
Research Paper� Acta Neurobiol Exp 2013, 73: 485–494

© 2013 by Polish Neuroscience Society - PTBUN, Nencki Institute of Experimental Biology 

INTRODUCTION

Leukemia inhibitory factor (LIF) has a variety of 
important functions in the developing and mature ner-
vous system (Hilton 1992, Heinrich et al. 2003). 
Studies on the central nervous system (CNS) have 
shown that this member of the IL-6 family of cytok-
ines has neuroprotective properties. A range of benefi-
cial effects of LIF on the oligodendrocyte lineage and 
myelination have been extensively studied and report-
ed (Azari et al. 2006, Ishibashi et al. 2006, Slaets et al. 
2008, Ishibashi et al. 2009). A number of studies have 
also shown that LIF is an important neuronal survival 
factor in the CNS and can promote neurogenesis and 

regeneration (Suzuki et al. 2005, Covey and Levison 
2007, Ueki et al. 2008, Leibinger et al. 2009, Liu and 
Zang 2009, Simamura et al. 2010). LIF is thus a prom-
ising candidate for therapeutic use in diseases involv-
ing neurodegenerative and inflammatory components. 
Indeed, therapeutic effects of LIF have been observed 
in animal models of multiple sclerosis (MS), including 
models of experimental autoimmune encephalomyeli-
tis (Slaets et al. 2010a,b, Gresle et al. 2012). 

LIF plays a role in the normal development of 
astrocytes (Weible and Chan-Ling 2007, Cohen and 
Fields 2008, Asano et al. 2009, Fukushima et al. 
2009). Apart from normal development, astrocytes 
proliferate in response to hypoxic ischemic injury of 
the CNS. This process, known as astrogliosis or 
glial scarring, interferes with subsequent neural 
repair and axonal regeneration and can cause myeli-
nation deficiencies. Hypertrophic reactive astroglio-
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sis is a well-known feature of human periventricular 
white matter injury (PWMI). The primary mecha-
nism of myelination failure after PWMI is related to 
the burden of astrogliosis, whereby preoligodendro-
cytes fail to differentiate in diffuse astrogliotic 
lesions (Segovia et al. 2008, Franklin and Ffrench-
Constant 2008, Huang et al. 2009, Buser et al. 2012). 
Diminishing astrocyte proliferation is thus an attrac-
tive goal in the prevention and treatment of such 
injuries.  

Whether LIF affects the proliferation of astro-
cytes has been a matter of debate, as the few studies 
related to this subject have reported conflicting 
results. One study demonstrated that LIF did not 
enhance astrocyte proliferation but did counteract 
the growth stimulatory effects of epidermal growth 
factor (EGF) (Gadient et al. 1998). In another study 
it was found that LIF over-expression activates 
astrocytes but does not stimulate astrocyte prolif-
eration (Kerr and Patterson 2004). Levison and 
cowerkers (2000) reported that IL-6-type cytokines 
enhanced EGF-induced astrocyte proliferation. One 
in vivo study reported that LIF administration dur-
ing the neonatal period in rats induced cortical 
astrogliosis (Watanabe et al. 2004). The therapeutic 
value of LIF would be limited if this cytokine is 
proven to promote astrogliosis and the formation of 
glial scarring. Thus, understanding the effects of 
LIF on astrocyte proliferation and its mechanism of 
action is important to expanding treatment options 
for CNS diseases.

The mechanism of LIF action in astrocytes is not 
well understood. LIF signals through the heterodi-
meric complex of the LIF receptor (LIFR) and 
gp130 (Heinrich et al. 2003, Schmid-Brunclik et al. 
2008) have shown that astrocytes proliferate in cul-
tures deprived of oxygen and glucose (OGD), an in 
vitro model mimicking in vivo astrogliosis after 
hypoxic ischemic brain injury. Increases in the 
expression of hypoxia-inducible factor alpha (HIF-
1α) and vascular endothelial growth factor (VEGF) 
are responsible for astrocyte proliferation after 
OGD. The VEGF gene is a major target of the tran-
scription factor HIF-1. The expression of the 
α-subunit of this transcription factor is upregulated 
by oxygen. However, in chronic injury from hypox-
ia/ischemia HIF-1 may only be partially responsible 
for astrocyte responses mediated by VEGF (Schmid-
Brunclik et al. 2008).

In this study, we aimed to determine the effect of 
LIF on the proliferation of primary rat astrocytes 
induced by oxygen-glucose deprivation. To further 
elucidate the mechanism whereby LIF affects astro-
cyte proliferation under OGD, we examined the expres-
sion of LIFR, HIF-1α, and VEGF in response to LIF 
treatment.

