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Abstract

Cortical precursor cells secrete soluble factors for their own
survival and self-renewal. We show here that neural precursor
cells isolated from embryonic rat cortices abundantly secrete
leukemia inhibitory factor (LIF) and express its receptor
components, gp130 and LIF receptor. LIF signaling is
responsible for cortical precursor cell survival. As described
previously, LIF caused astrocytic differentiation of cultured
embryonic cortical precursor cells. LIF-mediated survival and
astrocytic differentiation of cortical precursor cells were
differentially regulated, depending on the developmental ages
of embryos from which cortical precursors were isolated. LIF
did not enhance the survival of cortical precursor cells
isolated from later embryos (embryonic day 16, E16).
Moreover, LIF-mediated astrocytic differentiation was not
observed in early (E12) cortical precursors. Inhibition studies
revealed that Janus-activated kinase/signal transducer and
activator of transcription and phosphatidylinositol 3 kinase/
Akt pathways participate in both the LIF-mediated effects.
However, mitogen-activated protein kinase, another signal
pathway activated by LIF, was specifically responsible for
astrocytic differentiation. These findings collectively indicate
that precursor cells self-regulate the sequential processes of
brain development, such as early maintenance of the
precursor cell population and later differentiation into
astrocytes, via common LIF signaling.
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Introduction

Neural precursor cells that arise from a single layer of
neuroepithelium initially undergo cell division without commit-
ment into their progenies, '™ followed by progressive differ-
entiation into various types of neurons and glia in the late
developmental stages. These sequential processes are
precisely regulated in the developing brain.* A challenging
issue in developmental neurobiology is the elucidation of the
mechanisms underlying the regulation of timed sequential
events. Environmental cues through diffusible signals®~” and
cell—cell contacts®® are active regulators of self-renewal and
fate specification of neural precursor cells. Cytokines specific
for certain developmental processes in vitro and in vivo
mediate other or opposite phenomena, depending on intrinsic
properties of cells progressively altered spatiotemporally in
the developing brain.'® Thus orchestration of the correct
microenvironment with intrinsic properties of cells is critical for
regulating a precise developmental schedule.

Leukemia inhibitory factor (LIF) is a member of the cytokine
group that signals via binding to a heterodimeric complex of
common glycoprotein 130 (gp130) and LIF receptor (LIFR)
subunits." A number of studies show that gp130/LIFR-
mediated signaling has pleiotrophic action on different cell
types in the nervous system. LIF acts as a survival factor for
sensory and motor neurons in the mature nervous system
(reviewed in Turnley and Bartlett''and Murphy et al.?). In the
developing central nervous system (CNS), LIF'®'* inhibits
self-renewal of neural precursor cells and promotes differ-
entiation into astrocytes, similar to other LIF/gp130-related
cytokines such as ciliary neurotrophic factor (CNTF)'®~'6 and
oncostatin M.'” However, recent data suggest an opposite
effect of the signal in neural precursor cells, specifically the
maintenance of cortical precursor cells'®'® in the undiffer-
entiated state by increasing their self-renewal and inhibiting
progression to astrocytic lineage. The mechanism by which
gp130/LIFR signal performs such opposite roles remains to
be elucidated.

In this study, we initially show that undifferentiated
proliferating precursor cells isolated from embryonic day
12 (E12)-E16 rat cortices abundantly release LIF and
synthesize the receptor components, gp130 and LIFR,
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and that expression of the receptors is positively regulated by
the LIF ligand. We examine the putative roles of LIF-mediated
signaling in survival, proliferation and differentiation of
embryonic cortical precursor cells. Using culture conditions
of clonal cell densities at which cell-cell interactions are
minimized, we demonstrate that LIF is responsible for the
survival of cortical precursor cells. Additionally, LIF treatment
enhances the differentiation of cortical precursor cells into
astrocytes. LIF-mediated survival and astrocytic differentia-
tion are regulated differentially, depending on the develop-
mental stage of cortical precursor cells. LIF does not induce
astrocytic differentiation in cortical precursor cells isolated
from early embryos (E12), whereas LIF-mediated survival is
not observed in cortical precursor cells at the late develop-
mental stage (E16). We show a distinct intracellular transduc-
tion pathway for LIF-mediated precursor cell survival and
astrocytic differentiation, although common signal pathways
for both LIF-mediated effects exist. These findings suggest
that LIF, an autocrine/paracrine precursor cell factor, plays
critical roles in regulating the timed developmental program in
the embryonic brain.

Results

Embryonic cortical precursor cells release LIF and
express its receptor subunits

We previously demonstrated that supplementation of condi-
tioned medium prepared from confluent cultures for embryo-
nic cortical precursor cells (stem cell conditioned medium:
SCM) enhanced the survival and self-renewal of isolated
single cells,’ suggesting autocrine/paracrine action for the
maintenance of embryonic neural precursor cell population.
Based on data on the role of LIF in cell survival in the nervous
system (reviewed in Murphy et al.'?) and maintenance of
neural precursors,'®'® we evaluate the expression of cyto-
kines and their receptors involved in LIFR/gp130 signaling to
determine whether this pathway is responsible for the
observed autocrine/paracrine survival and proliferation of
cortical precursor cells. We initially performed semiquantita-
tive and real-time RT-PCR analyses to determine the mRNA
expression of LIF, CNTF and their receptor components in
neural precursor cell-enriched cultures. Over 95% of cells
were positive for nestin, an intermediate filament specific for
undifferentiated neural precursor cells, after 4 days of in vitro
expansion with mitogen basic fibroblast growth factor (bFGF)
in passaged cultures for E14 cortical precursor cells (see
Materials and Methods; left in Figure 1a). Differentiation was
readily induced by withdrawing bFGF for 6 days. Conse-
quently, 42 and 39% total cells were positive for -tubulin type
IIl (Tud1; a neuronal marker) and glial fibrillary acidic protein
(GFAP; an astrocytic marker), respectively (n=12; right in
Figure 1a). Transcripts of cytokine LIF and its receptor
components, gp130 and LIFR, were abundantly expressed
in precursor cell-enriched cultures, and their expression was
markedly decreased in differentiated cell cultures (Figure 1b).
Real-time PCR analyses revealed that the mRNA levels of
LIF, gp130 and LIFR in precursor cell-enriched cultures were
25.9+5.1-, 16.5+1.9- and 3.7 4+ 2.2-fold greater than those in
differentiated cultures, respectively (n=5, P<0.001;
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Figure1 Expression of LIF and its ligands in undifferentiated cortical precursor
cells. (a) Immunocytochemical properties of embryonic cortical precursor cell
cultures after expansion (left) and differentiation (right). Most cells (> 95%) were
immunoreactive to nestin (green, left), a marker protein specific for neural
precursor cells, after 4 days of bFGF expansion in passaged cultures for E14
cortical precursor cells. Only 3% cells were positive for neuron-specific Tud1 (red;
left) and none were positive for GFAP, an astrocytic marker. On the other hand,
approximately 80% cells acquired either a differentiated cell marker including
42% TuJd1-positive (green, right) and 39% GFAP-positive cells (red, right) after 6
days of differentiation, induced by bFGF withdrawal. Scale bar, 20 um. (b)
Semiquantitative and real-time PCR analyses for LIF, CNTF and their receptor
subunits. The upper panels depict ethidium bromide (EtBr) staining of PCR
products in cortical precursor cell cultures after expansion (lane 2) and
differentiation (lane 3). Lane 1, negative controls from reactions without cDNA.
Lower panel, real-time PCR analyses for identical genes. Each gene expression
value was normalized to GAPDH. Boxes and bars represent mean and standard
error values of five gene expression experiments on precursor cell-enriched
cultures (left in (a)), relative to cultures enriched with neurons and astrocytes
(right in (a)). *P<0.001. (c) Western blot analyses for LIF and CNTF in HBSS
conditioned in precursor cell- (lane 2), differentiated cell-enriched cultures (lane
3) and negative control (unconditioned HBSS; lane 1). Proteins were extracted as
described in Materials and methods. The equivalent of 2ml HBSS media was
loaded per well. *0.1 ug recombinant LIF control. (d) Immunohistochemistry for
nestin (b, b’, b”; fluorescently stained) and LIF (c, ¢/, ¢”; stained with peroxidase
reaction with AEC substrate) with DAPI cell nucleus counterstaining (a, &', a”) in
the same microscopic fields of the E14 rat basal cortical germinal zone. Lower
panels, high-powered images in the white boxed areas. (@’ & b’ (a” & b"))
Merged image of nestin and DAPI staining. (b’ & ¢’ (b” & ¢”)) Nestin and LIF
staining. LIF is colocalized in nestin + cells (arrows). The arrowheads indicate
cells negative for nestin and LIF. Secondary antibody alone was uniformly
negative. LV, lateral ventricle. Scale bar, 20 um

