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Abstract. Although there is much controversy over the use of 
methylprednisolone (MP), it is one of the main drugs used in the 
treatment of acute spinal cord injury (SCI). The induction of the 
proliferation and differentiation of endogenous neural progenitor 
cells (NPCs) is considered a promising mode of treatment for 
SCI. However, the effects of MP on spinal cord-derived endog-
enous NPCs in a low oxygen enviroment remain to be delineated. 
Thus, the aim of this study was to investigate the potential effects 
of MP on NPCs cultured under low oxygen conditions in vitro 
and to elucidate the molecular mechanisms involved. Fetal rat 
spinal cord-derived NPCs were harvested and divided into 
4 groups: 2 groups of cells cultured under normal oxygen condi-
tions and treated with or without MP, and 2 groups incubated 
in 3% O2 (low oxygen) treated in a similar manner. We found 
that MP induced suppressive effects on NPC proliferation even 
under low oxygen conditions (3% O2). The proportion of nestin-
positive NPCs decreased from 51.8±2.46%  to 36.17±3.55% 
following the addition of MP and decreased more significantly 
to 27.20±2.68% in the cells cultured in 3% O2. In addition, a 
smaller number of glial fibrillary acidic protein (GFAP)-positive 
cells and a greater number of microtubule-associated protein 2 
(MAP2)-positive cells was observed following the addition of 
MP under both normal (normoxic) and low oxygen (hypoxic) 
conditions. In response to MP treatment, hypoxia-inducible 
factor-1α  (HIF-1α) and the Notch signaling pathway down-

stream protein, Hes1, but not the upstream Notch-1 intracelluar 
domain (NICD), were inhibited. After blocking NICD with a 
γ-secretase inhibitor (DAPT) MP still inhibited the expression of 
Hes1. Our results provide insight into the molecular mechanisms 
responsible for the MP-induced inhibition of proliferation and its 
effects on differentiation and suggest that HIF-1α and Hes1 play 
an important role in this effect.

Introduction

Although there is much controversy over the use of methyl-
prednisolone (MP), it is currently one of the main drugs used 
in the treatment of acute spinal cord injury (SCI). Following 
traumatic spinal cord injury, an ischemic and low oxygen envi-
roment exists in both primary and secondary lesions (1,2). It 
is well known under low oxygen conditions, hypoxia-inducible 
factor-1α (HIF-1α) will not undergo proteosomal degradation 
and plays a key role in a series of reactions associated with 
protoming the survival of cells and helping them adapt to low 
oxygen (3). A previous study demonstrated that between condi-
tions of anoxia to 20% O2, the highest proliferation of mouse 
neural stem cells was observed at 2-3% oxygen (4). Certain 
studies have shown that hypoxic conditions increase the forma-
tion and proliferation of neural progenitor cells (NPCs) and the 
proportion of neurons (5,6). The study by Schröter et al (7), as 
well as our previous study, demonstrated that corticosteroids 
inhibit the proliferation of NPCs in vitro and following SCI (8). 
However, dexamethasone has been shown to have an inhibitory 
effect on HIF-1α in T cells (9). To the best of our knowledge, 
the effects of MP on HIF-1α in NPCs have not been reported to 
date. Certain studies have demonstrated the regulatory function 
of HIF-1α on the proliferation and differentiation of several 
stem cell types through Notch signaling components under low 
oxygen conditions (10,11). However, inhibiting Notch signaling 
leads to NPC differentiation, including an increased proportion 
of neurons in the rat brain (12).

The effects of MP on the proliferation and differentiation 
of rat spinal cord-derived NPCs, as well as the mechanisms 
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involved remain to be elucidated. Thus, in this study, we treated 
NPCs cultured under both normal oxygen (normoxic) and low 
oxygen (hypoxic) conditions with or without MP to determine 
whether any changes occur in HIF-1α expression and Notch 
signaling, as well as to elucidate the possible effects of MP on 
the proliferation and differentiation of NPCs in vitro.

Materials and methods

Ethics approval. All procedures involving animals were 
approved by the ‘Committee for the Care and Use of Laboratory 
Animals’ of Sun Yat-sen University College of Medicine, 
Guangzhou, China.