METHODS

Primary culture of astrocytes

All animal procedures were carried out in accor-
dance with the NIH guidelines for care and use of 
animals in research, and the protocols were approved 
by the Local Animal Ethics Committee of China 
Medical University. Primary astrocytes were prepared 
from newborn Wistar rat pups as previously described 
(Chow et al. 2001) with modifications according to the 
method of Hertz and colleagues (1998). Briefly, neona-
tal rats were anesthetized by hypothermia, decapitated, 
and the cerebral cortices removed. The meninges were 
removed, and the cortices were minced and placed in 
culture medium. Homogenized tissue was vortexed, 
filtered through nylon mesh with pore sizes of 80 μm 
and 10 μm, and diluted in culture medium. The culture 
medium was Dulbecco’s medium with 7.5 mM glu-
cose, initially containing 20% horse serum. The cul-
tures were incubated at 37°C in a humidified atmo-
sphere of 5% CO2. The culture medium was exchanged 
with fresh medium of similar composition on day 3 
and subsequently every 3–4 days. On day 3, the serum 
concentration was reduced to 10%. Contaminating 
cells were removed by shaking the flasks on a rotary 
shaker overnight at 260 rpm. Astrocytes were pas-
saged a maximum of 3 times and used at 80–90% 
confluence. The cultures displayed uniform (>95%) 
immunoreactivity to glial fibrillary acidic protein. 

Hypoxia and glucose deprivation experiments

Hypoxia and glucose deprivation experiments were 
carried out as in a previous study (Schmid-Brunclik et 
al. 2008). All experiments were performed at least in 
triplicate. Briefly, primary astrocytes in glucose-free 
culture medium were subjected to 6 h of hypoxia (1% 
oxygen) balanced with N2 in a 3-gas incubator (Thermo 
Scientific, Waltham, MA, USA) with a humidified 
atmosphere. 
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Fig. 1. Cells under all culture conditions were pulsed with EdU. The cultures were stained for GFAP (A, E, I) and EdU (B, 
F, J) and counterstained with DAPI (C, G, K). Merged color overlays are presented in panels D, H and L. Panels A–D illus-
trate astrocytes without LIF treatment in the normal culture group. Panels E–H illustrate astrocytes without LIF treatment in 
OGD culture group. Panels I–L illustrate astrocytes with 10 ng/mL LIF treatment in the OGD culture group. Arrows indicate 
astrocytes with immunofluorescent staining. Scale bar is 50 μm. Fig. 1M: Effect of LIF on the incorporation of EdU into 
astrocyte DNA. Data are presented as the mean ± SD by LIF concentration for the control and OGD groups (n=8 for each 
condition). (*) significant difference P<0.05 among LIF concentrations within the OGD group using the Kruskall-Wallis test 
with a Mann-Whitney U test for pair-wise comparisons; furthermore the actual calculation to reach statistical difference 
P<0.001 had been marked within figure. When compared to LIF concentrations with corresponding groups, including 0 ng/
mL(aP), 5 ng/mL (bP), and 10 ng/mL (cP), respectively, which P<0.01 (0.05/4) indicates a significant difference.



488  Y.Y. Fan et al.

LIF administration

Rat recombinant LIF (Chemicon LIF 3010, USA) was 
dissolved in culture medium and used at low concentra-
tions (5 and 10 ng/mL) and a relatively high concentration 
(50 ng/mL). Control cultures were stimulated with an 
equal volume of culture medium for the same time peri-
od. Primary astrocytes were treated with LIF for 6 h. 

Incorporation of ethynyl deoxyuridine (EdU)

Briefly, astrocytes were passaged onto poly-D-
lysine (20 mg/mL)-coated 24-well glass slides at a 
density of 5 × 103 cells/cm2. Cells were cultured for 18 
h in Dulbecco’s medium with 7.5 mM glucose contain-
ing 10% horse serum and 1/1 000 EdU (volume ratio). 
The astrocytes were then randomly divided into nor-
mal and OGD culture groups, and the medium was 
replaced with fresh medium containing EdU. After 
culturing for 6 h, EdU detection was performed 
according to the protocol of the Cell-Light EdU DNA 
Cell Proliferation Kit (Guangzhou RiboBio, China). 
EdU-positive cells were counted in 15 randomly cho-
sen fields of total 1 000 cells under 400× magnifica-
tions with 3.8 mm2 microscopic observatory areas. All 
experiments were performed at least in triplicate.

Combined EdU and GFAP immunolabeling

After EdU immunolabeling as described above, 
cells were incubated for 1 h at room temperature with 
mouse primary antibody to GFAP (1:200, Ab-6 
Neomarkers, Fremont, CA, USA). Cells were rinsed 4 
times in PBS and then incubated for 1 h at room tem-
perature with a fluorescein-conjugated secondary 
antibody and DAPI. Positive cells were counted in 8 
randomly chosen fields of total 1 000 cells under 400× 
magnifications with 3.8 mm2 microscopic observatory 
areas. All experiments were performed at least in trip-
licate. 

