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Abstract
Our previous study showed that adipose tissue-derived stem cells (ADSC) could be induced by
isobutylmethylxanthine (IBMX) to differentiate into neuron-like cells. In the present study, ADSC
were treated with IBMX in the presence or in the absence of each of eight specific inhibitors of
different signaling pathways (JAK/STAT, PKA, PI3K, MEK, Wnt/Frizzled, ERK/MAPK, TGF-β,
and insulin growth factor [IGF]-I). PPP, a specific inhibitor of IGF-I signaling, was the only
inhibitor that showed significant inhibition of IBMX-induced ADSC neuronal differentiation, as
determined by changes in cell morphology in the initial screening. Further examination by
immunofluorescence staining showed that the neuronal marker, β-III-tubulin, was highly induced
in IBMX-treated ADSC, and the induction was significantly suppressed by PPP. Western blotting,
followed by densitometry showed that PPP suppressed IBMX-induced β-III-tubulin expression by
43%, 88%, and 84% when used to treat the cells for 1, 3, and 24 hr, respectively. Treatment of
ADSC with IBMX also led to the phosphorylation of IGF-I receptor at tyrosine 1136 (Y1136), as
determined by immunofluorescence staining with an antibody that reacts specifically with Y1136.
This effect was also abrogated by PPP. Thus, the IBMX-induced neuron-like differentiation of
ADSC is mediated by IGF signaling through the phosphorylation of IGF-IR at Y1136.
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Introduction
Adipose tissue-derived stem cells (ADSC) are cells isolated from the stromal vascular
fraction (SVF) of adipose tissues (Gronthos et al., 2001; Zuk et al., 2001). These cells also
have several other names, including “adipose tissue-derived stromal cells,” which was used
in our previous publication (Ning et al., 2006). Now, because of the growing evidence that
ADSC are bona fide adult stem cells, we decided to use the term “ADSC.”

ADSC bear a strong resemblance to bone marrow stem cells (BMSC) in many aspects,
including cell surface markers, gene expression profiles, and differentiation potentials
(Gronthos et al., 2001; Zuk et al., 2001, 2002; De Ugarte et al., 2003; Lee et al., 2004; Case
et al., 2005; Dicker et al., 2005; Strem et al., 2005; Wagner et al., 2005; Liu et al., 2007;
Yoshimura et al., 2007). Unlike BMSC, however, the source of ADSC is a tissue that can be
obtained in large quantities and with low risks (Housman et al., 2002). Furthermore, on a per
gram basis, adipose tissue also yields far more stem cells than the bone marrow (5,000
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versus 100–1,000) (Strem et al., 2005). Therefore, it is reasonable to expect that ADSC will
be the preferred adult stem cells for future clinical applications.

ADSC are capable of differentiating into diverse cell types including neurons (Safford et al.,
2002, 2004; Zuk et al., 2002; Ashjian et al., 2003; Kang et al., 2003, 2006; Tholpady et al.,
2003; Yang et al., 2004; Case et al., 2005; Fujimura et al., 2005; Jack et al., 2005; Guilak et
al., 2006; Ning et al., 2006). We are interested in ADSC's neuronal differentiation because
of our ongoing interest in finding effective treatments for urological diseases such as
neurogenic erectile dysfunction and neurogenic bladder dysfunction. We have previously
shown that ADSC appeared to undergo neuronal differentiation when treated with neural
induction medium (NIM) or, more simply, with isobutylmethylxanthine (IBMX), which is
one of the three active ingredients of NIM (Ning et al., 2006). In the present study, we
extended the research to explore the molecular mechanism of IBMX-induced neuronal
differentiation of ADSC. We have obtained evidence that the insulin growth factor (IGF-I)
signaling pathway was involved in the process.

