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Abstract Leukemia inhibitory factor (LIF) contributes to
the neuroprotection by neural stem cells (NSCs) after
ischemic stroke. Our aim was to explore whether LIF-
transfected NSCs (LIF-NSCs) can ameliorate brain injury
and promote neuroprotection in a rat model of cerebral
ischemia. To accomplish this goal, we transfected NSCs
with a lentivirus carrying the LIF gene to stably overex-
press LIF. The LIF-NSCs reduced caspase 3 activation
under conditions of oxygen-glucose deprivation in vitro.
Transient cerebral ischemia was induced in rats by 2 h of
middle cerebral artery occlusion (MCAo0), and LIF-NSCs
were intravenously injected at 6 h post-ischemia. LIF-NSC
treatment reduced the infarction volume and improved
neurological recovery. Moreover, LIF-NSCs improved
glial cell regeneration and ameliorated white matter injury
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in the MCAo rats. The NSCs acted as carriers and
increased the expression of LIF in the lesions to protect
against cerebral infarction, suggesting that LIF-NSCs could
be a potential treatment for cerebral infarction.
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Introduction

Acute ischemic stroke is a common and frequently-
occurring disease that seriously threatens human health
[1]. The main pathogenesis of acute ischemic stroke is
thromboembolic occlusion of the cerebral artery [2]. The
main purposes of cerebral ischemia treatment are to
minimize the cerebral infarction area and improve neuro-
logical recovery. Previous studies have shown that neural
stem cells (NSCs) can generate new neurons and affect
neurological recovery [3-5]. The transplantation of NSCs
is a promising therapy to improve stroke recovery.
However, the low number and survival rate of NSCs after
transplantation limit their potential applications in the
treatment of stroke [6, 7].

NSCs serve as a gene therapy vector, and gene
modification of NSCs by transfection with neurotrophic
factors or other effector genes can enhance the secretion of
neurotrophic factors and improve the proliferation, sur-
vival, and differentiation of endogenous NSCs [8, 9].
Previous studies have indicated that leukemia inhibitory
factor (LIF) can significantly enhance the proliferation,
survival, and differentiation of NSCs, reduce the oxidative
stress and apoptosis of neural precursor cells and neurons,
and inhibit inflammatory responses [10-12]. LIF also
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stimulates the production and survival of neurons and
neural support cells (glial cells) [13, 14]. In addition,
neuronal damage is accompanied by a transient and rapid
increase in LIF expression, suggesting that the action of
LIF may be more important in injury responses than in
development [15-17]. LIF reduces inflammation and
prevents necrosis and apoptosis in NSCs [18, 19] and
promotes the migration and differentiation of NSCs, which
promotes regeneration in the brain [10]. Thus, we sus-
pected that LIF-transfected NSCs (LIF-NSCs) could be
used to treat stroke. Therefore, we isolated NSCs from the
mouse brain and cultured and transfected them with a
lentivirus encoding the LIF gene in vitro. Then, we
investigated the therapeutic efficacy and safety of LIF-
NSCs using a transient middle cerebral artery occlusion
(MCAo0) rat model.

Materials and Methods

Lentivirus Packaging and Characterization of LIF-
NSCs

The open reading frame cDNA of LIF was synthesized
(Sangon Biotech, Shanghai, China) and inserted into
multiple cloning sites of the lentiviral vector pCDH-
CMV-MCS-EF1-copGFP (System Biosciences, Mountain
View, CA). The constructed vector was verified by
sequencing (Sangon Biotech). A lentiviral vector without
the LIF sequence was used as a control.