Proliferating cell nuclear antigen (PCNA) 
immunocytochemistry

Cells were briefly fixed with cold acetone and then 
incubated with mouse anti-PCNA (1:100 dilution, 
Boster Biotechnology, Wuhan, China) for 2 h. After 
rinsing, cells were incubated with goat anti-mouse IgG 
(1:200, Invitrogen, Beijing, China) for 1 h and then 
developed using an ABC kit. The immunoreactivity 
was visualized with 0.05% diaminobenzidine chromo-
gen. All experiments were performed at least in tripli-
cate.

Real-time PCR analysis

The expression of genes involved in LIF-induced 
astrocyte proliferation was investigated using real-
time PCR. PCNA, LIFR, HIF-1, and VEGF mRNA 
expression was quantitatively analyzed in normal and 
OGD cells. Total RNA was extracted from primary 
astrocytes using RNAiso Plus reagent (Takara, Dalian, 
China) and quantified using a spectrophotometer. 
Following quantification, 2 μg of RNA was reverse 
transcribed to cDNA, and real-time quantitative PCR 
assays were conducted using an ABI PRISM 7500 
real-time PCR System (Applied Biosystems, Foster 
City, CA, USA). PCR amplification was performed 
using the SYBR PrimeScript RT-PCR kit reagent 
(Takara, Dalian, China). The PCR conditions for 
LIFR, HIF-1α, and VEGF consisted of 45 cycles of 
denaturation at 95°C for 5 s and annealing and exten-
sion at 60°C for 30 s. For quantification, a standard 
curve was generated using various dilutions of the 
cDNA templates. Target mRNA levels were normal-
ized to those of β-actin. The following oligonucleotide 

Fig. 2. PCNA mRNA expression in astrocytes under differ-
ent culture conditions. Data are presented as mean ± SD by 
group for each LIF concentration. An asterisk (*) means a 
significant difference P<0.05 among LIF concentrations 
within the OGD group using the Kruskall-Wallis test with a 
Mann-Whitney U test for pair-wise comparisons; further-
more the actual calculation to reach statistical difference 
P<0.001 had been marked within figure. When compared to 
LIF concentrations with corresponding groups, including 0 
ng/mL (aP), 5 ng/mL (bP), and 10 ng/mL (cP), respectively, 
which P<0.01 (0.05/4) indicates a significant difference.
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primers were used: PCNA forward, 5’-TAAGGGCT-
GAAGATAATGCTGAT-3’; PCNA reverse, 5’-CCT-
GTTCTGGGATTCCAAGTT-3’; LIFR forward, 
5’-CCAGATACTTGGCGAGAGTGGAG-3’; PCNA 
reverse, 5’-CGCTTGATGAACAGGACACATTG-3’; 
HIF-1α forward, 5’-TGGACCCTGGCTTTACT-
GCTG-3’; HIF-1α reverse, 5’-GGCAATAGC 
TGCGCTGGTAGA-3’; VEGF forward, 5’-CCAGAT-
TCAAGATCAG CCAGCA-3’; VEGF reverse, 5’-GCT-
GTCCACATCAAAGCAGTACTCA-3’. Gene expres-
sion was analyzed using the 2-ΔΔCT method.

Western Blot analysis

Cells were scraped into lysis buffer [0.27 M 
sucrose, 2 mM EDTA (pH 8.0), 0.1% NP-40, in 0.6 M 
KCl, 150 mM NaCl, 150 mM HEPES (pH 7.5)] and 
centrifuged for 10 min at 16  000 g. Proteins were 
extracted and separated by denaturing SDS-PAGE. 
After transfer to nitrocellulose, membranes were 
incubated in 4% milk in PBS for 1 h at room tem-
perature and then incubated overnight at 4°C with 
antibodies against VEGF (diluted 1:100; Boster 
Biotechnology, Wuhan, China). Following washes, 
membranes were incubated with a secondary horse-
radish peroxidase-conjugated antibody for 1 h at 
room temperature. Membranes were exposed to 
X-ray film after luminescent detection (25 μl of 90 
mM coumaric acid in DMSO, 50 μl of 250 mM lumi-
nol in DMSO in 10 mL of 100 mM Tris, pH 8.5). For 
loading, control blots were stripped and reprobed for 
GAPDH. Quantification was carried out by densi-
tometry using Quantity One software (BioRad 
Laboratories). 