Cell culture and characterization by immunocytochemistry. 
Spinal cords were isolated from neonatal (1-day-old) 
Sprague‑Dawley rats under a microscope and digested by 
repeated trituration with fire-polished Pasteur pipettes into 
single cells, according to a previously described method for 
spinal cord stem cells (13,14) The cells were incubated and 
passaged in medium, as described in our previous study (8) The 
2nd generation of neurospheres was used in all the experiments. 
The antibodies used in this study were as follows: primary 
antibodies to nestin (mouse anti-rat, 1:400; Millipore Corp., 
Billerica, MA, USA), microtubule-associated protein 2 (MAP2; 
rabbit anti-rat, 1:100; Sigma-Aldrich, St. Louis, MO, USA) and 
glial fibrillary acidic protein (GFAP; rabbit anti-rat, 1:500), as 
well as anti-oligodendrocyte-specific protein antibody (Oligo; 
rabbit anti-rat; 1:100) (both from Abcam, Cambridge, MA, 
USA); and the secondary antibodies, FITC goat anti-mouse 
or Cy3 goat anti-rabbit (1:200; Jackson ImmunoResearch 
Laboratories, Inc., West Grove, PA, USA). The fluorochrome 
Hoechst  33342 (Cell Signaling Technology, Danvers, MA, 
USA) was used to stain the nuclei. Low oxygen conditions were 
generated by aerating the cell incubator chamber (Galaxy 48R; 
New Brunswick, Hamburg, Germany) with CO2 and N2. The 
modulator can adjust the O2 concentration to target the oxygen 
level to 3%, CO2 to 5% and N2 92%. Immunocytochemistry 
was performed as described in our previous study (8). Images 
were captured using an inverted fluorescence microscope (Carl 
Zeiss, Inc., Oberkochen, Germany).

Cell quantitative analysis and CCK-8 assay. The 2nd genera-
tion of NPCs was split into to 2 main groups (with 20% O2 
for the control, with 3%  O2 for the experimental group). 
Each group was divided into 3 subgroups, each treated with 
a different concentration of MP (0  µg/ml as the control, 
or 3 and 10 µg/ml). The cells were plated into 6-well plates 
(BD Falcon/BD Biosciences, Franklin Lakes, NJ, USA) at a 
density of 5x104 cells/ml (3 ml cell suspension per well). Every 
24 h all samples were removed from the cell incubator and 
digested into a single cell suspension and were randomly and 
repeatedly counted by 2  individuals using a cell counting 
chamber for 7 days. A density of 1.5x104 cells/ml was planted 
into a 96-well flat bottom plate (0.2 ml per well). Each sample 
was divided into 3 wells for repetition. Three neonatal rats 
were used as biological replicates. In total, 10 plates (half 
with 20% O2, and the other with 3% O2) were planted. Every 
24  h CCK-8 solution (Dojindo Laboratories, Kumamoto, 
Japan) was added to 2 plates (one in 20% O2, and the other in 

3% O2), followed by incubation at 37˚C for 4 h and subsequent 
testing using a microplate reader (Varioskan; Thermo Fisher 
Scientific, Waltham, MA, USA). Each well was detected at an 
excitation light length of 450 and 630 nm. The final optical 
density (OD) value was made firstly by all values at 450 nm 
OD value, substracting the 630 nm OD value, then substracting 
the OD value of the blank well (culture medium only) .

Quantitative reverse transcription PCR. The NPCs were 
incubated for 24 h. The 2 main groups (3 or 20% O2) were 
divided into 2 subgroups, each treated with a different concen
tration of MP (0 or 10 µg/ml). Total RNA was extracted using 
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to 
the manufacturer's instructions and the RNA concentration 
was determined using a NanoDrop spectrophotometer (from 
Thermo Fisher Scientific). cDNA was reverse transcribed 
using PrmieScript RT Master mix (Takara Bio, Dalian, China) 
with 200 ng RNA per sample. Quantitative PCR (qPCR) was 
performed on a real-time PCR instrument (light cycler 480; 
Roche, Mannheim, Germany), using SYBR Premix Ex TaqTM II 
(Tli RNaseH Plus; Takara code no. DRR820A). All data were 
normalized to the housekeeping gene, β-actin (ACTIN). The 
primers used in the real-time PCR amplification were as 
follows: β-actin forward, 5'-GGAGATTACTGCCCTGGCT 
CCTA-3' and reverse, 5'-GACTCATCGTACTCCTGCTT 
GCTG-3; HIF-1α forward, 5'-CCAGATTCAAGATCAGCC 
AGCA-3' and reverse, 5'-GCTGTCCACATCAAAGCAGT 
ACTCA-3'; VEGF forward, 5'-TGGACCCTGGCTTTACT 
GCTG-3' and reverse, 5'-GGCAATAGCTGCGCTGGTAGA-3'; 
phosphoglycerate kinase (PGK1) forward, 5'-TCCATGGT 
GGGTGTGAATCTG-3' and reverse, 5'-CAGCTGGATCTTG 
TCTGCAACTTTA‑3'; and Hes1 forward, 5'-CAACACGAC 
ACCGGACAAAC-3' and reverse, 5'-TTGGAATGCCGGG 
AGCTATC-3'. All data were normalized to the housekeeping 
gene, β-actin (ACTIN).