Primary NSCs were derived from the cortex of embry-
onic mouse brains. The LIF-overexpressing and control
viruses were packaged in a lentivirus, and the titer was
concentrated to 2 x 10® IU/ml as previously described
[20]. Single-cell suspensions of 50,000 NSCs were infected
with the virus and termed LIF-NSCs and GFP-NSCs. The
NSCs were cultured in proliferation medium (Dulbecco’s
modified Eagle’s medium (DMEM), Gibco, Grand Island,
NY) supplemented with 2% B-27, 20 ng/ml basic fibroblast
growth factor, 20 ng/ml epidermal growth factor (Pe-
proTech, Rocky Hill, NJ, USA), 1% L-glutamine, 1% non-
essential amino acids, 1% sodium pyruvate, 0.1% 2-mer-
captoethanol, and 1% penicillin/streptomycin (Gibco) for
3 days at 37°C with 5% CO,. To test the LIF-secreting
capacity of the NSCs, the supernatant was collected for LIF
detection. To test the LIF-secreting ability of the cells
derived from the NSCs, the LIF-NSCs were cultured in
differentiation medium (DMEM supplemented with 10%
fetal bovine serum (FBS), 1% L-glutamine, 1% non-
essential amino acids, 1% sodium pyruvate, 0.1% 2-mer-
captoethanol, and 1% penicillin/streptomycin) for 5 days
and then maintained with fresh differentiation medium for
another 3 days. The supernatant was collected for LIF
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detection, and the concentration of LIF was determined
using an enzyme-linked immunosorbent assay (ELISA) kit
(MyBioSource, San Diego, CA). In vivo, 0.5 g of the brain
on the side of the lesion was fragmented with a tissue
fragmentation instrument (Qiagen, Hilden, Germany).
After centrifugation, the supernatant was collected for
LIF detection.

Oxygen-Glucose Deprivation (OGD)

The LIF-NSCs, GFP-NSCs, and NSCs were cultured in
60-mm dishes (Corning, NY, USA) for 3 days; then the
cells were digested and seeded on polylysine-pretreated
coverslips in 24-well plates as single-cell suspensions of
50,000 cells. The cells were placed in an airtight hypoxic
chamber with hypoxic gas (1% O,, 5% CO,, and 94% N;
Thermo, Waltham, MA) and left overnight. Then, the cells
were maintained for 2 h under normoxia at 37°C in their
respective media. The supernatant was collected from each
well, and the LIF assay was performed. The glass
coverslips were fixed for 10 min in 4% paraformaldehyde
(PFA) for the subsequent immunocytochemical assays.

Immunocytochemistry

Single-cell suspensions of 50,000 cells (LIF-NSCs, GFP-
NSCs, and NSCs) were plated on polylysine-pretreated
coverslips in a 24-well plates (Corning) and grown at 37°C
overnight. The cells were washed gently with phosphate-
buffered saline (PBS), fixed with 4% PFA, and blocked
with 5% bovine serum albumin (BSA). The cells were
incubated with rabbit polyclonal anti-sex-determining
region Y-box 2 (SOX2) (1:200, Abcam, Cambridge, UK),
rabbit goat polyclonal anti-glial fibrillary acidic protein
(GFAP) (1:1000, Abcam), monoclonal anti-Ki67 (1:200,
Abcam), and caspase 3 (1:200, Abcam) primary antibodies
in 5% BSA at 4°C overnight, followed by incubation with
an Alexa Fluor 594-conjugated secondary antibody
(1:1000, Invitrogen). Subsequently, the coverslips were
washed with PBS and mounted in Fluoroshield mounting
medium with 4’, 6-diamidino-2-phenylindole (DAPI;
Abcam). The coverslips were finally visualized under a
fluorescence microscope (Leica DM6000B, Wetzlar,
Germany).

Animal Model of Ischemia and NSC
Transplantation

All animal experiments were approved by the Tianjin
Medical University Animal Care and Use Committee and
carried out in accordance with the NIH Guide for the Care
and Use of Laboratory Animals. Male Sprague-Dawley rats
weighing (280-300) g were maintained in a suitable air-
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filtered environment and fed normally. The rats were
anesthetized with 10% chloral hydrate (3 mL/kg intraperi-
toneally) and the rectal temperature was maintained at
(37 £ 1.0) °C during anesthesia. MCAo was performed as
previously described [21]. The rats were subjected to
transient (2 h) MCAo via right intraluminal vascular
occlusion. The inclusion criteria included visible vessel
occlusion on magnetic resonance angiography (MRA)
images, recanalization after withdrawal of the occluder,
and no intracranial hemorrhage on T2 images 2 h after
MCAo. The rats were randomly assigned to three groups:
(1) PBS as a control (n = 10), (2) GFP-NSCs (5x106,
n = 10), and (3) LIF-NSCs (n = 10) via tail-vein injections
starting 6 h post-MCAo. The neurorestorative effects of the
LIF-NSCs were investigated 3 and 28 days after stroke in
the rats. An investigator blinded to the experimental groups
performed a functional evaluation of the modified neuro-
logical severity scores (mNSS) before and 1, 2, 3, 7, 14, 21,
and 28 days after MCAo. The mNSS is a composite of
motor, sensory, balance, and reflex tests and is graded on a
scale from O to 18 (normal score 0; maximal deficit score
18). One point is awarded for the inability to perform a test
or the lack of a tested reflex; thus, higher scores indicate
more severe injuries [22].

