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Intracellular Ca2� mobilization plays an important role in a
wide variety of cellular processes, and multiple second messen-
gers are responsible for mediating intracellular Ca2� changes.
Here we explored the role of one endogenous Ca2�-mobilizing
nucleotide, cyclic adenosine diphosphoribose (cADPR), in the
proliferation and differentiation of neurosecretory PC12 cells.
We found that cADPR induced Ca2� release in PC12 cells and
that CD38 is the main ADP-ribosyl cyclase responsible for the
acetylcholine (ACh)-induced cADPR production in PC12 cells.
In addition, the CD38/cADPR signaling pathway is shown to be
required for the ACh-induced Ca2� increase and cell prolifera-
tion. Inhibition of the pathway, on the other hand, accelerated
nerve growth factor (NGF)-induced neuronal differentiation in
PC12 cells. Conversely, overexpression of CD38 increased cell
proliferation but delayed NGF-induced differentiation. Our
data indicate that cADPR plays a dichotomic role in regulating
proliferation and neuronal differentiation of PC12 cells.

Mobilization of intracellular Ca2� stores is involved in
diverse cell functions, including fertilization, cell proliferation,
and differentiation (1–4). At least three endogenous Ca2�-mo-
bilizing messengers have been identified, including inositol
trisphosphate (IP3),3 nicotinic adenine acid dinucleotide phos-
phate (NAADP), and cyclic adenosine diphosphoribose
(cADPR). Similar to IP3, cADPRcanmobilize calcium release in
a wide variety of cell types and species, from protozoa to ani-
mals. The cADPR-mediated Ca2� signaling has been indicated
in a variety of cellular processes (5–7), from abscisic acid sig-
naling and regulation of the circadian clock in plants, to medi-
ating long-term synaptic depression in hippocampus.

Ample evidence shows that the ryanodine receptors are the
main intracellular targets for cADPR (1, 2, 8). Ryanodine recep-
tors (RyRs) are intracellular Ca2� channels widely expressed in
various cells and tissues, including muscles and neurons. It is
the major cellular mediator of Ca2�-induced Ca2� release
(CICR) in cells. There are three isoforms of ryanodine recep-
tors: RyR1, RyR2, and RyR3, all of which have been implicated
in the cADPR signaling (1, 2, 8). However, evidence regarding
cADPR acting directly on the receptors is lacking (9). It has
been suggested that accessory proteins, such as calmodulin and
FK506-binding protein (FKBP), may be involved instead
(10–15).
cADPR is formed from nicotinamide adenine dinucleotide

(NAD) by ADP-ribosyl cyclases. Six ADP-ribosyl cyclases have
been identified so far: Aplysia ADP-ribosyl cyclase, three sea
urchin homologues (16, 17), and two mammalian homologues,
CD38 and CD157 (18). CD38 is a membrane-bound protein
and themainmammalian ADP-ribosyl cyclase. As a novel mul-
tifunctional enzyme, CD38 catalyzes the synthesis and hydrol-
ysis of both cADPRandNAADP, two structurally and function-
ally distinct Ca2� messengers. Virtually all mammalian tissues
ever examined have been shown to expressCD38. CD38 knock-
out mice exhibit multiple physiological defects, ranging from
impaired immune responses,metabolic disturbances, to behav-
ioral modifications (1, 6, 18).
CD38 was originally identified as a lymphocyte differentia-

tion antigen (18). Indeed, CD38/cADPR has been linked to cell
differentiation (5). For example, in human HL-60 cells, CD38
expression and the consequential accumulation of cADPR play
a causal role in mediating granulocytic differentiation (19). In
addition, expression of CD38 in HeLa and 3T3 cells not only
increased intracellular Ca2� concentration but also induced
cell proliferation by significantly reducing the S phase duration,
leading to shortened cell doubling time (20). The ability of
cADPR to increase cell proliferation has also been observed in
human T cells (21), human hemopoietic progenitors (22),
human peripheral blood mononuclear cells (23), human mes-
enchymal stem cells (24), and murine mesangial cells (25).
The PC12 cell line was derived from rat adrenal medulla and

