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Abstract

Macrophage migration inhibitory factor (MIF) is a highly conserved and evolutionarily ancient
mediator with pleiotropic effects. Recent studies demonstrated that the receptors of MIF, in-
cluding CD44, CXCR2, CXCR4 and CD74, are expressed in the neural stem/progenitor cells
(NSPCs). The potential regulatory effect of MIF on NSPCs proliferation and neuronal differenti-
ation, however, is largely unknown. Here, we investigated the effect of MIF on NSPC proliferation
and neuronal differentiation, and further examined the signal pathway by which MIF transduced
these signal effects in mouse NSPC:s in vitro. The results showed that both Kié7-positive cells and
neurosphere volumes were increased in a dose-dependent manner following MIF treatment.
Furthermore, the expression of nuclear (B-catenin was significantly stronger in MIF-stimulated
groups than that in control groups. Conversely, administration of IWR-I, the inhibitor of
Whnt/B-catenin pathway, significantly inhibited the proliferative effect of MIF on NSPCs. Im-
munostaining and Western blot further indicated that doublecortin (DCX) and Tuj |, two neu-
ronal markers, were evidently increased with MIF stimulation during NSPC differentiation, and
there were more Tujl-positive cells migrated out from neurospheres in MIF-stimulated groups
than those in control groups. During NSPC differentiation, MIF increased the activity of
[-galactosidase that responds to Wnt/B-catenin signaling. Wntl and [-catenin proteins were also
up-regulated with MIF stimulation. Moreover, the expression of DCX and Tuj | was inhibited
significantly by IWR-1. Taken together, the present study indicated that MIF enhances NSPC
proliferation and promotes the neuronal differentiation, by activating Wnt/B-catenin signal
pathway. The interaction between MIF and Wnt/B-catenin signal pathway may play an important
role in modulating NSPC renewal and fate during brain development.
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Introduction

Neural stem/progenitor cells (NSPCs) are
self-renewing cells and can differentiate into multiple
neural lineages during embryo development and
perinatal period. These cells are essential for brain
development and brain physiological functions.
Therefore, a better understanding of the fine regula-
tory mechanism of proliferation and neuronal differ-
entiation from NSPCs is required.

The niche where NSPCs reside is a microenvi-
ronment that maintains the self-renewal and the mul-
tipotent state of the NSPCs. The components in the
niches are the source of extrinsic signals to instruct the
NSPC to either self-renew or differentiate and influ-
ence the decision of NSPC’s fate into neuron or glia
[1]. Cytokines are proved to be one kind of the extra-
cellular regulators in the niches and involved in de-
termining NSPC’s fate [2] and regulate the function of
NSPCs. The most studied cytokines include: interleu-
kin (IL) -1, IL-6, tumor necrosis factor (TNF) - a, insu-
lin-like growth factor-1, growth-regulated onco-
gene-a, leukemia inhibitory factor, cardiotrophin-1,
ciliary neurotrophic factor, interferon-y, monocyte
chemotactic protein-1 and macrophage inflammatory
protein-la [3]. The pro-inflammatory cytokines, such
as IL-1B, IL-6 and TNF-a, mostly trigger astrocyte
differentiation and inhibit NSPC self-renewal [2].

However, the macrophage migration inhibitory
factor (MIF), one of the first cytokines identified, has
yet to be clarified in the NSPC self-renewal and dif-
ferentiation. MIF was initially discovered as a lym-
phocyte-derived protein capable of preventing the
random migration of macrophages and recruiting
them to inflamed sites [4, 5]. Recently, increasing ev-
idence indicates that MIF functions not only as its
historic name, but also as a pleiotropic molecule [6].
MIF can act as an anterior pituitary hormone, a
pro-inflammatory cytokine, and high activity enzyme,
and is well known for its role in many inflamma-
tion-based diseases [7-9]. MIF is ubiquitously ex-
pressed in various types of tissues and cells, including
the cells in the CNS [10, 11]. In the brain, MIF tran-
scripts and protein are found in astrocyte, microglia,
neuron and NSPC [10-12]. Most importantly, MIF
receptors, CD74/CD44, CXCR2 and CXCR4, were
found in NSPCs cells, suggesting that MIF can main-
tain NSPCs through autocrine and/or paracrine
mechanisms [12]. MIF was demonstrated to be a lig-
and of CD74 [13], and a non-cognate ligand for
CXCR2 and CXCR4 [14]. CD74 can generate a com-
plex with CD44 and act as a receptor for MIF [15].
However, the function of MIF in the CNS is largely
unknown. Although a few of recent studies indicated
that MIF has broad roles in regulation of neuronal

degeneration-regeneration processes [11, 16-20] and
neural stem/ progenitor cell survival and proliferation
[12], the conclusion is not completely consistent yet. In
our previous studies, we found that MIF was capable
of promoting the proliferation of embryonic stem cells
[21]. Therefore, the aim of the present study is to ex-
amine whether MIF play a similar role on NSPC pro-
liferation and differentiation.