Figure 1b). On the other hand, CNTF mRNA was 41.4 +4.2-
fold more abundant in differentiated cultures (n=35,
P<0.001). Using Western blot analyses, we directly esti-
mated the levels of LIF and CNTF in media conditioned in



cultures for bFGF-proliferated precursor cells and differen-
tiated cells (Figure 1c). Data obtained were consistent with
those from RT-PCR analyses. Similar gene expression
patterns for the ligands and receptor components of LIFR/
gp130 signaling were also observed in precursor cell cultures
isolated from E12 and E16 rat cortices (data not shown).
Double labeling for nestin and LIF in E14 cortical tissue
sections revealed that the two antigens were very closely
localized (Figure 1d). These findings collectively suggest that
LIF-mediated signaling is potentially activated in undifferen-
tiated embryonic cortical precursor cells.

Ligand-induced upregulation of receptor expression has
been demonstrated by a number of investigators.2°22
Expression patterns of the receptor components, gp130 and
LIFR, such as decreased levels in the differentiated condition,
are similar to those of the LIF ligand (Figure 1b), suggesting
that expression patterns of the LIF ligand and receptor
components are linked. As expected, treatment with recom-
binant LIF elicited increased levels of gp130 and LIFR mRNAs
in precursor cell cultures by 5.2+0.56- and 2.7 +0.75-fold,
respectively (n=5, P<0.001; Figure 2a), indicating ligand-
mediated stimulation of receptor expression in LIFR/gp130
signaling. LIF treatment additionally induced an increase in
the expression of gp130 proteins, as estimated by Western
blotting (Figure 2b).

LIF as a survival factor for neural precursor cells

To evaluate the role of LIF in the survival of cortical precursor
cells, E14 rat cortices were dissociated into single cells and
plated at the clonal densities 200—4000 cells/6 cm dish, either
in the presence or absence of exogenous LIF (the concentra-
tion of exogenous LIF employed was 20 ng/ml in all experi-
ments, unless otherwise specified) in bFGF-supplemented
N2. As described previously, cell survival was estimated by
directly counting viable cells or fluorescent DAPI staining at
16-24 h after cell plating (day in vitro 1: DIV 1) and clone
numbers at DIV 6. Cells underwent extensive death during the
first day of culture and only 0-0.3% cells plated were viable at
DIV 1. Over 98% of viable cells at DIV 1 were positive for
nestin.! At all the cell densities tested, the numbers of viable
nestin+ cells at DIV 1 were more than 7.5-fold greater in
cultures treated with LIF, compared to untreated cultures
(n=12experiments at each cell density, P<0.001; Figure 3a).
However, cell numbers in cultures treated with LIF at 2 h after
plating were not significantly different from control cultures
(997.2+54.9 in LIF-treated versus 968.1+41.9 in control
cultures plated at 2000 cells/6cm dish, n=6, P=0.626),
suggesting that treatment with this factor does not affect
plating efficiency. Since almost all cells at DIV 1 (except 2-5%
cells in clusters) were single and isolated,® the viable cell
number increase in LIF-treated cultures was not due to cell
proliferation. Single isolated cells proliferated to form cell
clusters (referred to as clones) as a result of the mitogenic
action of bFGF. Consistent with survival at DIV 1, clone
numbers of total cells plated (clone-forming units) at DIV 6
were at least eight-fold greater in cultures treated with LIF than
those in untreated control cultures (n=12, P<0.001;
Figure 3b). Supplementation of cultures plated at the clonal
densities with SCM markedly enhanced the survival of E14
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Figure 2 LIF ligand upregulates the expression of LIF receptor components. In
vitro-expanded E14 cortical precursor cells were plated at a low cell density
(8000 cells/em®) in N2 + bFGF, and further expanded for 3 days in the absence
or presence of exogenous LIF. (a) The mRNA levels of the receptor components,
gp130, LIFR and CNTFR, were analyzed after 3 days of bFGF proliferation by
semiquantitative and real-time PCR. The upper panel represents EtBr staining of
PCR products from samples without cDNA (lane 1), untreated control (lane 2)
and LIF (20 ng/ml)-treated cultures (lane 3). The lower graph depicts mRNA
expression of the receptor subunits in LIF-treated cells relative to those in
untreated cells, analyzed by real-time PCR. *Significantly different from untreated
control at P<0.001 (n=15 for all values). (b) Western blot analysis for gp130 in
control and LIF-treated cultures. Cells were cultured for 3 days, similar to (a),
except the duration of LIF treatment. Cells were treated with LIF for 6 h (lane 2) or
24 (lane 3), prior to harvesting for protein preparation. The data represent
immunoblots of six analyses from three independent experiments. The two
distinct bands present in the gp130 immunoblot represent fully processed (upper)
and precursor form (lower) of gp130 proteins®

cortical precursor cells." The SCM-mediated increase in
survival at DIV 1 and clone-forming unit were blocked by
anti-LIF blocking antibody (Figure 3a and b). These findings
conclusively suggest an effect on the survival of nestin+
cortical precursor cells. Consistently, lower numbers of
TUNEL + cells at DIV 2, 4 and 6 were observed in LIF-
treated cultures plated at 8000 cells/cm? (corresponding to
1.5 x 10%cells/6cm dish), compared to untreated control
cultures. The percentages of TUNEL+ cells were
48.3+4.7% in LIF-treated versus 81.1+5.9% in untreated
control at DIV 2 (n=20 for both values in four independent
experiments, P<0.001), 37.1+4.9% in LIF-treated versus
68.145.2% in control cultures at DIV 4 (n=20, P<0.001) and
25.2+3.9% in LIF-treated versus 33.9+4.3% in control
cultures at DIV 6 (n=20, P<0.05; Figure 3c).
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Figure 3 LIF as a survival factor for embryonic cortical precursor cells. Cells
acutely dissociated from rat embryonic cortices were plated at various cell
densities, and cultured in N2 with bFGF in the presence or absence of 20 ng/ml
recombinant LIF. In some experiments, cultures were supplemented with SCM
(see Materials and methods), and anti-LIF blocking antibody was added in the
SCM-supplemented cultures to determine whether LIF is responsible for the
SCM-mediated cell survival. (a) % viable cells at DIV 1. (b) Clone forming unit, %
clone number of total cells plated after 6 days of bFGF expansion. Each value
represents mean + S.E.M. of 12 independent experiments. In each experiment,
two to four plates of control and LIF-treated cultures were counted. *Significantly
different from untreated control at P<0.001; significantly different from SCM-
supplemented cultures at P<0.001. éc, d) TUNEL and BrdU incorporation
assays. Cells were plated at 8000/cm” in N2 +bFGF and TUNEL and BrdU
incorporation assays were performed at DIV 2, 4 and 6. *Significantly different
from control values at P<0.05; **significantly different from control values at
P<0.001. (e) Dose response of cell survival to LIF. Cells were plated at a density
of 2000 cells/6 cm dish in the presence or absence of 0.1-100 ng/ml LIF, and
viable cells were counted at DIV 1. The survival effect of LIF increased in
proportion to exogenous LIF concentrations up to 100 ng/ml (EDso = 14.07 ng/
ml). (f) Cell density effect on LIF-mediated survival. The data represent % survival
at DIV 1 in LIF-treated cultures relative to those in untreated control cultures
(n=3 for all values, *P<0.05 and **P<0.001)

Cell survival was proportional to exogenous LIF concentra-
tions up to 100 ng/ml, and reached a plateau in cultures plated
at 2000 cells/6 cm dish (EDsq value of LIF cell survival at DIV 1
was 14.07 ng/ml; Figure 3e). The survival effect of exogenous
LIF was less significant in cultures plated at higher cell
densities, and not significant at > 3.2 x 10* cells/cm?, suggest-
ing that cultures with high cell densities contain a sufficient
quantity of endogenous survival factors, including LIF. Conse-
quently, the effect of exogenous LIF was negligible (Figure 3f).