Western blot analysis of extracts. The cells were placed into 
6-well plates at 3 ml per well (cell density, 50x104 cells/ml). The 
2 main groups (treated with 10 µM DAPT or without DAPT), 
were divided into 4 subgroups (cultured in 20% O2 and treated 

with 0 or 10 µg/ml MP for 48 h; or cultured in 3% O2 and treated 
with 0 or 10 µg/ml MP for 48 h). Cell lysis buffer was then 
added (50 mM Tris pH 7.4, 150 mM NaCl, 1% Triton X-100, 
1%  sodium deoxycholate, 0.1%  SDS and 1  mM PMSF) 
containing protease inhibitor cocktail tablets (Roche). Protein 
concentrations were measured using the BCA protein assay in 
a spectrophotometer (Multiskan; Thermo Fisher Scientific) at 
562 nm. In each lane, 20 µg protein sample was serperated on 
a 10% SDS-polyacrylamide gel (SDS-PAGE) then transferred 
onto a PVDF membrane (Millipore Corp.). The membrane was 
then incubated with primary antibody with 5% BSA overnight 
at 4̊C. The primary antibodies were as follows: anti‑β‑actin 
(1:1,000; Cell Signaling Technology); anti-HIF-1α (1:500; 
Novus Biologicals, Ltd., Cambridge, UK); anti-Hes1 (1:1,000; 
Abcam); anti-Notch 1 intracelluar domain (NICD) (cleaved 
Notch 1) (1:1,000; Cell Signaling Technology). DAPT (an 
NICD blocker; Tocris, Ballwin, MO, USA) was diluented into 
10 µM per well. The blots were incubated for 1 h with horse-
radish peroxidase secondary antibodies (Millipore Corp.). 
Immunoreactive protein bands were detected and visualized 
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in a Gel imaging box (G:BOX Chemi; Sygene Technologies 
Corp., Palos Heights, IL, USA) with ECL substrate (Pierce 
Biotechnology, Inc., Rockford, IL, USA).

Fluorescence-activated cell sorting (FACS). Cell grouping 
and treatment were the same as for western blot analysis. 
Following 3 days in culture with 5% fetal bovine serum (FBS), 
the cells were tenderly blown into single cells in 0.05% trypsin 
using a Pasteur pipette and then treated with fixation and 
permeabilization reagents (Invitrogen). Followng incubation 
with primary antibody to nestin (1:500; Sigma-Aldrich), 
GFAP (1:500; Abcam) or MAP2 (1:500; Sigma-Aldrich), 
the cells were centrifuged and rinsed with PBS twice. FITC 
(1:1,000; Jackson Immunoresearch Laboratories) was used as 
the secondary antibody. FACS was performed in a flow cytom-
eter (BD FACSCalibur; BD Biosciences).

Statistical analysis. One-way ANOVA followed by least 
significant difference (LSD) multiple comparisons t-tests were 
used to determine statistical significance. P values were derived 
from at least 3 independent experiments. A value of P<0.05 was 
considered to indicate a statistically significant difference.

Results

Cell culture and characterization. As observed under a light 
microscope, the cells had a round shape, bright plasma and 
formed neurospheres. Following the addition of 5% FBS and 
normal culture for 3 days, different cellular processes were 
observed. The results from immunocytochemistry  (Fig. 1) 
revealed that the majority of the cultured cells were nestin-

positive (Fig. 1A), a marker of NPCs; the GFAP-positive cells 
were abundant (Fig. 1B), indicating that the majority of the 
NPCs had differentiated into astrocytes; the neurons (MAP2-
positive cells; Fig. 1C) and oligodendrocytes (Oligo4-positive 
cells; Fig. 1D) were a minority. These results demonstrated that 
the cultured cells were NPCs and were able to differentiate into 
other types of neural cells.

