIV1morphology of cells in the control group after being
cultured for 1 day (very small protrusions grew out from some cells, and
cell bodies were enlarged), C-DIV10 morphology of cells in the control
group on day 10 (the soma of the neuron was mature, and the protrusions
were thick and intertwined into a network),C-DIV22morphology of cells
in the control group after being cultured for 22 days (nerve cells had
degenerated, nuclear pyknosis and lysis were evident, small vacuoles

were visible in the cytoplasm, the protrusion decreased in size, cells
shrank, and the cell grid became sparse), E(1), E(10), E(100), and
E(200) the morphology on day 22 treatment with different concentrations
(1, 10, 100, or 200 U/ml) of rhEPO starting on day 11. Themorphology of
nerve cells and the nerve cell network had significantly improved com-
pared with those of group C-DIV22; these improvements were especially
significant for groups E(100) and E(200). Vit E on day 22, the effect of
vitamin E treatment starting on day 11 was similar to that of E(100) and
E(200). Representative images of each group
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Fig. 2 aChanges in the morphology of long-term cultured primary nerve
cells in various groups as observed by immunofluorescence microscopy
(×400, scale = 20μm).C-DIV10morphology of cells in the control group
on day 10, C-DIV22morphology of cells in the control group after being
cultured for 22 days, E(1), E(10), E(100), and E(200)morphology on day
22 after treatment with different concentrations (1, 10, 100, or 200 U/ml)
of rhEPO starting on day 11, Vit E cell morphology on day 22 after
treatment with vitamin E starting on day 11, MAP-2 neuronal marker
MAP-2 staining (the cytoplasm of positively stained cells fluoresced

red), GFAP glial cell marker GFAP staining (the cytoplasm of positively
stained cells fluoresced green), DAPI DAPI counterstained the nuclei
fluoresced blue and represented the total number of cells.
Representative images of each group. b Statistical analysis of the long-
term cultured primary nerve cells in the various groups. The data are
shown as the mean ± SD values obtained from three separate experi-
ments. The data were analyzed using a one-way ANOVA analysis.
★P < 0.05 vs. C-DIV10; ▲P < 0.05 vs. C-DIV22; ◆P < 0.05 vs. E(1);
■P < 0.05 vs. E(10)
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(P = 0.0001) (Fig. 4). After treatment with rhEPO or vitamin
E, the apoptotic rate remained higher than that of the C-DIV10
group (P = 0.0001 vs. E(1), P = 0.0002 vs. E(10), P = 0.0004
vs. E(100), P = 0.0005 vs. E(200), and P = 0.0004 vs. Vit E)
but lower than that of the C-DIV22 group. Specifically, the
decreases in the apoptotic rates of groups E(10) (P = 0.019),
E(100) (P = 0.0008), E(200) (P = 0.002), and Vit E
(P = 0.003) were significant. Moreover, a comparison of the
different rhEPO doses showed that the apoptotic rate of group
E(10) was significantly lower than that of group E(1)
(P = 0.035) and that of group E(100) was significantly lower
than that of group E(10) (P = 0.004). However, groups E(200)
and E(100) did not significantly differ (P > 0.05).
Furthermore, vitamin E treatment significantly reduced apo-
ptosis compared with group C-DIV22, but this effect was
significantly less pronounced than that of group E(100)
(P = 0.04).

rhEPO Reduced the Aging Rate of Long-Term Cultured
Primary Nerve Cells

SA-β-gal staining was used to observe the ratio of aged cells
to total cells, which showed that the proportion of aged cells in
group C-DIV10 was only approximately 2%, whereas the
ratio of aged cells in group C-DIV22 exceeded 85%, and this
difference was significant (P < 0.0001) (Fig. 5). After treat-
ment with rhEPO or vitamin E, the proportion of aged cells
remained significantly higher than that of the C-DIV10 group
(P = 0.0001 vs. E(1), P = 0.0001 vs. E(10), P = 0.01 vs.

