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Abstract
Thymosin beta 4 (Tβ4), a G-actin sequestering peptide, increases oligodendrogenesis and
improves functional outcome in models of neurological injury. The molecular mechanisms of Tβ4
mediated oligodendrogenesis are unclear. The p38 mitogen-activated protein kinase (p38MAPK)
regulates oligodendrocyte (OL) differentiation and myelin gene expression in other models.
Therefore, we investigated p38MAPK signaling pathways. We used primary rat neural progenitor
cells (NPCs) and a mouse oligodendrocyte progenitor cell (OPC) line (N20.1 cells) to investigate
the molecular mechanisms of Tβ4-enhanced oligodendrogenesis. NPCs were isolated from rat
subventricular zone (SVZ) of the lateral ventricles (n=12). Primary NPCs and N20.1 cells were
grown in the presence of 0, 25 and 50 ng/ml of Tβ4 (RegeneRx Biopharmaceuticals Inc,
Rockville, MD) for 14 days. Quantitative real-time PCR and Western blot data showed significant
induction of both expression and phosphorylation of p38MAPK with simultaneous inhibition of
phosphorylation of extracellular signal regulated kinase (ERK1), c-Jun N-terminal kinase 1
(JNK1), leading to reduction of phosphorylation of c-Jun, a potent negative regulator of
transcription of myelin genes. These effects were reversed with transfection of Tβ4siRNA. Our
data indicate that Tβ4 treatment induces OL differentiation by inducing p38MAPK with parallel
inactivation of ERK1 and JNK1, thus preventing the accumulation of phosphorylated c-Jun.
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Introduction
Thymosin β4 (Tβ4) is a regenerative 43-amino acid peptide with a molecular weight of
4964 Daltons (Goldstein et al. 2005). Tβ4's fundamental action is sequestration of G-actin
monomers which promote cell migration by inhibiting actin-cytoskeletal organization (Huff
et al. 2004; Safer et al. 1991; Sanders et al. 1992). Tβ4 has multiple additional biological
functions, including inhibiting inflammation and promoting regeneration in both dermal and
cardiac injury models (Bock-Marquette et al. 2004; Malinda et al. 1999; Smart et al. 2007).
In post-natal and adult murine cardiac myocardium models, Tβ4 regulated vasculogenesis,
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angiogenesis and arteriogenesis in part by mobilizing, recruiting and promoting the
differentiation of progenitor cells (Smart et al. 2007). Moreover, Tβ4 promoted
cardiomyocyte survival, improved cardiac function, and reduced scar formation after
myocardial infarction in adult mice (Bock-Marquette et al. 2004). Tβ4 may improve cardiac
function by increasing cardiomyocyte survival and stimulating epicardial progenitor cells to
differentiate into smooth muscle and endothelial cell types to repair damaged myocardium.

Tβ4 treatment improves functional neurological outcome in a rat model of embolic stroke, a
mouse model (EAE, experimental autoimmune encephalomyelitis) of multiple sclerosis and
a rat model of traumatic brain injury (Morris et al. 2010; Xiong et al. 2010; Zhang et al.
2009). A common observation in these neurological diseases is that Tβ4 targets axonal
repair by stimulation of oligoprogenitor cells (OPC) in the SVZ and in the intact white
matter. Tβ4 increased the number of mature oligodendrocytes (OLs) leading to an increase
in myelinated axons after injury, suggesting that Tβ4 enhances remyelination.
Remyelination occurs only from OPCs and not from surviving OLs or from mature
surviving OLs adjacent to the injured axons (Franklin 2002; Franklin and Ffrench-Constant
2008; Nait-Oumesmar et al. 2008). Mature OLs are for the most part, unable to migrate or
divide. Therefore, Tβ4 is hypothesized to improve neurological outcome by upregulation of
OPCs and subsequent axonal remyelination.

The mechanisms of Tβ4 mediated oligodendrogenesis are unclear, however, Chew et al,
recently demonstrated in embryonic day 20 rats that p38 mitogen-activated protein kinase
(p38MAPK) regulates OPC differentiation and myelin gene expression by suppressing
phosphorylated c-Jun activity as accumulation of phosphorylated c-Jun negatively regulates
the myelin gene promoter activity in OPCs (Chew et al. 2010). Moreover, p38MAPK
upregulation was observed to antagonize c-Jun-N-terminal kinase (JNK1) which
phosphorylates c-Jun and is associated with neuronal apoptosis. Following a similar
experimental design from Chew et al, (Chew et al. 2010), we hypothesize that Tβ4 treatment
upregulates p38MAPK with subsequent suppression of JNK1 activity and phosphorylated c-
Jun accumulation in a primary rat subventricular zone (SVZ) neural progenitor cell model,
and a mouse OL cell line (N20.1). We demonstrate that Tβ4 treatment induced expression of
markers of mature OL, myelin basic protein (MBP) and 2’, 3’-cyclic nucleotide 3’-
phosphodiesterase (CNPase) and upregulated p38MAPK activity with subsequent
suppression of extracellular signal-regulated kinase (ERK1) and JNK1 phosphorylation.
These data indicate that Tβ4 treatment induces OL differentiation by inducing p38MAPK
with parallel inactivation of ERK1 and JNK1, thus preventing the accumulation of
phosphorylated c-Jun.

Materials and Methods
All experimental procedures were approved by the Institutional Animal Care and Use
Committee of Henry Ford Hospital. Discomfort and the number of animals needed to
complete the study were minimized.