In contrast to bFGF and epidermal growth factor (EGF), LIF
alone did not promote proliferation of E14 cortical precursor
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cells. In the absence of bFGF and EGF, average clone sizes
(cell numbers assembled in a clone) at DIV 6 were 8.3+0.9
cells in cultures treated with LIF versus 8.0+1.2 cells in
untreated control cultures (n=24, P=0.793), and
667.4+28.7 cells in cultures treated with 15ng/ml bFGF.
LIF did not promote bFGF-induced proliferation of E14 cortical
precursors, as estimated by clone size at 6 days of expansion.
Average clone sizes were 645.7+23.6 cells in LIF +bFGF
treated and 706.5+28.2 cells in cultures treated with bFGF
alone (n=42 for each value, P=0.184). LIF also did not
support precursor cell proliferation induced by EGF, another
mitogen for neural precursor cells (data not shown). However,
increased bromodeoxyuridine (BrdU) incorporation was ob-
served at the early expansion period (DIV 2) in LIF-treated
cultures (40.24-2.2% of total cells were positive to BrdU in
cultures treated with LIF +bFGF versus 26.0+3.1% in
cultures treated with bFGF alone, n=12, P<0.001). In
contrast, BrdU incorporation in cells treated with LIF was not
significantly different at DIV 4 (56.0 +6.7 versus 48.2+0.9%,
n=12, P=0.052), and even less than that in untreated
cultures after 6 days of proliferation (64.5+9.2 versus
69.1+2.1%, n=9, P=0.056; Figure 3d).

Astrocytic differentiation of neural precursor cells
by LIF

To clarify whether LIF induces or inhibits astrocytic cell fate
determination and differentiation, precursor cells isolated from
E14 cortices were cultured under various conditions in the
presence or absence of LIF. Initially, cells dissociated from
cortical tissues were plated at 2.0 x 10* cells/cm?® and directly
induced to be differentiated in N2 for 2 days. None of the cells
were GFAP+, with the Tud1+ cell population being
78.4+6.5% in untreated control cultures, suggesting neuro-
genic potential of E14 cortical precursor cells. LIF treatment
generated GFAP+ cells (1.8+2.6% total cells) with a
significant decrease in Tud1+ cell population (72.2+6.4%,
P<0.05, n=15). Next, we evaluated LIF-mediated astrocytic
differentiation using clonal analysis. Cells acutely dissociated
from E14 cortices were clonally expanded with bFGF in the
presence or absence of LIF for 3 days prior to differentiation
by withdrawing bFGF. Consistent with results obtained from
directly differentiated cultures, most clones (unpassaged (P0)
clones) produced neurons only (neuron-only clone:
96.6+0.7%) and none contained GFAP + cells after 6 days
of differentiation in the absence of LIF. In contrast, 6.0% of
clones in the presence of LIF were positive for GFAP +
(neuron—astrocyte clone + astrocyte-only clone) as a result of
the reduction in neuron-only clones (89.9 +1.0%, significantly
different from the neuron-only clone in the untreated control at
P<0.001). Based on the theory that the neurogenic potential
of neural precursor cells is altered to multipotent and/or
gliogenic following extensive cell division,'® and therefore the
effect of LIF on cell fate switch could be more clearly observed
if clonal analysis is performed using cells that have undergone
several cycles in vitro, cells isolated from E14 cortices were
expanded to 70-80% confluency in vitro with bFGF, followed
by clonal analysis (Figure 4a). As expected, 25% of the clones
generated from cells expanded in vitro (passaged (P1) clones)



were positive for GFAP after 6 days of bFGF withdrawal.
Exposure of neural precursor cells to LIF during the expansion
period resulted in a significant increase in the astrocyte-only
clone number at the expense of neuron-only clones. The
percentage of astrocyte-only clones was 40.7 +9.2% of the
total clones in LIF-treated cultures versus 1.0+1.1% in
untreated control cultures (n=5, P<0.001), while the
neuron-only clone population was 19.1+1.0% in LIF-treated
versus 53.04+1.0% in untreated cultures (n=5, P<0.001;
Figure 4a). These results collectively suggest that LIF
instructively induces embryonic cortical precursor cells to
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Figure 4 LIF-mediated astrocytic differentiation. (a) Clonal analysis of
passaged (P1) culture. Cells from E14 cortices were expanded with bFGF.
The in vitro-expanded cells were dissociated into single cells and re-plated at a
density of 1000 cells/6 cm dish. Well-isolated single cells were marked and
proliferated with bFGF to form clones for 3 days in the presence or absence of
LIF. Phenotypes of clones were analyzed after 6 days of differentiation. (b) The
switch from neurogenic to astrogenic potential of cortical precursor cells during
long-term cell proliferation is facilitated by LIF. Proliferation of precursor cells from
E14 cortices was maintained in the presence or absence of LIF for a long culture
period with multiple cell passages. In parallel, each culture for passaged cells was
differentiated for 6 days and the differentiation potentials of passaged cells were
analyzed by immunostaining for GFAP and TuJ1. Passaged cultures are
designated ‘P’ along with the passage number. For example, P1 represents
culture after the first passage procedure. The lower panels display representative
fluorescence images of Tuj1-positive (green) and GFAP-positive (red) cells from
experiments described in (b). Al data are taken from three independent
experiments. Scale bar, 100 um. *P<0.001 versus untreated control, two-way
ANOVA
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differentiate into astrocytes. The LIF-induced switch of the
precursor cell fate into astrocytic lineage was further
confirmed in cultures maintained with long-term cell expan-
sion. As described above, embryonic cortical precursor cells
themselves secrete LIF. Thus, exogenous LIF effects are not
observed if cultures are confluent (Figure 3f). Cells disso-
ciated from E14 cortices were expanded with bFGF in the
presence or absence of LIF and passaged every 3 days to
maintain less than 30% cell confluency. In parallel, passaged
cells were expanded identically for 3 days, followed by
differentiation in N2 for 6 days. As described above, the
neurogenic potential of cortical precursor cells was normally
switched to astrocytic potential over continued proliferation
and passages in control cultures, estimated by immunocyto-
chemical analyses for TuJ1 and GFAP in differentiated
cultures (Figure 4b). Switching of the precursor cell fate to
astrocytes occurred much earlier in cultures maintained with
LIF. Specifically, in cultures passaged once (P1) and twice
(P2), 56.6+8.7 and 69.2+4.5% LIF-treated cells were
positive for GFAP upon differentiation, respectively, while
only 0.8+1.3 and 3.2+2.6% cells were positive for GFAP in
untreated cultures (Figure 4b).

Anincrease in cell number in LIF-treated cultures compared
to untreated cultures was observed for the first 6 days of bFGF
expansion (before the second passage procedure, during PO—
P1 cultures; Figure 5a). The number of TUNEL + cells in LIF-
treated cultures, compared to those in control cultures, was
significantly less during early expansion (PO-P1; Figure 5b).
However, the fold increase in cell number after the second
passage (P2-P5 cultures) was significantly less in cultures
maintained with LIF, compared to control cultures. Consis-
tently, a smaller proportion of LIF-treated cells were positive
for Ki67, an effective mitotic marker, in P2—P5 cultures
(Figure 5c).

GFAP + cells were not detected during early expansion
(PO-P4), but only detected after the fifth passage (P5
Figure 5d). In contrast, early appearance and greater
abundance of GFAP + cells was observed in expanded
cultures maintained with LIF (Figure 5d).

These findings collectively imply that LIF maintains self-
renewal of embryonic cortical precursor cells at the early
developmental stages, probably by enhanced cell survival,
but decreases the expandability in late neural precursor cells
that have undergone extensive division, probably by promot-
ing astrocytic fate determination.