Statistical analysis

Data were expressed as mean ± standard deviation 
(SD). The differences between the 2 groups were ana-
lyzed using the Mann-Whitney U test. Differences 
between more than 3 groups were compared using the 
Kruskall-Wallis test with the Mann-Whitney U test for 
pair-wise comparisons. All statistical assessments 
were considered 2-tailed and significance was defined 
as P<0.05. An adjusted significance level of 0.01 
(0.05/4) was also considered for the post-hoc pair-wise 
comparison approach. Statistical analyses were per-
formed using SPSS 16.0 statistics software (SPSS Inc, 
Chicago, IL, USA). 

RESULTS

Figure 1A–L shows cells under all culture condi-
tions pulsed with EdU. Figure 1M shows the quanti-
tative data for the effect of LIF on the incorporation 
of EdU into astrocyte DNA. At all LIF concentra-
tions tested, the OGD groups had significantly 
higher EdU-positive cell rates than the correspond-
ing control groups (all P<0.05; not shown in the 
figure), suggesting that OGD enhanced the EdU-

Fig. 3. PCNA immunocytochemistry staining of astrocytes 
under different culture conditions. (A) normal culture group 
without LIF treatment; (B) normal culture group with 10 ng/
mL LIF treatment; (C) OGD culture group without LIF treat-
ment; (D) OGD culture group with 5 ng/mL LIF treatment; 
(E) OGD culture group with 10ng/mL LIF treatment; (F) 
OGD culture group with 50 ng/mL LIF treatment. (G) 
depicts the comparison of the percentage of PCNA-positive 
cells under the various culture conditions. (*) significant dif-
ference P<0.05 among LIF concentrations within the OGD 
group using the Kruskall-Wallis test with a Mann-Whitney 
U test for pair-wise comparisons; furthermore the actual 
calculation to reach statistical difference P<0.001 had been 
marked within figure. When compared to LIF concentra-
tions with corresponding groups, including 0 ng/mL (aP), 5 
ng/mL (bP), and 10 ng/mL (cP), respectively, which P<0.01 
(0.05/4) indicates a significant difference. Arrows indicate 
astrocytes positive for PCNA immunostaining. Scale bar is 
50 μm. 
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positive cell rate. Of the various LIF doses used in 
the OGD group, LIF at 10 ng/mL had the lowest 
EdU-positive cell rate (all P<0.01). In contrast, LIF 
did not affect the EdU-positive cell rate in the con-
trol group. 

Figure 2 compares astrocyte PCNA mRNA 
expression levels in the control and OGD groups for 
each LIF concentration tested. The level of PCNA 

mRNA expression was significantly different 
between the control and OGD groups at all LIF con-
centrations (all P<0.05; not shown). In the OGD 
group, the PCNA mRNA expression level at LIF 
concentrations of 5 ng/mL and 10 ng/mL was lower 
than that at 0 ng/mL and 50 ng/mL (All P-values 
<0.01). 

Figure 3A–F shows PCNA immunochemistry 
staining of astrocytes under different culture condi-
tions. Figure 3 G presents the quantitative data for 
PCNA-positive cells. Consistent with the EdU-
positive cell rates, the OGD groups treated with 
various concentrations of LIF had significantly 
higher PCNA-positive cell rates than the corre-
sponding control group (all P<0.05; not shown). 
Similarly, LIF did not affect the PCNA-positive cell 
rate in the control groups, while LIF at 10 ng/mL 
resulted in the lowest PCNA-positive cell rate of all 
the OGD groups (all P<0.01). 

Figure 4A–C compares the expression of LIFR, 
VEGF, and HIF-1α mRNA in astrocytes in 4 differ-
ent groups: control, control + LIF 10 ng/mL, OGD, 
and OGD + LIF10 ng/mL. The mean expression 
levels of LIFR, VEGF, and HIF-1α mRNA differed 
significantly different between the 4 groups (all 
P-values <0.001). Cells in the OGD groups (OGD 
and OGD+LIF 10 ng/mL) expressed lower levels of 
LIFR mRNA but higher levels of HIF-1α mRNA 
than did the controls (control and control + LIF10 
ng/mL) (all P-values <0.01; not shown in figure). 
VEGF mRNA was expressed at higher levels in 
cells of the OGD groups (OGD and OGD + LIF 10 
ng/mL) than that in controls (control and control + 
LIF10ng/mL) (all P-values <0.01). However, VEGF 
mRNA expression decreased in the OGD group 
when combined with LIF. The expression level of 
VEGF mRNA in astrocytes treated with both OGD 
and LIF (10 ng/mL) was significantly lower than of 
astrocytes treated with OGD alone (4.48 ± 0.23 vs. 
4.58 ± 0.24; P<0.01) (Fig. 4). 