Preparation of SVZ cells and Tβ4 treatment
SVZ cells were dissociated from rat brains (n=12), as previously described (Zhang et al.
2004). The SVZ of the adult male rat brain was examined under a microscope (Olympus
BX40; Olympus Optical, Tokyo, Japan) and was surgically dissected. SVZ cells were
dissociated in DMEM medium containing 20 ng/mL of epidermal growth factor (EGF; R&D
system, Minneapolis, MN, USA) and basic fibroblast growth factor (bFGF). Three separate
cultures each containing SVZ cells from four rats were grown. The cells were plated at a
density of 104cells/cm2 in DMEM medium containing 20ng/mL of EGF and bFGF. The
generated neurospheres (primary spheres) were passed by mechanical dissociation and
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reseeded as single cells at a density of 104cells/cm2 in EGF-containing media. Passage 2 and
3 neurospheres were used in the present study. For the differentiation assay, the
neurospheres were grown in differentiating medium (DMEM medium containing 2% fetal
bovine serum (FBS)) for an additional 7 days (Liu et al. 2009). The cells (102cells/cm2)
were then incubated at 37 °C for 14 days with differentiating medium with 0, 25 or 50 ng/
mL of Tβ4 (RegeneRx Biopharmaceuticals Inc, Rockville, MD). The cell cultures were fed
with fresh differentiating medium (with and without Tβ4) every 2 days (Fig. 1).

Cell cultures and Tβ4 treatment for a premature mouse oligodendrocyte cell line (N20.1)
A premature mouse oligodendrocyte cell line (N20.1) was generously provided by Dr.
Anthony Campagnoni (University of California at Los Angeles). N20.1 cell line was
obtained from mouse primary cultures of OLs conditionally immortalized by transformation
with a temperature-sensitive large T-antigen. N20.1 cells are used to investigate cell
proliferation and differentiation, and they are useful models to study the cellular and
molecular mechanisms involved in the development, maturation and possibly formation of
myelin by OLs in the mammalian brain (Paez et al. 2004). N20.1 cells were grown in
Dulbecco's modified Eagle's medium/ F12 with 1% fetal bovine serum and G418 (100 μg/
ml) at 39°C, and then were divided into 3 groups: (a) regular cell culture medium for
control; (b) 25ng/ml Tβ4; (c) 50ng/ml Tβ4 (Fig. 1). The N20.1 cells (102cells/cm2) were
incubated in the presence of Tβ4 for 14 days (Fig. 1).

Immunochemistry
Single immunostaining was performed on N20.1 and SVZ cells fixed with 4%
paraformaldehyde. After blocking, a polyclonal antibody against CNPase (AVES, 1:200,
chicken) was incubated at room temperature for one hour, rinsed with PBS and then
incubated with FITC-conjugated f(ab)2 anti-chicken IgG secondary antibody for 60 minutes,
rinsed with PBS and air-dried. Cells were then counterstained with DAPI.

TUNEL assay and Trypan Blue exclusion method
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) stains were
performed by using the Apoptosis Detection Kit, ApopTag Peroxidase according to the
manufacturer's protocol (EMD Millipore, Billerica, MA, USA), as previously described
(Santra et al. 2006b). Briefly, the cells were fixed in 1% paraformadehyde for 10 minutes at
room temperature, washed in 2 changes of PBS for 5 min, quenched in 3.0% hydrogen
peroxide in PBS for 5 minutes at room temp, washed with PBS twice, equilibrate with
equilibration buffer followed by addition of dTd enzymes and incubated in a humidified
chamber at 37°C for 1h. The reaction was stopped by Stop solution, washed with PBS for
three times and incubated in a humidified chamber for 30 minutes at room temp with anti-
digoxigenin peroxidase conjugate. Color was developed after addition of diaminobenzidine
(DAB) peroxidase substrate.

To count viable cells in Trypan Blue exclusion method, the cell suspension was mixed 0.4%
Trypan Blue solution (Sigma, St Louis, MO, USA) in 1:1 ratio, placed in a hemacytometer
and counted the cells stained blue as non-viable or dead cells and the cells excluded blue
staining as viable or alive cells for three times for each sample.

Silencing of Tβ4 with siRNA transfection and treatment with PDGF and pharmaceutical
inhibitors of signaling molecules

For Tβ4 gene silencing, the SVZ and N20.1 cells the control and were treated with 50ng/ml
of Tβ4 for 14 days (Fig. 1) followed by transfection with empty vector as scramble control
and the vector containing Tβ4 siRNA expression cassette (Santa Cruz), using Lipofectamine
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2000 (Invitrogen) for 18 h, as previously described (Santra et al. 2006c). The medium was
replaced and cells were harvested after an additional 72 h, followed by quantitative real-time
PCR (QrtPCR) and Western blot analysis. The control and Tβ4 treated rat SVZ and N20.1
cells (14 days) that were additionally treated with human PDGF (10 ng/ml for 4.5 hours) and
kinas inhibitors were fed with fresh differentiating medium containing 0.5% FBS for 5 hours
just before the preparation of cell extracts for total RNA and protein analysis (Fig. 1). In
experiments using kinas inhibitors, the cells were pretreated with p38MAPK specific
inhibitor (SB 203580), ERK1 specific inhibitor (328006), JNK specific inhibitor II
(SP600125) (Calbiochem, San Diego, CA, USA) for 20–30 min before the addition of
PDGF in the medium (Fig. 1).