It is well-known that canonical Wnt signal
pathway, mediated through p-catenin plays a critical
role in neural development and growth. When
[-catenin expression is increased in the subventricular
zone (SVZ) of adult mice, the proliferation of neural
precursors is increased [22]. Mice that express acti-
vated P-catenin in the cerebellar ventricular zone ex-
hibit increased proliferation of NSPCs [23]. The
-catenin activation in neural precursors can cause an
increase in neuronal number in the adult forebrain
[24]. Although the role of canonical Wnt signal path-
ways in neurogenesis has been studied extensively,
the interactions of MIF and canonical Wnt/-catenin
signal pathway, as well as the functions of their in-
teractions, in neurogenesis remain largely unclear.

We hypothesize that MIF signaling may play a
critical role in regulating networks of NSPC prolifera-
tion and differentiation, in which MIF and
Wnt/-catenin signaling may have an important
functional interaction. Our results provide evidence
that MIF promotes the proliferation and neuronal
differentiation of NSPCs through Wnt/-catenin sig-
nal pathway.

Materials and methods

Animal

Two-day-old pups of C57BL/6] mouse and
TOPGAL transgenic mice expressing B-galactosidase
in the presence of the lymphoid enhancer binding
factor 1/transcription factor 3 (LEF/TCF) mediated
signaling pathway and activated B-catenin (LacZT<F
Tg mice) [25] were wused. The expression of
B-galactosidase can indicate the activation of
Wnt/B-catenin signal pathway. Pups of C57BL/6]
mouse were provided by the Laboratory Animal
Center of the Fourth Military Medical University.
LacZ™CF Tg mice were obtained from Jackson Lab. All
methods of experiments were carried out in accord-
ance with the Guidelines for Animal Experimentation
and performed in compliance with the Ethics Com-
mittee for Animal Experimentation of the Fourth Mil-
itary Medical University.

Cell culture

NSPCs were cultured and differentiated as de-
scribed by Ohta et al. [12]. Briefly, septum and stria-
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tum were isolated from 2-day-old pup brains. Tissues
were dispersed mechanically with a pipette up and
down in 1 ml of 0.05% trypsin within 2 minutes fol-
lowed by adding 1 ml of trypsin inhibitor
(0.25mg/ml; Sigma, St. Louis, MO) to stop the tryp-
sinization. The dissociated suspension was then cen-
trifuged and cells were suspended with serum-free
NSPC medium containing DMEM/F-12 (Invitrogen,
San Diego, CA) supplemented with 2% B27 (Invitro-
gen), basic fibroblast growth factor (bFGF; 20 ng/ml;
R&D, Minneapolis, MN), and epidermal growth fac-
tor (EGF; 20 ng/ml; R&D), cultured in an incubator
with 5%COs at 37°C. After two passages, NSPCs were
used for experiments.

For identification of NSPCs, some neurospheres
were collected and fixed with 4% paraformaldehyde
at 4°C overnight followed with 20% sucrose at 4°C
overnight for cryoprotection. Fourteen-um thick sec-
tions were cut with a cryostat microtome and
mounted onto gelatinized slides. The sections were
stored at -20°C for staining.

For NSPC proliferation experiment, single, dis-
sociated cells were seeded into a 96-well plate at a
density of 1x10°/ml with different MIF concentration
0,1, 2, 4, 8, 16, 32ng/ml; R&D, Minneapolis, MN)
with or without IWR-1 (10pM; Sigma, St. Louis, MO).
Four days later, observed the neurospheres and took
photomicrographs with an invert microscope. Six
pups were used in single culture and experiments
were repeated 3 times. Analyzed the images by
counting the number and measuring the diameter of
neurospheres with Image-Pro Plus 5.0 software. Part
of the cells were seeded on poly-D-lysine hydrochlo-
ride (PLL, Sigma-Aldrich, molecular weight of 70,000
~150,000) - coated 10-mm glass coverslips in 24-well
plates in NSPC medium and immunostained with
Ki67 and Hoechst antibodies four days later. For
Ki67-immunostaining cells, MIF concentration is
16ng/ml in MIF-stimulated group.

For NSPC differentiation studies, neurospheres
were seeded on poly-D-lysine hydrochloride (PLL,
Sigma-Aldrich, molecular weight of 70,000~150,000)
- coated 10-mm glass coverslips in 24-well plates or
flasks with neural differentiation medium containing
DMEM/F-12 supplemented with 2% B27 and 2% fetal
bovine serum (FBS; Invitrogen), with or without MIF
(16ng/ml) or IWR-1 (1 or 10uM). Seven to ten days
later, stopped differentiation and fixed the cells with
4% paraformaldehyde for staining or collected the
cells in RIPA buffer for Western blot.