LIF-induced survival and astrocytic differentiation
are differentially mediated depending on the
developmental stage of cortical precursor cells

To determine whether LIF-induced precursor cell survival and
astrocytic differentiation are dependent on the developmental
stage, neural precursor cells were isolated from E12-E16
cortices and cultured in the presence or absence of LIF. LIF
enhanced the survival of neural precursor cells isolated from
E12 and E14 cortices significantly, as estimated by the viable
cell number at DIV 1 (54.3+3.9% in LIF-treated versus
27.9+2.4% in control E12 cultures, 55.0+2.6 versus
38.3+4.1% in E14) (n=15 for each value, P<0.001;
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Figure 5 LIF effect on precursor cell maintenance. Cells from E14 cortices
were cultured as described in Figure 4b. (a) Fold increase in cell numbers, as
determined by the ratio of the cell number after 3 days of proliferation to the
number of cells plated in each passaged culture. %TUNEL + apoptotic cells (b)
and Ki67-expressing proliferating cells (¢) were determined at every 3 days of
expansion, right before each passage procedure, in cultures maintained with
multiple passages. The lower panel in (¢) shows representative images of Ki67
(red) and nestin (green) cells in control and LIF-treated cultures (PO and P5). (d)
Appearance of GFAP + cells during the in vitro expansion of cortical precursor
cells. Immunocytochemistry was performed after 3 days of expansion in each
passaged culture without subsequent differentiation steps. Scale bar, 20 um.
Significant differences from the respective control values were noted at *P<0.05
and **P<0.001

PO

P5

Figure 6a). On the other hand, viable cell numbers were not
significantly altered by LIF treatment in cultures for E16
cortical precursor cells (32.4 +4.2 versus 34.7 +1.9%, n=15,
P=0.347). Consistently, no significant differences in the
percentages of TUNEL + cells were observed in E16 cultures
upon LIF treatment, while TUNEL + cells were significantly
lower in LIF-treated E12 and E14 cultures, compared to
untreated cultures (TUNEL + cell percentages in LIF-treated
and untreated cultures were 45.6 +5.9 versus 73.2+3.4% in
E12, 44.94+4.6 versus 69.5+5.5% in E14, 68.74+2.4 versus
70.8+4.7% in E16 cultures; n=4, P<0.001 in cultures for
E12 and E14 cells; P=0.32 for E16 cells; Figure 6b). The
ineffectiveness of LIF on E16 precursor cell survival was
further confirmed by lactate dehydrogenase (LDH) release.
LDH release levels were 42.2+3.4% in LIF-treated versus
69.6+7.3% in untreated control E12 cultures (n=4,
P<0.001), 44.0+2.9 versus 60.3+5.5% in E14 cultures
(n=4, P<0.001) and 53.4+3.0 versus 56.6+2.2% in E16
cultures (n=4, P=0.516) (Figure 6c¢). Similarly, the numbers
of proliferating precursors (% BrdU + /nestin 4 cells) at DIV2
were significantly greater in LIF-treated E12 and E14 cultures,
but not E16 cultures (63.14+1.7% in LIF-treated versus
38.74+2.5% in untreated control E12 -cultures, n=12,
P<0.001; 41.1+2.1 versus 31.3+1.6% in E14 cultures,
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Figure 6 LIF-induced survival and proliferation depend on the developmental
stage of cortical precursor cells. (a) Viable cell number, (b) %TUNEL + cell
counting, (¢) %LDH and (d) % BrdU -+ cells. Acutely dissociated E12, E14 and
E16 cortical cells plated at 8000 cells'cm? were cultured in N2 + bFGF in the
presence or absence of LIF. Survival indices (a-c) were estimated at DIV 1 and
BrdU incorporation (d) at DIV 2. Results are presented as the mean+S.E.M.
percentage of DAPI 4+, TUNEL + and BrdU + cells in the total cell population,
and percent LDH released relative to total LDH in culture (n=15 from three
independent experiments, *P<0.001)

n=12, P<0.001; 33.84+1.7 versus 29.4+1.9% in E16
cultures, n=12, P=0.16; Figure 6d).

Next, we examined whether LIF-mediated astrocytic
differentiation is additionally dependent on the developmental
stage. Precursor cells from E12, E14 and E16 cortices were
directly differentiated for 2 days in N2 in the presence or
absence of LIF without the preceding bFGF expansion.
Compared to the untreated control, GFAP + astrocytic cell
numbers were significantly greater in LIF-treated cultures for
E14 and E16 cortical cells (none contained GFAP + cells in
the absence of LIF, while GFAP + cells were increased to
1.68+1.62 and 31.8+2.8% upon LIF treatment in the E14
and E16 cultures, respectively; Figure 7a). However, con-
sistent with previous results,>® E12 precursor cells did not
undergo LIF-mediated increase in GFAP + cell number. A
significantly greater number of cells in LIF-treated E14 and
E16 cultures were positive for A2B5, a marker specific for glial
progenitors®* (Figure 7b), suggesting that LIF directs the fate
of late neural precursors into astrocytic lineage, and does not
merely facilitate GFAP expression in neural precursors or
progenitors. On the other hand, no differences in A2B5 + cell
numbers in the LIF-treated and control cultures were
observed in E12 cultures. After 3 days of bFGF expansion,
A2BS5 cell populations were 54.1 +3.3% in LIF-treated versus
37.1+2.6% in untreated control E16 cultures (n=9,
P<0.001), 38.7+1.5 versus 27.3+1.6% in E14 cultures
(n=9, P<0.001) and 3.2+0.5 versus 3.1+0.2% in E12
cultures (n=9, P=0.633).

These findings collectively suggest that LIF has two
different actions on embryonic cortical precursor cells,
depending on the developmental stage of the precursor cells,
specifically, survival or maintenance at early brain develop-
ment and astrocytic differentiation at late development.
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Figure 7 Developmental age-dependent astrocytic differentiation. (a) % GFAP + or TuJ1 + cells. Cells from different embryonic ages (E12, E14 and E16) were
plated at 2 x 10* cells/cm? and were directly induced to differentiate for 2 days in N2 without the preceding bFGF expansion. The lower panel depicts the representative
images of Tuj1 (green) and GFAP (red) immunostaining in control and LIF-treated cultures. (b) % A2B5 cells. Cells plated at 8000 cells/cm? were cultured in N2 -+ bFGF
and immunostaining for A2B5, a surface molecule specific to glial progenitors, was performed after 3 days of expansion. Insets, DAPI nuclear staining of the same field.
Results are presented as the mean+ S.E.M. of % GFAP +, TuJ1+ and A2B5+ cells in the total cell population (n= 15 from three independent experiments,

*P<0.05 and **P<0.001). Scale bar, 20 um

Intracellular signal pathways mediated by LIF-
induced survival and astrocytic differentiation of
neural precursor cells

As documented previously,>7 LIF induced the phosphor-
ylation of STAT3, Akt and mitogen-activated protein kinase
(MAPK) proteins in E14 cortical precursor cell cultures
(Figure 8c), suggesting that Janus-activated kinase/signal
transducer and activator of transcription (JAK/STAT), phos-
phatidylinositol 3 kinase/Akt (PI3K/Akt) and MEK pathways
are the downstream transducers activated by LIF. To
elucidate the intracellular pathways responsible for the LIF-
mediated effects on survival and astrocytic differentiation of
cortical precursor cells, each pathway was blocked with
pharmacological inhibitors, such as the Jak family tyrosine
kinase inhibitor AG 490,%® the MEK inhibitor PD 98059%° and
the PI3K inhibitor LY 294002.%° LY 294002 (10 uM) and AG
490 (15 uM) significantly blocked LIF-mediated increase in
viable cell number at DIV 1 (2.35+0.15% decreased to
0.82+0.04 and 0.28 +0.07%, respectively, n=6, P<0.001,
ANOVA with Tukey post hoc analysis; Figure 8a). However,

PD 98059 (25 M) did not have an effect on LIF-mediated cell
survival (2.45+0.1%, n=6; ANOVA, P=0.442), although the
compound efficiently blocked LIF-induced phosphorylation of
MAPK (Figure 8c). These inhibitors did not significantly affect
cell survival in the absence of LIF at the concentrations tested
(data not shown).