Quantitative real time PCR
Total RNA extraction and cDNA synthesis were performed, as previously described (Santra
et al. 2006a; Santra et al. 2006b; Santra et al. 2006c). The sequences for each primer are
listed in Table 1. SYBR green (Life Technologies, Grand Island, NY) QrtPCR amplification
was performed for 40 cycles in the following thermal profile: 95°C for 30 s, 60°C for 30s,
and 72°C for 45 s. After QrtPCR, dissociation curves and agarose gel electrophoresis were
performed to verify the quality of the QrtPCR products. There were no secondary products
in our data. Each sample was tested in triplicate and all values were normalized to GAPDH.
Values obtained from five independent experiments were analyzed relative to gene
expression data using the 2-ΔΔCT method (Livak and Schmittgen 2001).

Immunochemical procedures
Total protein extracts from the cells were prepared, as previously described (Santra et al.
2006c). The protein extracts were separated by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis for western blot analysis. Treatment with p38MAPK specific inhibitor (SB
203580), ERK1 specific inhibitor (328006), JNK specific inhibitor II (SP600125)
(Calbiochem, San Diego, CA, USA) at the dose of 1μM for 3 h were performed, as
previously described (Santra et al. 2006a). For Western blot analysis, goat antiserum for
MBP (1:1000; Dako, Carpinteria, CA), monoclonal antibodies (1:1000) for CNPase and
p38MAPK, phosphorylated p38MAPK, c-Jun, phosphorylated c-Jun (1:1000; Upstate,
Charlottesville, VA, USA), rabbit polyclonal antibodies for JNK1 and phosphorylated JNK1
(1: 2000; Promega Corporation) and mouse monoclonal β-actin (1: 1000–5000; Santa Cruz
Biotechnology) were used. Donkey anti-goat, anti-rabbit, and anti-mouse
horseradishperoxidase (1: 10,000; Jackson ImmunoResearch Labs, West Grove, PA, USA)
were used as secondary antibodies. Each experiment was repeated at least three times.

Statistical analysis
Comparison of data was performed in cell cultures with and without Tβ4. Ratio of Tβ4
versus control was calculated for each variable data including gene expression. One sample
t-test was used with estimation of the mean and its 95% confidence limits for all data.
Comparison of all variable data was considered to be significant if the mean and its 95%
lower bound CI were over 1.5; in the other hand, if the mean and its 95% upper bound CI
were less than 0.5. A value of p < 0.05 is considered as significant.

Results
Tβ4 treatment induces oligodendrocyte differentiation in OPCs (N20.1) and rat SVZ cells

As Tβ4 treatment increases oligodendrogenesis in models of neurological injury, we
analyzed expression of myelin genes, MBP and CNPase (i.e. markers of mature
oligodendrocytes) in N20.1 and rat primary SVZ neural progenitor cells after Tβ4 treatment
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by QrtPCR and Western blot analysis. Tβ4 treatment induced gene and protein expression of
MBP and CNPase in mouse N20.1 and primary neural progenitor cells in 25ng and 50ng /ml
doses of Tβ4 (Figures 2A and 2B). Because Tβ4's main action is to sequester G-actin, an
internal control comparing GAPDH to β-actin was performed in both cell systems. No
change was observed demonstrating that use of β-actin as a reference in Western blots is
valid (data not shown). Immunostaining of CNPase positive cells revealed that Tβ4
increased the number of CNPase positive cells which exhibited multi processes (Fig. 3A).
Collectively, these data demonstrate that Tβ4 treatment induces expression of myelin genes
MBP and CNPase both in N20.1 and primary neural progenitor cells, indicating that Tβ4
treatment increases OL differentiation.

To determine what proportion of the cells differentiated into OLs as opposed to cell fate of
other cell types, CNPase positive cells were quantified by counting after Tβ4 treatment in
mouse N20.1 and rat SVZ cells for 14 days (Fig. 3B). These data showed that when
compared to control, Tβ4 treatment significantly increased the number of CNPase cells from
~40% to ~80%. After Tβ4siRNA transfection in both mouse N20.1 and rat SVZ cells, the
numbers of CNPase cells were reduced by at least half when compared to control (Fig. 3B).

Tβ4 treatment has no effect on neuroblast and astrocyte differentiation in rat SVZ cells
The primary SVZ neural progenitor cells differentiate into OPCs, neuroblasts and astrocytes
under normal physiological condition (Hermann et al. 2009; Menn et al. 2006; Sanai et al.
2005). QrtPCR and Western blot analysis revealed that Tβ4 treatment had no significant
effect on expression of astrocyte marker- GFAP and neuroblast marker- doublecortin (DCX)
in SVZ cells (Fig. 4A and 4B). These data indicate that Tβ4 treatment does not affect
astrocyte and neuroblast differentiation in SVZ cells in culture.

Effect of Tβ4 treatment on apoptosis in N20.1 and rat SVZ cells
To determine the effect of Tβ4 treatment on apoptosis in cell culture, TUNEL assay was
performed after the treatment with 50ng Tβ4/ml in mouse N20.1 and rat SVZ cells.
Apoptotic cells were quantified by positive and negative cells for TUNEL staining in mouse
N20.1 and rat SVZ cells. These data showed that Tβ4 treatment significantly reduced
apoptosis in N20.1 and rat SVZ cells (Fig. 5 and 6A). Using the Trypan Blue exclusion
method to determine the number of total viable and non-viable (dead) cells after Tβ4
treatment in N20.1 and rat SVZ cells, we found that there was no significant difference
between total numbers of viable cells/mm2 after Tβ4 treatment (Fig. 6B). In contrast, total
number of non-viable (dead) cells/mm2 was significantly reduced after Tβ4 treatment
indicating consistency with TUNEL assay (Fig. 6B).