Immunocytochemistry

Immunostaining was performed with the fol-
lowing primary antibodies and dilutions: rab-

bit-anti-nestin (1:500, Sigma, St. Louis, MO, USA) for
identification of NSPCs; rabbit-anti-Ki67 (1:1000,
Abcam, UK) for proliferating NSPCs; rabbit an-
ti-B-catenin (1:1000, Sigma) for identification of nu-
clear B-catenin; rabbit-anti-doublecortin (DCX, 1:1000,
Sigma) and mouse-anti-Tuj 1 (also known as be-
ta-tubulin 1III, 1:1000, Sigma) for neuron; rab-
bit-anti-glial fibrillary acidic protein (GFAP, 1:4000,
Chemicon, Temecula, CA, USA) for astrocyte; rab-
bit-anti-CNPase (1:500, Sigma) for oligodendrocyte;
rabbit-anti-B-galactosidase (1:2000, Chemicon,
Temecula, CA, USA) for B-galactosidase expression.
As secondary antibodies, the Alexa Fluor 488 or Alexa
Fluor 568 - labeled secondary antibody (1:500, Molec-
ular Probes Inc., Eugene, OR, USA) were used. Nuclei
were counterstained with Hoechst 33258 (1 ng/mL;
Sigma).

Fixed cells and neurosphere sections were incu-
bated with primary antibody in 0.01M PBS containing
1% bovine serum albumin at 4°C overnight followed
by incubation with an appropriate secondary anti-
body for 1 hour at room temperature. Nuclei were
counterstained with Hoechst 33258 for 10 min at room
temperature. Washing samples after each step with
0.01M PBS for three times. Cells were visualized and
taken the photomicrographs with fluorescent micro-
scope (BX-51, Olympus, Tokyo, Japan) or confocal
laser scanning microscopy (FV1000, Olympus, Tokyo,
Japan). Negative controls that were processed in the
absence of primary antibodies did not show unspe-
cific staining (data not shown).

Western blot

The standard procedure for Western blot was
used as previously described [26]. Briefly, differenti-
ated NSPCs were harvested in RIPA buffer containing
2% protease inhibitor (Boehringer Mannheim,
Mannheim, Germany). Cell lysates were loaded onto
10% polyacrylamide gel, and then transferred to
PVDF membranes (Millipore, Billerica, MA). The
membranes were probed with primary antibody
(rabbit-anti-DCX, 1:1000, Sigma; mouse anti-Tujl,
1:1000, Sigma; rabbit anti-p-catenin, 1:1000, Sigma;
goat anti-Wntl, 1:1000, Sigma; rabbit anti-B-actin,
1:3000, sigma) and second antibody (horseradish pe-
roxidase-conjugated goat anti-mouse or rabbit sec-
ondary antibody, Jackson ImmunoResearch, West
Grove, PA) successively using standard method and
developed with ECL kit (Millipore) according to the
manufacturer’s instruction. The intensity of im-
munoblotting bands were analyzed using Image-Pro
Plus 5.0 software. Band intensities of Tujl, DCX,
B-catenin and Wntl were normalized to those of cor-
responding loading control (B-actin).
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Results are all shown as mean=+S.E. All analyses
were performed with statistical software SPSS (ver-
sion 13.00). The differences between two groups were
evaluated by Independent Samples #-test. The differ-
ences among multiple groups were assessed by
one-way or two-way ANOVA followed by a post-hoc
t test. The criterion for statistical significance was
p<0.05.

Results

Neuropheres are nestin-positive and capable
of differentiating to neuron, astrocyte and ol-
igodendrocyte.

For identification of NSPCs, the sections of neu-
rospheres after two passages were stained with nestin
(a marker of NSPCs). Nuclei were counterstained
with Hoechst 33258. The result showed that the ma-
jority of the cells were nestin-positive (Fig. 1). To fur-
ther essay the multipotent capacity of NSPCs to dif-
ferentiate into neuron and glia, neurospheres were
cultured on PLL-coated coverslips in differentiation
medium for 4-14 days, and then immunostained with
Tuj 1 antibody for neuron, GFAP for astrocyte, and
CNPase for oligodendrocyte. The results showed that
all of the three types of cells were stained out with
different cell morphology (Fig. 1), which indicated the

multipotency of these NSPCs.
MIF enhances NSPC proliferation.

In our previous studies, we found that MIF was
capable of promoting the proliferation of embryonic
stem cells [21]. Therefore, in the present study, we
wonder whether MIF has the capacity of enhancing
NSPCs self-renewal. We analyzed the expression of
Ki67 indicating the proliferating cells, and the size
and number of formed neurospheres followed MIF
stimulation_(16ng/ml). The results showed that there
were more Ki67-expressing cells in MIF-stimulation
groups than those in control groups (Fig. 24, p<0.05,
n=3 animals in each group). There was no evident
difference of neurosphere numbers between control
and MIF-stimulation groups. However, with MIF
stimulation, the mean volume of neurospheres was
evidently larger than that in control group without
MIF (Fig. 2B, p<0.0001, n=6 wells in each group, re-
peated 3 times). Moreover, MIF promoted NSPC pro-
liferation in a dose-dependent manner in vitro, an
effect that was highly significant. The maximum effect
appeared when MIF concentration was 16ng/ml. The
mean volume of neurospheres treated with 16ng/ml
of MIF was more than two times as that in control
group without MIF. These results suggest that NSPCs
proliferate more rapidly with MIF stimulation than
that without MIF stimulation.

