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ABSTRACT. Gap junctional intercellular communications (GJIC) contributes to neural function in development and differentiation of CNS.
In this study, we have investigated the expression of GJIC during the differentiation of neuronal stem cells and 12-Ø-tetradecanoylphor-
bol-13-acetate (TPA)-induced neuronal stem cell-derived cells from rat brain.  During neuronal stem cell differentiation, expressions of
Cx43 and 32 were increased for the duration of 72 hr, however the effect were decreased on the 7d.  In the neuronal stem cell-derived
cells, pretreatments with p38 MAP kinase inhibitor, SB203580, and MEK inhibitor, PD98059, could protect GJIC against TPA-induced
inhibition of GJIC.  Our data suggest that GJIC plays an important role during neuronal stem cell differentiation, and ERK1/2 and p38
MAP kinase signaling pathway may be closely related functionally to regulate gap junction in rat neuronal stem cell-derived cells.
KEY WORDS: gap junctional intercellular communication, neuronal stem cell, PD98059 MEK inhibitor, rat, SB203580 p38 MAP kinase
inhibitor.
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Neuronal stem cells are able to differentiate into astro-
cytes, neurons, and oligodendrocytes [3, 10, 23], when
given the appropriate signals [2, 7].  During the stage where
the brain develops, gap junctional intercellular communica-
tion (GJIC) allows the diffusional exchange of ions and
metabolites for communication between neighboring cells
[8, 14, 20].  Connexin 32 and 43 were expressed in the neu-
rons of adult rat or mouse [15, 17], and Cx43 was the most
abundant gap junction protein in the CNS [4, 5].  However,
no study has yet been performed to the role of gap junctions
in rat neuronal stem cell differentiation.  In the present
study, we have examined protein expression of Cx43 and
Cx32 during the neuronal stem cell differentiation and
induction of Cx43 and Cx32.  This can be elicited in neu-
ronal stem cell-derived cells by treatment with 12-O-tet-
radecanoylphorbol-13-acetate (TPA) and this induction
showed that it can be prevented by the p38 MAP-Kinase
inhibitor SB203580 and the MEK inhibitor PD98059.

MATERIALS AND METHODS

Cell culture: Neuronal stem cells were prepared by cul-
turing cells from cerebrum of embryonic day 17 (E17) Spra-
gue-Dawley rat (Bio Genomics, Korea) fetus.  Briefly, fresh
cerebrums were dissociated in the presence of trypsin and
DNase I and planted on a Petri dish (Nunc, IL).  Cells were
seeded at a density of 1~5 × 106 cells/ml in a mixture (1:1)

of Dulbecco’s modified Eagle’s medium/Ham’s F12
(DMEM/F12; Gibco) replenished with 2% B27 (Gibco),
gentamycin (50 µg/ml), anti-PPLO (pleuro-pneumonia-like
organism) reagent (100 µg/ml), recombinant human basic
fibroblast growth factor (bFGF 20 ng/ml, Sigma), and epi-
dermal growth factor (10 ng/ml).

Scrape loading/ dye transfer (SL/DT) assay: Cells were
treated with TPA for 1 hr.  The GJIC assay was conducted at
non-cytotoxic dose levels of the samples, as determined by
the MTT assay.  Following incubation, the cells were
washed twice with 2 ml of PBS, Lucifer yellow was added
to the washed cells and three scrapes were made with a sur-
gical steel-bladed scalpel at low light intensities.  These
three scrapes were performed to ensure that the scrape tra-
versed a large group of confluent cells.  After a 3 min incu-
bation period the cells were washed with 10 ml of PBS and
then fixed with 2 ml of 4% formalin solution.  The distance
traveled by the dye in a direction perpendicular to the scrape
was observed with an inverted fluorescent microscope
(Olympus I × 70, Okaya, Japan).

Immunofluorescence staining: Cells were grown on eight
well Lab-Tek slide (Nunc).  Cells on the slide were fixed in
4% paraformaldehyde (in PBS, pH 7.2) for 30 min at room
temperature followed by 3 washes in PBS (pH 7.2).  Cells
were then permeabilized for 5 min in 0.3% Triton X-100.
Afterwards it was washed in PBS and blocked for 1 hr in
PBS containing 10% normal goat serum (NGS, Zymed).
After blocking, slides were incubated in anti-nestin mouse
monoclonal (IgG), anti-glial fibrillary acidic protein
(GFAP) rabbit polyclonal, and rabbit anti-neuron specific
enolase (NSE) diluted in PBS containing 1% NGS for 2 hr
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at room temperature.  Slides were then washed in PBS 3
times and incubated in TRITC goat anti-mouse and TRITC
goat anti-rabbit secondary antibodies for 1 hr at room tem-
perature.  Slides were washed 3 times in PBS and mounted
in Gelvatol (Lab vision, U.S.A.).  For control, primary anti-
bodies were omitted.