Effect of Tβ4 treatment on p38MAPK in N20.1 and rat SVZ cells
Many extracellular and intrinsic factors regulate OL development, but their signaling
pathways remain poorly understood. The p38MAPK-dependent pathway is implicated in OL
differentiation (Baron et al. 2000). We therefore investigated the effect of Tβ4 treatment on
p38MAPK expression and activity in N20.1 and rat SVZ neural progenitor cells. These cells
were treated with Tβ4 (25 and 50 ng/ml) for 2 weeks followed by QrtPCR and Western blot
analysis. These data showed that Tβ4 treatment at both doses significantly induced
p38MAPK expression in mRNA and protein levels in N20.1 and SVZ cells (Fig. 7A, B).
Phosphorylation/activity of p38MAPK was also increased in mouse N20.1 and rat SVZ cells
after the treatment (Fig. 7B). Tβ4siRNA transfection reversed the effect of Tβ4 on induction
of expression and activity of p38MAPK.
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Inhibition of ERK1 activity in rat SVZ and N20.1 cells after Tβ4 treatment
The antagonistic effects between p38MAPK and ERK1 have been demonstrated in mitosis
and tumorigenesis (Aguirre-Ghiso et al. 2003; Chao and Yang 2001). We investigated the
effect of Tβ4 treatment on ERK1 activity in OL differentiation in mouse N20.1 and rat SVZ
neural progenitor cells. These cells were treated with Tβ4 (25 and 50 ng/ml) for 2 weeks
followed by QrtPCR and Western blot analysis. The activity/phosphorylation of ERK1 (p-
ERK1) was significantly reduced in mouse N20.1 and rat SVZ neural progenitor cells in
25ng and 50ng /ml doses of Tβ4 (Fig. 7B). Tβ4siRNA transfection reversed the effect of
Tβ4 on reduction of activity of p-ERK1. These data indicate that Tβ4 inactivates pERK1
expression.

Downregulation of JNK1 in mouse N20.1 and rat SVZ cells after Tβ4 treatment
JNK1 phosphorylates c-Jun which binds to the MBP promoter and inhibits myelin gene
expression (Parkinson et al. 2008). We investigated the effect of Tβ4 treatment on JNK1
activity in OL differentiation in rat SVZ neural progenitor cells and mouse N20.1 cells.
These cells were treated with Tβ4 (25 and 50 ng/ml) for 2 weeks followed by QrtPCR and
Western blot analysis. The Tβ4 treatment inhibited expression of JNK1 mRNA and protein
levels (Fig. 8A, B) as well as phosphorylated JNK1 in a dose dependent manner (Fig. 8B).
Tβ4siRNA transfection reverses this effect of Tβ4 treatment on inhibition of both
expression and phosphorylation of JNK1 (Fig. 8A, B). These data indicate that Tβ4
treatment specifically inhibits JNK1 activity.

Tβ4 treatment prevents accumulation of c-Jun in mouse N20.1 and rat SVZ cells
We investigated the effect of Tβ4 treatment on expression and activity of c-Jun in N20.1 and
rat SVZ neural progenitor cells. These cells were treated with Tβ4 (25 and 50 ng/ml) for 2
weeks followed b y QrtPCR and Western blot analysis. Tβ4 treatment inhibited both
expression of c-Jun and phosphorylated c-Jun in 25ng and 50ng /ml doses of Tβ4 (Fig. 9A,
B). Tβ4siRNA transfection neutralized the effect of Tβ4 on suppression of expression and
phosphorylation of c-Jun (Fig. 9A, B). These data indicate that Tβ4 treatment specifically
downregulates expression and activation of c-Jun in rat SVZ neural progenitor cells and
mouse N20.1 cells. Among the mitogenic signaling proteins, phosphorylated c-Jun directly
binds to the both promoters of MBP and CNPase, acts as a repressor and negatively
regulates expression of MBP and CNPase (Parkinson et al. 2008). These data indicate that
Tβ4 treatment inactivates c-Jun.

Effect of PDGF on Tβ4 treated mouse N20.1 and rat SVZ cells
As PDGF influences the phosphorylation of MAPKs e.g. p38MAPK, ERK1 and JNK1
(Chew et al. 2010), we therefore investigated the specific effect of TB4 on PDGF-induced
phosphorylation/activation of p38MAPK, ERK1 and JNK1. To determine specificity on
phosphorylation/activation of these MAPKs, the specific pharmacological inhibitors which
specifically inhibit phosphorylation/activation of p38MAPK, ERK1 and JNK1 were
employed in rat SVZ cells and mouse N20.1 cells. PDGF treatment induced
phosphorylation/activation of ERK1 in untreated cells in control rat SVZ neural progenitor
cells and mouse N20.1 cells (Fig. 10, 11). In contrast, PDGF failed to reverse the inhibitory
effect of Tβ4 on phosphorylation of ERK1 and JNK1 in rat SVZ neural progenitor cells and
mouse N20.1 cells (Fig. 10, 11). These data suggest that Tβ4 treatment blocks the PDGFRα/
ERK1 signaling pathway. Under basal conditions, PDGF acutely induced the
phosphorylation of ERK1, p38MAPK, JNK and c-Jun in rat SVZ neural progenitor cells and
mouse N20.1 cells (Fig. 10, 11). Expression of p38 MAPK was vastly increased when Tβ4
was added to the PDGF treated cells. PDGF failed to reverse the inhibitory effect of Tβ4 on
phosphorylation of ERK1, JNK1 and c-Jun in rat SVZ neural progenitor cells and mouse
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N20.1 cells (Fig. 10, 11). Addition of the specific inhibitor of p38MAPK had no effect on
phosphorylation of ERK1, JNK1 and c-Jun after Tβ4 treatment in N20.1 and rat SVZ neural
progenitor cells (Fig. 10). In the same fashion, specific inhibition of ERK1 showed
significant down-regulation of phosphorylation of ERK1, JNK1 and c-Jun after Tβ4
treatment (Fig. 11). Finally, inhibition of JNK1 demonstrated no expression of
phosphorylated c-Jun in Tβ4 treated cells (Fig. 12). These data indicate that Tβ4 treatment
has a direct effect on phosphorylation of ERK1, JNK1 and C-Jun in N20.1 and rat SVZ
neural progenitor cells.