Figure 5A shows photos of western blots. Figure 
5B presents the quantitative data for western blot-
ting. The OGD groups treated with or without 
10 ng/mL LIF expressed significantly higher levels 
of VEGF protein than the corresponding control 
groups (all P<0.05; not shown). Comparing OGD 
groups, 10 ng/mL LIF significantly suppressed the 
VEGF protein expression induced by OGD 
(P<0.05).

Fig. 4. Expression of LIFR, HIF-1α, and VEGF mRNA in 
astrocytes under different culture conditions. Data are pre-
sented as mean ± SD by group for each mRNA as follows: 
LIFR (A), VEGF (B), and HIF-1α (C). Comparisons 
between LIF concentrations were made using a Mann-
Whitney U test for given control or OGD groups, respec-
tively. (*) expression of LIFR, HIF-1α, and VEGF mRNA in 
astrocytes was significantly different between LIF concen-
trations within OGD group (all P-values <0.05).
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DISCUSSION

We cultivated primary rat astrocytes under oxygen 
and glucose deprivation conditions (1% O2 and glucose 
withdrawal) for 6 h and successfully induced astrocyte 
proliferation, mimicking astrogliosis after hypoxia and 
ischemia injury, as demonstrated by Schmid-Brunclik 
and coauthors (2008). Increased proliferation of astro-
cytes after OGD was confirmed by increased EdU 
incorporation, which indicates DNA replication, and 
by increased expression of PCNA mRNA and protein. 
LIF administration at relatively low concentrations 
resulted in decreased astrocyte proliferation, which 
was accompanied by decreased expression of LIFR, 
HIF-1α, and VEGF mRNA, as well as decreased 
VEGF protein expression.

Our data add to the convincing evidence that sub-
jection of astrocytes to OGD for 6 h is a strong stimu-
lus for proliferation; preventing astrocytic prolifera-
tion, especially within the first 6 h of ischemic injury, 
thus may be beneficial to reduce scarring (Schmid-
Brunclik et al 2008). 

We investigated how different concentrations of LIF 
affect astrocyte proliferation. Our results showed that 
LIF (5, 10, or 50 ng/mL) had no effect on astrocytes in 
normal culture. Lower concentrations of LIF (5 and 10 
ng/mL) inhibited the astrocyte proliferation induced by 
OGD, with dramatic reductions in proliferation at a con-
centration of 10 ng/mL. Gadient and others (1998) dem-
onstrated that LIF increases astrocyte survival but does 
not influence astrocyte proliferation, and that the addi-
tion of LIF significantly reduces the proliferative 
response triggered by EGF. High doses of LIF (10 nM) 
showed further inhibitory effects and did not appear to 
be toxic. IL-6 and another Il-6–related cytokine, ciliary 
neurotrophic factor (CNTF), enable resting astrocytes to 
become proliferative if glial mitogens are present. 
Levison and coworkers (2000) has shown that IL-6–type 
cytokines enhance the proliferation of EGF-stimulated 
“old” astrocytes (cultivated in vitro for 10 weeks) but 
mildly inhibits EGF-stimulated “young” astrocytes (cul-
tivated in vitro for 3 weeks). A recent study has shown 
that the combination of EGF, LIF, and TGFß1 reconsti-
tutes astrogliogenesis but, interestingly, LIF (10 ng/mL) 
suppresses the proliferative effects of EGF and TGFβ1 
on astrocytes (Bain et al. 2010). Together with our pres-
ent findings, these observations indicate that for astro-
cytes cultivated in vitro for 3 weeks, LIF (10 ng/mL) 
inhibits EGF-stimulated astrocyte proliferation. 

The effects of LIF on myelination have shown a 
nonlinear concentration-response relationship, 
which is not unusual for cytokines in many biologi-
cal processes. In one study, a significant concentra-
tion-dependent increase in myelination was 
observed upon LIF treatment (Stankoff et al. 2002). 
However, in another study, LIF treatment was 
reported to inhibit myelin formation (Park et al. 
2001). This controversy was resolved by studying a 
wide range of LIF concentrations, and the results 
revealed that myelination was significantly increased 
by low concentrations of LIF (<5 ng/mL) but inhib-
ited by higher concentrations (>5 ng/mL). Together 
with our data, these findings suggest that the effect 
of LIF on astrocyte proliferation is concentration-
dependent. 