LY 294002 and AG 490 markedly blocked LIF-induced
increase of astrocytic cells (the percentages of GFAP +
astrocytic cells: 47.0 +4.3% in cultures treated with LIF alone
versus 17.5+1.6% with LIF +LY 294002, and 12.74+1.9%
with LIF + AG 490, n=5, P<0.001, ANOVA with Tukey post
hoc analysis; Figure 8b). In contrast to ineffectiveness of the
MEK inhibitor on the LIF-induced survival, the percentage of
GFAP + astrocytic cells was significantly less in cultures
treated with LIF + PD 98059 (30.942.8%), compared to those
treated with LIF alone. Tud1+ neuron populations were
significantly greater in the cultures treated with each block-
er+LIF than with LIF alone (40.8+1.4% with LIF alone
versus 54.0+1.2% with LIF +LY 294002, 51.9+2.5% with
LIF +AG 490 and 51.8 +2.2% with PD 98059, n=5, P<0.05;
Figure 8b). These findings suggest that the MEK pathway is
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Figure 8 Intracellular pathways responsible for LIF-mediated precursor cell
survival (a) and astrocytic differentiation (b). (a) Percentage of viable cell number
at DIV 1. Cells isolated from E14 cortices were plated at a clonal density of
2000 cells/6 cm, cultured with LIF in the presence ( + ) or absence (—) of 25 uM
PD 98059, 10 M LY 294002 or 15 uM AG 490, and viable cells were counted at
DIV 1. **Significantly different from LIF-treated cultures without the blocker at
P<0.001, ANOVA with Tukey post hoc analysis, n= 6. (b) Effect of Stat3, Akt or
MAPK inhibition on LIF-mediated astrocytic dlfferentlatlon Acutely dissociated
precursor cells were plated at 8000 cells/em? and expanded for 3 days in the
presence (+ ) or absence (—) of LIF during the last 24 h of expansion with (+)
or without (—) the pharmacological inhibitors. After 6 days of differentiation,
astrocytes and neurons were estimated by assessing the number of GFAP and
Tuj1-immunoreactive cells. The lower panels depict fluorescence images of Tuj1-
positive (green) or GFAP-positive (red) cells from the experiments described in
(b). Scale bar, 20 um. *P<0.05 and **P<0.001, compared to LIF-treated
cultures, ANOVA with Tukey post hoc analysis, n=5 for all values. (¢) LIF-
induced activation of Stat3, Akt and MAPK. After 3 days of expansion, cultures
were preincubated in the presence ( + ) or absence (—) of inhibitors for 5 min and
either left untreated (—) or stimulated (4 ) with 20 ng/ml LIF for 30 min in the
continuous presence of inhibitors. Cells were lysed and protein extracts were
subjected to a Western blot analysis with anti-Stat3, anti-phospho-Stat3, anti-Akt,
anti-phospho-Akt, anti-MAPK and anti-phospho-MAPK antibodies. Western blot
results shown are typical examples from three independent experiments

specific for LIF-mediated astrocytic differentiation, whereas
JAK/STAT and PI3K/Akt are common pathways for LIF-
mediated survival and astrocytic differentiation of embryonic
cortical precursor cells.

Discussion
Activated LIF-mediated signaling in embryonic
neural precursor cells

In the present study, we demonstrate that LIF is an autocrine/
paracrine factor for the survival and astrocytic differentiation
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of embryonic cortical precursor cells. Compared to neuron-
and astrocyte-enriched cultures, LIF release (Figure 1c¢) and
gp130 and LIFR expression (Figure 1b) were abundant in
neural precursor cell-enriched cultures, suggesting that LIF-
mediated signaling is active in embryonic neural precursor
cells. These findings are consistent with previous studies that
show mRNA expression of LIF and its receptor components in
embryonic brain and cultures for neuroepithelium®' and
gp130 expression in the ventricular zone of E11-E15, which
decreased in the ventricular zone but increased at later
developmental stages in the subventricular zone in which the
neural precursor cell pool resides.'®

The regulation of receptor subunit expression by their
respective ligands in gp130 signaling is a controversial issue.
Following ligand binding, activated gp130 receptor-mediated
signaling is negatively regulated by degradation or reduced
cell-surface expression of the receptor subunits.32%% In
contrast, several recently published studies have demon-
strated enhanced synthesis of the gp130 receptor upon LIF
treatment.3*3® Consistently, treatment with exogenous LIF in
this study led to enhanced expression of its receptor
components in neural precursor cell-enriched cultures
(Figure 2). The increase in LIF receptor expression in
response to LIF is likely to be due to a direct stimulation of
receptor expression in individual cells. However, it could also
be a result of an increase in the proportion of undifferentiated
precursors to differentiated cells by LIF action on precursor
cell self-renewal, considering that LIF receptor mRNAs in
undifferentiated precursors are more abundant than differ-
entiated cultures (Figure 1b) and that the cultures do not
represent complete pure populations of undifferentiated
precursors.

LIF-mediated effects on cell survival and
astrocytic differentiation of embryonic cortical
precursor cells

In the present study, we show that the LIF-mediated signaling
is responsible for the survival of embryonic neural precursor
cells. However, earlier investigations'®'® reported gp130-
mediated proliferation of neural precursor cells instead of the
survival effect of LIF. Cell survival and proliferation mutually
affect each other, particularly if intimate cell—cell interactions
are established, such as the in vivo state or in vitro culture at
high cell densities. Thus a number of effects of growth factors,
originally interpreted as stimulation of proliferation, may be the
result of cell death inhibition. In the present situation, none of
the parameters available to date (e.g., total cell number,
BrdU +, Ki67 + cell count and TUNEL test) provided an
absolute indicator for these activities. The best way to
distinguish whether a cytokine has a survival or proliferation
effect is to design experimental conditions in which cell—cell
interactions are minimized. We evaluated LIF functions in
embryonic neural precursor cells using in vitro culture with
clonal cell densities at which interactions between cells
through soluble signals and/or direct cell-cell contacts were
minimized. LIF treatment significantly enhanced the survival
of cortical precursor cells for 1 day in cultures at the clonal cell
densities (Figure 3a), but the effect was minimized when the



number of cells was increased by seeding more cells, and no
longer significant at > 3.2 x 10*cells/cm? (Figure 3f). Thus,
previous studies demonstrating the ineffectiveness of gp130/
LIFR-mediated signaling on precursor cell survival at the in
vivo state or high-density culture system may be attributable
to the low interest in the cell-density effect.

BrdU incorporation and cell expandability significantly
increased in the early expansion period of E14 cortical
precursor cultures (Figures 3d and 5a). The increase of these
proliferation indices is likely to be attributable to the LIF-
mediated survival on proliferating precursors, as described
above. Previous studies report that gp130-mediated signals
promote neural progenitor cell re-entry into the stem cell cycle
without affecting the duration of the cycle.'®®® Thus re-
entering the cell cycle may be another possible mechanism for
LIF-mediated increase in BrdU + cells.

Another effect of LIF on astrocytic differentiation has been
demonstrated under various conditions, such as cultures for
embryonic cortical precursor cells with clonal cell densities,
directly differentiated conditions and cultures with long-term
cell expansion (Figures 4 and 5). We evaluated astrocytic
differentiation by the acquisition of GFAP expression in the
differentiated cultures. GFAP is generally a definite hall
marker for the cells on astrocytic lineage. Given that GFAP +
cells in the subventricular zone of the adult brain are
designated ‘adult neural stem’ or ‘precursor’ cells,” questions
have been raised whether GFAP-expressing cells in primary
cultures also have neural stem cell potentials. However, it
has been demonstrated that embryonic neural stem cells
do not express GFAP in vivo or in vitro, although the
predominant neural stem cells from adult brain express
GFAP .38 Consistently, GFAP was not colocalized in nestin +
cells in the cultures for cortical precursors isolated from
embryonic brain and GFAP expression was detected
only after the induction of precursor cell differentiation
(Figure 1a). We also addressed the detection of A2B5 + glial
progenitor cells in embryonic cortical precursor cultures.
A2B5 is a surface molecule specific to common glial
progenitors for astrocytes and oligodendrocytes. However,
oligodendrocytic differentiation is absent in embryonic brain
and rare in primary cultures for embryonic neural precursor.'®
Furthermore, it has been demonstrated that fetal brain-
derived A2B5+ cells give rise to mainly GFAP + astro-
cytes.3® These previous findings provide a rationale in
employing A2B5 for evaluating the acquisition of astrocytic
fate in embryonic neural precursor cultures. Astrocytic
differentiation, estimated by GFAP -+ cell number, was
enhanced in the presence of LIF with a reduction in the
number of differentiated TuJ1 + neurons produced (Figure 4).
Short-term administration of LIF at early differentiation period
(for 12 h at day 1 of differentiation) also effectively enhanced
the astrocytic differentiation, whereas the exposure of
the cells to LIF at day 6 of differentiation was not effective
in increasing GFAP+ cell number (data not shown).
These findings suggest that LIF does not merely induce
GFAP expression but instructs neural precursor cells to
progress to the astrocytic lineage. The LIF effect on astrocytic
fate determination was supported by the finding that A2B5 +
cell population was greater in LIF-treated E14 and E16 cortical
precursor cultures (Figure 7b).
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The LIF-mediated effect on cell survival was not observed in
late (E16) cortical precursor cells, whereas the compound
was ineffective in inducing the differentiation of early (E12)
cortical precursor cells into astrocytes. This suggests that
the LIF effect on the survival of embryonic neural precursor
cells is restricted to the early developmental stage, while
LIF has an effect on astrocytic differentiation only during
late development. These differential actions of LIF depending
on the developmental stage were also observed during
the in vitro expansion of precursor cells isolated from
E14 cortices. During the early period of in vitro cell expansion,
LIF enhances cell viability. Accordingly, the fold increase in
cell number was significantly greater in cultures treated with
LIF, compared with control cultures (Figure 5a and b).
However, if LIF is added during the late period of cell
expansion, survival is not significantly altered. In contrast to
the early period of expansion, the fold increase in LIF-treated
cultures was smaller to that with control cultures during
the late expansion period (Figure 5a). Due to the earlier
appearance and greater number of GFAP + cells during
the expansion period in LIF-treated cultures, the
decreased expandability is possibly attributable to the LIF
effect on directing precursor cell commitment into astrocytic
lineage.