Western blot analysis: Proteins extracts (20 µg) were pre-
pared by 20% SDS solution containing 1 mM phenylmeth-
ylsulfonyl fluoride (a protease inhibitor), 10 mM
iodoacetoamide, 1 mM leupeptin, 1 mM antipain, 0.1 mM
sodium orthovanatate and 5 mM sodium fluoride.  Protein
content was determined using the DC assay kit (Bio-Rad,
CA), separated on 12% SDS-polyacrylamide gels, using a
standard SDS-PAGE protocol.  After electro-phoresis, the
gels were transferred onto nitrocellulose (Bio-Rad, CA).
After blocking with 5% skim milk in PBS containing 0.1%
Tween-20, membranes were incubated with mouse mono-
clonal anti-Cx43, anti-32 antibody (Chemicon, 1:1,000),
mouse monoclonal anti-p38 antibody (Santa Cruz, 1:200),
rabbit anti-active p38, anti-active MAPK antibody
(Promega, 1:1,000) and rabbit anti-Map kinase (Zymed.
1:2,000), followed anti-mouse or anti-rabbit IgG horserad-
ish peroxidase-linked antibody (Zymed, 1:2,000).  Bound
antibody was visualized using an ECL detection kit (Amer-
sham).

RESULTS

Neuronal stem cell formation and characterization:
Within 2 to 5 days of culture at 37°C with 5% CO2/95% air,
cerebrum-derived cells were proliferated and formed float-
ing neuronal stem cells (Fig. 1a).  All neuronal stem cells
were positive for nestin (Fig. 1b).  For in vitro differentia-
tion studies, the neuronal stem cells were dissociated and

plated on 8 well Lab-Tek slide (Nunc) filled with a differen-
tiation medium containing 5% fetal bovine serum instead of
bFGF and EGF.  In the differentiation medium, the neuronal
stem cells attached to the slide, showed a little immunoreac-
tivity for neuron specific enolase (NSE) (Fig. 1c), and glial
fibrillary acidic protein (GFAP) (Fig. 1d) until 72 hr.  How-
ever, over 72 hr, the neuronal stem cell-derived cells
showed almost immunoreactivity for GFAP (Fig. 1f and g).

Expression of GJIC during differentiation of rat neuronal
stem cells: For expression of GJIC via p38 MAP kinase and
MEK in the differentiation of neuronal stem cells, Cx43,
Cx32, p38, pp38, ERK1/2, and pERK1/2 were evaluated by
Western blot analysis.  As shown Fig. 2 the protein expres-
sion of Cx43, Cx32, and p38 were gradually increased up to
72 hr, whereas after 7 days, they were largely reduced.
However, phosphorylation of p38 was consistent after 24 hr,
while phosphorylation of ERK1/2 didn’t occur.  Total
ERK1/2 was expressed like a β-actin.

Expression of GJIC in neuronal stem cell-derived cells by
treatment with TPA: To determine the ability of neuronal
stem cell-derived cells to communicate through gap junc-
tions under TPA exposure, GJIC assay was performed by
Scrape Loading/Dye Transfer (SL/DT) assay.  Cells were
pretreated with MEK inhibitor PD98059 (40 µM) or p38
MAP kinase inhibitor SB203580 (8 µM) for 1 hr, followed
by treatment of TPA for 1 hr in the absence of serum.  As a
result of SL/DT assay, the results SB203580 and PD98059
could prevent the inhibition of GJIC induced by TPA.  It
dearly demonstrated by statistical evaluation the prevention
of GJIC induced by TPA (Fig. 3).  According to Fig. 4
shown, TPA brought about mobility of nonphosphorylated
(Cx43-NP) to the phosphorylated form (Cx43-P1).  How-
ever, when both inhibitors were given, NP band both inhib-
itors and recovered the proper place.  There were no changes

Fig. 1. Characterization of neuronal stem cell-derived cells from rat the ED17 brain. (a) Floating neuronal stem cells were cultured in
serum-free medium in the presence of bFGF and EGF. (b) The majority of neuronal stem cell cells show nestin immunostaining. After
bFGF and EGF withdrawal and exposure to serum-containing culture medium, neuronal stem cells differentiated into neural cells.
Some of these cells were positive for (c) NSE, (d) GFAP, (e) negative control for (c) and (d), (f) neuronal stem cell-derived cells differ-
entiated into GFAP+ cells mainly at 7 d. (g) Magnification of square in (f), (h) negative control for (g). Scale bars: 50 µm.
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of Cx32, p38, pp38, and total ERK1/2 protein level in the
TPA-induced cells pretreated with PD98059 or SB203580.
However, SB203580 and PD98059 contribute to reduce
TPA-induced ERK1/2 phosphorylation (Fig. 4).