A low oxygen enviroment promotes NPC proliferation, but MP 
inhibits NPC proliferation even under low oxygen conditions. 
Cell quantitative analysis and CCK-8 assay indicated that the 
NPCs not treated with MP (0 µg/ml) proliferated more rapidly 
when cultured in 3% O2 than in 20% O2 following treatment 
with MP (P<0.05) (Fig. 2A and B). The proliferation of the cells 
cultured in either 20 or 3% O2 was markedly inhibited following 
treatment with MP from day 2 of culture (P<0.05) (Fig. 2A). 
The increase in the concentration of MP from 3 to 10 µg/ml 
did not enhance the inhibitory effect (Fig. 2A). As shown by 
CCK-8 assay, the inhibitory effect on cell proliferation was 
observed in the cells cultured in 20% O2 from day 2 (P<0.05), 
and in the cells cultured in 3% O2 on day 3 (P<0.05) (Fig. 2B). 
The absolute value of the decrease in proliferation was greater 
in the cells cultured in low oxygen conditions than in those 
cultured in normal oxygen conditions.

MP not only inhibits the gene and protein expression of 
HIF-1α and its downstream genes, VEGF and PGK1, but 
also that of Hes1 in the Notch signaling pathway in NPCs 
in vitro. To examine the effects of MP on the HIF-1α-VEGF 
signaling pathway in NPCs, HIF-1α and its downstream genes, 
VEGF and PGK1, were investigated in the cells cultured in 

Figure 1. Characterization of neural progenitor cells (NPCs) by immunocytochemistry. All cells were detected after 3 days of growth on adherent substrate 
with 5% (v/v) fetal bovine serum (Hoechst-positive nuclei are blue) (magnification, x40). (A) The majority of the NPCs were nestin-positive (green); (B) GFAP-
positive (red) astrocytes were abundant; (C) MAP2-positive (red) neurons and (D) Oligo-positive (red) oligodendrocytes were detected only in small quantities. 
(A-D) Bars, 20 µm.
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20 and 3% O2. Unlike in non-stem cells, the HIF-1α protein did 
not undergo proteosomal degradation in the NPCs cultured in 
20% O2 (Fig. 3A). Low oxygen induced the expression of the 
HIF-1α gene (Fig. 3C) and protein (Fig. 3A and B) in the cells 
cultured in 3% O2 compared to those cultured in 20% O2 and 
not treated with MP (0 µg/ml MP). However, following treat-
ment with 10 µg/ml MP, HIF-1α expression was inhibited in the 
cells cultured in both 20 and 3% O2, although the decrease was 
more significant in the cells cultured in a low oxygen enviro-
ment (Fig. 3B and C). VEGF and PGK1 mRNA expression (in 
the cells treated with 0 µg/ml MP) increased in the cells cultured 
in 3% O2 by approximately 2-fold compared to those cultured in 
20% O2; however, following treatment with MP (10 µg/ml) their 
expression was suppressed only in the cells cultured in 3% O2 
but not in those cultured in normoxic conditions (Fig. 3D and E). 
Although VEGF expression in the cells cultured in a low oxygen 
enviroment was still higher than that in the cells culrured in a 
normoxic enviroment and treated with 10 µg/ml MP, the abso-
lute decrease in its expression was more obvious in the cells 
cultured in a low oxygen enviroment (Fig. 3D). Hes1 expression 
also increased by approximately 1.9-fold in the cells cultured in 
3% O2 and not treated with MP (0 µg/ml). MP also inhibited the 
expression of Hes1 in the cells cultured in 3 and 20% O2, which 
suggests that MP affects the Notch signaling pathway (Fig. 3F).

MP only suppresses the expression of the Notch signaling 
pathway downstream protein, Hes1, but not that of upstream 
NICD. As shwon by our results (Fig. 3F), MP can affect the 
Notch signaling pathway. Low oxygen conditions can also help 
maintain the undifferentiated state of NPCs by regulating the 
Notch signal pathway (11). Therefore, we examined the protein 
levels of the Notch pathway upstream protein, NICD, and the 
downstream protein, Hes1, in the NPCs following treatment 
with or without MP under low oxygen and normoxic conditions. 
The results from western blot analysis revealed that: ⅰ) NICD 
expression was increased (without MP) in the cells cultured in 