Figure I. Identification of NSPCs (neurospheres) derived from mouse brain. The left image of the upper panel shows the cultured NSPCs grow in a manner of
neurospheres. The middle and the right of the upper panel show that cells of neurospheres are Nestin-positive and Nestin/Hoechst double staining, respectively. The lower panel
shows the Tuj |- (for neuron, 4 days after differentiation), GFAP- (for astrocyte, 4 days after differentiation), and CNPase- (for oligodendrocyte, 10 days after differentiation)

positive cells differentiated from neurospheres, respectively.
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Figure 2. The promoting effects of MIF on NSPC proliferation. A. Representative images of immunostaining show Kié7-postive cells (upper panel) and Ki67/Hoechst
double staining cells (lower panel) in control and MIF-stimulated groups (MIF | 6ng/ml); and the comparison of Kié7-positive cell percentages between control and MIF-stimulated
groups (p<0.05 vs. control group, n=3 animals in each group). B. Representative images show neurospheres incubated with different concentration of MIF (upper panel); and
comparisons of the neurosphere volumes and numbers at different concentration of MIF by ANOVA (*p<0.0001 vs. MIF Ong/ml group, n=6 wells in each group, repeated 3 times)

(lower panel). CON, control group; MIF, MIF-stimulated group.

MIF enhances NSPC proliferation through
Whnt/B-catenin pathway.

It was reported that [-catenin signaling plays a
role in the proliferation of progenitor cells in the SVZ
of adult mice. The activation of canonical Wnt signal
pathway promotes neural precursor proliferation in
vivo [22]. However, the interactions between MIF and
Wnt/p-catenin signal pathways, as well as the func-
tions of their interactions, in neurogenesis remain
largely unstudied. So, we wonder whether
Wnt/ B-catenin is involved in transducing MIF signal
of promoting NSPC proliferation or not. The im-
munostaining results showed that the expression of

B-catenin in nuclei was stronger in MIF-stimulated
group than that in control group (Fig. 3A, p<0.05, n=3
animals in each group), indicating the activation of
Wnt/B-catenin signaling. Western blot result further
proved the increase of B-catenin with MIF stimulation
indicating the activation of Wnt/B-catenin signaling
(Fig 3B, p<0.0001, n=3 animals in each group). Fur-
thermore, IWR-1 (10uM) was used here to inhibit
Wnt/p-catenin pathway. IWR-1 induces stabilization
of [-catenin disruption complex, the
APC/Axin2/GSK3b complex, decreases the cyto-
plamic free B-catenin level via a direct interaction, and
works as a Wnt/B-catenin signal pathway inhibitor
[27]. Four days after culture, the size of formed neu-
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rospheres was increased in a dose-dependent manner
(0, 4 and 16ng/ml). However, once IWR-1 (10uM) was
added to the medium together with MIF, the size of
cell colonies was extremely decreased compared to
those only with MIF (Fig 3C, p<0.0001, n=6 wells in
each group, repeated 3 times), which indicated the
promoting effect of MIF on NSPC proliferation was
inhibited by IWR-1 in any MIF concentration group.
Although these neurospheres in all groups continued
growth after 7 days or even longer, the effect of IWR-1
was the same (data not shown). The effect of IWR-1
alone on NSPC proliferation was also evaluated.
NSPCs were incubated with different concentration of
IWR-1 individually. The results showed that 2, 5 and
10pM of IWR-1 significantly inhibited the prolifera-
tion of NSPC dose-dependently (Fig. 3D, p<0.05, n=8
wells in each group, repeated 3 times). These results
suggest that Wnt/p-catenin pathway is involved in
MIF promoting effect on NSPC proliferation.

MIF promotes the differentiation of NSPCs to
neuron lineage

The above results suggest that MIF can enhance
the proliferation of NSPCs. However, the effect of MIF
on NSPCs differentiation is largely unknown. In this
experiment, we studied the effect of MIF on NSPC
differentiation into neuron by immunostaining and
Western blot. DCX and Tujl were used as neuron
markers. MIF (16ng/ml) was added to NSPC differ-
entiation medium in MIF-stimulated group. After 7-10
days differentiation, cells were subjected to im-
munostaining or Western blot assay. Immunostaining
results showed that lots of cells extended long
DCX-positive processes in both control and
MIF-stimulated groups. But in MIF-stimulated group,
there were much more DCX-positive processes than
those in control group (Fig. 4A, p<0.0001, n=3 animals
in each group). Western blot results further proved
the upregulation of DCX with MIF stimulation ((Fig.
4B, p<0.0001, n=3 animals in each group). Another
neuron marker, Tujl, showed the similar results (Fig
4C). Some Tujl-positive cells were stained out in both
control and MIF-stimulated groups. However, in
MIF-stimulated group, there are much more
Tujl-positive cells than those in control group.
Moreover, the number of migrated Tujl-positive cells
out from the neurospheres was much higher in
MIF-stimulated group than those in control group
(Fig. 4C, p<0.05, n=3 animals in each group). Western
blot result also showed the upregulation of Tujl ex-
pression with MIF stimulation ((Fig. 4D, p<0.05, n=3
animals in each group). Taken together, these results
strongly suggested that MIF not only promoted NSPC
differentiation into neuron lineage but also promoted
the neuronal migration from the neurospheres.