DISCUSSION

Gap junctional intercellular communication (GJIC) has
been implicated in the homeostatic regulation of cell growth

and differentiation [9], and Cx43 of Cxs was expressed in
the CNS [16].  Here we investigated the relationship
between GJIC and MAPK pathway in neuronal stem cell
differentiation and neuronal stem cell derived cells with
treatment of TPA.  It indicated that Cx43, Cx32, and p38
were increased in the early time rather than terminal differ-
entiated, and phosphorylation of p38 is maintained continu-
ously from early differentiation of neuronal stem cells.
Harper et al. reported that p38 gets phosphorylated and acti-
vated in response to a variety of cellular stress stimuli [6].
Generally activation of p38 kinase is related to the stress
response, growth arrest and apoptosis [13].  However Roul-
ston et al. demonstrated that early p38 kinase not Mek sig-
naling pathways are necessary for cell survival in the
presence of TNF [19].  In this study, neuronal stem cells
showed potency to differentiate astrocyte, neuron, and oli-
godendrocyte as stem cell clusters.  In time course study,
neuronal stem cells differentiated into astrocytes mainly.
This suggests that activation of p38 might play an important
role to survival of astrocytes, and furthermore be related to
the expression of GJIC and p38 in the differentiated astro-
cytes from neuronal stem cells.

Next, we examined whether the modulation of GJIC can
be elicited in neuronal stem cell-derived cells by treatment
with TPA and to see if it also can be prevented by the MAP
kinase SB203580 and the MEK inhibitor PD98059 or not.
These results showed that Cx43 dephosphorylation and
pERK1/2 inactivation can be elicited in neuronal stem cell-
derived cell by treatment with TPA.  In our previous study,
ERK- and p38 MAP kinase inhibitors were found to prevent
the inhibition of GJIC induced by TPA and H2O2 [1, 9].
TPA has been reported to induce the inhibition of GJIC [11,
18], and the inhibition of GJIC by TPA which likely contrib-
utes to alterations of growth, differentiation, and apoptosis
[21].  Furthermore, differential regulation of Cx43 expres-

Fig. 2. Expression of Cx43, Cx32, p38, pp38, ERK1/2, and
pERK1/2 during differentiation of neuronal stem cells by
western blot analysis. This results in three species of
Cx43, which could be detected by Western blot (NP, P1,
P2). (NP is non-phosphorylated, and P1 and P2 are phos-
phorylated.) Total cellular protein extracts were prepared
and western blot analyses were performed with 20 µg pro-
tein using Cx43, Cx32, p38, pp38, ERK1/2, and pERK1/2
antibodies.

Fig. 3. Expression of gap junctional intercellular commu-
nication (GJIC) in neuronal stem cell-derived cells. Sta-
tistical evaluation of three independent experiments
revealed prevention of inhibition of GJIC induced by
TPA. GJIC was monitored by counting the cells stained
with Lucifer Yellow CH dye, using SL/DT assay. *,
P<0.05 versus stimuli TPA.

Fig. 4. Western blot analysis of Cx43, Cx32, pERK1/2,
total ERK1/2, p38, and pp38 protein expression. Non-
treated cells (lane 1). Cells were treated with 40 ng/ml
TPA only for 1 hr (lane 2) or pretreated with SB203580
or PD98059 only for 1 hr (lane 3). Cells were pretreated
with PD98059 (40 µM) of SB203580 (8 µM) prior to the
exposure TPA (40 ng/ml) (lane 4~6).
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sion is associated with important neurological disorders,
such as Alzheimer’s disease [12, 16].  Wang et al. reported
that inhibition of MEK/ERK1/2 pathway reduced pro-
inflammation during cerebral ischemia [22].

Taken together, our findings might be a first study to
demonstrate that 1) relationship of GJIC and p38 MAP
kinase during neuronal stem cell differentiation, and 2) the
role of GJIC via ERK1/2 in the neuronal stem cell-derived
cells by treated with TPA.  The potential of gap junction in
the differentiation would be help to increase understanding
of the differentiate process in the brain.
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