E(100), P = 0.002 vs. E(200), and P = 0.001 vs. Vit E) but
was lower than that of the C-DIV22 group. Specifically, the
decreases in the proportions of aged cells were significant in
groups E(10) (P = 0.0004), E(100) (P = 0.0001), E(200)
(P = 0.0001), and Vit E (P = 0.0002). The comparison be-
tween various concentrations of rhEPO treatment showed that
the proportion of aged cells was significantly lower in group
E(10) than in group E(1) (P = 0.001) and that of group E(100)
was significantly lower than that of group E(10) (P = 0.003).
However, groups E(200) and E(100) did not significantly dif-
fer (P > 0.05). Moreover, vitamin E treatment significantly
reduced the proportion of aged cells compared with group
C-DIV22, but this effect was significantly less pronounced
than that of group E(100) (P = 0.046).

rhEPO Upregulated the Anti-oxidant Capacity
of Long-Term Cultured Primary Nerve Cells

Immunochemistry was used to determine the activity of the
anti-oxidant SOD, the content of GSH, and the content of the
cell peroxidation product of MDA (Fig. 3b–d). The SOD ac-
tivity and GSH content were significantly lower in the C-
DIV22 group than the C-DIV10 group (SOD: P = 0.0004;
GSH: P = 0.0002), whereas theMDA content was significant-
ly increased (P = 0.0001). Treatment with rhEPO significantly
increased SOD activity and GSH content compared with the
C-DIV22 group and decreased theMDA content. Specifically,
these changes were significant for groups E(10) (SOD:
P = 0.039; GSH: P = 0.0007; MDA: P = 0.007), E(100)

Fig. 2 (continued)
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(SOD: P = 0.001; GSH: P = 0.0004; MDA: P = 0.0004), and
E(200) (SOD: P = 0.001; GSH: P = 0.0001; MDA:
P = 0.0004) compared with group C-DIV22. Comparing the
various concentrations of rhEPO treatment showed that cell
the SOD activity and GSH content were significantly different
in group E(10) compared with group E(1) (SOD: P = 0.039;
GSH: P = 0.003), whereas the MDA content was significantly
decreased (P = 0.048). These parameters also significantly
differed between groups E(100) and E(10) (SOD: P = 0.01;
GSH: P = 0.004; MDA: P = 0.004) but not between groups
E(200) and E(100) (P > 0.05). Moreover, vitamin E treatment
did not significantly change the SOD activity and GSH con-
tent (P > 0.05) but did significantly decrease theMDA content
compared with the C-DIV22 group (P = 0.008). Nevertheless,
the MDA content remained significantly higher than those of
the E(100) (P = 0.016) and E(200) groups (P = 0.011).

Discussion

At the cellular level, the aging of the nervous system primarily
manifests as soma atrophy, a decrease in the disappearance of
dendrites and dendritic spines, axonal swelling, and demye-
lination (Omelyanchuk et al. 2015; Hervonen 1990; Pannese
2011). However, there is controversy about the aging-related
changes of nerve cells. Early studies have shown that nerve

cell counts are significantly reduced with aging (Brody 1955),
but in recent years, an increasing number of studies have
shown that the nerve cell counts in the naturally aging of brain
tissue were unchanged (Roberts et al. 2012; Uylings and de
Brabander 2002). This may be ascribed to neural stem cell
transdifferentiation mechanism within the natural aging pro-
cess in the brain tissue (Limke and Rao 2002). Nerve cells are
highly differentiated non-divisible cells, and studies based on
the divisible cells cannot completely reflect the characteristics
of the aging of nervous system. Therefore, recent aging stud-
ies have focused on Bneuronal culture,^ and significant prog-
ress has been made in primary neuronal culture in the past two
decades. Specifically, the introduction of BNeurobasal^ medi-
um and BB27 growth factor^ has significantly prolonged the
survival time of neurons in vitro and maintained higher neu-
ronal purity throughout the culture process (Brewer 1995). A
number of previous studies used the aforementioned culture
system for the primary culture of nerve cells from fetal mice
and found that more than 50% of cells had survived until the
4th week of culture, and the proportion of astrocytes was
lower than 20% (Bertrand et al. 2011; Dong et al. 2011). In
the present study, we used cerebral cortical neurons from 1-
day-old neonatal SD rats to perform long-term primary neu-
ronal culture using this culture system; the results showed that
the nerve cells in the primary culture had the best cell mor-
phology and the most extensive neural network on day 10 (C-