Whnt/B-catenin signal pathway is involved in
the event that MIF promote NSPC differenti-
ation to neuron linage.

MIF activated Wnt/[3-catenin signal pathway during
NSPC differentiation indicated with TOPGAL trans-
genic mice

LacZ™ Tg mice, in which B-galactosidase ex-
presses in the presence of the lymphoid enhancer
binding factor 1/transcription factor 3 (LEF/TCF)
mediated signaling pathway and activated p-catenin,
were used to indicate the activation of Wnt/ 3-catenin
signal pathway [28]. In this experiment, single cells
dissociated from neurospheres from two-day-old
pups of LacZ™F Tg mice were seeded on PLL-coated
coverslips and cultured with NSPC differentiation
medium. MIF (16ng/ml) was added to NSPC differ-
entiation medium in MIF-stimulated group. After 2
days culture, cells were stained with an-
ti-B-galactosidase antibody to track the activation of
Wnt/p-catenin signal pathway in individual cell.
Immunostaining results showed that
B-galactosidase-positve cells appeared in both of the
control and MIF-stimulated groups. In control group,
B-galactosidase-positve products mainly located in
and around the nuclei. However, in MIF-stimulated
group, there were much more p-galactosidase-positve
products appeared in the cytoplasm around the nuclei
and the processes than those in control group (Fig.
5A). B-galactosidase expression evidently increased in
MIF-stimulated group in comparison with that in
control group (Fig. 5A, p<0.05, n=3 animals in each
group), which indicated the activation of
Wnt/ pB-catenin signal pathway with MIF stimulation
during NSPC differentiation.

B-catenin and Wntl are upregulated with MIF stimu-
lation during NSPC differentiation

Our results have showed that MIF can activate
Wnt/B-catenin pathway indicated with TOPGAL
transgenic mice, but the cellular contributors and
signaling pathways through which MIF may exert its
direct action on NSPCs have not yet been identified.
B-catenin is the key player in Wnt/p-catenin signal
pathway, and the amount of pB-catenin can be upreg-
ulated by Wnt signaling. Wntl is the prototypical
ligand of Wnt/p-catenin pathway, and signals into
the cells via the canonical Wnt/p-catenin pathway
[28]. Then, in this part, B-catenin and Wntl levels
were detected by using Western blot method. The
results showed that Wntl and {-catenin levels in the
differentiated NSPCs were evidently upregulated 2
days after MIF stimulation compared with those of
control (Fig. 5B, p<0.05, n=3 animals in each group).
These results further suggest that MIF activates
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Wnt/p-catenin ~ pathway
during NSPC differentia-
tion, possibly by inducing
Wntl secretion from NSPCs
and then increasing
B-catenin level in the
NSPCs.

Figure 3. The involvement of
Whnt/B-catenin pathway in NSPC
proliferation induced by MIF. A. Rep-
resentative images of immunostaining show
[B-catenin-postive cells (upper panel) and
B-catenin/Hoechst double staining cells
(lower panel) in control and MIF-stimulated
groups; and the comparison of nuclear
B-catenin fluorescence intensity between
control and MIF-stimulated groups (*<0.05
vs. control group, n=3 animals in each
group). B. Western blot results show the
protein bands of B-catenin in NSPCs and the
comparison of Western blot result showing
the relative B-catenin levels in control and
MIF-stimulated groups (*p<0.0001 vs.
control group, n=3 animals in each group).
Results were normalized to B-actin. CON,
control group; MIF, MIF-stimulated group.
C. Representative images show neuro-
spheres incubated with different concen-
tration of MIF, with or without IWR-I
(upper panel); and the comparisons of
neurosphere volumes among different
groups by ANOVA (*p<0.05, *p<0.0001,
n=6 wells in each group, repeated 3 times)
(lower panel). D. The volume comparisons
of neurospheres incubated with different
concentration of IWR-1 by ANOVA
("p<0.05, n=8 wells in each group, repeated
3 times)