Materials and methods
Neuronal induction

ADSC at passages 2–5 were seeded into six-well plates or 100 mm dishes at 40%–60%
confluence in Dubelco's modified Eagle's medium (DMEM). The next day, the cells were
washed three times with phosphate-buffered saline (PBS) and the medium was changed to
DMEM supplemented with 500 μM IBMX (Sigma-Aldrich, St. Louis, MO). The cells were
then examined by HE staining, immunofluorescence staining, and/or Western blotting.

Signaling pathway screening
ADSC were seeded into six-well plates at 40%–60% confluence in DMEM. The next day,
each inhibitor was added to the culture medium at a previously determined effective
concentration (Table 1) (Mao et al., 2001;Laping et al., 2002;Girnita et al., 2004;Kim et al.,
2005;Lin et al., 2006). One hour later, the cells were washed three times with PBS, induced
with IBMX in the presence or in the absence of the same inhibitor for another hour, and
examined by HE staining. The stained cells were visualized under a microscope at × 200
magnification and photographed. From the photographs, a total of 1,000 cells in each
treatment were scored as “+” for neuron-like morphology (condensed cell body with cellular
processes) or “–” for non-neuron morphology (the original ADSC morphology).

Immunofluorescence staining
ADSC at passages 2–5 were seeded into six-well plates or 100 mm dishes at 40%–60%
confluence in DMEM. The next day, neuronal induction was performed as described above
in the absence or presence of 2.5 mM of PPP. The cells were then fixed with ice-cold
methanol for 8 min, permeabilized with 0.05% Triton X-100 for 5 min, and blocked with
5% normal horse serum in PBS for 1 hr at room temperature. The cells were then incubated
with an anti-b-III tubulin antibody (ab14,545 Abcam, Cambridge, MA), an anti-IGF-IR
antibody (#3027, Cell Signaling, Danvers, MA), or anti-phosphorylated IGF-IR (#3024, Cell
Signaling) for 1 hr at room temperature. After washing with PBS three times, the cells were
incubated with the secondary antibody (FITC-conjugated goat anti-mouse or anti-rabbit
IgG) for 1 hr at room temperature. After three washes with PBS, the cells were further
stained with 4′,6-diamidino-2-phenylindole (DAPI, for nuclear staining) for 5 min,
examined under a fluorescence microscope, and photographed.

Ning et al. Page 2

Differentiation. Author manuscript; available in PMC 2010 July 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Western blot analysis
Cells were treated as described above in immunofluorescence staining. For time-course
experiments, the incubation with PPP was extended to 3 and 24 hr in addition to the standard
1-hr incubation. The cells were then lysed in a lysis buffer containing 1% IGEPAL CA-630,
0.5% sodium deoxycholate, 0.1% SDS, aprotinin (10 µg/ ml), leupeptin (10 µg/ml), and
PBS. Cell lysates containing 20 µg of protein were electrophoresed in SDS-PAGE and then
transferred onto a PVDF membrane (Millipore Corp., Bedford, MA). The membrane was
stained with Ponceau S to verify the integrity of the transferred proteins and to monitor the
unbiased transfer of all protein samples. Detection of protein on the membrane was
performed with the ECL kit (Amersham Life Sciences Inc., Arlington Heights, IL) using an
anti-β-III tubulin antibody. The resulting images were analyzed with ChemiImager 4,000
(Alpha Innotech Corporation, San Leandro, CA) to determine the integrated density value
(IDV) of each protein band. Before re-probing with an anti-β-actin antibody, the membrane
was stripped in 62.5 mM Tris-HCl, pH 6.7, 2% SDS, 10 mM 2-mercaptoethanol at 561C for
30 min and then washed four times in 1 × TBST.

Statistical analysis
Data were analyzed with Prism 4 (GraphPad Software Inc., San Diego, CA). A t-test was
used to analyze the effects of IBMX and PPP on β-III-tubulin expression in ADSC. p value
<0.05 was considered to be significant.