has been used extensively as a neuronal model, since it exhibits
many of the functions observed in primary neuronal cultures
(26). Most importantly, PC12 cells can be induced by nerve
growth factor (NGF) to differentiate into cells with extensive
neurite outgrowths, resembling neuronal dendritic trees (26, 27).
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In contrast to NGF, numerous growth factors and neurotrans-
mitters can induce the proliferation of PC12 cells instead (26).
Both IP3 receptor- and ryanodine receptor-mediated Ca2�

stores have been shown to be present in PC12 cells (28–31).
The type 2 ryanodine receptor is expressed in PC12 cells and
activation of the NO/cGMP pathway in PC12 cells results in
calciummobilization, which is mediated by cADPR and similar
to that seen in sea urchin eggs (32). It has been demonstrated
that NAADP, another Ca2�-mobilizing messenger, is also a
potent neuronal differentiation inducer in PC12 cells, while IP3
exhibits no such role (33, 34). Whether cADPR is involved in
the proliferation and differentiation of PC12 cells is unknown.
Here we show that activation of the CD38/cADPR/Ca2� sig-

naling is required for the ACh-induced proliferation in PC12
cells, while inhibition of the pathway accelerates NGF-induced
neuronal differentiation. Our data indicate that cADPR is
important in regulating cell proliferation and neuronal differ-
entiation in PC12 cells.

EXPERIMENTAL PROCEDURES

Cell Culture—PC12 cells were maintained in DMEM plus
7.5% horse serum, 7.5% fetal bovine serum, and 100 units/ml of
penicillin/streptomycin at 7.5% CO2 and 37 °C. The medium
was changed every 48 h.
Cell Proliferation Assay—PC12 cells were plated at a density

of 6000 cells/cm2 in 48-well plates in DMEM medium. Cells
were rinsed twice with phosphate-buffered saline the next day,
and incubated in a low serum (0.5% fetal bovine serum)
medium for 12 h before addition of ACh (50 �M) or NGF (50
ng/ml) for various time periods, followed by treatments with
[H3]thymidine (25 �Ci) or BrdUrd (10 �M) for last 1 or 4 h of
indicated treatment period, respectively. Incorporation of
[H3]thymidine into DNA was determined as described previ-
ously (68). BrdUrd incorporation into PC12 cells was deter-
mined by an immunolabeling assay and quantified using a flu-
orometer according to the manufacturer’s instructions
(HTS01, EMD Chemicals, Inc.).
Intracellular Ca2� Measurement—Cells were cultured in

24-well plates inDMEMandwere labeledwith 4�MFura-2AM
in Hanks’ balanced salt solution (HBSS) at room temperature
for 60 min. The cells were then washed with HBSS three times
and incubated at room temperature for another 10 min. Cells
were put on the stage of an Olympus inverted epifluorescence
microscope and visualized using a 20� objective. Fluorescence
images were obtained by alternate excitation at 340 and 380 nm
with emission set at 510 nm. Images were collected by a CCD
camera every 3 s and analyzed by a Cell R imaging software.
Western Blot Analysis—Cells were plated and treated as

described for the proliferation assay above. Cells were lysed in
an ice-cold EBC lysis buffer (50 mM Tris-HCl pH 8.0, 120 mM

NaCl, 0.5% Nonidet P-40, 100 �M NaF, 200 �M Na3VO4, 100
�g/ml aprotinin, 20�g/ml leupeptin, 150�Mphenylmethylsul-
fonyl fluoride, 0.5% sodium deoxycholate, and 0.5% SDS), and
the lysates were passed through a 21-gauge needle several times
to disperse any large aggregates. Protein concentrations of the
cell lysates were determined by the Bradford assay. Proteins (30
or 40 �g per lane) were diluted in the standard SDS-sample
buffer and subjected to electrophoresis on 10 or 15% SDS-poly-

acrylamide gels. Proteins were transferred to an Immobilon-P
blotting membrane (Millipore, Billerica, MA), blocked with 5%
milk in Tris-buffered saline (20mMTris, 150mMNaCl, pH 7.6),
and incubated with the primary antibody (CD38, SC-7048,
Santa Cruz Biotechnology, 1:500 dilution; phospho-MAPK,
9106, Cell Signaling Technology, Beverly MA, 1:1000 dilution;
cyclin D1, 05-815, Upstate Biotechnology, 1:1000 dilution;
RyRs, SC-13942, Santa Cruz Biotechnology, 1:1000 dilu-
tion; cyclin E, SC-481, Santa Cruz Biotechnology, 1:1000
dilution; p21Cip1, SC-756, Santa Cruz Biotechnology, 1:1000
dilution; and 662MEK1 antibody, 1:1000 dilution) for 1 h. After
washing, the blots were probed with a secondary antibody for
detection by chemiluminescence.
CD38-shRNA Lentivirus Production and Infection—Two