3% O2 compared to those cultured in 20% O2. MP (10 µg/ml) 
did not have an inhibitory effect on NICD expression in the 
cells cultured in 3 and 20% O2. That is, MP did not affect the 
Notch signaling pathway by altering NICD expression (Fig. 4A 
and B). ⅱ) In the cells cultured in 20 and 3% O2 without DAPT, 
Hes1 expression increased more significantly in the cells 
cultured in low oxygen conditions (P<0.05). MP (10 µg/ml) 
suppressed the protein expression of Hes1 (Fig. 4A and C) in the 
Notch signaling pathway and more prominent inhibitory effects 
were observed in the cells cultured in a low oxygen enviroment 
(P<0.05); the expression of Hes1 showed the same tendency as 
HIF-1α (Fig. 3A and C). ⅲ) After blocking the expression of 
NICD with 10 µM DAPT (Fig. 4A), Hes1 expression was not 
elevated under low oxygen conditions, but remained at levels 
similar to those observed under normoxic conditions (P>0.05); 
however, Hes1 expression still decreased following treatment 
with MP (10 µg/ml) (Fig. 4C). These results suggest that MP 
affects the differentiation of NPCs by regulating Hes1 expres-
sion without influencing NICD expression.

MP decreases the proportion of nestin-positive NPCs more 
significantly in a low oxygen enviroment and affects NPC 
differentiation with a decrease in the number of astrocytes, 
and a slight increase in the number of neurons. As shown 
by our results from western blot analysis, MP decreased the 
expression of Hes1, which indicated that MP can affect NPC 
differentiation. Thus, we examined the proportion of nestin-, 
GFAP- and MAP2-positive NPCs following 3 days of culture 
with 5% FBS by FACS, as previously described  (15). The 
proportion of nestin-positive NPCs (0 µg/ml MP) cultured 
in normoxic conditions (51.8±2.46%; Fig. 5A-3) was almost 
the same as that of the NPCs cultured in a low oxygen 
enviroment (49.27±1.01%) (P>0.05; Fig. 5A-5). Similar results 
were observed for the GFAP- and MAP2-positive cells (not 
treated with MP) (P>0.05; Fig.  5D and F). Following the 
addition of MP (10 µg/ml), the number of nestin-positive cells 

Figure 2. Low oxygen promoted proliferation, but methylprednisolone (MP) inhibited proliferation under both low (3% 02) and normal (20% 02) oxygen 
conditions. Increasing the dose of MP (from 3 to 10 µg/ml) did not enhance the inhibitory effect. (A) Results of cell quantitative analysis (x104). Data are 
expressed as the means ± SD, n=3. (B) Results of CCK-8 assay optical density (OD). Following the addition of MP, the OD value of the cells cultured in in low 
oxygen (3% O2) was still higher than that of the cells cultured in normoxic conditions (20% O2). The OD values formed from the data at 450 minus 630 nm 
after the cell medium OD value substracted as a blank. Data are expressed as the means ± SD, n=3. *P<0.05, (0 µg/ml MP + 20% oxygen) vs. (3 µg/ml 
MP + 20% oxygen), (10 µg/ml MP + 20% oxygen), (0 µg/ml MP + 3% oxygen), (3 µg/ml MP + 3% oxygen), (10 µg/ml MP + 3% oxygen); ^P<0.05, (3 µg/ml 
MP + 20% oxygen) vs. (10 µg/ml MP + 20% oxygen), (0 µg/ml MP + 3% oxygen), (3 µg/ml MP + 3% oxygen), (10 µg/ml MP + 3% oxygen); △P<0.05, (10 µg/
ml MP + 20% oxygen) vs. (0 µg/ml MP +3% oxygen), (3 µg/ml MP + 3% oxygen), (10 µg/ml MP + 3% oxygen); ΔP<0.05, (0 µg/ml MP + 3% oxygen) vs. (3 µg/
ml MP + 3% oxygen), (10 µg/ml MP + 3% oxygen); #P<0.05, (3 µg/ml MP + 30% oxygen) vs. (10 µg/ml MP + 3% oxygen).
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Figure 3. (A) Western blot analysis of hypoxia-inducible factor-1α (HIF-1α) (100 kDa). (B) The relative fold of protein HIF-1α compared to β-actin was increased 
in the cells cultured in 3% O2 + (0 µg/ml) methylprednisolone (MP). Both under normoxic and low oxygen conditions, HIF-1α protein expression was suppressed. 
Data are expressed as the means ± SD, n=3. (C-F) Results of quantitative PCR. The relative folds of target mRNA compared to housekeeping mRNA β-actin 
(ACTIN) were calculated form a Cp value. Data are expressed as the means ± SD, n=3. (C) HIF-1α increased by approximately 1.5-fold in low oxygen (3% O2) 
compared to normoxic conditions (20% O2), and its gene expression was suppressed (approximately 0.75-fold in normoxic and approximately 0.4-fold in low 
oxygen conditions) following treatment with MP (10 µg/ml). The suppressive effects were more prominent in a low oxygen than in the normoxic environment 
(̂ P<0.05 between the group of 20% O2 + 0 µg/ml MP and 3% O2 + 0 µg/ml MP). (D) VEGF expression increased by approximately 2.3-fold in low oxygen (3% O2), 
when added MP (10 µg/ml) the inhibition effect only worked in low oxygen. In low oxygen the VEGF still expressed higher than in in the normoxic conditions 
even following treatment with MP. (E) PGK1 expression also increased by approximately 1.7-fold in low oxygen when no MP was added. MP was more effective 
in decreasing PGK1 expression compared to VEGF. (F) Hes1 expression also increased by approximately 1.9-fold in the cells cultured in 3% O2 + (0 µg/ml) 
MP. MP also inhibited the expression of Hes1 under both oxygen conditions, which suggests that MP affects the Notch signaling pathway. *P<0.05, (20% O2) 
normoxia + (0 µg/ml) MP group vs. (20% O2) normoxia + (10 µg/ml) MP group, (3% O2) low oxygen + (0 µg/ml) MP group and (3% O2) low oxygen + (10 µg/ml) 
MP group; ^P<0.05, (20% O2) normoxia + (10 µg/ml) MP group vs. (3% O2) low oxygen + (0 µg/ml) MP group and (3% O2) low oxygen + (10 µg/ml) MP group; 
#P<0.05, (3% O2) low oxygen + (0 µg/ml) MP group vs. (3% O2) low oxygen + (10 µg/ml) MP group.