Results
Signaling pathway screening

We have shown previously that ADSC could be induced by IBMX to differentiate into
neuron-like cells (Ning et al., 2006). In the present study, we used specific inhibitors of eight
different signaling pathways to identify possible signaling mechanisms for IBMX-induced
ADSC neuronal differentiation. We treated ADSC with IBMX in the presence or absence of
each of these inhibitors for 1 hr, stained the cells with HE, and took pictures of the cells.
From the photographs, a total of 1,000 cells in each treatment was scored as “+” for neuron-
like morphology (condensed cell body with cellular processes) or “–” for non-neuron
morphology (the original ADSC morphology). Representative photographs are shown in
Figure 1. The scoring showed that 35% of the cells treated with IBMX+PPP assumed the
neuron-like morphology, while approximately 95% of the cells treated with IBMX in the
absence or in the presence of other inhibitors assumed the neuron-like morphology. Thus,
PPP appeared to be the only inhibitor that could substantially suppress the IBMX-induced
neuron-like differentiation of ADSC.

PPP suppresses IBMX-induced β-III-tubulin expression
The neuronal marker, β-III-tubulin, was highly inducible in IBMX-treated ADSC, as
demonstrated by immunofluorescence staining (Fig. 2A) and Western blotting (Fig. 2B).
Addition of PPP, however, suppressed this induction. PPP's suppressive effect was specific,
because its solvent, DMSO, or the inhibitor of Wnt/Frizzled signaling, DKK-1, had no such
suppressive effect (Fig. 2). For quantitative analysis of the suppressive effect of PPP and
time-course study, three independent experiments were conducted for each time point at 1,
3, and 24 hr (duration of PPP treatment). The results show that PPP suppressed IBMX-
induced β-III-tubulin expression by 43%, 88%, and 84% when used to treat the cells for 1, 3,
and 24 hr, respectively (Fig. 3).
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PPP suppresses IBMX-induced IGF-IR phosphorylation
Previous studies have shown that phosphorylation of tyrosine residue 1136 (Y1136) of IGF-
IR is associated with IGF-IR activity, and PPP suppresses IGF-IR activity by inhibiting
phosphorylation of Y1136, while sparing the other two tyrosine residues (Y1131 and
Y1135) (Girnita et al., 2004; Vasilcanu et al., 2004). Therefore, we used an antibody (#3024,
Cell Signaling) that reacts specifically with phosphorylated Y1136 to examine the
phosphorylation status of IGF-IR in IBMX-treated ADSC in the absence and in the presence
of PPP. Another antibody (#3027, Cell Signaling) that reacts with IGF-IR regardless of its
phosphorylation status was also used, and it produced results (Fig. 4A) indicating similar
expression levels of IGF-IR in both IBMX-(Induction) and IBMX+PPP-treated cells, despite
the sharp difference in cell morphology. On the other hand, the antibody that reacts with
phosphorylated Y1136 produced very different results in the expression level of
phosphorylated IGF-IR in IBMX-(Induction) and IBMX+PPP-treated cells (Fig. 4B). Thus,
while IBMX induced phosphorylation (activation) of IGF-IR, PPP suppressed this induction.

Discussion
ADSC have been shown to differentiate into neurons or neuron-like cells in vitro (Safford et
al., 2002, 2004; Zuk et al., 2002; Ashjian et al., 2003; Tholpady et al., 2003; Yang et al.,
2004; Case et al., 2005; Fujimura et al., 2005; Jack et al., 2005; Guilak et al., 2006; Ning et
al., 2006) and in vivo (Kang et al., 2003, 2006). For in vitro neural differentiation, the
experiments generally rely on treating ADSC with retinoic acid and cytokine cocktails (Case
et al., 2005), butylated hydroxyanisole, DMSO (Safford et al., 2002; Zuk et al., 2002; Guilak
et al., 2006), and agents that elevate intracellular cAMP levels (Ashjian et al., 2003;
Fujimura et al., 2005; Ning et al., 2006). Cells treated with these agents can assume neuron-
like morphology within hours, as reported previously by us and others (Zuk et al., 2002;
Fujimura et al., 2005; Ning et al., 2006). Similar rapid neural differentiation has also been
observed with BMSC treated with DMSO, and this observation had subsequently been
interpreted as a manifestation of the toxic effects of DMSO. We have discussed this
controversy in detail in our report (Ning et al., 2006).