CON MIF
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Figure 4. MIF promotes NSPC differentia-
tion to neuron lineage. A. Representative
images of immunostaining show DCX-positive cells
in control and MIF-stimulated groups (MIF
léng/ml) and the comparison of the areas of
DCX-positive  cells between control and
MIF-stimulated groups (“p<0.05 vs. control group,
7 days after differentiation, n=3 animals in each
group). The inserts at the top right corners are
high magnification of the corresponding areas in
the boxes in the images, respectively. B. Western
blot results show the protein bands of DCX in
differentiated NSPCs and the comparison of
Western blot result showing the relative DCX
levels in control and MIF-stimulated groups
(*p<0.05 vs. control group, 7 days after differenti-
ation, n=3 animals in each group). Results were
normalized to B-actin. C. Representative images of
immunostaining show Tuj |-positive cells in
control and MIF-stimulated groups (MIF |6ng/ml)
and the comparisons of the total Tuj |-positive
cells and the Tuj |-positive cells migrated out from
neurospheres between control and MIF-stimulated
groups. (p<0.05 vs. control group, 7 days after
differentiation, n=3 animals in each group). The
inserts at the top right corners are high magnifi-
cation of the corresponding areas in the boxes in
the images, respectively. D. Western blot results
show Tuj | protein bands in differentiated NSPCs
and the comparison of Western blot result
showing the relative Tuj | levels in control and
MIF-stimulated groups (“p<0.05 vs. control group,
7 days after differentiation, n=3 animals in each
group). Results were normalized to f-actin. CON,
control group; MIF, MIF-stimulated group.
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Figure 5. The activation of Wnt/B-catenin signal pathway by MIF during NSPC differentiation. A. Representative images show [3-galactosidase-positive cells (upper
panel) and P-galactosidase /Hoechst double staining cells (lower panel) and the comparison of [-galactosidase-positive fluorescence intensities between control and
MIF-stimulated groups (*p<0.05 vs. control group, 2 days after differentiation, n=3 animals in each group). B. Western blot results show Whntl| and B-catenin protein expressions
in differentiated NSPCs in control and MIF-stimulated groups and the comparison of Western blot results showing the relative Wntl and B-catenin levels in control and
MIF-stimulated groups (“p<0.05 vs. control group, 7 days after differentiation, n=3 animals in each group). CON, control group; MIF, MIF-stimulated group; [3-gal, 3-galactosidase

IWR-I inhibites the promoting effect of MIF on NSPC
differentiation to neuron lineage.

MIF promotes NSPC differentiation to neuron
lineage, and Wnt/p-catenin signal pathway is acti-
vated by MIF stimulation in this event. However,
whether activated Wnt/p-catenin signal pathway
mediating the promoting effect of MIF on NSPC dif-
ferentiation to neurons or not still needs to be further
investigated. Here, IWR-1 was wused to inhibit
Wnt/[B-catenin signal pathway [27] during NSPC
differentiation. Different concentration (1puM or
10uM) of IWR-1 was added to the differentiation me-
dium. NSPC cells were divided into 4 groups (n=3
animals in each group): control group with normal
differentiation medium; MIF-stimulated group with
MIF (16ng/ml) added; IWR-1 group only with IWR-1

(IuM  or 10uM) in differentiation medium;
MIF+IWR-1 group with both MIF (16ng/ml) and
IWR-1 (1pM or 10uM). Neurospheres were seeded on
PLL-coated coverslips or flasks and cultured in dif-
ferentiation medium for differentiation.

In the first experiment, 1uM of IWR-1 was used.
Seven days after differentiation, cells were stained
with anti-DCX and anti-Tuj 1 to observe the neuron
lineage differentiation. The results showed that some
DCX- and Tuj 1-positive cells were stained out in all of
the four groups. There are much more DCX- and
Tujl-positive cells in MIF-stimulated group than
those in control group (Fig. 6A, C, p<0.0001). Howev-
er, with the treatment of IWR-1 (1uM), although still
with MIF stimulation, DCX and Tuj 1 expression was
decreased significantly (Fig. 6A, C, p<0.0001).
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Figure 6. Effects of MIF and IWR-1
on neuronal differentiation of
NSPC. A. Representative images of
DCX immunostaining show the effect of
1uM of IWR-I on DCX expression and
the comparison of DCX expression
among the 4 groups by ANOVA
(*p<0.0001, n=3 animals in each group).
The arrows show some of the
DCX-positive processes. B. Repre-
sentative images of DCX im-
munostaining show the effect of 10uM
of IWR-I on DCX expression and the
comparison of DCX expression among
the 4 groups by ANOVA (*p<0.0001,
n=3 animals in each group). The arrows
show some of the DCX-positive pro-
cesses. C. Representative images of Tuj
| immunostaining show the effect of
IuM of IWR-I on Tujl expression and
the comparison of Tuj I-positive cells
among the 4 groups by ANOVA
(*p<0.0001, n=3 animals in each group).
D. Representative images of Tuj |
immunostaining show the effect of
10uM of IWR-1 on Tujl expression and
the comparison of Tuj |-positive cells
among the 4 groups by ANOVA
(*p<0.0001, n=3 animals in each group).
CON, control group; MIF,
MIF-stimulated group. E. Western blot
results show DCX and Tuj | protein
expressions in differentiated NSPCs in
control and MIF-stimulated groups with
or without IWR-I (I0uM) and the
comparison of Western blot results
showing the relative DCX and Tuj |
levels in four groups (*p<0.001, 7 days
after differentiation, n=3 animals in each
group). CON, control group; MIF,
MIF-stimulated group.
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In the second experiment, 10uM of IWR-1 was
tested. The results showed a stronger inhibition of
10uM of IWR-1 in MIF-induced neuronal differentia-
tion than that of 1uM of IWR-1. DCX and Tuj 1 ex-
pression was strongly inhibited in either IWR-1 alone
group or MIF+IWR-1 group (Fig. 6B, D, p<0.0001).