Figure 4. Western blot analysis was carried out with the cell lysis buffer of neural progenitor cells (NPCs) following treatment. In response to methylpredniso-
lone (MP) treatment, low oxygen decreased the expression of the Notch signaling pathway, downstream protein, Hes1, but not that of upstream Notch-1 intracelluar 
domain (NICD). After blocking NICD with an inhibitor (DAPT) MP still inhibited the expression of Hes1. Three independent experiments were performed. The 
data of target protein compared to internal reference protein are expressed as the means ± SD, n=3. Low oxygen (3% O2), normoxia (20% O2) and MP was added 
at a concentration of 10 µg/ml, the NICD inhibitor, DAPT, was used at a concentration of 10 µM. (A) β-actin was an internal reference protein (approximately 
45 kDa), Hes1 (approximately 30 kDa), NICD (approximately 110 kDa). (B) The expression of NICD was elevated under low oxygen conditions compared to nor-
moxic conditions following treatment of the cells with 0 µg/ml MP (*P<0.05). MP did not have an inhibitory effect on NICD following treatment of the cells with 
10 µg/ml MP under both normoxic and low oxygen conditions. After the addition of DAPT (10 µM), NICD expression was significantly inhibited and MP did not 
affect the expression of NICD. (C) The relative fold of Hes1 compared to β-actin was increased in the cells cultured in low oxygen without MP (*P<0.05), but MP 
was more effective in a low oxygen environment when applied to the NPCs (̂ P<0.05). Following treatment with DAPT (10 µM) Hes1 expression did not increase in 
low oxygen compared to normoxia (&P>0.05), but Hes1 expression was still inhibited by MP (10 µg/ml)(&P<0.05; ΘP<0.05). *P<0.05, (20% O2) normoxia + (0 µg/
ml) MP group + 0 µM DAPT vs. the other 6 groups apart from the control group; ^P<0.05, (20% O2) normoxia + (10 µg/ml) MP group + 0 µM DAPT vs. the other 
6 groups apart from the control group; #P<0.05, (3% O2) low oxygen + (0 µg/ml) MP group + 0 µM DAPT vs. the other 6 groups apart from the control group; 
$P<0.05 vs. (3% O2) low oxygen + (10 µg/ml)  MP group + 0 µM DAPT vs. the other 6 groups apart from the control group; &P<0.05, (20% O2) normoxia + (0 µg/ml) 
MP group + 10 µM DAPT vs. the other 6 groups apart from the control group; @P<0.05, (20% O2) normoxia + (10 µg/ml) MP group + 10 µM DAPT vs. the other 
6 groups apart from the control group; ΘP<0.05, (3% O2) low oxygen + (0 µg/ml) MP group + 10 µM DAPT vs. the other 6 groups apart from the control group.
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decreased more prominently under low oxygen conditions 
(3%  O2) (27.20±2.68%; Fig.  5A-6) than under normal 
oxygen conditions (20%  O2) (36.17±3.55%; Fig.  5A-4). 