optimal 21-mer targets: gttaaattggttactcaaacc and agcaacact-
gtcgggaaagca, in the rat CD38 gene were selected by following
the published criteria (35, 36). The 21-mer target in the GFP
gene: tacaacagccacaacgtctat, was also selected as a control.
These three 21-mers were then cloned into pLKO.1, a replica-
tion-incompetent lentiviral vector for expressing shRNA. The
shRNA lentivirus production was performed in 293T cells as
described (37). For infection, PC12 cells were plated at a density
of 6000 cells/cm2 in 6-cm dishes. On the next day, 100-�l pools
of two CD38 shRNAs lentiviruses or control GFP-shRNAs len-
tivirus were added to the cells in fresh medium containing 8
�g/ml polybrene. Two days later, cells were selected in fresh
medium containing puromycin (1 �g/ml) for 3–5 days. The
puromycin-resistant cells were pooled and the knockdown effi-
ciency was verified by both quantitative real-time RT-PCR and
Western blot analysis.
Quantitative Real-time RT-PCR—The quantitative real-

time RT-PCR using the iScriptTM One-Step Kit with SYBR�
Green (Invitrogen) was performed normally in Bio-Rad
MiniOpticonTM Real-time PCR Detection System according
to the manufacturer’s instructions.
cADPR Measurement—PC12 cells were seeded in 10-cm

dishes at a density of 1� 105 cells/cm2. After 24 h, the cells were
washed with HBSS once and incubated with HBSS for 5 min.
Cells were then treated with ACh (50 �M) for the indicated
times at room temperature. Cells were lysed with ice-cold 0.6 M

PCA, and the lysates were centrifuged at 4 °C to remove pro-
teins. The lysates were then extracted with chloroform:Tri-n-
octylamine (3:1) and the aqueous phase containing cADPRwas
obtained. The cADPR concentration in the extracts was finally
measured by a sensitive enzymatic cycling assay as described
previously (38).
Selection of PC12 Cells Expressing Human CD38-GFP—The

pEGFP-CD38 or empty vector was transfected into PC12 cells
by LipofectamineTM 2000 (Invitrogen). Two days after trans-
fection, cells were selectedwithG418 (200�g/ml) for 3–4 days.
Antibiotic-resistant clones were pooled by trypsinization and
maintained in medium containing G418 (100 �g/ml).
Quantification of Neurite Outgrowth—Cells were seeded in a

96-well plate at a density of 2000 cells/well. Next day, the
medium was changed into a low serum medium (0.5% fetal
bovine serum) for 12 h before treating with NGF (50 ng/ml).
Cells were scored as neurite-bearing cells if their neurite
lengths were at least two times longer than the length of the cell
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body. Percentages of cells with neurites were calculated.
80–100 cells were randomly sampled fromeach experiment. At
least three independent experiments were performed for each
treatment.

RESULTS

cADPR Is Required for Acetylcholine-induced Calcium
Increase in PC12 Cells—It has been shown previously that NO
donors release Ca2� in PC12 cells via the cADPR pathway (32).
To test the possible role of cADPR in proliferation and differ-
entiation in PC12 cells, we first examined the expression of
CD38 and type 2 ryanodine receptors (RyR2) in PC12 cells by
RT-PCR and immunoblot analysis. As shown in Fig. 1,A and B,
both CD38 and RyR2 are expressed.Moreover, a cell-permeant
cADPR agonist, cIDPRE (39), induced Ca2� release in intact
PC12 cells, which was blocked by pretreatment of the cells with
a cADPR antagonist, 8-Br-cADPR (40) (Fig. 1C). In addition,
cADPR itself induced Ca2� release in permeabilized PC12 cells
(data not shown). These data indicate that the PC12 cells are
responsive to cADPR and possess the key components of the
cADPR signaling pathway.
It is known that neurotransmitters and growth factors can

induce cell proliferation in PC12 cells while NGF promotes cell
differentiation (26).We testedwhether any of theses factors can
induce intracellular Ca2� changes in PC12 cells via the cADPR
pathway. We screened a series of neurotransmitters, including
ACh, oxytocin, histamine, and glutamate, aswell as other extra-
cellular stimuli, such as bradykinin, ATP, and NGF, for their
ability to induce Ca2� release in the cells. Although ACh, bra-
dykinin, and ATP all induced Ca2� spikes, only ACh-induced
Ca2� changes were inhibited significantly by 8-Br-cADPR (Fig.

