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Abstract

With a history of several thousand years, traditional Chi-
nese medicine has been well documented to be effective
in the treatment of various disorders. We have investi-
gated the activities of potential neuroactive compounds
in traditional Chinese medicine such as Melia toosendan
using an in vitro model system, rat pheochromocytoma
PC12 cells. We report here that treatment of PC12 cells
with a crude extract of the fruits of M. toosendan reduces
cell growth in a dose-dependent manner without detect-
able cytotoxicity. Upon treatment with M. toosendan,
PC12 cells exhibit robust neurite outgrowth, to a greater
extent than that observed with nerve growth factor.
Results obtained with specific kinase inhibitors and pro-
tein kinase A-deficient PC12 cells indicate that the actions
of M. toosendan are mediated by the activation of pro-

tein kinase A and extracellular signal-regulated kinases.
Copyright © 2004 S. Karger AG, Basel

Introduction

Neurodegenerative diseases such as Alzheimer’s and
Parkinson’s are prevalent among the elderly. They are
progressive and ultimately fatal neurological disorders for
which there is no effective treatment at present. Most of
the therapy currently available is targeted at the replace-
ment of the neurotransmitter(s) or inhibition of the de-
grading enzyme [1]. Promising results have been reported
for the neuroprotective effects of neurotrophic factors in
the animal models of neurodegenerative diseases, with
nerve growth factor (NGF) as the prime candidate [1, 2].
Recent studies also showed that glial cell line-derived neu-
rotrophic factor (GDNF) supports the survival of dopa-
minergic neurons in vitro and in animal models of Par-
kinson’s disease [3]. However, difficulty encountered in
the delivery of NGF or GDNF protein to the brain [3, 4]
and poor bioavailability at the desired target sites [5]
severely hampered the progress of clinical trials involving
neurotrophic factors.

Natural compounds in traditional Chinese medicine
(TCM) provide a unique element of molecular diversity
and biological activity that has proven to be invaluable in
the search for drug leads. As such, natural products offer
major opportunities in the discovery of novel drug candi-
dates as potential therapeutic agents. For example, recent
studies indicate that huperzine A, a lycopodium alkaloid
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from the leaves of the Chinese herb, Huperzia serrate, pro-
tects PC12 cells from hydrogen peroxide-induced injury
[6] and holds promise in improving memory and learning
ability in Alzheimer’s patients [7]. These studies highlight
the potential of TCM as a valuable source of drug leads
and suggest that further research focused on delineating
the molecular mechanisms underlying the actions of
TCM may yield valuable information for potential drug
development.

We have recently investigated the presence of neuroac-
tivities in TCM such as Melia toosendan Sieb. et Zucc.
(hereon M. toosendan) [8]. A previous report indicates
that M. toosendan is effective for the treatment of malaria
and stomach aches caused by roundworm [9]. The chemi-
cal structures of several limonoids isolated from the meth-
anolic fraction of M. toosendan have been identified [10].
The anti-tumor effect of several of these limonoid com-
pounds has been suggested to result from the growth-
inhibitory effects observed in human cancer cell lines
[10]. Moreover, toosendanin, a triterpenoid derivative
extracted from the bark of M. toosendan, has been
reported to act as a presynaptic blocker by decreasing the
number of vesicles at the neuromuscular junction and,
more recently, to induce apoptosis of PC12 cells [9, 11,
12]. However, the molecular mechanisms mediating the
neuroactive effects of M. toosendan have not been eluci-
dated.

In the present study, we have examined the ability of
M. toosendan to affect neuronal differentiation using rat
pheochromocytoma PC12 cells as an in vitro model sys-
tem. We report here that treatment of PC12 cells with
M. toosendan results in reduced cell growth and enhanced
neurite outgrowth. These effects of M. toosendan are
mediated by the activation of protein kinase A (PKA) and
extracellular signal-regulated kinases (ERKs). Taken to-
gether, our findings demonstrate the presence of neuroac-
tive compounds in M. toosendan that promote neuronal
differentiation and add this herb to the class of agents that
can activate the PKA/ERK-signaling pathway.

Materials and Methods

Preparation of M. toosendan Extracts

Fruits of M. toosendan (20 kg) were cut into small pieces and
incubated with 95% ethanol in a bath. After reflux for 2 h, the solu-
tion was filtered with cotton gauze. The filtrate was then collected
and the incubation procedure was repeated twice with the residue
mixed with 95% ethanol. All the filtrates were pooled together and
concentrated with a rota-evaporator under reduced pressure at 70—
80°C. After the concentration procedure, 500 g of M. toosendan
extract was obtained. The extract was dissolved in DMSO (final cul-
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ture concentration, <0.5%). Our studies indicated that the solvent, at
the concentration used, had no effect on cell viability.