Discussion
The present study demonstrates that Tβ4 enhanced generation of mature OLs in cultured
primary SVZ neural progenitor cells and an OPC line and that activation of p38MAPK with
a subsequent decrease in phosphorylation of ERK1, JNK1, and c-Jun by Tβ4 contributed to
Tβ4-increased OLs. These data provide new insights into the signaling pathways that
mediate Tβ4-enhanced OL differentiation. In adult rodent brain, SVZ neural progenitor cells
and parenchymal OPCs in white matter contribute to oligodendrogenesis (Nicolay et al.
2007; Sim et al. 2002; Tanaka et al. 2003). We previously demonstrated that both cell
populations contribute to oligodendrogenesis after brain injury and that Tβ4 promotes
oligodendrogenesis (Morris et al. 2010; Xiong et al. 2010; Zhang et al. 2009). We therefore
employed SVZ neural progenitor cells and an OPC line to investigate molecular
mechanisms underlying Tβ4 enhanced oligodendrogenesis. Consistent with earlier
observations of increased numbers of OPCs and OLs in damaged brain tissue in animal
models of neurological injury (Morris et al. 2010; Xiong et al. 2010; Zhang et al. 2009), Tβ4
treatment increased protein levels of MBP and CNPase in both cultured cells, as well as
augmented CNPase positive cells suggesting that Tβ4 promotes OPC differentiation. More
importantly, Tβ4 treatment induced activation of p38MAPK, whereas blockage of
p38MAPK with a pharmacological inhibitor suppressed Tβ4-elevated MBP and CNPase. In
addition, attenuation of endogenous Tβ4 by siRNA downregulated p38MAPK levels. The
p38MAPK is involved in a plethora of cellular functions, most notably, cell migration,
proliferation and differentiation (Cargnello and Roux 2011; Cuadrado and Nebreda 2010).
Baron et al first demonstrated that p38MAPK is necessary for OL differentiation (Baron et
al. 2000). Subsequently, p38MAPK was observed to be involved in myelination of cultured
Schwann cells and OPCs (Fragoso et al. 2007; Haines et al. 2008) and was colocalized with
CNPase in mouse myelin-sheath (Maruyama et al.). The cause-effect of p38MAPK in
mediating OL differentiation has been recently demonstrated (Chew et al. 2010). Together
with our data, the present study indicates that the p38MAPK pathway regulates
oligodendrogenesis induced by either exogenous or endogenous Tβ4.

Adult SVZ neural progenitor cells in the rodent differentiate into OPCs, neuroblasts and
astrocytes (Hermann et al. 2009; Menn et al. 2006; Sanai et al. 2005). Our data indicate that
Tβ4 specifically promotes differentiation of SVZ neural progenitor cells into OL because
Tβ4 did not significantly alter populations of neuroblasts and GFAP positive astrocytes in
the neural progenitor cells. Consistent with our results showing that 80% of Tβ4 treated cells
were CNPase positive, Cavaliere et al demonstrated a similar observation of glutamate
induced OL differentiation of rat SVZ cells showing 72% O4 positive SVZ cells (Cavaliere
et al. 2012).

Tβ4 reduces apoptosis in cardiac and cornea injury models (Bock-Marquette et al. 2004;
Smart et al. 2007; Sosne et al. 2007). Consistent with these observations, our data showed
that Tβ4 treatment induced cell survival by inhibiting apoptosis in N20.1 and SVZ cells.
Although Tβ4 treatment reduced apoptosis, the numbers of total viable cells in control and
Tβ4 treated cells remained similar. Apoptosis in control cells may be balanced by
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proliferation resulting in statistically similar number of viable cells. However, the total
number of non-viable (dead) cells/mm2 was significantly reduced after Tβ4 treatment
supporting the observation of reduced apoptosis. As a result, our data show statistically
similar numbers of total viable cells in control and Tβ4 treated cells supporting the primary
effect of Tβ4 treatment on OL differentiation in cell culture model system for N20.1 and
SVZ cells.