2, A and B). Moreover, pretreatment of the cells with high con-
centrations of nicotinamide, which is commonly used to inhibit
the ADP-ribosyl cyclase activity thereby preventing cADPR
production, or ryanodine, a RyR antagonist, inhibited ACh-in-
ducedCa2� release (Fig. 2B). These data indicate that cADPR is
responsible for mediating about 50% of the ACh-induced Ca2�

increase in PC12 cells. That cADPR is the messenger for the
ACh-induced Ca2� release has also been reported in several
other cell types (41–46).
In addition, the ACh-induced Ca2� increases were blocked

by atropine, an antagonist of the muscarinic receptor. Preincu-
bation of PC12 cells with pertussis toxin (PTX), which uncou-
ples G-proteins, significantly inhibited ACh-induced Ca2�

FIGURE 1. Components of the cADPR/CD38 signaling pathway in PC12
cells. A, expression of CD38 and RyR2 mRNA in PC12 cells were determined by
RT-PCR. B, protein expression of CD38 and RyR2 in GFP-shRNA or CD38-
shRNA-infected PC12 cells were determined by immunoblot analysis using
either anti-CD38 or anti-Ryr antibody. C, Ca2� increases in intact PC12 cells
induced by a cell-permeant cADPR agonist, cIDPRE (200 �M), in the absence
or presence of an antagonist of cADPR, 8-Br-cADPR (200 �M).

FIGURE 2. Acetylcholine-induced Ca2� increase in PC12 cells is mediated
by cADPR. A, ACh (50 �M), ATP (100 �M), or bradykinin (50 �M) induced a Ca2�

increase in PC12 cells as measured by the Ca2� indicator, Fura-2 AM. B, pre-
treatment of PC12 cells with either 8-Br-cADPR (100 �M), nicotinamide (20
mM), or ryanodine (20 �M) inhibited the ACh-induced Ca2� increase com-
pared with untreated cells. C, inhibition of the ACh-induced Ca2� increase in
Fura-2-loaded PC12 cells by either removal of external Ca2� (Ca2�-free HBSS
with 0.2 mM EGTA), pretreatment with PTX (1 �g/ml) or atropine (10 �M). The
graphs represent data from five independent experiments expressed as
means � S.E., n � 20 –50 cells.

cADPR in the Proliferation and Differentiation of PC12 Cells

OCTOBER 23, 2009 • VOLUME 284 • NUMBER 43 JOURNAL OF BIOLOGICAL CHEMISTRY 29337



release, indicating the requirement of the activation of themus-
carinic G protein-coupled receptor (GPCR). When the extra-
cellular Ca2� was removed with the inclusion of EGTA, the
ACh-induced Ca2� increases were also significantly inhibited,
indicating Ca2� influx is required as well (Fig. 2C).
CD38 Is Required for Acetylcholine-induced Ca2� Increase in

PC12 Cells—Because CD38 is likely responsible for the synthe-
sis of cADPR and is expressed in PC12 cells (Fig. 1,A and B), we
next determined whether it is needed for the ACh-induced
Ca2� increase. Two approaches were used to inhibit the CD38
activity in the cells. First, CD38 expression was efficiently

knocked-down by using lentivirus-
mediated short hairpin RNA
(shRNA), targeting the CD38 gene
(Fig. 3, A and B). The ACh-induced
Ca2� increase was significantly
inhibited in the CD38 knockdown
cells (Fig. 3D). Second, a CD38
inhibitor newly developed by us,
compound 7 (N-[5�-(8�-quinolin-
oxy)ethoxy-methyl]-nicotinamide
chloride), was used to inhibit CD38
activity. In vitro, compound 7, but
not its close structural analog, com-
pound 2 (N-(5�-acetoxyethoxy-
methyl)-nicotinamide chloride),
significantly inhibited the NADase
activity of CD38 (Fig. 3C). Consis-
tently, when applied in vivo, only
compound 7 significantly inhib-
ited the ACh-induced Ca2� in-
crease in PC12 cells, while com-
pound 2, its less potent analog, had
no significant effect on the ACh-
induced Ca2� changes (Fig. 3D).
The structures and synthesis of
these compounds will be reported
elsewhere.
It has been shown previously that