Magnetic Resonance Imaging (MRI) Measurements

The MRI scans were performed on a 7 T horizontal magnet
(ClinScan, Bruker, Karlsruhe, Germany). During the MRI
measurements, anesthesia was maintained using a gas
mixture of N,O (70%), O, (30%), and isoflurane (1.0%—
1.50%), and the rectal temperature was maintained at
(37 £ 1.0) °C using a controlled water bath. Diffusion-
weighted imaging (DWI), T2 imaging, diffusion tensor
imaging (DTI), or MRA scans were performed 2 h and 1
and 3 days after MCAo. The MRA data were acquired with
the following parameters: repetition time (TR)/echo time
(TE) = 18/4.1 ms, flip angle = 8°, and spatial resolu-
tion = 50 x 50 x 150 um. The DTI images were acquired
from multi-shot spin-echo echo-planar images with 30
diffusion-encoding directions (TR/TE = 3000/35 ms, aver-
age =2, matrix size = 128 x 128 pixels, field of
view = 40 x 40 mm2, and single slices with slice thick-
ness = 2.0 mm). The fractional anisotropy (FA) values
within the cortex, the basal ganglia (BG), and the corpus
callosum (CC) were measured from the right (ischemic)
and left (contralateral) hemispheres. The apparent diffusion
coefficient (ADC) of the DWI (day 1) and T2 (day 3)
images and the FA of the DTI (day 28) images were used to
calculate the lesion volume. The rats were sacrificed 28
days after MRI scanning for immunostaining
quantification.

Immunohistochemistry

Frozen sections (8 pum thick) through the lesion site were
selected. The frozen sections were permeabilized with cold
acetone and then blocked (5% BSA). The frozen sections
were immunostained with the following primary antibodies
at 4°C overnight: rabbit polyclonal anti-LIF (1:200,
Abcam), goat polyclonal anti-GFAP (1:1000, Abcam),
and mouse anti-myelin basic protein (MBP) (1:200,
Millipore, Burlington, USA); subsequently, the sections
were incubated with Alexa Fluor 594-conjugated anti-
rabbit, anti-goat IgG, or anti-mouse secondary antibodies
(1:1000, Invitrogen). The tissue sections were visualized
under a Leica DM 6000B microscope. To quantify the
number of GFAP-positive cells, four fields of the lesion
were acquired. The GFAP-positive cells were counted
using image analysis software (ImageJ 1.51j8; National
Institutes of Health, Bethesda, MD). The intensities of the
MBP immunofluorescence were also analyzed using image
analysis software. The data are expressed as percentages of
the contralateral fluorescence intensities. An investigator
blinded to the experimental groups performed the pathol-
ogy staining and analysis.

Statistical Analyses

The data are presented as the mean = SEM. The normally
distributed data were analyzed by one-way analysis of
variance (ANOVA) and a post hoc test to compare three
groups, and a two-tailed unpaired r-test was used to
compare two groups. Data with a nonparametric distribu-
tion were analyzed with the Mann-Whitney rank sum test.
A P-value < 0.05 was considered significant. SPSS for
Windows version 17.0 (SPSS, Inc., Chicago, IL, USA) was
used for the analysis.