Exogenously administered Tβ4 internalizes into the cells and protects corneal epithelial cells
against both apoptotic extrinsic and intrinsic death-signaling pathways (Ho et al. 2007).
However, the mechanism of internalization of Tβ4 into the cells is not known, e.g., whether
it is passive diffusion or receptor mediated. Ku80 and ATP-responsive purinergic receptor
P2X4 are reported as possible receptors for Tβ4, but are not involved in internalization of
Tβ4 into the cells (Bednarek et al. 2008; Freeman et al. 2011; Ho et al. 2007). Ku80 induces
intracellular activity of Tβ4 while the ATP-responsive purinergic receptor P2X4 mediates
Tβ4-induced HUVEC migration (Freeman et al. 2011). One dominant mechanism through
which Tβ4 induces survival of human circulating endothelial progenitor cells is p38MAPK
indicating a relevant link between Tβ4 and p38MAPK (Freeman et al. 2011; Zhao et al.
2011). These data together with our results, suggest that Tβ4 exerts its effects from extra-
cellular to intracellular via p38MAPK signaling pathways.

The robust activation of p38MAPK in these cell culture models by Tβ4 demonstrates an
important signaling mechanism that is observed in cell survival and differentiation.
Activation of p38MAPK is commonly observed when cells are placed in a stressful
environment (Cuadrado and Nebreda 2010). Cells can rapidly respond to stress using
p38MAPK signaling as the process of activation through phosphorylation and
dephosphorylation, can elicit a quick response to the stressor. This system was first observed
in the immune system (Lee et al. 1994) and this present study suggests that treatment with
Tβ4 may enable progenitor cells in the nervous system to quickly respond to neurological
injury. There are five subfamilies of MAPKs e.g. ERK1/2 (ERK1 and ERK2), JNKs, p38
kinases, ERK3/4 (ERK3 and ERK4) and ERK5 in mammals (Roux and Blenis 2004). Each
MAPK pathway contains a three tiered kinase cascade comprising a MAPKKK/MAPKK/
MAPK (Davis 2000; Kyriakis and Avruch 2001) MAPKKs are specific for activation of p38
kinases, JNKs and ERKs. MAPKK3/6 phosphorylate p38 kinases and MAPKKs
(MAPKK4/7) phosphorylate JNKs (Davis 2000; Kyriakis and Avruch 2001). In contrast,
ERK1 and ERK2 are activated by MAPKK1/2. These activated kinases are translocated into
the nucleus which in turn activate their specific transcription factors with subsequent trans-
activation of their target genes (Davis 2000; Kyriakis and Avruch 2001) One of the targets is
driven by MAPKKKs/MAPKK3/6/p38 is MBP, indicating the involvement of p38 in OL
differentiation, as previously reported by Chew et al. (Chew et al. 2010). In contrast,
phosphorylated JNK upon activation induces c-Jun and AP-1 trans-activation function
leading to proliferation in normal and cancer cells (Hui et al. 2007). Tβ4 induced activation
of p38MAPK, therefore, provides a basic mechanism of oligodengenesis providing a
foundation of knowledge at both the biochemical and pre-clinical level.

Our experiments show that Tβ4 treatment induced p38MAPK, suppressing ERK1 and JNK
activity and preventing accumulation of phosphorylated c-Jun which negatively regulates
myelin gene promoter activity in OPCs. As a result, we suggest that the myelin gene
promoters of MBP and CNPase are activated and transcribed. Our data are also consistent
with other studies which suggest that myelination is inhibited after upregulation and
activation of JNK1 and subsequent of phosphorylation of c-jun (Jessen and Mirsky 2008;
Parkinson et al. 2008). Moreover, our data showed that Tβ4 treatment inhibited the activity
of ERK1 which may suppress myelin synthesis (Jessen and Mirsky 2008). The inhibitors of
p38MAPK down-regulate the dual specific MAPK phosphatase- MKP3/DUSP3, which
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dephosphorylates ERK1 (Kim et al. 2003). As a result, ERK1 is activated after p38MAPK
inhibition. Specific inhibition of p38MAPK with SB203580 had no effect on
phosphorylation of ERK1, JNK and c-Jun after Tβ4 treatment. Alternatively, the addition of
PDGF, which stimulates phosphorylation of multiple kinases, activated the phosphorylation
of ERK1, p38MAPK, JNK and c-Jun. However, addition of Tβ4 to the PDGF treated cells
demonstrated an enormous expression of p38 MAPK with simultaneous inhibition of the
phosphorylation effect of PDGF on ERK1, JNK1 and c-Jun. Therefore, this observation
suggests that the increase of expression of p38 is due totally to Tβ4 and not a synergistic
effect with PDGF. It is important to mention that PDGF signaling may also affect many
other non-p38 pathways.

The PDGFRα has pleiotropic effects in OLs (Andrae et al. 2008). PDGFRα mediates both
Src and PI3K as critical signaling mediators for OPC proliferation (Klinghoffer et al. 2002).
In addition to proliferation of OPCs, PDGF also induces OPC survival via JAK/STAT
signaling pathway (Dell'Albani et al. 1998). Regardless of the specific pathway involved,
upregulation of MBP and CNPase after Tβ4 treatment in rat SVZ neural progenitor cells and
mouse N20.1 cells suggests that Tβ4 is involved in OL differentiation. These findings are
consistent with earlier observations of increased numbers of OPCs and OL in damaged brain
tissue in animal models of neurological injury (Morris et al. 2010; Xiong et al. 2010; Zhang
et al. 2009).