Fig. 3 Changes in cell viability,
SOD, GSH, and MDA in long-
term cultured primary nerve cells
in each group. AnMTTassay was
used to measure the OD value of
the long-term cultured nerve cells
in the control group on day 10,
which was used as the reference
value. Cell viability on day 22 (C-
DIV22) of cells in the control
group after treatment with
different concentrations of rhEPO
(1, 10, 100, or 200 U/ml) or
vitamin E (2 mM). The data are
shown as the mean ± SD of values
obtained from three separate
experiments. The data were
analyzed using a one-way
ANOVA. ★P < 0.05 vs. C-
DIV10; ▲P < 0.05 vs. C-DIV22;
◆P < 0.05 vs. E(1); ■P < 0.05 vs.
E(10); ●P < 0.05 vs. E(100);
╋P < 0.05 vs. E(200)
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DIV10), and the purity of nerve cells reached 95%. On day 22
(C-DIV22), the nerve cells and the neural network had signif-
icantly degenerated, cell viability had decreased to 50%, and

nerve cell purity had decreased to 77%. This result is consis-
tent with those of previous studies, suggesting that this culture
system is not only suitable for the primary culture of nerve

Fig. 4 Changes in the apoptotic
rate of long-term cultured primary
nerve cells in each group. Flow
cytometry was used (Annexin V-
FITC/PI double
immunofluorescence labeling) to
assess apoptosis in response to
different treatments.
Representative images of each
group. St the statistical analysis of
the apoptosis rate of each group.
The data are shown as the
mean ± SD of values obtained
from three separate experiments.
The data were analyzed using a
one-way ANOVA. ★P < 0.01 vs.
C-DIV10; ▲P < 0.05 vs. C-
DIV22; ◆P < 0.05 vs. E(1);
■P < 0.05 vs. E(10); ●P < 0.05 vs.
E(100)
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cells from fetal mice but is also suitable for the primary
culture of the cerebral cortical neurons from 1-day-old neo-
natal SD rats. Neurons experience the following three stages
during long-term culture: development, maturation and sta-
bilization, and aging and degeneration. As aging pro-
gresses, the mitochondrial membrane potential of the pri-
mary neurons is reduced, anti-oxidant capacity is decreased,

protein carbonyls and Aβ protein accumulate, the expres-
sion of apoptosis-associated proteins changes, and the sen-
sitivity of neurons to various stresses that cause neuronal
death is eventually increased (Dong et al. 2011). This pro-
cess is similar to the age-related changes observed in nerve
cells in the central nervous system, and it may be a good cell
model to study the natural aging of the nervous system.