These results suggested that MP induced the differentiation 
of the NPCs into non-stem like cells. Following treatment 
with MP  (10  µg/ml) the number of GFAP-positive cells 

Figure 5. Fluorescence-activated cell sorting (FACS) of neural progenitor cells (NPCs) cultured 3 days after the experimental conditions. All data are expressed 
as the means ± SD, n=3. (A and B) The cell gated for analysis were approximately 91.03±1.95% (A-1). The cells incubated only with secondary antibody (FITC) 
were detected as a positive control. Each sample had a positive control and the positive gate was set according to the control. Only 0.11±0.14% (A-2) cells were 
false positive cells. With 0 µg/ml methylprednisolone (MP), the percentage of nestin-positive NPCs under normoxic conditions (51.8±2.46%) (A-3) was almost 
the same as that in low oxygen (49.27±1.01%) (A-5). After the addition of 10 µg/ml MP, the nestin-positive cell mean frequencies decreased in both oxygen 
concentrations (36.17±3.55%) (A-4), more prominently in low oxygen (27.20±2.68%) (A-6). (C and D) GFAP-positive cells represent the astrocytes differentiated 
from NPCs. Approximately 96.60±0.92% cells (C-1) were gated. The positive control was as mentioned above. Approximately 0.11±0.08% cells (C-2) were 
false positive. The percentage of GFAP-positive NPCs (46.03±3.69%) was almost the same as that in low oxygen (48.03±5.50%) with 0 µg/ml MP. MP (10 µg/
ml) inhibited the dirrentiation of NPCs into astrocytes [(C-6) 27.20±2.68% in low oxygen; (C-4) 36.17±3.55% in normoxia]. (E and F) MAP2-positive cells 
represent the neurons differentiated from NPCs. More NPCs differentiated into neurons when treated with MP (10 µg/ml) both under normoxic (10.30±1.20%) 
(E-4) and low oxygen conditions (12.28±1.37%) (E-6). *P<0.05, (20% O2) normoxia + (0 µg/ml) MP group vs. (20% O2) normoxia + (10 µg/ml) MP group, 
(3% O2) low oxygen + (0 µg/ml) MP group and (3% O2) low oxygen + (10 µg/ml) MP group; ^P<0.05, (20% O2) normoxia + (10 µg/ml) MP group vs. (3% O2) 
low oxygen + (0 µg/ml) MP group and (3% O2) low oxygen + (10 µg/ml) MP group; #P<0.05,  (3% O2) low oxygen + (0 µg/ml) MP group vs. (3% O2) low 
oxygen + (10 µg/ml) MP group.
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decreased under both normoxic (31.97±3.39%) (Fig. 5C-4) 
and hypoxic conditions (25.40±6.65%; Fig. 5C-6) with a 
similar tendency as the nestin-positive cells (Fig. 5B). This 
suggested that MP suppressed the differentiation of NPCs into 
astrocytes (Fig. 5D). On the contrary, more NPCs differentiated 
into neurons, as the proportion of MAP2-positive cells was 
elevated following treatment with MP (10 µg/ml) both under 
normoxic (10.30±1.20%; Fig. 5E-4) and hypoxic conditions 
(12.28±1.37%; Fig. 5E-6).

Discussion

In this study, we explored the effects of MP on NPC prolifera-
tion and differentiation under both low oxygen and normoxic 
conditions in vitro. Our results revealed that a low oxygen 
enviroment promoted the proliferation of NPCs; however, 
MP inhibited NPC proliferation, reduced the percentage of 
stem-like cells and affected cell differentiation under both 
normoxic and hypoxic conditions. MP suppressed the expres-
sion of HIF-1α and its downstream target genes, VEGF and 
PGK1, in a low oxygen enviroment. Furthermore, the Notch 
signaling pathway downstream proteins, Hes1, which play an 
important role in the regulation of NPC differentiation, were 
downregulated following treatment with MP.