Previously, we showed that IBMX could induce ADSC to undergo neuron-like
differentiation (Ning et al., 2006). In the present study, we further investigated the molecular
mechanism of this IBMX-induced ADSC neural differentiation. We first screened inhibitors
of eight signaling pathways for their ability to prevent the neuron-like morphological
changes of ADSC after IBMX treatment. While each of seven of the tested inhibitors
prevented 5% of the IBMX-treated cells from assuming the neuronal morphology, PPP
suppressed the morphological change in 65% of the IBMX-treated cells. The reason for the
incomplete suppression by PPP is not clear, but the heterogeneous nature of ADSC suggests
that certain cell types might be resistant to PPP treatment.

Although not entirely unexpected, we were surprised that only PPP was able to significantly
suppress the morphological change of IBMX-treated ADSC. In particular, we had in fact
anticipated another inhibitor, PD98059, to have such an effect due to its reported
suppressive effect on forskolin-induced BMSC neural differentiation (Kim et al., 2005).
However, despite being similar to forskolin as a cAMP-elevating agent, IBMX apparently
induced ADSC neural differentiation through the IGF-I and not the ERK/MAPK pathway
(target of PD98059). To confirm the neuronal effect of PPP, we showed that PPP was able
to suppress the expression of neural marker β-III-tubulin in IBMX-treated ADSC (Fig. 2).
Time-course study further showed that the suppressive effect of PPP on β-III-tubulin
expression was stronger at 3 and 24 hr than at 1 hr post-treatment. Because PPP is known to
inhibit the phosphorylation of IGF-IR (Vasilcanu et al., 2004), we also examined the
phosphorylation status of IGF-IR in IBMX-treated ADSC in the absence and in the presence
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of PPP. Specifically, it is known that PPP blocks the phosphorylation of tyrosine residue
1136 (Y1136), while sparing the other two tyrosine residues (Y1131 and Y1135) of IGF-IR
(Vasilcanu et al., 2004); therefore, we used an antibody that reacts specifically with
phosphorylated Y1136. The results showed that (1) IBMX-induced phosphorylation of IGF-
IR at Y1136 in ADSC (Fig. 4A) and (2) PPP suppressed this induction (Fig. 4B). Thus,
IBMX-induced ADSC neuronal differentiation is mediated by IGF-I signaling as it has been
demonstrated that phosphorylation of IGF-IR at Y1136 is associated with IGF-IR activity
(Girnita et al., 2004; Vasilcanu et al., 2004).

While the identification of IGF-I signaling as the underlying mechanism for ADSC neuronal
differentiation is novel, it has been well documented that the IGF system plays important
roles in the development of the nervous system (Russo et al., 2005). In vitro studies have
demonstrated that the IGF system promotes differentiation and proliferation of neurons and
sustains their survival by preventing apoptosis. In vivo studies of transgenic mice
overexpressing components of the IGF system or mice with disruptions of the same genes
have clearly shown that the IGF system plays key roles in brain development (Russo et al.,
2005). For example, IGF-IR knock-out mice have reduced brain size, CNS hypomyelination,
and loss of hippocampal granule and striatal parvalbumin-containing neurons (Beck et al.,
1995). On the other hand, transgenic mice overexpressing IGF-I had fewer apoptotic
neurons during early postnatal development of the cerebral cortex and this has led to a
persistent increase in total neuron number even in the adult animal (Hodge et al., 2007).