ACh increases cADPR synthesis in
several other cell types (41–46). As
shown in Fig. 4, ACh treatments

also induced elevation of cADPR levels in PC12 cells in a
time-dependent manner, and CD38 knockdown completely
abrogated the ACh-induced production of cADPR, support-
ing that CD38 is the dominant ADP-ribosyl cyclase in the
cells. Taken together, these data indicate that the CD38/
cADPR signaling pathway is involved in the ACh-induced
Ca2� increase in PC12 cells.
CD38/cADPR Signaling Is Required for Acetylcholine-stimu-

lated PC12 Cell Proliferation—Recent reports on the ability of
ACh to stimulate the proliferation of neuronal stem cells (47–
49) prompted us to examine whether ACh can also stimulate
growth of PC12 cells and, if so, whether the CD38/cADPR sig-
naling is involved. As shown in Fig. 5A, ACh treatment for 24 h
significantly induced PC12 cell proliferation as demonstrated
by the increase of BrdUrd incorporation into the cells. As
expected, pretreatment PC12 cells with either atropine or per-
tussis toxin abolished the increase. BothCD38-knockdown and
pretreatment with 8-Br-cADPR partly but significantly inhib-
ited ACh-induced BrdUrd incorporation into PC12 cells as
well. We then examined the effects of CD38-knockdown on
some regulators of the G1/S cell cycle. As shown in Fig. 5B,
CD38 knockdown significantly inhibited the ability of ACh to
induce cyclin E expression. The effect was most prominent at
the 12-h time point. AlthoughACh did not significantly change
the cyclin D1 expression levels in PC12 cells, the levels were
slightly elevated in the CD38-knockdown cells. Neither the
expression levels of p21Cip1 (Fig. 5B) nor p27Kip1 (data not

FIGURE 3. Requirement of CD38 for the acetylcholine-induced Ca2� increase in PC12 cells. A, quantitative
real-time RT-PCR data of CD38-knockdown in PC12 cells. SDHA was used as the internal control. Data are
expressed as means � S.D., n � 3. B, immunoblot analysis of CD38-knockdown in PC12 cells. MEK-1 immuno-
blot was used as the internal control. C, CD38 antagonist, compound 7, inhibited the NADase activity of the
recombinant CD38 in vitro, while its structurally related inactive analog, compound 2, had much less effect.
D, CD38-knockdown with CD38-shRNA or pretreatment with compound 7 (50 �M) inhibited the ACh-induced
Ca2� increase in Fura-2-loaded PC12 cells compared with the responses of respective control cells either
infected with GFP-shRNA or pretreated with the inactive analog compound 2 (50 �M). The graphs represent
data from three independent experiments expressed as means � S.E., n � 20 –50 cells.

FIGURE 4. Elevation of endogenous cADPR in PC12 cells by ACh. Intracel-
lular cADPR concentrations were measured in either CD38-shRNA or GFP-
shRNA (control) expressed PC12 cells that were subsequently treated with 50
�M ACh for the indicated times. The graphs represent data from six independ-
ent experiments expressed as means � S.D.
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shown) were affected by ACh.
Taken together, these data demon-
strate that the CD38/cADPR signal-
ing is required for ACh-induced
proliferation in PC12 cells.
The CD38/cADPR Signaling Is