Results

LIF-NSCs Stably Secreted LIF and Enhanced NSC
Proliferation

Individual NSCs were transfected with LIF-GFP-overex-
pressing lentiviruses (LIF-NSCs) or GFP-overexpressing
lentiviruses as a control (GFP-NSCs). Both LIF-NSCs and
GFP-NSCs expressed GFP (Fig. 1A); however, only the
LIF-NSCs secreted high levels of LIF (Fig. 1B). In
addition, the GFP-NSCs and LIF-NSCs mostly differenti-
ated into astrocytes in differentiation medium with 10%
FBS (Fig. 1C), and the astrocytes derived from the LIF-
NSCs continued to secrete high levels of LIF (Fig. 1D).
Immunofluorescence staining for Ki67 showed that LIF-
NSCs exhibited enhanced proliferation (Fig. 1E-F). These
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Fig. 1 LIF-NSCs stably
secreted LIF during prolifera-
tion and differentiation. A GFP
co-localized with SOX2 showed
that the control lentivirus vector
and vector with the LIF gene
were successfully transfected
into NSCs. B Concentrations of
LIF in the supernatant of LIF-
NSCs, GFP-NSCs, and NSCs
incubated in proliferation med-
ium for 3 days. C NSCs mostly
differentiated into astrocytes in
medium with 10% FBS.

D NSCs were incubated for 5
days in differentiation medium
with 10% FBS, and then the
medium was replaced with fresh
differentiation medium. After 3
days, the supernatant was col-
lected to measure the concen-
tration of LIF, and the
astrocytes derived from the LIF-
NSCs also secreted high levels
of LIF. E Immunofluorescence
staining of Ki67 showing the
proliferation ability of LIF-
NSCs and GFP-NSCs. F Quan-
tification of the ratio of Ki67"
cells to DAPI-stained cells.
Scale bars in (A) (C) and (E),
50 pm. Data are presented as
the mean £+ SEM; n = 6/group;
*P < 0.05, #*P < 0.001.
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results indicated that LIF-NSCs and their differentiated
cells successfully overexpressed LIF and that LIF trans-
fection enhanced NSC proliferation in vitro.

LIF-NSCs Reduced the Number of Apoptotic Cells
Following OGD in Vitro

NSCs, GFP-NSCs, and LIF-NSCs were incubated in

proliferation medium for 3 days and then plated on
polylysine-pretreated coverslips in a 24-well plates with
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original medium overnight. Caspase 3 was used as an
indicator of apoptotic cells [23, 24]. Compared with the
NSC and GFP-NSC groups, under the OGD condition, the
LIF-NSC group exhibited a markedly reduced percentage
of caspase 3-positive cells (Fig. 2A, B) (P < 0.001). The
LIF concentrations in the NSC culture supernatant after
OGD were measured by ELISA. The results showed that
hypoxia increased the expression of LIF in the NSCs,
especially in the LIF-NSCs (Fig. 2C) (P < 0.01).
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Fig. 2 LIF-NSCs reduced the number of apoptotic cells following
OGD in vitro. A Immunofluorescence staining of caspase 3 (red) and
DAPI (blue). B Quantification of active caspase 3 staining for caspase
3% cells. C Concentrations of LIF in the supernatant after OGD and
under normoxic conditions. Scale bar, 200 pm. Data are presented as
the mean £+ SEM; n = 6/group; *P < 0.05, **P < 0.01, ***P < 0.001.

LIF-NSC Treatment Decreased the Lesion Volume
and White Matter Injury, and Improved the Long-
Term Functional Outcome

The long-term lesion benefit derived from LIF-NSC
treatment initiated 3 days after MCAo was assessed using
a battery of MRI sequences. In total, n = 10/group was
used with a mortality rate of 20% (within 3 days after
MCAOo); thus, 8 rats/group survived at the end of the
experiments in both the treatment and control groups. The
FA, ADC, and T2 images are presented in Fig. 3A. A
significantly reduced lesion volume was found in the
MCAOo rats treated with LIF-NSCs compared with that in
the GFP-NSC-treated MCAOo rats at day 3 (P < 0.01) and
day 28 (P < 0.001), but the GFP-NSC-treated rats did not
exhibit a significant reduction in lesion volume compared
with the PBS-treated rats (Fig. 3B).