The composition of the protein complex that binds to myelin gene promoter is unknown.
The consensus sequence (TGACTTA) of AP1-like region of myelin gene promoter where
the protein complex binds, overlaps with TRE site (TGACTCA) specific for binding of Jun-
Fos protein complex (Chew et al. 2010). As a result, an unknown protein complex may
compete with Jun-Fos protein complex for binding to AP1-like region of myelin gene
promoter. When phosphorylated c-Jun is down-regulated after Tβ4 treatment, we speculate
that the unknown protein complex may bind to AP1-like region of myelin gene promoter
and may induce myelin gene transcription in rat SVZ and mouse N20.1 cells. In addition,
Ras mitogenic signaling is required for activation of Fos and Jun via JNK1 and ERK1
signaling pathways (Clark et al. 1997; Westwick et al. 1994). However, Ras activity is
inhibited by activation of p38MAPK (Bulavin et al. 2004; Qi et al. 2004). Therefore, we
speculate that activation of p38 MAPK inhibits Ras with subsequent inhibition of expression
and activation of ERK1 and JNK1 after Tβ4 treatment. As a result, myelin gene promoter
becomes assessable and transcribes myelin gene after Tβ4 treatment. Further investigation is
required to find this unknown protein complex that may bind to AP1-like region of myelin
gene promoter.

Tβ4 is ubiquitously expressed and naturally present in many tissues (Crockford 2007).
Blood platelets, neutrophils, macrophages, and other lymphoid tissues express Tβ4 which is
released after injury to protect cells and tissues from further damage, reduce apoptosis and
inflammation (Crockford 2007; Goldstein et al. 2012). Recently, Tβ4 showed promise as a
potential therapeutic approach to neural repair by demonstrating functional recovery and
neurorestoration in animal models of multiple sclerosis, embolic stroke and traumatic brain
injury (Morris et al. 2010; Xiong et al. 2010; Zhang et al. 2009). Although Tβ4 is expressed
in the adult brain, its endogenous levels are low relative to the predictive increased
concentrations of Tβ4 needed to evoke a neurorestorative or repair process (Mora et al.
1997; Zhang and Chopp 2009) Therefore, exogenous administration is needed to treat the
damaged tissue. Injured neurological tissues have limited capacity to regenerate and by the
addition of a regenerative molecule such as Tβ4, may indeed be the treatment necessary to
improve patient outcomes.
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In summary, Tβ4 mediated induction of p38MAPK activity inactivated ERK1, JNK1 and c-
Jun leading to expression of MBP and CNPase. Tβ4 treatment suppresses accumulation of
phosphorylated c-Jun by activating p38MAPK and inactivation of PDGFRα. In conjunction
with our previous studies on animal models of neurological injury, these data support the
concept of Tβ4 mediated oligodendrogenesis and treatment of demyelination with Tβ4 may,
be a potential therapeutic option.
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Fig. 1. Schematic diagram of experimental manipulation
Rat SVZ cells and mouse N20.1 cells were fed with their differentiating medium and treated
with 0, 25 and 50 ng/ml of Tβ4 (top box at left). These cells were fed and treated every two
days indicated by arrows for 14 days (dotted rectangle box at center). On day 14, these cells
were harvested indicated by an arrow as cell extraction for preparation of total RNA and
proteins, cell fixation for immunostaining and siRNA transfection for Tβ4 silencing in these
cells after the treatment with Tβ4 (top box at right). To determine the effect of kinase
inhibitors and PDGF on these cells, the medium was changed with differentiating medium
containing reduced FBS (0.5%) along with and without Tβ4 and different kinase inhibitors
(rectangle box at left) on day 14 at hour 10 (10AM). After 30min, these cells were treated
with 10ng PDGF/ml. These cells were incubated for additional 4.5h and then subjected to
preparation of cell extracts for total RNA and proteins at hour 15 (3PM).

Santra et al. Page 14

Glia. Author manuscript; available in PMC 2013 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2. Expression of MBP and CNPase in rat SVZ and mouse N20.1 cells after Tβ4 treatment
Top panel (A) indicates QrtPCR analysis of mRNA of MBP and CNPase in rat SVZ and
mouse N20.1 cells after Tβ4 treatment. Panel (B) shows Western blot analysis of protein of
MBP and CNPase in rat SVZ and mouse N20.1 cells after Tβ4 treatment. Loading of the
samples is normalized with β-actin. Dose of Tβ4 for treatment is shown at the top.
Migrations of protein are shown at right.
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Fig. 3. Immunostaining of mouse N20.1 and rat SVZ cells after Tβ4 treatment
Panel A shows immunostaining with DAPI and CNPase antibody with resulting merged
images in control, 50ng/ml Tβ4 and Tβ4siRNA transfection groups. Panel B demonstrates
the percentage (%) of CNPase positive cells in control, 50ng/ml of Tβ4 and Tβ4siRNA
transfection. Scale bar of images = 25μm.
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Fig. 4. Expression of GFAP and DCX in primary rat SVZ cells after Tβ4 treatment
Top panel (A) indicates QrtPCR analysis of GFAP and DCX in control rat SVZ cells, 25ng
Tβ4 and 50ng Tβ4. Panel (B) shows Western blot analysis of GFAP and DCX in rat SVZ
cells after Tβ4 treatment. Loading of the samples is shown at the top of the lane as control
rat SVZ cells, Tβ4 25ng and Tβ4 50ng. Migration of proteins is shown at right. Loading of
the samples is normalized with β-actin. No significant differences between groups.