Required for Acetylcholine-induced
Ca2� Increase in Differentiated
PC12 Cells—PC12 cells can be
induced to differentiate and to
adopt a neuronal morphology by
NGF (26). We found that NGF dra-
matically increased CD38 expres-
sion in PC12 cells (Fig. 6, A and B).
Moreover, the ability of ACh to
induce a Ca2� increase was signifi-

cantly greater in the NGF-differentiated cells as compared with
the undifferentiated cells (Fig. 6C). 8-Br-cADPR, nicotinamide,
and CD38-knockdown all significantly inhibited the ACh-in-
duced Ca2� increase in the differentiated PC12 cells (Fig. 6D).
These data not only support a role of cADPR/CD38 in mediat-
ing the Ca2� signaling, but also imply a role of the pathway in
regulating neuronal plasticity.
The Role of CD38/cADPR Signaling in NGF-induced Neuro-

nal Differentiation—As NGF dramatically induced CD38
expression in PC12 cells, and NAADP, another potent Ca2�

messenger and product of CD38, has been shown to induce
PC12 differentiation (33, 34), we next examined the effect of the
CD38/cADPR signaling on NGF-induced neuronal differentia-
tion. Control GFP shRNA- or CD38 shRNA-expressed cells
were treated with NGF in the presence or absence of 8-Br-
cADPR for 7 days. The neurite length was monitored daily. As
shown in Fig. 7, A and B, both CD38-knockdown and the 8-Br-
cADPR treatment surprisingly accelerated NGF-induced neu-
ronal differentiation, as evidenced by faster neurite outgrowth
in PC12 cells on day 2. As shown in Fig. 7C, concomitant to
acceleration of neurite outgrowth, the treatments also inhibited
PC12 cell proliferation.
It is known that NGF induces cyclin D1 expression, which

may contribute to the cell cycle arrest and differentiation in
PC12 cells. Overexpression of cyclin D1 has also been shown to
induce neurite growth in PC12 cells (50–56). Because cyclinD1
expression levels in the CD38-knockdown cells were elevated
(Fig. 5B), NGF-induced cyclin D1 expression was examined in
these cells. As shown in Fig. 7D, the expression of cyclin D1was
significantly higher in the NGF-treated CD38-knockdown cells
compared with the wild-type cells, and is in line with the faster
neurite growth in CD38-knockdown cells.
To further validate the role of CD38 in cell proliferation and

differentiation, we examined the effects of overexpression of
CD38 in the PC12 cells. Vectors encoding human CD38 fused
with GFP or GFP alone were transfected into PC12 cells, and
pools of stably transfected cells were selected (Fig. 8, A and B).
[H3]Thymidine incorporation assay was then performed on the
asynchronized cells at 24 h or 48 h after plating. As shown in
Fig. 8C, the proliferation of PC12 cells expressing CD38-GFP
was significantly increased. Finally, we examined the role of
overexpression of CD38 onNGF-induced PC12 differentiation.

FIGURE 5. The ACh-stimulated cell proliferation is mediated by the CD38/cADPR signaling pathway. A, inhi-
bition of the ACh (50 �M)-induced BrdUrd incorporation into PC12 cells by 8-Br-cADPR (100 �M), CD38-knockdown,
atropine (10 �M), or PTX (1 �g/ml). Data are expressed as means � S.D., n � 3. The * symbols indicate the results of
Student’s t test analysis, p � 0.05, compared with PC12 treated with ACh alone. B, expression of cyclin E, cyclin D1,
and p21Cip1 in CD38-shRNA-expressed PC12 cells, or control cells expressed GFP-shRNA, in response to ACh (50 �M)
treatment for the indicated times. MEK-1 immunoblot was used as the internal control.

FIGURE 6. The ACh-induced Ca2� release in differentiated PC12 cells is medi-
ated by the CD38/cADPR signaling pathway. A, real-time RT-PCR data of NGF-
induced CD38 expression in PC12 cells expressed as means � S.D., n � 3. SDHA
was used as an internal control. B, immunoblot analysis of CD38 expression in
CD38-shRNA-expressed PC12 cells, or control cells expressed GFP-shRNA, in
response to stimulation by NGF (50 ng/ml) for the indicated times. MEK1 expres-
sion was used as internal controls. C, NGF-differentiated wild-type PC12 cells
showed enhanced Ca2� response to ACh (50 �M) as compared with the non-
differentiated cells. D, CD38-knockdown (CD38 shRNA expression) or pretreat-
ments with either a CD38 inhibitor, nicotinamide (20 mM) or a cADPR antagonist,
8-Br-cADPR (100 �M), all inhibited the ACh-induced Ca2� increase in differenti-
ated PC12 cells. Neuronal differentiation was induced by NGF (50 ng/ml) for 7
days. The graphs represent data from three independent experiments expressed
as means � S.E., n � 30–70 cells.
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As shown in Fig. 8D, after 3 days of treatmentwithNGF, neurite
outgrowth was significantly delayed in cells expressing CD38-
GFP as compared with the control cells expressing GFP alone.