During the hyperacute phase, the FA values often show
contradictory results due to differences in edema progres-
sion. However, during the chronic phase, the FA values are
stable and correlated with tissue, motor, and neurological
recovery. Therefore, in this study, we only measured the
FA value on day 28 after ischemia. In the cortex, BG and
CC, FA failed to normalize but remained low on day 28
after MCAo, suggesting a breakdown of the cell membrane

and disruption of the cytoarchitecture in the white matter.
However, after LIF-NSC or GFP-NSC treatment, the FA
values in the BG and CC were higher than those in the
control group, and the FA value in the BG after LIF-NSC
treatment was significantly higher than that after GFP-NSC
treatment (Fig. 3C).

The long-term functional benefit derived from LIF-NSC
treatment began 14 days after MCAo as assessed using the
mNSS test. However, GFP-NSC treatment did not decrease
the functional disability compared with controls (Fig. 3D).

LIF-NSC Treatment Increased the Expression
of LIF and Improved Glial Cell Regeneration in vivo

Both the LIF-NSC- and GFP-NSC-treated groups showed
high GFP expression in the ipsilateral striatum (Fig. 4A),
where immunohistochemistry revealed that only LIF-NSCs
secreted higher levels of LIF (Fig. 4A). The LIF protein
levels in the ipsilateral striatum were also detected by
ELISA. Compared with PBS and GFP-NSC treatment,
LIF-NSC treatment increased the expression of LIF in the
brain (Fig. 4B). LIF-NSC treatment also promoted the
formation of glia. At 28 days after MCAo, the LIF-NSC-
treated rats had significantly more astrocytes at the lesion
site than the control and GFP-NSC-treated rats (Fig. 4C—
D). MBP staining to evaluate the effects of LIF-NSC
treatment on white-matter remodeling revealed higher
fluorescence intensity in the white-matter bundles of the
LIF-NSC group than in the control group (Fig. 4E-F).

Discussion

Here, we showed that overexpressing LIF enhances the
therapeutic action of NSCs in rats after transient focal
ischemia. This effect was achieved by intravenously
transplanting NSCs modified with LIF (LIF-NSCs) into
rats in a stroke model. LIF transfection enhanced the
proliferation of NSCs, and both LIF-NSCs and their
differentiated astrocytes successfully secreted LIF at a
relatively high level. We found that LIF-NSC treatment
improved functional recovery and decreased the lesion
volume based on MRI measurements in MCAo rats.
Moreover, based on pathological assessment, LIF-NSC
treatment also promoted white-matter remodeling and
increased glial cell regeneration.

In this study, the genetic modification of NSCs with LIF
enhanced their beneficial effects of reducing the infarction
volume and improving neurological recovery after cerebral
ischemia, especially during the chronic phase. MRI showed
clear enhancement in the recovery of FA values in the BG
after LIF-NSC treatment, and these values were stable and
correlated with tissue, motor, and neurological recovery. In
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Fig. 3 Long-term function and MR evolution after LIF-NSC treat-
ment in rats after MCAo. A FA images of DTI and ADC of DWI and
T2 images at multiple time points (1, 3, and 28 days after ischemia)
from a single representative animal as shown by MRA. B Changes in
lesion volume over time. ADC of DWI (day 1) and T2 (day 3) and FA
images (day 28) were used to calculate the lesion volume; relative
lesion (rLesion) = lesion  volume/right hemisphere  volume.

contrast to our study, NSCs derived from human induced
pluripotent stem cells survive and differentiate into neurons
but do not reduce the infarct volume or improve the
behavioral recovery of ischemic rats [25]. This lack of a
therapeutic effect may be related to a difference in the LIF
concentration in the microenvironment of the focal area
after cerebral ischemia [18, 26, 27].