In vivo studies investigating the effect of LIF on 
astrocyte proliferation are rare. Although Watanabe 

Fig. 5. Expression of VEGF protein in astrocytes under dif-
ferent culture condition. (A) The Western blots photos. 
Quantitation results were shown in (B). (B) Data are pre-
sented as mean ± SD by LIF concentration for control and 
OGD groups (n=8 for each condition). Differences between 
concentrations within groups were compared using a Mann-
Whitney U test. *P<0.05 indicates a significant difference 
when compared to no LIF treatment in the OGD group.
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and colleagues (2004) reported that LIF administra-
tion in neonatal rats induced cortical astrogliosis, their 
study did not confirm that the observed increase in 
GFAP-positive cells was directly the result of astrocyte 
proliferation; it is possible that LIF enhanced the sur-
vival of astrocytes rather than induced their prolifera-
tion, as demonstrated by Gadient and others (1998). 
The investigation by Watanabe and coauthors (2004) 
showed that higher doses of LIF (1.0–0.5 mg/kg) led to 
severe weight loss and even death. However, a daily 
intraperitoneal dose of 25 μg/kg in mice has been 
shown to be well tolerated, without obvious systemic 
side effects (Azari et al. 2003). Based on these studies, 
we conclude that relatively low doses of LIF should be 
used for investigating its protective and inhibitory 
effects in vivo. 

To investigate the mechanism whereby LIF inhibits 
astrocyte proliferation after OGD, we investigated the 
effect of LIF on the expression of LIFR, VEGF, and 
HIF-1α mRNA. Our data confirm that OGD upregu-
lates VEGF and HIF-1α mRNA expression in primary 
astrocytes. Our data show, for the first time, that OGD 
downregulates the expression of LIFR mRNA. Suzuki 
and coauthors (2005) also showed that LIFR expres-
sion was significantly decreased after focal cerebral 
ischemia in rats, but this effect was observed mainly in 
neurons; the expression of LIFR protein was well pre-
served in the high-dose LIF group. Treatment of rat 
cerebral microvessel endothelial cells (RBE4) with 10 
ng/mL LIF for 2 h also downregulated LIFR expres-
sion (Yu et al. 2007). Investigators demonstrated that 
in mouse embryonic stem cells under conditions of 
hypoxia, HIF-1α exerts an inhibitory effect on LIFR 
transcription by directly binding to the reverse hypox-
ia-responsive element located in the LIFR promoter 
(Jeong et al. 2007). 

Studies on the regulation of retinal vascular devel-
opment have shown that LIF secreted from endothelial 
cells acts cooperatively with oxygen as a negative 
feedback signal. The authors of these studies propose 
that LIF inhibits VEGF expression and astrocyte pro-
liferation by inducing astrocytes to differentiate and 
express glial fibrillary acidic protein, thus counteract-
ing their response to hypoxia (Kubota et al. 2008, 
Kubota and Suda 2009). Our data show that LIF does 
not affect VEGF expression in astrocytes under nor-
mal conditions but decreases the high level of VEGF 
induced by OGD, albeit to levels that are still higher 
than normal. VEGF is also a survival factor in many 

cells, and different levels of VEGF have different 
effects on astrocytes. We propose that LIF treatment 
may thus allow for the fine-tuning of VEGF protein 
expression, which could have advantages over com-
plete inhibition of VEGF expression for preventing 
injury progression and promoting recovery. Our results 
indicate that LIF might only inhibit excessive astro-
cyte proliferation. Such a mechanism makes sense in 
light of the beneficial roles of astrogliosis, such as 
inducing production of various neurotrophic factors 
that assist in neuron survival.

Our study has some limitations. Observing the 
effects of a wider range of LIF concentrations would be 
useful for understanding the mechanism of LIF action. 
Further investigations are needed to elucidate the mech-
anism of LIF action on VEGF expression and astrocyte 
proliferation. It will be important to study the in vivo 
effects of LIF on astrogliosis to determining appropri-
ate doses and exposure times for the therapeutic use of 
LIF. We used only one fixed time point of OGD 6 h and 
therefore did not obtain any data with regard to how 
OGD downregulates LIFR mRNA over time. 

CONCLUSION

Our results show that relatively low concentrations 
of LIF inhibit astrocyte proliferation induced by OGD. 
Since LIF can promote myelination and inhibit astro-
cyte proliferation in vitro, we believe that LIF is a 
potential candidate for the treatment of PWMI. 

REFERENCES

Asano H, Aonuma M, Sanosaka T, Kohyama J, Namihira M, 
Nakashima K (2009) Astrocyte differentiation of neural 
precursor cells is enhanced by retinoic acid through a 
change in epigenetic modification. Stem Cells 27: 2744–
2752.

Azari MF, Lopes EC, Stubna C, Turner BJ, Zang D, Nicola 
NA, Kurek JB, Cheema SS (2003) Behavioural and ana-
tomical effects of systemically administered leukemia 
inhibitory factor in the SOD1(G93A G1H) mouse model 
of familial amyotrophic lateral sclerosis. Brain Res 982: 
92–97.