However, by day 7, the majority of
the CD38-GFP expressed cells, like
the controlGFP cells, exhibited long
neurites, indicating that NGF can
overpower the negative effects of
CD38 expression to induce neuro-
nal differentiation eventually. Nev-
ertheless, these data indicate the
ability of cADPR to promote cell
proliferation antagonizes the NGF-
induced differentiation in PC12
cells.

DISCUSSION

ACh muscarinic receptors are a
family of five G-protein-coupled
receptors widely distributed in the
central nervous system and in
peripheral organs. In several cell
types, ACh has been shown to
induce cell proliferation (47, 57, 58).
More recently, a study by Diaman-
dis et al. (48) reported that ACh can
potently promote proliferation in
neuronal stem cells. The ability of
ACh to modulate DNA synthesis
through muscarinic receptors may
be relevant in the context of brain
development and neoplastic growth
(59). Here our results clearly dem-
onstrate that ACh activated the
CD38/cADPR signaling in PC12
cells, resulting in intracellular Ca2�

changes. Moreover, disruption of
the cADPR signaling pathway by
either a cADPR antagonist or by
CD38-knockdown inhibited ACh-
induced proliferation in the cells.
These data indicate that the CD38/
cADPR/Ca2� signaling is required
for ACh-induced proliferation in
PC12 cells.
The activation ofMAPKs by ACh

has been shown to be important for
cell proliferation (47, 60). However,
in PC12 cells, CD38 knockdown did
not have any significant effects on
ACh-induced MAPKs activation
(supplemental Fig. S1A), suggesting
cADPR may affect ACh-induced
cell growth not related to or down-
stream of MAPKs. It is possible that
cADPR signaling activated by ACh
utilizes the calmodulin (CaM) and
CaM-dependent protein kinases

(CaMKs) to regulate gene expression or protein stability of cyclins
or Cdk inhibitors (CKIs), thereby promoting cell proliferation.
Along this line, our data show that the ability of ACh to induce

FIGURE7. The role of the CD38/cADPR signaling in NGF-induced neuronal differentiation. A,CD38-knockdown
or treatment with 8-Br-cADPR (100 �M) accelerated NGF-induced neurite outgrowth in PC12 cells. Data are
expressed as means � S.D., n � 3. B, representative fluorescence images of Fura-2 labeled wild-type or CD38-
knockdown PC12 cells, both treated with NGF (50 ng/ml) for the indicated number of days. C, inhibition of the
BrdUrd incorporation into PC12 cells by 8-Br-cADPR, CD38-knockdown, or NGF. Cells were plated as described
under “Experimental Procedures,” and treated with or without NGF (50 ng/ml) or 8-Br-cADPR (100 �M) for 24 h
before assayed for BrdUrd incorporation. The data are expressed as means � S.D., n � 3. The * symbols indicate the
results of the Student’s t test analysis, p � 0.005, compared with PC12 wild-type cells without treatment. D, expres-
sion of cyclin D1 in CD38-shRNA expressed PC12 cells, or control cells expressed GFP-shRNA, in response to NGF (50
ng/ml) treatment for the indicated times. MEK-1 immunoblot was used as the internal control.

FIGURE 8. The effects of CD38 overexpression on proliferation and NGF-induced differentiation in PC12 cells.
A, overexpression of human CD38 in PC12 cells. PC12 cells were transfected CD38-GFP, or GFP as control. The
expression of CD38 was determined by immunoblot using anti-CD38 antibody. MEK1 expression was used as a
loading control. B, membrane localization of CD38 in CD38-GFP-transfected PC12 cells. C, expression CD38-GFP
correlated with cell proliferation. [H3]Thymidine incorporation was assayed in CD38-GFP expressed PC12 cells, or control
cells expressed GFP, 1 or 2 days after cell plating. The * symbols indicate the results of Student’s t test analysis, p � 0.05,
compared with GFP-expressed PC12 at 24 h or 48 h, respectively. D, CD38-GFP expression delayed NGF (50 ng/ml)-
induced neuronal differentiation in PC12 cells. Data are expressed as means � S.D., n � 3. The * symbols indicate the
results of Student’s t test analysis, p �0.005, compared with GFP-expressed PC12 cells after 3 days of NGF treatment.
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cyclin E expression is impaired by disrupting the cADPR signaling
(Fig. 5B).Whether ACh could activate CaMKs and, if so, whether
thecADPRsignaling is involved inACh-activatedCaMKsremains
to be determined.
Interestingly, the positive effect of cADPR/CD38 on cell pro-