Western blot results further proved that 10uM of
IWR-1 inhibited the expression of DCX and Tuj 1 both
in control and MIF-stimulated groups (Fig. 6E,
p<0.0001).

These data strongly suggest that Wnt/p-catenin
signal pathway is involved in the event of MIF en-
hancing the neuronal differentiation from NSPCs.

Discussion

A number of trophic factors or molecules regu-
late NSPCs self-renewal and differentiation in vivo
and in vitro. A classical point of view indicated that
most of these mediators did not correspond to im-
mune-system-derived molecules. However, growing
evidence indicates that immunological molecules can
target neurogenic niches and control NSPC prolifera-
tion, survival, differentiation and migration [4]. MIF is
one of the important pro-inflammatory cytokines and
can act as an immune regulator, an anterior pituitary
hormone, high activity enzyme, a regulator of neu-
ronal degeneration-regeneration and is well known
for its role in many inflammation-based diseases [11,
16-19, 29]. However, its role in NSPC self-renewal and
differentiation is largely unclear. In this study, we
have shown that (i) MIF enhances NSPC proliferation;
and Wnt/B-catenin signal pathway is involved in this
event as demonstrated by increased nuclear 3-catenin
with MIF stimulation and decreased neurosphere size
with Wnt/-catenin signal pathway inhibitor, IWR-1,
added; (ii) MIF promotes the differentiation and mi-
gration of neuron lineage from NSPCs; (iii) MIF up-
regulates the activity of LacZ™F reporter transgene
that responds to the activation of Wnt/p-catenin sig-
nal pathway and the levels of Wntl and [-catenin
proteins during NSPC differentiation. (iiii) Further-
more, inhibition of Wnt/p-catenin signal pathway
with IWR-1 significantly reduces the neuronal dif-
ferentiation from NSPCs as evidenced by decreased
DCX- and Tujl- expression. This is the first study to
show that MIF promotes not only the NSPC
self-renewal but also the neuronal differentiation
from NSPCs via Wnt/p-catenin signal pathway in
vitro. These new findings reveal an essential role of
MIF under normal or pathological condition and a
function link between MIF and Wnt/p-catenin signal
pathway in NSPCs proliferation and differentiation
processes.

MIF is ubiquitously expressed in various types
of the neural cells in the CNS [10, 11]. Astrocyte, mi-

croglia, neuron and NSPC, which are the main cells in
the CNS, are all proved expressing MIF [10-12]. In the
physiological condition, there is significant level of
baseline MIF expression in the brain [10]. In many
neurodegenerative disease and the CNS injury, such
as Alzheimer’s disease and spinal cord injury, MIF
expression is increased [11, 30]. Most significantly,
MIF mRNA is present in the developing neuraxes and
nervous systems of mouse [31] and is a critical player
in establishing the neuraxis of the embryo ([32].
Moreover, NSPCs express MIF receptors, CD44,
CXCR2, CXCR4 and CD74, which suggests that MIF
can maintain NSPCs through autocrine and/or para-
crine mechanisms [12]. These reports together with
our findings indicate that MIF may be effective for the
neurogenesis in physiological condition, developing
brain, CNS injury and neurodegenerative diseases.

In this study, we prove that MIF is capable of
stimulating the proliferation of NSPCs from
two-day-old mice in a dose dependent manner. This
finding is in consistent with the recent report by Ohta
et al. [12]. Ohta et al. identifies MIF as a proliferation
factor for NSPCs from the embryonic day 14.5 (E14.5)
mice by using higher concentration of MIF than that
we use. MIF is a key player in various cell prolifera-
tion, such as tumor cell growth, angiogenesis [33],
keratinocytes proliferation [34], embryonic stem cell
proliferation [21], and adult hippocampal cell prolif-
eration [16]. From this study, we conclude that MIF is
also a key player in control of NSPC proliferation.
Moreover, we further prove that MIF enhances NSPC
proliferation through the activation of Wnt/ f-catenin
signal pathway. With MIF stimulation, the nuclear
B-catenin is increased evidently. By using IWR-1, a
Wnt/ 3-catenin signal pathway inhibitor, NSPC pro-
liferation stimulated by MIF is inhibited significantly.
It has been proved that MIF plays its roles by trig-
gering several different cell signal pathways in vari-
ous cell types. Erk and Akt pathways are two im-
portant pathways activated by MIF for cell prolifera-
tion and survival, and involved in adult NSPC pro-
liferation [12, 35]. Although Wnt/B-catenin signal
pathway plays a critical role in neural development
and growth and related with the proliferation of
neural precursors in the SVZ [22], the interactions of
MIF and Wnt/ B-catenin signal pathway, as well as the
functions of their interactions, in neurogenesis remain
largely unknown. Our study firstly shows that
Wnt/[-catenin signal pathway plays an important
role in MIF enhancing NSPC proliferation, indicating
the functional interaction between MIF and
Wnt/ p-catenin signal pathway in NSPC self-renewal.