Fig. 5 The proportion of aged
cells in long-term cultured
primary nerve cells in each group
as observed under an ordinary
light microscope (×200,
scale = 50 μm). SA-β-gal
immunohistochemical staining,
SA-β-gal-positive cells that were
stained blue represent aged cells.
Representative images of each
group. St the statistical analysis of
the proportion of SA-β-gal-
positive cells in each group. The
data are shown as the mean ± SD
of values obtained from three
separate experiments. The data
were analyzed using a one-way
ANOVA. ★P < 0.01 vs. C-
DIV10; ▲P < 0.01 vs. C-DIV22;
◆P < 0.01 vs. E(1); ■P < 0.05 vs.
E(10); ●P < 0.05 vs. E(100)
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Researchers previously roughly divided the growth process
of neurons cultured in vitro into the following stages based
on cell morphology (Lesuisse and Martin 2002): the resting
stage, the growth stage, the maturation stage, and the aging
stage. However, the reports of the timing of cells entering
the aging stage are not consistent (Aksenova et al. 1999;
Belrose et al. 2012). In the present study, long-term cultured
nerve cells were the most stable and the neural network was
extensive on day 10 (C-DIV10), whereas the morphology of
nerve cells and the neural network had significantly
degenerated by day 22 (C-DIV22), showing various typical
aging-associated morphological changes. Moreover, the vi-
ability of nerve cells had decreased to nearly 50% by C-
DIV22, the apoptotic rate exceeded 60%, and the ratio of
aged cells exceeded 80%. Therefore, we suggest that long-
term cultured primary nerve cells have entered the aging
stage by day 22 of culture and show typical signs of aging,
allowing them to be used as a model to study aging this time
point. Of course, the type of cell that can be used to prepare
the aging nerve cell model is not limited to primary nerve
cells. PC12 cells, among others, can also be prepared via D-
galactose induction, ischemia and hypoxia-related induc-
tion, aging-related gene regulation, etc. However, those
models are all similar; therefore, it would be more scientific
to choose different models when studying different aging
mechanisms.

EPO is an important glycoprotein hormone in the body
that is widely distributed in the central and peripheral ner-
vous systems. Some researchers suggested that EPO is Ba
brand new concept for neuroprotection^ (Subiros et al.
2012; Castañeda-Arellano et al. 2014; Ugurluer et al.
2016). The aging of and damage to the nervous system is
the result of the concerted action of various factors (Brierley
et al. 1998), and the correlation between EPO and this dam-
age remains unclear. A number of previous studies showed
that the expression of EPO in the nervous system inversely
correlated with age in animals and humans (Widl et al.
2007) and supplementation with exogenous EPO delays
the pathogenesis and progression of Alzheimer’s disease
(AD), Parkinson’s disease (PD), amyotrophic lateral sclero-
sis (ALS), and Huntington’s disease (HD), among other
neurodegenerative disorders (Jia et al. 2014; Cervellini
et al. 2013). The expression of EPO also reduced oxidative
stress injuries in aged rat brain tissue induced by D-galactose
and improved the learning and memory functions of rats
(Wu et al. 2017). These studies suggest that EPO may pro-
tect the nervous system against aging damage, but the ex-
perimental evidence at the cellular level is lacking. In this
study, we used long-term cultured primary nerve cells to
establish a natural aging model, and these cells were treated
with exogenous EPO before they entered the aging stage.
Although some evidences suggest that the amino acid se-
quence of the human EPO and the murine EPO is 80%

homologous (Shoemaker and Mitsock 1986), the use of
human-derived EPO in rat vivo experiments may still have
an immune rejection. In this study, we used rhEPO to inter-
vene long-term cultured primary nerve cells in vitro exper-
iments. Therefore, there is no big problem in homology. Our
results showed that in addition to significantly improving
the morphology of naturally aging nerve cells, exogenous
EPO also significantly affected other aging-associated indi-
cators: cell viability was significantly improved, apoptosis
was dramatically reduced, and the proportion of aged cells
was notably decreased. These changes are similar to and, for
some parameters, better than the effects of the widely ac-
cepted anti-aging drug vitamin E, which suggests that EPO
significantly protects nerve cells against natural aging dam-
age to delay the aging of nerve cells. Thus, EPO has the
potential to become an anti-aging drug for the nervous sys-
tem. Moreover, the concentration of EPO positively corre-
lated with this protective effect on aging nerve cells: in-
creasing the EPO concentration 1 to 100 U/ml improved
various aging-associated indicators, but further increases
from 100 to 200 U/ml did not further improve these indica-
tors. This finding suggests that the protective effect of EPO
on aging nerve cells correlates with dose but is also associ-
ated with a saturation concentration. In addition, this study
found that rhEPO significantly increased the nerve cell
count and glial cell count in aging nerve cell models but
changes in the proportion of total cells to nerve cells were
not obvious. Although the proportion of glial cells was not
significantly different between the groups, the proportion of
nerve cells was only 70–85%, and the proportion of glial
cells was only 3–5.5%. Each group contained approximate-
ly 15% MAP-2-negative cells/GFAP-negative cells. We
speculated that the reason for this phenomenon was that in
addition to astrocytes, oligodendrocytes and microglia also
exist in the central nervous system, but our study only ob-
served the proportion of activated astrocytes. In addition,
the observed nerve cells were immunostained using the neu-
ronal dendritic marker MAP-2 in the study. Although this
staining allows for the observation of nerve cell morpholo-
gy and neural network, it has limitations in terms of nerve
cell counting. MAP-2-positive cells had relatively complete
structures, and their staining of microtubule-damaged nerve
cells during partial aging was poor, resulting in partial false
negative results. It may be more beneficial to use NeuN
staining when determining the nerve cell counts.