In the adult brain, the IGF system continues to influence neurogenesis through its effects on
the adult neural progenitor cells (Brooker et al., 2000; Anderson et al., 2002; McCurdy et al.,
2005). Thus, while IGF-I signaling is undoubtedly important for the development of the
nervous system and for the continuing neuro-genesis of adult neural progenitor cells, the
findings in the present study provide the first piece of evidence that IGF-I signaling also
mediates the neurogenesis of cells of non-neural origin. Whether IGF itself has an effect on
ADSC's neuronal differentiation is currently being investigated in our laboratory. Our
preliminary studies with rat models of neurogenic erectile dysfunction and urinary
incontinence did show that ADSC were able to accelerate recovery of neural function.
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Fig. 1.
Signaling pathway screening. Adipose tissue-derived stem cells were seeded into six-well
plates at 40%–60% confluence in Dubelco's modified Eagle's medium. The next day, each
inhibitor was added at an effective concentration (Table 1). One hour later, the cells were
washed three times with phosphate-buffered saline and treated with 500 mM
isobutylmethylxanthine (IBMX) in the presence or in the absence of the same inhibitor for
another hour. The cells were then processed for HE staining, visualized under a microscope,
and photographed. Cells in “control” received neither IBMX nor any inhibitor. Cells in
“induction” received only IBMX. Cells in “induction+DMSO” received IBMX and DMSO
(solvent for all chemical inhibitors). Cells in each of the other panels received IBMX and the
indicated inhibitor. Original magnification was × 200.
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Fig. 2.
Effects of isobutylmethylxanthine (IBMX) and PPP on β-III-tubulin expression. (A)
Adipose tissue-derived stem cells (ADSC) were treated with IBMX and DKK-1 (inhibitor of
Wnt/Frizzled pathway) or PPP, as described in Figure 1. The cells were then processed for
immunofluorescence staining with an anti-β-III-tubulin antibody and with diamidino-2-
phenylindole. Green fluorescence indicates β-III-tubulin expression; blue fluorescence
indicates cell nucleus. Original magnification was × 200. (B) ADSC were treated as in (A)
and then processed for Western blotting with an anti-β-III-tubulin antibody and an anti-β-
actin antibody.
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Fig. 3.
Time course of the effects of isobutylmethylxanthine (IBMX) and PPP on β-III-tubulin
expression. Adipose tissue-derived stem cells were treated with IBMX and PPP, as
described in Figure 1, and for additional time points at 3 and 24 hr. The cells were then
processed for Western blotting with an anti-β-III-tubulin antibody and an anti-β-actin
antibody. The resulting radiographs were analyzed by densitometry, and the data by Prism 4
software. For each time point (A, 1 hr; B, 3 hr; C, 24 hr), a representative radiograph is
shown on the left and the statistical analysis data on the right. “Relative expression” is the
ratio of β-III-tubulin versus β-actin expression. Each bar represents the average of 3
independent experiments. The asterisks above the second bar (induction) indicate significant
difference (p<0.01) between “induction” and “control.” The asterisks above the fourth bar
(induction+PPP) indicate significant difference (*p<0.05; **p<0.01) between “induction
+PPP” and “induction+DMSO.”
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Fig. 4.
Effects of isobutylmethylxanthine (IBMX) and PPP on expression and phosphorylation of
Insulin growth factor (IGF)-IR. (A) Adipose tissue-derived stem cells were treated with
IBMX and PPP, as described in Figure 1. The cells were then processed for
immunofluorescence staining with anti-IGF-IR antibody, anti-phospho-IGF-IR antibody,
and diamidino-2-phenylindole. Green fluorescence indicates IGF-IR expression (A) or
phospho-IGF-IR expression (B); blue fluorescence indicates cell nucleus. Original
magnification was × 200.
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Table 1

Specific inhibitors of signaling pathways

Inhibitor Target pathway Concentration Supplier

AG490 JAK/STAT 50 μM

KT5720 PKA 800 nM

LY294002 PI3-K 50 μM EMD Biosciences, La Jolla, CA

U0126 MEK 25 μM

PPP IGF-I 2.5 μM

DKK-1 Wnt/Frizzled 100 ng/ml R&D system, Minneapolis, MN

PD98059 ERK/MAPK 5 μM Sigma-Aldrich

SB431542 TGF-β 1 μM Corporation

IGF, Insulin growth factor.
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