Intracellular pathways of LIF-mediated neural
precursor cell survival and astrocytic
differentiation

Following ligand binding, the gp130-associated tyrosine
kinase, JAK, phosphorylates STAT proteins (mainly STAT3)
and the protein tyrosine phosphatase SHP-2.*° Phosphory-
lated STAT3 monomers are dimerized and translocated to the
nucleus where they bind specific DNA response elements in
target gene promoters.*' Phosphorylation of SHP-2 results in
activation of the MEK/MAPK and PI3K/Akt signaling path-
ways.2%27 Al these pathways have been implicated in
promoting cell survival to varying extents. Recent studies
demonstrate that JAK/STAT and PI3K/Akt act as important
intermediaries of cytokine-induced survival in motor neu-
rons*? and sensory neurons.*®* While MEK/MAPK signaling
plays an important neuroprotective role following axotomy,**
oxidative stress*® and exposure to various toxic stimuli,*6”
the pathway makes only a minimal contribution to neurotro-
phin-mediated neuronal survival.*84® Consistently, inhibition
experiments performed in this study showed that LIF-induced
neural precursor cell survival is mediated through activation of
the JAK/STAT and PI3K/Akt, but not MEK/MAPK pathway
(Figure 7a). Previous studies have shown that PI3K is the
most relevant pathway mediating the survival-promoting
effects of several trophic factors such as BDNF®° and
insulin.® Thus, JAK/STAT, an upstream activator of
PI3K,2%2% may be required for activating the PI3K pathway
in LIF-mediated precursor cell survival. However, there is
evidence for the induction of Bcl-X_ by a JAK-regulated
survival pathway that is independent of activation of PI3BK/Akt
signaling.® Thus, a PI3K-independent role of JAK/STAT
signaling in the survival of neural precursor cells cannot be
excluded.
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JAK/STAT is the major signal transducer mediating gp130/
LIFR-mediated signal to astrocytic differentiation.® The
MAPK pathway is required early in the astrocytic differentia-
tion process and positively coupled with JAK/STAT for
astrocytic differentiation in vitro.5* In addition, the involvement
of the PI3K/Akt pathway in CNTF-mediated astrocytic
differentiation has been discussed. The nuclear receptor co-
repressor (N-CoR), defined as a regulator of nuclear receptor-
mediated repression, controls the differentiation of neural
precursor cells into astrocytes.®® CNTF activates PI3K/Akt-
dependent phosphorylation of N-CoR and eventually causes
astrocytic differentiation via redistribution of N-CoR to the
cytoplasm. Consistent with these data, our inhibition studies
show that all the JAK/STAT, MAPK and PI3K/Akt pathways
are responsible for LIF-mediated astrocytic differentiation.

In conclusion, we reveal developmental stage-dependent
roles of LIF in cultures for embryonic cortical precursor cells,
which may partially explain how the embryonic brain regulates
the timed developmental sequences, maintenance and
differentiation of neural precursor cells.

Materials and Methods

Cell culture

Cells from rat embryonic cortices (gestation day 12, 14 or 16; day of
conception = day 0) were mechanically dissociated in Ca* - and Mg?* -
free Hank’s balanced salt solution (HBSS) and plated on fibronectin (1 g/
ml, Invitrogen, Carlsbad, CA, USA)-coated 6 cm culture dishes (featuring a
2mm grid on the cell growth surface; Corning, NY, USA) or 12 mm glass
coverslips (Bellco, Vineland, NJ, USA). Cell proliferation was induced with
bFGF (15ng/ml; R&D systems, Minneapolis, MN, USA) in serum-free
defined medium (N2).'® The mitogen was withdrawn in the medium to
promote differentiation. In some experiments, bFGF-expanded cells,
without direct induction of differentiation, were passaged by trypsinization
and re-plated onto freshly coated dishes or coverslips for subsequent
culture. For clonal analysis, dissociated cells were plated at 1000 cells/
6 cm dish. After 6 h of settling, well-isolated cells were marked with a 3 mm
circle marker (Nikon, Tokyo, Japan) on the bottom of the plate. Only cells
growing within the marked circles were analyzed as clones. SCM was
prepared as described previously” and in some experiments added to the
medium at a concentration of 50% (v/v). The following reagents were
added to cultures at the given concentrations: LIF (20 ng/ml, or for dose
response, 0.1-100 ng/ml; ESGRO™; Chemicon, Temecula, CA, USA),
anti-LIF blocking antibody (diluted to 1:1000; R&D systems), EGF (15 ng/
ml; R&D systems), PD 98059 (25 uM), AG 490 (15 uM) or LY 294002
(10 uM; Calbiochem, San Diego, CA, USA).

Immunostaining

Cultured cells or cryosectioned cortical slices were immunostained after
fixation with 4% paraformaldehyde/0.15% picric acid in PBS, except in the
case of A2B5 immunostaining. Cortical sections from the E14 rat brain
were prepared as described previously.® Primary antibodies and their
dilutions are as follows: nestin anti-rabbit, 1:50 (Martha Marvin and Ron
McKay, NIH, Bethesda, MD, USA), TuJ1 anti-rabbit, 1:2000 (Babco,
Richmond, CA, USA) and anti-mouse, 1:500 (Babco), GFAP anti-mouse,
1:100 (ICN Biochemicals, Costa Mesa, CA, USA), BrdU anti-rat, 1:100
(Accurate Chemical, Westbury, NY, USA), Ki67 anti-mouse, 1:200
(Novocastra Laboratories Ltd., Newcastle, UK) and anti-LIF anti-goat,
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1:1000 (R&D systems). Except LIF immunostaining, immunoreactive
cells were visualized using fluorescent-labeled secondary antibodies
(Jackson Immunoresearch Laboratories, West Grove, PA, USA).
Peroxidase staining was performed using a biotinylated secondary
antibody and Vectastain ABC peroxidase and AEC substrate kits for the
detection of LIF antibody (Vector Laboratories, Burlingame, CA, USA).
VECTASHIELD® with DAPI mounting medium was used for nuclear
counterstaining (Vector Laboratories). For A2B5 immunostaining, live cells
were incubated with an A2B5 antibody (1:200, anti-mouse, Chemicon),
and visualized with a Cy3-conjugated secondary antibody. Coverslips
were fixed and mounted for microscopic examination.