Azari MF, Profyris C, Karnezis T, Bernard CC, Small DH, 
Cheema SS, Ozturk E, Hatzinisiriou I, Petratos S (2006) 
Leukemia inhibitory factor arrests oligodendrocyte death 
and demyelination in spinal cord injury. J Neuropathol 
Exp Neurol 65: 914–929.



LIF inhibits astrocytes growth under OGD 493 

Bain JM, Ziegler A, Yang Z, Levison SW, Sen E (2010) 
TGFbeta1 stimulates the over-production of white matter 
astrocytes from precursors of the “brain marrow” in a 
rodent model of neonatal encephalopathy. PLoS One 5: 
e9567.

Buser JR, Maire J, Riddle A, Gong X, Nguyen T, Nelson K, 
Luo NL, Ren J, Struve J, Sherman LS, Miller SP, Chau V, 
Hendson G, Ballabh P, Grafe MR, Back SA (2012) 
Arrested preoligodendrocyte maturation contributes to 
myelination failure in premature infants. Ann Neurol 71: 
93–109.

Chow J, Ogunshola O, Fan SY, Li Y, Ment LR, Madri JA 
(2001) Astrocyte-derived VEGF mediates survival and 
tube stabilization of hypoxic brain microvascular endothe-
lial cells in vitro. Brain Res Dev Brain Res 130: 123–132.

Cohen JE, Fields RD (2008) Activity-dependent neuron-
glial signaling by ATP and leukemia-inhibitory factor 
promotes hippocampal glial cell development. Neuron 
Glia Biology 4: 43–55.

Covey MV, Levison SW (2007) Leukemia inhibitory factor 
participates in the expansion of neural stem/progenitors after 
perinatal hypoxia/ischemia. Neuroscience 148: 501–509.

Franklin RJ, Ffrench-Constant C (2008) Remyelination in 
the CNS: from biology to therapy. Nat Rev Neurosci 9: 
839–855.

Fukushima M, Setoguchi T, Komiya S, Tanihara H, Taga T 
(2009) Retinal astrocyte differentiation mediated by leu-
kemia inhibitory factor in cooperation with bone morpho-
genetic protein 2. Int J Dev Neurosci 27: 685–690.

Gadient RA, Lein P, Higgins D, Patterson PH (1998) Effect 
of leukemia inhibitory factor (LIF) on the morphology 
and survival of cultured hippocampal neurons and glial 
cells. Brain Res 798: 140–146.

Gresle MM, Alexandrou E, Wu Q, Egan G, Jokubaitis V, 
Ayers M, Jonas A, Doherty W, Friedhuber A, Shaw G, 
Sendtner M, Emery B, Kilpatrick T, Butzkueven H (2012) 
Leukemia Inhibitory factor protects axons in experimen-
tal autoimmune encephalomyelitis via an oligodendro-
cyte-independent mechanism. PLoS One 7: e47379.

Heinrich PC, Behrmann I, Haan S, Hermanns HM, Muller-
Newen G, Schaper F (2003) Principles of interleukin 
(IL)-6-type cytokine signalling and its regulation. 
Biochem J 374: 1–20.

Hertz L, Peng L, Lai JC (1998) Functional studies in cul-
tured astrocytes. Methods 16: 293–310.

Hilton DJ (1992) LIF: lots of interesting functions. Trends 
Biochem Sci 17: 72–76.

Huang Z, Liu J, Cheung P-Y, Chen C (2009) Long-term 
cognitive impairment and myelination deficiency in a rat 

model of perinatal hypoxic-ischemic brain injury. Brain 
Res 1301: 100–109.

Ishibashi T, Dakin KA, Stevens B, Lee PR, Kozlov SV, 
Stewart CL, Fields RD (2006) Astrocytes promote myeli-
nation in response to electrical impulses. Neuron 49: 
823–832.

Ishibashi T, Lee PR, Baba H, Fields RD (2009) Leukemia 
inhibitory factor regulates the timing of oligodendrocyte 
development and myelination in the postnatal optic nerve. 
J Neurosci Res 87: 3343–3355.

Jeong CH, Lee HJ, Cha JH, Kim JH, Kim KR, Kim JH, 
Yoon DK, Kim KW (2007) Hypoxia-inducible factor-1 
alpha inhibits self-renewal of mouse embryonic stem 
cells in Vitro via negative regulation of the leukemia 
inhibitory factor-STAT3 pathway. J Biol Chem 282: 
13672–13679.

Kerr BJ, Patterson PH (2004) Potent pro-inflammatory 
actions of leukemia inhibitory factor in the spinal cord of 
the adult mouse. Exper Neurol 188: 391–407.