LIF promotes the maintenance of NSCs in vivo and
in vitro [28, 29]. Brain injury is a potent inducer of LIF
expression, which increases subventricular zone or hip-
pocampal neuronal proliferation possibly by promoting
NSC self-renewal, suggesting that LIF may be a key
signaling molecule after injury [10, 30]. LIF also stimulates
the production and survival of neurons and neural support
cells (glial cells) that can affect neuronal connectivity [31].
LIF increases the number of GFAP™ cells and promotes the
differentiation of astrocyte progenitor cells into mature
GFAP" astrocytes [14, 32]. Similarly, LIF induces the
production, maturation, and survival of oligodendrocytes
from oligodendrocyte precursor cells [13]. LIF stimulates
the proliferation of these cells and enhances oligodendro-
cyte remyelination in the hippocampus after demyelination
[33]. LIF also stimulates the production and survival of
neurons [34]. Specifically, in this study LIF-NSCs
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C Differences in FA values at day 28; FA values in the cortex, basal
ganglia (BG), and corpus callosum (CC) were measured in the right
(ischemic) and left (contralateral) hemispheres; relative FA (tFA) =
mean FA value of lesion/mean FA value of corresponding left
hemisphere. D Change in the modified neurological severity score
(mNSS) over time. Data are presented as the mean & SEM; n = 8 /
group; *P < 0.05, **P < 0.01, ***P < 0.001.

increased the content of LIF; regardless of whether most
of the LIF-NSCs differentiated into astrocytes in the
damaged areas, they still secreted LIF. The elevated
concentration of LIF decreased the ischemic damage
following LIF-NSC treatment, suggesting that the upreg-
ulation of LIF was responsible for the enhanced protective
effects against stroke.

We transplanted heterologous NSCs into the rat tail
vein. The intravenous administration of NSCs is minimally
invasive and an effective and safe procedure for stroke
treatment. The genetic modification of NSCs can enhance
the survival, migration, proliferation, and neurotrophic
factor secretion of NSCs [8, 9]. Compared with non-
genetically modified NSCs, similar numbers of engrafted
LIF-NSCs were detected in the ischemic hemisphere after
MCAo. These results indicated that engrafted LIF-NSCs
rarely improved the injured brain by increasing the survival
and migration of grafted NSCs to the injured site after
ischemic stroke. LIF was highly expressed by LIF-NSCs
and astrocytes derived from them under normal physio-
logical conditions, which may strongly promote endoge-
nous NSC proliferation. The LIF-NSCs also exhibited
upregulated LIF expression under conditions of hypoxia,
thereby decreasing endogenous NSC apoptosis. However,
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Fig. 4 LIF-NSC treatment
increased LIF expression in the
brain and promoted glial cell
regeneration. A LIF-NSC- and
GFP-NSC-treated groups
showed a high expression of
GFP in the ipsilateral striatum,
and only the LIF-NSCs secreted
higher levels of LIF. B Concen-
trations of LIF using ELISA;
LIF-NSC treatment increased
the expression of LIF compared
with that in the control and
GFP-NSC-treated MCAo rats.
C Immunofluorescence staining
of GFAP in the different groups C
28 days after MCAo. D Quan-
tification of GFAP™ cells
showing that the LIF-NSC
treatment group had signifi-
cantly more astrocytes than the
control and GFP-NSC treatment
groups of MCAo rats. E Im-
munofluorescence staining of
MBP. F Quantification of MBP
immunofluorescence expressed
as the percentage of contralat-
eral fluorescence intensity. The
LIF-NSC treatment group had
higher fluorescence intensity in
the white matter bundles than E
the control and GFP-NSC treat-
ment groups. Scale bars, 50 pm
in A, C, and E. Data are pre-
sented as the mean + SEM;

n = 8 /group; *P < 0.05,

%P < 0.001.
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our study also has limitations. The LIF-transfected NSCs
had a low survival rate in the brains of MCAo rats. Further
studies are needed to explore new techniques to improve
the quantity of exogenous LIF in the brain. For example,
NSC survival after the intracerebral transplantation of
NSCs into the stroke brain has been enhanced by the use of
biomaterial scaffolding and minocycline preconditioning
[35]. In addition, other types of cells transfected with LIF
(e.g., mesenchymal stem cells) may be substituted.

In summary, LIF-NSCs reduced the infarct volume and
promoted functional repair in MCAo rats, indicating that
LIF-NSCs may serve as a novel treatment for cerebral
infarction. Furthermore, our results suggested that LIF
from engrafted LIL-NSCs probably promotes endogenous
cell proliferation and decreases apoptosis, which may
contribute to recovery from neurological disability and
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tissue injury after stroke. However, the fate of NSCs in the
brain remains to be shown, and the conclusion that LIF is
neuroprotective in cerebral ischemia remains to be
confirmed.
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