TUNEL, LDH and BrdU assay

The TUNEL assay was performed using an in situ cell death detection
POD kit (Roche Ltd., Basel, Switzerland), following the manufacturer's
protocol. Viability was additionally measured with the LDH assay. LDH
activity was measured with a Cytotox 96 nonradioactive cytotoxicity assay
kit (Promega, Madison, WI, USA) according to the manufacturer's
instructions. Results were expressed as a percentage of maximum LDH
release obtained on complete cell lysis following 1.0% Triton X-100
treatment. Fresh N2 medium was taken as the negative control (0%). Cells
were pulsed with 10 uM BrdU (Roche) for 1.5h before fixation.
Incorporation of BrdU was detected using anti-BrdU antibody (Accurate
Chemical), as described above.

Semiquantitative and real-time RT-PCR analysis

Total RNA was prepared with the Tri- reagent (MRC Inc., Cincinnati, OH,
USA) followed by cDNA synthesis using the Superscript Il kit (Invitrogen),
based on the manufacturer’s instructions. PCR was performed with Taq
polymerase using standard protocols. Primer sequences, annealing
temperature and MgCl, concentrations are as follows: CNTF receptor,
tatgcctgtttccacegtgac, attcgagagcetccacatget, 56°C, 1.5 mM; LIF receptor,
aggacgtcaattcaacagtcg, tttctigecaccacactgatg, 56°C, 1.5 mM; and gp130,
tgcctcaacttggattcaggt, tcacagtgecatettcttget, 56°C, 1.5mM. Primer se-
quences and PCR conditions for glyceraldehyde phosphate dehydrogen-
ase (GAPDH), CNTF and LIF are published in an earlier report.” Real-time
PCR was performed on the iCycler iQ™ (Bio-Rad, Hercules, CA, USA)
using SYBR Green (Molecular Probe, Inc., Eugene, OR, USA), according
to the manufacturer’s instructions. For the quantification of relative gene
expression, intercalated SYBR fluorescence was measured in real time
during the extension step. All gene expression values were normalized to
GAPDH.

Western blot analysis

Proteins secreted from cultured cells were collected in 4 ml HBSS for
12h.” Proteins were denatured by boiling in 2 x Laemmli buffer containing
10% f-mercaptoethanol, and electrophoresed on 10% SDS-polyacryla-
mide gels. The equivalent of 2 ml HBSS media was loaded per well. In the
cases of total cell lysates, 10 ug protein per each sample was
electrophoresed and transferred to a nitrocellulose membrane, which
was incubated in 5% bovine serum albumin to block nonspecific binding.
The blot was probed with an anti-LIF goat antibody (diluted to 1:2000;
R&D systems), anti-CNTF mouse antibody (1:300; Chemicon), anti-
gp130 rabbit antibody (1 : 200; SantaCruz Biotechnology, Inc., SantaCruz,
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7642-7653
Statistical analysis 19. Hatta T Moriyama K,INakashima K, T.aga T and O?ani H (2002) The role of
gp130 in cerebral cortical development: In vivo functional analysis in a mouse
Statistical comparisons were performed using SPSS software (version Exo Utero syprecursor. J. Neurosci. 22: 5516-5524
11.0; SPSS Inc., Chicago, IL, USA). One- or two-way ANOVA, followed by 20. Schooltink H, Schmitz-Van de Leur H, Heinrich PC and Rose-John S (1992)
Tukey post hoc comparison was applied where appropriate. All the results _Utp-rlegtf(lgtign ?jf dthe iniﬁr'e”ki”ﬁe'ﬂgnz 2t’a’|‘|3dl,‘:%i”893 Ir_)r(t’tteizn97(gng3302)6§y
: . interleukin-6 and dexamethasone in HepG2 cells. ett. 297: 263
are pregented as mean 4 S.E.M. and the null hypothesis was rejected on 21. Rumajogee P, Madeira A, Verge D, Hamon M and Miquel MC (2002) Up-
the basis of P<0.05. regulation of the neuronal serotoninergic phenotype in vitro: BDNF and cAMP
share TrkB-dependent mechanisms. J. Neurochem. 83: 1525-1528
22. Hayashi H, Ishisaki A and Imamura T (2003) Smad mediates BMP-2-induced
upregulation of FGF-evoked PC12 cell differentiation. FEBS Lett. 11: 30-34
Acknowledgements 23. Molne M, Studer L, Tabar V, Ting YT, Eiden MV and McKay RDG (2000) Early
This work was supported by NRL Grant M1-0318-00-0290 from the Korea cortical precursors do not undergo LIF-mediated astrocytic differentiation. J.
Institute of S&T Evaluation and Planning. Neurosci. Res. 59: 301-311 , _ _
24. Raff MC, Miller RH and Nobel N (1983) A glial progenitor cell that develops in
vitro into an astrocyte or oligodendrocyte depending on culture medium. Nature
303: 390-396
25. Fukada T, Hibi M, Yamanaka Y, Takahashi-Tezuka M, Fujitani Y, Yamaguchi T,
References Nakajima K and Hirano T (1996) Two signals are necessary for cell proliferation
) ) induced by a cytokine receptor gp130: involvement of STAT3 in anti-apoptosis.
1. Chang MY, Park CH and Lee SH (2003) Embryonic cortical stem cells secrete Immunity 5: 449-460
diffusible factors to enhance their survival. Neuroreport 14: 11911195 26. Chen RH, Chang MC, Su YH, Tsai YT and Kuo ML (1999) Interleukin-6 inhibits
2. Kilpatrick TJ, Richards LJ and Bartlett PF (1995) The regulation of neural transforming ~ growth  factor-beta-induced  apoptosis  through  the
precursor cells within the mammalian brain. Mol. Cell. Neurosci. 6: 2-15 phophatidylinositol 3-kinase/Akt and signal transducers and activators of
3. Sommer L and Rao M (2002) Neural stem cells and regulation of cell number. transcription 3 pathways. J. Biol. Chem. 274: 23013-23019
Prog. Neurobiol. 66: 1-18 ) 27. Kim H and Baumann H (1999) Dual signaling role of the protein tyrosine
4. Bayer SA and Altman J (1991) Neocortical Development. New York: phosphatase SHP-2 in regulating expression of acute phase plasma
Raven Press proteins by interleukin-6 cytokine receptors in hepatic cells. Mol. Cell. Biol.
5. Kilpatrick TJ and Bartlett PF (1993) Cloning and growth of multipotential neural 19: 5326-5338
precursors: requirements for proliferation and differentiation. Neuron 10: 28. Gazit A, Osherov N, Posner I, Yaish P, Poradosu E, Gilon C and Levitzki A
255-265 (1991)  Tyrphostins. 2. Heterocyclic ~ and  alpha-substituted
6. Taupin P, Ray J, Fischer WH, Suhr ST, Hakansson K, Grubb A and Gage FH benzylidenemalononitrile tyrphostins as potent inhibitors of EGF receptor and
(2000) FGF-2-responsive neural stem cell proliferation requires CCg, a novel ErbB2/neu tyrosine kinases. J. Med. Chem. 34: 1896-1907
autocrine/paracrine cofactor. Neuron 28: 385-397 29. Alessi DR, Cuenda A, Cohen P, Dudley DT and Saltiel AR (1995) PD 98059 is a
7. Chang MY, SonH, Lee YS and Lee SH (2003) Neurons and astrocytes secrete specific inhibitor of the activation of mitogen activated protein kinase kinase in
factors that cause stem cells to differentiate into neurons and astrocytes, vitro and in vivo. J. Biol. Chem. 270: 2748927494
respectively. Mol. Cell. Neurosci. 23: 414-426 30. Vlahos CJ, Matter WF, Hui KY and Brown RF (1994) A specific inhibitor of
8. Temple S and Davis AA (1994) Isolated rat cortical progenitor cells are phosphatidylinositol 3-kinase, 2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-
maintained in division in vitro by membrane-associated factors. Development one (LY 294002). J. Biol. Chem. 269: 5241-5248
120: 999-1008 31. Nakashima K, Yanagisawa M, Arakawa H and Taga T (1999) Astrocyte
9. Tsai RYL and McKay RDG (2000) Cell contact regulates fate choice by cortical differentiation mediated by LIF in cooperation with BMP2. FEBS Lett. 457:
stem cells. J. Neurosci. 20: 3725-3735 43-46
10. Qian X, Shen Q, Goderie SK, He W, Capela A, Davis AA and Temple S (2000) 32. Dittrich E, Haft CR, Muys L, Heinrich PC and Graeve L (1996) A di-leucine motif
Timing of CNS cell generation: a programmed sequence of neuron and glial cell and an upstream serine in the interleukin-6 (IL-6) signal transducer gp130
production from isolated murine cortical stem cells. Neuron 28: 69-80 mediate ligand-induced endocytosis and down-regulation of the IL-6 receptor.
11. Tumley AM and Bartlett PF (2000) Cytokines that signal through the leukemia J. Biol. Chem. 271: 5487-5494
inhibitory factor receptor-/3 complex in the nervous system. J. Neurochem. 74: 33. Gerhartz C, Dittrich E, Stoyan T, Rose-John S, Yasukawa K, Heirich PC and
889-899 Graeve L (1994) Biosynthesis and half-life of the interleukin-6 receptor and its
12. Murphy M, Dutton R, Koblar S, Cheema S and Bartlett P (1997) Cytokines signal transducer gp130. Eur. J. Biochem. 223: 265-274
which signal through the LIF receptor and their actions in the nervous system. 34. O'Brien CA and Manolagas SC (1997) Isolation and characterization of the
Prog. Neurobiol. 52: 355-378 human gp130 promoter. J. Biol. Chem. 272: 1500315010
13. Mi H and Barres BA (1999) Purification and characterization of astrocyte 35. Blanchard F, Wang Y, Kinzie E, Duplomb L, Godard A and Baumann H (2001)
precursor cells in the developing rat optic nerve. J. Neurosci. 19: 1049-1061 Oncostatin M regulates the synthesis and turnover of gp130, leukemia
14. Mayer M, Bhakoo K and Noble M (1994) Ciliary neurotrophic factor and inhibitory factor receptor , and oncostatin M receptor a by distinct mechanism.
leukemia inhibitory factor promote the generation, maturation and survival of J. Biol. Chem. 276: 47038-47045
oligodendrocytes in vitro. Development 120: 143-153 36. Bauer S, Rasika S, Jing Han, Mauduit C, Raccurt M, Morel G, Jourdan F,
15. Hughes SM, Lillien LE, Raff MC, Rohrer H and Sendtner M (1988) Ciliary Benahmed M, Moyse E and Patterson PH (2003) Leukemia inhibitory factor is a