Kubota Y, Hirashima M, Kishi K, Stewart CL, Suda T 
(2008) Leukemia inhibitory factor regulates microvessel 
density by modulating oxygen-dependent VEGF expres-
sion in mice. J Clin Invest 118: 2393–2403.

Kubota Y, Suda T (2009) Feedback mechanism between 
blood vessels and astrocytes in retinal vascular develop-
ment. Trends Cardiovasc Med 19: 38–43.

Leibinger M, Muller A, Andreadaki A, Hauk TG, Kirsch M, 
Fischer D (2009) Neuroprotective and axon growth-pro-
moting effects following inflammatory stimulation on 
mature retinal ganglion cells in mice depend on ciliary 
neurotrophic factor and leukemia inhibitory factor. J 
Neurosci 29: 14334–14341.

Levison SW, Jiang FJ, Stoltzfus OK, Ducceschi MH 
(2000) IL-6-type cytokines enhance epidermal growth 
factor-stimulated astrocyte proliferation. Glia 32: 328–
337.

Liu J, Zang D (2009) Response of neural precursor cells in 
the brain of Parkinson’s disease mouse model after LIF 
administration. Neurol Res 31: 681–686.

Park SK, Solomon D, Vartanian T (2001) Growth factor 
control of CNS myelination. Dev Neurosci 23: 327–337.

Schmid-Brunclik N, Burgi-Taboada C, Antoniou X, 
Gassmann M, Ogunshola OO (2008) Astrocyte responses 
to injury: VEGF simultaneously modulates cell death and 
proliferation. Am J Physiol Regul Integr Comp Physiol 
295: R864–873.

Segovia KN, McClure M, Moravec M, Luo NL, Wan Y, 
Gong X, Riddle A, Craig A, Struve J, Sherman LS, Back 
SA (2008) Arrested oligodendrocyte lineage maturation 



494  Y.Y. Fan et al.

in chronic perinatal white matter injury. Ann Neurol 63: 
520–530.

Simamura E, Shimada H, Higashi N, Uchishiba M, Otani H, 
Hatta T (2010) Maternal leukemia inhibitory factor (LIF) 
promotes fetal neurogenesis via a LIF-ACTH-LIF signal-
ing relay pathway. Endocrinology 151: 1853–1862.

Slaets H, Dumont D, Vanderlocht J, Noben J-P, Leprince P, 
Robben J, Hendriks J, Stinissen P, Hellings N (2008) 
Leukemia inhibitory factor induces an antiapoptotic 
response in oligodendrocytes through Akt-phosphorylation 
and up-regulation of 14-3-3. Proteomics 8: 1237–1247.

Slaets H, Hendriks JJA, Stinissen P, Kilpatrick TJ, Hellings 
N (2010a) Therapeutic potential of LIF in multiple scle-
rosis. Trends Mol Med 16: 493–500.

Slaets H, Hendriks JJA, Van den Haute C, Coun F, Baekelandt 
V, Stinissen P, Hellings N. (2010b) CNS-targeted LIF 
expression improves therapeutic efficacy and limits 
autoimmune-mediated demyelination in a model of mul-
tiple sclerosis. Mol Ther 18: 684–691.

Stankoff B, Aigrot M-S, Noel F, Wattilliaux A, Zalc B, 
Lubetzki C (2002) Ciliary neurotrophic factor (CNTF) 
enhances myelin formation: a novel role for CNTF 

and CNTF-related molecules. J Neurosci 22: 9221–
9227.

Suzuki S, Yamashita T, Tanaka K, Hattori H, Sawamoto K, 
Okano H, Suzuki N (2005) Activation of cytokine signal-
ing through leukemia inhibitory factor receptor (LIFR)/
gp130 attenuates ischemic brain injury in rats. J Cerebral 
Blood Flow Metab 25: 685–693.

Ueki Y, Wang J, Chollangi S, Ash JD (2008) STAT3 activa-
tion in photoreceptors by leukemia inhibitory factor is 
associated with protection from light damage. J 
Neurochem 105: 784–796.

Watanabe Y, Hashimoto S, Kakita A, Takahashi H, Ko J, 
Mizuno M, Someya T, Patterson PH, Nawa H (2004) 
Neonatal impact of leukemia inhibitory factor on neurobe-
havioral development in rats. Neurosci Res 48: 345–353.

Weible MW, Chan-Ling T (2007) Phenotypic characteriza-
tion of neural stem cells from human fetal spinal cord: 
synergistic effect of LIF and BMP4 to generate astro-
cytes. Glia 55: 1156–1168.

Yu C, Kastin AJ, Tu H, Pan W (2007) Opposing effects of 
proteasomes and lysosomes on LIFR: modulation by 
TNF. J Mol Neurosci 32: 80–89.