Cell Culture

PC12 cells were routinely cultured in growth medium, i.e. Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 6%
heat-inactivated fetal bovine serum (HIFBS, v/v), 6% heat-inacti-
vated horse serum (HIHS, v/v), 100 units/ml penicillin and 100 pg/
ml streptomycin (Invitrogen). PC12 cell differentiation was induced
by switching the growth medium to low serum medium, i.e. supple-
mented with 1% HIFBS (v/v) and 1% HIHS (v/v) and adding 50 ng/
ml NGF (Boehringer Mannheim) for various periods of time as indi-
cated. The amount of DMSO added to the control cultures was
equivalent to that used in the M. toosendan-treated group. PKA-defi-
cient PC12 cell line, A126-1B2, was a gift from Dr. Kevin A.W. Lee
(Department of Biology, Hong Kong University of Science and Tech-
nology). These cells were normally cultured on collagen-coated dishes
and maintained under the same condition as wild-type PC12 cells.
Mouse neuroblastoma cells (Neuro2A; N2A), mouse muscle cells
(C2C12) and monkey kidney cells (COS-7) were routinely cultured in
DMEM supplemented with 5, 20 or 10% fetal bovine serum, respec-
tively, according to protocols from American Type Culture Collec-
tion (ATCC).

Cell Growth of PC12 Cells

Total viable cells were assessed by a modified MTT assay
(Roche). PC12 cells were plated on 96-well plates (2,000 cells/well) in
growth medium. After overnight culture, cells were treated with
increasing concentrations of M. toosendan. MTT assays were per-
formed as previously described [13]. Viability is expressed as percent
of solvent-treated control = SEM (n = 6 dishes).

Cytotoxicity Assays

The Cytotoxicity Detection Kit (Roche) used was based on the
detection of lactate dehydrogenase (LDH) released from dead cells as
a result of cytotoxicity. Cell-free culture supernatants from M. too-
sendan-treated PC12 cells were collected and then transferred to
multi-titer plates. A substrate mixture containing tetrazolium salts
was added, and then incubated for 0.5 h. The formazan dye formed
was quantitated by measuring the absorbance at 490 nm.

The activity of caspase enzyme was measured by the cleavage of a
peptide substrate for caspase-3 (AcDEVD-AMC). After incubation
for at least 12 h, PC12 cells were lysed with Tris-lysis buffer as sug-
gested by manufacturer (Promega). Forty mA/ HEPES containing
10% glycerol and 2 mM DTT was then added to the lysate with 1 ul
of 7-amino-4-methoxy coumarin. The mixture was incubated for
75 min at 37°C. The resulting optical density at 360 and 460 nm
wavelengths was determined.

Protein Preparation, Western Blot Analysis and Antibodies

PCI12 cells were lysed on ice in RIPA buffer [13]. Aliquots of each
sample containing equal amounts of proteins were resolved on SDS-
PAGE gels (7.5 or 10%) and subjected to Western blot analysis as
previously described [13]. Monoclonal mouse antibodies specific for
the phosphorylated and unphosphorylated forms of neurofilament-
160 (Zymed) were used as neuronal markers in the study. Rabbit
polyclonal anti-sera detecting the phosphorylated and unphosphory-
lated forms of p44/42 mitogen-activated protein (MAP) kinases
(ERKs; ERK1/2), c-Jun NH,-terminal kinase (JNK1/2), p38 and
TrkA were obtained from New England Biolabs.
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Fig. 1. Melia toosendan treatment of PC12 cells resulted inreduction
of cell growth without detectable cytotoxicity. a Effect of M. toosen-
dan on PC12 cell growth. Cell survival was quantified by MTT assay
after exposure to various concentrations (1-300 pug/ml) of M. toosen-
dan for 2-4 days. b Caspase-3 activity in PC12 cells treated with
M. toosendan (1-300 pg/ml) for 4 days. The mean fluorescence units
per microgram of protein was shown as percent of solvent control.
Treatment of PC12 cells with staurosporine (1 puM) resulted in
>700% increase in caspase-3 activity (data not shown). ¢ LDH
release to the culture medium following treatment of PC12 cells with
M. toosendan (1-300 pg/ml) for 18 h. Results from three indepen-
dent experiments were expressed as percent of solvent control +
SEM (n = 4 dishes). Error bars were too small to be depicted.
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Protein Kinase A Assay

To measure the PKA activity, total cell extracts of PC12 cells
were prepared as described. The PKA activity was measured by using
the PepTag assay for non-radioactive detection of cAMP-dependent
PKA (Promega) as recommended by the manufacturer. The final
reaction products were analyzed on 1% agarose gel. Only the phos-
phorylated peptide was quantitated.