neurotrophic factor induces type-2 astrocyte differentiation in culture. Nature
335: 70-73

key signal for injury-induced neurogenesis in the adult mouse olfactory
epithelium. J. Neurosci. 23: 1792-1803

Cell Death and Differentiation



npg)

LIF-mediated survival and differentiation of embryonic cortical precursor cells
M-Y Chang et al

996

37. Doetsch F, Caille I, Lim DA, Garcia-Verdugo JM and Alvarez-Buylla A (1999)

Subventricular zone astrocytes are neural stem cells in the adult mammalian
brain. Cell 97: 703-716

38. Imura T, Kornblum HI and Sofroniew MV (2003) The predominant neural stem

cell isolated from postnatal and adult forebrain but not early embryonic
forebrain expresses GFAP. J. Neurosci. 23: 28242832

39. Ruffini F, Blain M and Antel JP (2003) In: Comparison of in vitro properties of

adult and fetal human brain-derived glial progenitor cells. Meeting for the
Society for Neuroscience, November 2003

40. Rane SG and Reddy EP (2000) Janus kinase: components of multiple signaling

pathways. Oncogene 19: 5662-5679

41. Stahl N and Yancopoulos GD (1994) The tripartite CNTF receptor complex:

activation and signaling involves components shared with other cytokines. J.
Neurobiol. 25: 1454-1466

42. Dolcet X, Soler RM, Gould TW, Egea J, Oppenheim RW and Comella JX

(2001) Cytokine promote motor neuron survival through the Janus Kinase-
dependent activation of the phosphatidylinositol 3-kinase pathway. Mol. Cell.
Neurosci. 18: 619-631

43. Alonzi T, Middleton G, Wyatt S, Buchman V, Betz UAK, Muller W, Musiani P,

Poli V and Davies AM (2001) Role of STAT3 and PI 3-kinase/Akt in mediating
the survival actions of cytokines on sensory neurons. Mol. Cell. Neurosci. 18:
270-282

44. Shen S, Wiemelt AP, McMorris FA and Barres BA (1999) Retinal ganglion cells

lose trophic responsiveness after axotomy. Neuron 23: 285-295

45. Skaper SD, Floreani M, Negro A, Facci L and Giusti P (1998) Neurotrophins

rescue cerebellar granule neurons from oxidative stress-mediated apoptotic
death: selective involvement of phosphatidylinositol 3-kinase and the mitogen-
activated protein kinase pathway. J. Neurochem. 70: 1859-1868

46. Anderson CNG and Tolkovsky AM (1999) A role for MAPK/ERK in sympathetic

neuron survival: protection against a p53-dependent, JNK-independent
induction of apoptosis by cytosine arabinoside. J. Neurosci. 19: 664-673

Cell Death and Differentiation

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Hetman M, Kanning K, Cavanaugh JE and Xia Z (1999) Neuroprotection by
brain-derived neurotropic factor is mediated by extracellular signal-regulated
kinase and phosphatidylinositol 3-kinase. J. Biol. Chem. 274: 22569-22580
Bonni A, Brunet A, West A E, Datta SR, Takasu MA and Greenberg ME (1999)
Cell survival promoted by the Ras-MAPK signaling pathway by transcription-
dependent and -independent mechanisms. Science 286: 1358-1362

Atwal JK, Massie B, Miller FD and Kaplan DR (2000) The TrkB-Shc site signals
neuronal survival and local axon growth via MEK and PI3-kinase. Neuron 27:
265-277

Dolcet X, Egea J, Soler RM, Martin-Zanca D and Comella JX (1999) Activation
of phosphatidylinositol 3-kinase, but not extracellular-regulated kinases, is
necessary to mediate brain-derived neurotrophic factor-induced motoneuron
survival. J. Neurochem. 73: 521-531

Dudek H, Datta SR, Franke TF, Birnbaum MJ, Yao R, Cooper GM, Segal RA,
Kaplan DR and Greenberg ME (1997) Regulation of neuronal survival by the
serine-threonine protein kinase Akt. Science 275: 661-665

Packham G, White EL, Eischen CM, Yang H, Parganas E, lhle JN, Grillot DA,
Zambetti GP, Nunez G and Cleveland JL (1998) Selective regulation of Bel-xL
by a Jak kinase-dependent pathway is bypassed in murine hematopoietic
malignancies. Genes Dev. 12: 2475-2487

Bonni A, Yi S, Nadal-Vicens M, Bhatt A, Frank DA, Rozovsky I, Stahl N,
Yancopoulos GD and Greenberg ME (1997) Regulation of gliogenesis in the
central nervous system by the JAK/STAT signaling pathway. Science 278:
477-483

Rajan P and McKay RD (1998) Multiple routes to astrocytic differentiation in the
CNS. J. Neurosci. 18: 3620-3629

Hermanson O, Jepsen K and Rosenfeld MG (2002) N-CoR controls
differentiation of neural stem cells into astrocytes. Nature 419: 934-939
Sakakibara S, Nakamura Y, Satoh H and Okano H (2001) RNA-binding protein
Musashi2: developmentally regulated expression in neural precursor cells and
subpopulations of neurons in mammalian CNS. J. Neurosci. 21: 8091-8107



	Developmental stage-dependent self-regulation of embryonic cortical precursor cell survival and differentiation by leukemia inhibitory factor
	Introduction
	Results
	Embryonic cortical precursor cells release LIF and express its receptor subunits
	LIF as a survival factor for neural precursor cells
	Astrocytic differentiation of neural precursor cells by LIF
	LIF-induced survival and astrocytic differentiation are differentially mediated depending on the developmental stage of cortical precursor cells
	Intracellular signal pathways mediated by LIF-induced survival and astrocytic differentiation of neural precursor cells

	Discussion
	Activated LIF-mediated signaling in embryonic neural precursor cells
	LIF-mediated effects on cell survival and astrocytic differentiation of embryonic cortical precursor cells
	Intracellular pathways of LIF-mediated neural precursor cell survival and astrocytic differentiation

	Materials and Methods
	Cell culture
	Immunostaining
	TUNEL, LDH and BrdU assay
	Semiquantitative and real-time RT–PCR analysis
	Western blot analysis
	Statistical analysis

	Acknowledgements
	Note
	References