liferation is shown to antagonize differentiation. Thus, overex-
pression of CD38 delayed NGF-induced differentiation (Fig.
8E), while a cADPR-antagonist or CD38-knockdown actually
accelerated the ability ofNGF to induce neurite growth in PC12
cells (Fig. 7, A and B). These data demonstrate that the cADPR
signaling is negatively involved inNGF-induced differentiation.
It is well established that NGF activates the Ras/Raf/MEK1/
MAPKs cascade, and NGF-induced sustained MAPK activa-
tion is essential for neuronal differentiation in PC12 cells (61,
62). However, CD38-knockdown or 8-Br-cADPR treatment
had no significant effects on the NGF-induced MAPK activity
(supplemental Fig. S1B), indicating CD38/cADPR/Ca2� signal-
ing is targeting a downstream event other than the Ras/MAPK
pathway to influence the role of NGF in PC12 cells.
In general, NGF dramatically inhibits Cdks kinase activity by

induction of Cdk inhibitor (CKI) p21Cip1 and cyclin D1, arrest-
ing cells at the Go/G1 phase, and stopping division. Overex-
pression of p21Cip1 or cyclin D1 in PC12 cells induces differen-
tiation similar to NGF (50–56, 63–66). Here we found that
CD38-knockdown or the 8-Br-cADPR treatment not only
enhanced NGF-induced differentiation (Fig. 7, A and B) but
also inhibited cell proliferation (Fig. 7C). Moreover, in the
CD38-shRNA-expressed PC12 cells the cyclin D1 expression
levels were elevated (Fig. 5B), and the NGF-induced cyclin D1
expressions were significantly accelerated as well (Fig. 7D).
Therefore, it is possible that in the absence of NGF, the CD38/
cADPR-mediated Ca2� signaling is positively involved in PC12
cell proliferation by suppressing the expression levels of some
differentiation factors, such as cyclin D1. Inhibition of the
CD38/cADPR-mediated Ca2� signaling can then lead to up-
regulation of these factors, resulting in growth inhibition,
which in turn potentiates the ability of NGF to induce cell
differentiation.
Although NGF-induced differentiation has been under

active study formany years, themechanisms by which cells exit
from the cell cycle and enter differentiation remain elusive.
Treatment of PC12 cells with NGF results in sequential induc-
tion of immediate early genes, such as c-fos (67), delayed early
genes, such as the activation of tyrosine hydroxylase (68), and
late structure genes, such as neuron-specific intermediate fila-
ment protein and tau-1 (69, 70). It is possible that the cADPR
pro-proliferation activity is not related to its anti-differentia-
tion activity. Instead, cADPR may affect NGF-induced differ-
entiation by negatively controlling the expression or activities
of some latter genes. It is known that these proteins, such as
Tau, are required for neurite outgrowth. Along this line, it has
been shown that phosphorylation of Tau byCaMKs leads to the
loss of cytoskeletal integrity and neurite instability (71). Per-
haps, it is more likely that both cADPR pro-proliferation activ-
ity and its effects on the expression of these structure proteins
contribute to its anti-differentiation effects.
Last, we also found that NGF induces CD38 expression in

PC12 cells and that the ability of ACh to induce a Ca2� increase

was significantly increased in the NGF-differentiated cells as
compared with the undifferentiated cells (Fig. 6). Moreover,
more apoptotic cells were observed in CD38 shRNA-infected
cells than that in control cells (data not shown). These data
suggest that the induction of CD38 by NGF plays a role in neu-
ronal survival and protection as well. In summary, our results
show that the cADPR/CD38 signaling pathway is important in
regulating diverse cellular functions in PC12 cells.
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