Santra et al. Page 17

Glia. Author manuscript; available in PMC 2013 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5. Tβ4 treatment inhibits apoptosis in rat SVZ and mouse N20.1 cells
TUNEL assay was performed in rat SVZ and mouse N20.1 cells after the treatment with 50
ng Tβ4/ml. Apoptotic cells after TUNEL staining are indicated by arrows. Scale bar of
images = 50μm
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Fig. 6. Quantitative analysis of apoptotic and viable cells in mouse N20.1 and rat SVZ cells
Panel A indicates quantitative analysis of apoptotic cells in control and the cells treated with
50 ng/ml of Tβ4 measured by counting DAB positive and negative cells after TUNEL
staining. Panel-B shows the Trypan Blue Exclusive Method for detection of viable and non-
viable (dead) cells in control and 50 ng/ml of Tβ4 treated rat SVZ and N20.1 cells.
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Fig. 7. Expression and phosphorylation of p38MAPK in rat SVZ and mouse N20.1 cells after
Tβ4 treatment
Top panel (A) indicates QrtPCR analysis of mRNA of p38MAPK in rat SVZ and mouse
N20.1 cells after Tβ4 treatment. Bottom panel (B) shows Western blot analysis of protein of
p38MAPK and phosphorylated p38MAPK (p-p38MAPK) in rat SVZ and mouse N20.1 cells
after Tβ4 treatment at left (2 blots) and after Tβ4siRNA transfection at right (2 blots).
Loading of the samples is normalized with β-actin. Treatment with Tβ4 and transfection
with Tβ4siRNA are shown at the top. Migrations of protein are shown at right.
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Fig. 8. Tβ4 treatment down-regulates expression and activation of JNK1 in rat SVZ and mouse
N20.1 cells
Top panel (A) indicates QrtPCR analysis of mRNA of JNK1 in rat SVZ and mouse N20.1
cells after Tβ4 treatment. Bottom panel (B) shows Western blot analysis of protein of JNK1
and phosphorylated JNK1 (p-JNK1) in rat SVZ and mouse N20.1 cells after Tβ4 treatment.
Loading of the samples is normalized with β-actin. Treatment with Tβ4 and transfection
with Tβ4siRNA are shown at the top.
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Fig. 9. Tβ4 treatment prevents the expression and activation of c-Jun in rat SVZ and mouse
N20.1 cells
Top panel (A) indicates QrtPCR analysis of mRNA of Jun in rat SVZ and mouse N20.1 cells
after Tβ4 treatment. Bottom panel (B) shows Western blot analysis of protein of Jun and
phosphorylated c-Jun (p-c-jun) in rat SVZ and mouse N20.1 cells after Tβ4 treatment.
Loading of the samples is normalized with β-actin. Treatment with Tβ4 and transfection
with Tβ4siRNA are shown at the top.
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Fig. 10. Effect of Tβ4 in p38MAPK signaling pathways in rat SVZ and mouse N20.1 cells
Western blot analyses show p38MAPK phosphorylation after combination treatment with
PDGF, Tβ4 and p38MAPK specific inhibitor SB203580 in rat SVZ (left panel) and mouse
N20.1 cells (right panel). PDGF acutely stimulates the phosphorylation of multiple kinases
e.g. ERK1, JNK1 and Jun. In contrast, PDGF fails to reverse the inhibitory effect of Tβ4 on
phosphorylation of ERK1, JNK1 and Jun. Inhibition of p38MAPK with SB203580 elevates
P-ERK1, P-JNK1, and P-c-Jun levels after 72 h.
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Fig. 11. Effect of Tβ4 in ERK1 signaling pathways in rat SVZ and mouse N20.1 cells
Western blot analyses show p38MAPK phosphorylation after treatment with PDGF, Tβ4,
ERK1 specific inhibitor and their combination in rat SVZ (left panel) and mouse N20.1 cells
(right panel). PDGF upregulates the phosphorylation of multiple kinases e.g. ERK1, JNK1
and Jun only in control rat SVZ and mouse N20.1 cells, but not in Tβ4 treated cells.
Inhibition of ERK1 phosphorylation promotes p38 phosphorylation both in control and Tβ4
treated rat SVZ and mouse N20.1 cells.
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Fig. 12. Effect of Tβ4 in JNK1 signaling pathways in rat SVZ and mouse N20.1 cells
Western blot analyses indicate JNK1 phosphorylation after treatment with PDGF, however
no phosphorylation of JNK1 or c-Jun is observed with Tβ4 treatment. JNK1 specific
inhibitor demonstrates no phosphorylation of JNK1 or c-Jun in either PDGF or Tβ4
treatment.
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Table 1

Primer Forward Sequence Reverse Sequence

CNPase (m,r) 5′ -TACTTCGGCTGGTTCCTGAC-3′ 5′ -GCCTTCCCGTAGTCACAAAA-3′

MBP (m,r) 5′ -ATGGCATCACAGAAGAGACCCTCA-3′ 5′ -TAAAGAAGCGCCCGATGGAGTCAA-3′

p38 (r) 5′ -ATGACGAAATGACCGGCTAC-3′ 5′- ACAACGTTCTTCCGGTCAAC-3′

p38 (m) 5′ -GCTGAACAAAGGGAGAGACG-3′ 5′ -TGCTTTCTCCCCAAATTGAC-3′

JNK1 (r) 5′ -TTCAATGTCCACAGATCCGA-3′ 5′ -CTAACCAATTCCCCATCCCT-3′

JNK1 (m) 5′ -GCCATTCTGGTAGAGGAAGTTTCTC-3′ 5′ -CGCCAGTCCAAAATCAAGAATC-3′

Jun (r) 5′ -TGAAGCAGAGCATGACCTTG-3′ 5′ -CACAAGAACTGAGTGGGGGT-3′

Jun (m) 5′ -CGCAACCAGTCAAGTTCTCA-3′ 5′ -GAAAAGTAGCCCCCAACCTC-3′
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