The theory of free radicals suggests that aging-related
damage to cells is mainly caused by the retention of MDA
produced by oxidative stress, which results from the weak-
ening of the cellular anti-oxidant capacity provided by SOD
and GSH (Sims-Robinson et al. 2013; Ji 1993; Patel and
Sesti 2016). The present study confirmed that EPO signifi-
cantly protects nerve cells against aging damage, but the
mechanism underlying this protection remains unclear.
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Previously, we used long-term cultured primary nerve cell
models to show that rhEPO enhances the anti-oxidant ca-
pacity of the nerve cells by regulating the Nrf2 pathway
(Wang et al. 2016). We hypothesized that EPO protects
nerve cells from aging damage by also improving the cellu-
lar anti-oxidant capacity. To verify this hypothesis, we here-
in observed changes in the anti-oxidant capacity of naturally
aging nerve cells after treatment with various concentra-
tions of rhEPO, which showed that the SOD activity and
GSH content of naturally aging nerve cells significantly
decreased, whereas MDA content significantly increased
as the long-term culture of primary nerve cells was extend-
ed. However, treatment with rhEPO significantly increased
the SOD activity and GSH content of naturally aging nerve
cells and decreased the retention of MDA. Moreover, this
effect depended on dose and was maximized at a dose of
100 U/ml. This change was also consistent with changes in
aging-associated indicators, such as cell viability, apoptotic
rate, and the proportion of aged cells. In addition, the pres-
ent study also found that treatment with the exogenous anti-
oxidant vitamin E did not significantly change SOD activity
and GSH content in naturally aging nerve cells, whereas the
MDA content was significantly decreased, but this decrease
was less pronounced than that associated with rhEPO treat-
ment. These results suggest that EPOmay protect long-term
cultured primary nerve cells from aging damage by improv-
ing the endogenous anti-oxidant capacity of aging nerve
cells, but the specific cellular pathway underlying this effect
requires further investigation.

In summary, we cultured cortical neurons from 1-day-old
neonatal rats long term. By observing changes in the morphol-
ogy of nerve cells, the nerve fiber network, the total number of
cells, the viability of cells, the apoptotic rate, and the ratio of
aged cells, we found that this model successfully mimicked
the natural aging process of nerve cells and identified DIV22
as critical time point of the aging stage. Furthermore, we
found that exogenous EPO significantly improved various
aging indicators of nerve cells, and this effect depended on
dose and was maximized at a dose of 100 U/ml. In addition,
this effect was more pronounced than that of vitamin E.
Finally, changes in SOD, GSH, and MDA demonstrated that
EPO may protect nerve cells from aging damage by improv-
ing the endogenous anti-oxidant capacity of aging nerve cells,
but the specific cellular pathway underlying this effect re-
quires further study.
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