Most importantly, our current study also
demonstrates that MIF is capable of guiding more
NSPCs differentiating to neuron lineage during the
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differentiation stage. Much more DCX- and Tuj
1-positive cells appeared and much more neurons
migrated out from neurospheres following MIF stim-
ulation compared to control groups. A growing body
of evidence indicates that pro-inflammatory and other
immunological mediators are also involved in deter-
mining cell precursor fate and regulate the function of
NSPCs [3]. As to MIF, although increasing evidences
suggest that MIF has broad roles in the regulation of
neuronal functions [11, 12, 16-20], the studies about
MIF influencing NSPC fate are really few. To date,
only one report by Ohta et al. [12] indicated that MIF
did not change the differentiation potential of NSPCs,
which is different from our results. The NSPCs they
used were from E14.5 mice, not from the postnatal
NSCs as what we used, and extremely higher MIF
concentration (400ng/ml) was used in their experi-
ment than that we used in this study (l6ng/ml),
which may be part of the reasons making the differ-
ence? Our work firstly reveals a new important role of
MIF in neurogenesis indicated by upregulated DCX
and Tujl, two markers of immature or mature neu-
rons.

Regarding the signal pathway, we further
demonstrate that Wnt/B-catenin signal pathway
plays a critical role in control the cell fate of
MIF-induced NSPC differentiation. In the CNS, Wnt
signaling appears to be involved in the majority of the
processes required to generate a fully functional
neuron from an NSPC, participating in early steps,
such as neural induction [36] and neural precursor
proliferation [37], as well as in late processes, such as
neuronal differentiation [38, 39], migration [24], axon
guidance [40], synaptogenesis [41] and dendritogene-
sis [42]. Members of the Wnt1 class signal into the cell
via the canonical Wnt/B-catenin pathway. Wnt sig-
naling inhibits GSK-3f activity, thus increasing the
amount of B-catenin, which enters the nucleus, and
associates with T-cell factor/lymphoid enhanc-
er-binding factor transcription factors, leading to the
transcription of Wnt target genes involved in cell
survival, proliferation, and differentiation [28, 43].
Wntl is involved in dopaminergic neuron develop-
ment [44]. Wntl-Imxla forms a novel autoregulatory
loop and controlled midbrain dopamine differentia-
tion synergistically with the SHH-FoxA2 pathway
[45].The canonical Wnt/B-catenin pathway plays a
key role in controlling the neurogenic niche for do-
pamine neuron development and hippocampal neu-
rogenesis [43, 46, 47]. However, the functional inter-
actions of MIF and Wnt/p-catenin signal pathway in
neuronal differentiation remain unclear. In our cur-
rent study, by using the LacZ™F Tg mice to indicate
the activation of Wnt/p-catenin signal pathway, we
find that MIF evidently upregulates -galactosidase

expression during NSPC differentiation suggesting
the strong activation of p-catenin signal pathway by
MIF. Furthermore, levels of both P-catenin, the key
player in Wnt/p-catenin signal, and Wntl, the proto-
typical ligand of Wnt/p-catenin signal, are signifi-
cantly increased with MIF stimulation during NSPC
differentiation. This is a new finding indicating the
interaction of MIF and Wnt/p-catenin signal. Fur-
thermore, our current data show the strong inhibition
of DCX and Tuj 1 expression even in MIF-stimulated
groups when Wnt/-catenin signal pathway is inhib-
ited by IWR-1, which suggests that Wnt/(3-catenin is a
key player in MIF-induced neuronal differentiation of
NSPC. Our findings undoubtedly indicate the new
function of MIF and the functional interaction be-
tween MIF and Wnt/B-catenin signal pathway in
neurogenesis.

In conclusion, this study demonstrates a new
role of MIF in enhancing NSPC proliferation and
neuronal differentiation, and reveals that
Wnt/p-catenin signal pathway is involved in these
events. It has been proved that Wnt/p-catenin sig-
naling appears to be involved in the majority of the
processes required to generate a fully functional
neuron from an NSPC, participating in early steps,
such as neural precursor proliferation [37] and neural
induction [36], as well as in late processes, such as
neuronal differentiation [38, 39] in the CNS. Accord-
ing to our results, we speculate that MIF and
Wnt/p-catenin may play different role depending on
different development periods in vivo or different
culture condition in vitro.

Our findings strongly point to an important role
of MIF and the functional interaction between MIF
and Wnt/p-catenin signal pathway in neurogenesis.
MIF has the potential to be used to modulate NSPC
renewal and fate in an attempt to produce and control
NSPCs for regenerative therapies.
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