Our previous study and the study by Schröter et al showed 
that MP exerted inhibitory effects on the proliferation of endog-
enous NPCs in vitro and in vivo following SCI (7,8); however, 
the mechanisms involved remain unclear. A number of studies 
have demonstrated that a low oxygen enviroment promotes the 
proliferation of neural stem cells in vitro and in vivo (5-7). In 
a previous study, Zhao et al indicated that HIF-1α is critical 
in this process, as when HIF-1α expression was knocked 
down, the proliferation of embryonic mesencephalon-derived 
neural stem cell was suppressed (16). It has also been demon-
strated that dexamethasone attenuates HIF-1 activity in a 
GR-dependent manner and suppresses VEGF expression in 
HepG2 cells (17). However, to the best of our knowledge, no 
study to date has focused on the effects of MP on spinal cord-
derived NPCs in a low oxygen enviroment. In this study, we 
first demonstrated that in a low oxygen enviroment, MP had an 
inhibitory effect on the proliferation of rat spinal cord-derived 
NPCs and decreased the expression of HIF-1α in the NPCs at 
the mRNA and protein level.

In their study, Murata et al indicated that Hes1 directly 
promotes the proliferation of embryonic carcinoma cells (18). 
Blocking Hes1 expression has been shown to suppress human 
neural stem cell proliferation in vitro by stimulating the of 
expression of Cyclin‑dependent Cdk kinase inhibitor (19). In 
addition, the activation of the Notch receptor promotes the 
survival of fetal neural stem cells by inducing the expression 
of Hes3 (20). Dexamethasone has been shown to reduce the 
expression of Hes1 in cochlear cells following exposure to 
noise (21). In this study, we demonstrated that MP reduced the 
expression of Hes1 under both normoxic and hypoxic conditions 
and inhibited the proliferation of spinal cord-derived NPCs.

The Notch signaling pathway plays a very important role 
in regulating the differentiation of NPCs (10,22). In mouse 
neural stem cells, the activation of Notch signaling promotes 
the differentiation of astrocytes, but inhibits the differen-
tiation of oligodendrocytes and neurons (23). It has also been 

demonstrated that Notch can prevent the degradation of nestin 
protein in MHP36 neural stem cells (24). Blocking Hes1 in 
human neural stem cells in vitro stimulates the differentiation 
of GABAergic neurons (19). Recent evidence also indicates 
novel roles for HIF-1α in stem cell differentiation through the 
modulation of Notch signaling pathways (25). A previous study 
demonstrated that HIF-1α was vital to maintain the activation 
of the Notch‑1 pathway and maintain MDB stem cell viability 
and proliferation (26). Low oxgen levels in embryonic NPCs 
enhances Notch signaling through direct HIF-1α binding to 
activated Notch-1 (NICD), resulting in the increased stabiliza-
tion of NICD and the transcription of Notch-1 target genes (11). 
Our results demonstrated that Hes1 expression levels were 
almost the same as those of HIF-1α in the cells cultured in 
20 and 3% O2 without DAPT treatment. Previous studies have 
shown that dexamethasone inhibits HIF-1α protein expres-
sion in Th and HepG2 cells  (9,17). These data suggest that 
glucocorticoids suppress the expression of Notch through the 
inhibition of HIF-1α. Dexamethasone can also decrease the 
expression of Hes1 (21), which suggests taht glucocorticoids can 
also directly restrain the Notch signaling pathway. Our study 
demonstrated MP did not affect NICD, but inhibited HIF-1α 
and the Notch signaling pathway downstream protein, Hes1, in 
spinal cord-derived cells. The effects was more notable in a low 
oxygen enviroment. After blocking the expression of NICD with 
DAPT, MP still inhibited the expression of Hes1. Those results 
demonstrate a possible mechanism through MP affects NPCs 
in a low oxygen enviroment. Our results from FACS analysis 
suggested that MP affected the differentiation of spinal cord-
derived NPCs by suppressing HIF-1α and Hes1, which led to a 
decrease in the proportion of progenitor cells and the percentage 
of astrocytes, and a slight increase in the number of neurons.

In conclusion, our results confirm that MP significantly 
inhibits the proliferation of NPC and affects their differen-
tiation, altering the proportion astrocytes in a low oxygen 
enviroment in vitro. Our results from PCR and western blot 
analysis provide insight into the molecular mechanisms 
responsible for the inhibition of proliferation and the effects 
on differentiation mediated by MP and suggestthat the down-
regulation of HIF-1α and Hes1 play a vital role in this process.
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