Statistical Analysis

Data are presented as mean value = SEM. For simple statistical
comparisons, such as treatment compared with control, one-way
analysis of variance (ANOVA) was carried out to determine the sig-
nificance, followed by Dunnett’s t test. For dose- or time-dependent
effects, one-way ANOVA followed by Fisher’s protected least-signifi-
cant difference (PLSD) test were used. A p value of <0.01 is consid-
ered significant.

Results

M. toosendan Inhibited the Cell Growth of PC12 Cells

with No Detectable Cytotoxicity

As a first step to identify the presence of neuroactive
compounds in M. toosendan, we examined the ability of
this herb to induce neuronal differentiation in PC12 cells.
The effect of M. toosendan on the cell growth of PC12
cells was examined by monitoring the metabolic activities
of PC12 cells after treatment with increasing concentra-
tions (1-300 pg/ml) of M. toosendan for 2—-4 days (fig. 1a).
A significant reduction in cell growth was observed fol-
lowing treatment with M. toosendan (100 ug/ml) for 2-4
days when compared with the solvent control. The effect
of this herb extract on cell growth observed in PC12 cells
was reminiscent of the growth inhibition reported in can-
cer cell lines [10].

To examine whether the reduction in cell growth was
due to cytotoxicity, caspase-3 activity and release of LDH
were monitored in PC12 cells after treatment with M. too-
sendan (1-300 pg/ml). It was observed that M. toosendan
did not induce any detectable change in caspase-3 activity
or LDH release when compared with DMSO-treated con-
trol cells at 12 h (data not shown) or after 4 days (fig. 1b, ¢).

M. toosendan Induced the Neuronal Differentiation of

PC12 Cells Maintained in Growth Medium

To examine the morphological effect of M. toosendan
on PC12 cells, we exposed the cultures maintained in
growth medium to NGF (50 ng/ml) or M. toosendan (30
pg/ml) for 5 days. While PC12 cells did not extend neu-
rites in the absence of NGF on day 3, morphological
changes occurred in PC12 cells treated with NGF or
M. toosendan (fig. 2a). PC12 cells treated with M. toosen-
dan exhibited neuronal phenotype, including compaction
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Fig. 2. Melia toosendan induced neurite
growth of PC12 cells. a Phase-contrast pho-
tomicrographs showing time-dependent in-
duction of neurite outgrowth by M. toosen-
dan (30 ug/ml). The right panels show the
immunofluorescent staining of phospho-
neurofilament H (NF) on day 5. Scale bar:
50 um. b Neurite outgrowth was quantified
as described in Materials and Methods. Re-
sults represent the mean value expressed in
neurite length per cell = SEM (n = 4 dishes).
*p < 0.01 compared with DMSO controls
on the same day.
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of cell bodies and extension of neurites. After 5 days of
M. toosendan treatment, more than 90% of the PC12
cells bore numerous and elongated neurite extensions
(~54.2 um/cell; fig. 2). When maintained under mito-
genic conditions, PC12 cells treated with NGF only dis-
played moderate neurite extension (~22.6 um/cell; fig. 2)
and did not establish a neurite network until later time
points (data not shown). Interestingly, treatment with 4.
toosendan (30 ug/ml) resulted in more robust extension of
neurites when compared to NGF treatment (fig. 2a). Ex-
pression of a neuronal marker, phosphorylated neurofila-
ment (pNF160), in these neurites was confirmed by im-
munocytochemical analysis (fig. 2a).

MAP Kinases Were Activated by Treatment of PC12

Cells with M. toosendan

It is well documented that MAP kinase pathways are
crucial for NGF-induced neuronal differentiation [14]. In
particular, the initiation of neurite outgrowth of PC12

Melia toosendan Regulates PC12 Cell
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cells requires activation of the Ras/ERK pathway [14].
We have therefore examined the ability of M. toosendan
to activate ERK1/2 in PC12 cells and another neuronal
cell line, Neuro 2A cells (fig. 3a). We found that treatment
of these neuronal cells with M. foosendan resulted in
ERK1/2 activation, while phosphorylation of ERK1/2
was not observed at comparable concentrations in other
non-neuronal cell types such as C2C12 and COS-7 cells
(fig. 3a). Consistent with these observations, M. toosen-
dan also did not reduce the proliferation of non-neuronal
cells (fig. 3b), suggesting that the effects of M. toosendan
was neuro-specific.

It has been reported that sustained activation of
ERK1/2 for an extended duration of more than 2 h is crit-
ical for neurite elongation and initiation [14]. We found
that treatment of PC12 cells with M. toosendan treatment
resulted in the activation of ERK1/2 in a dose- and time-
dependent manner (fig. 3c). Significant ERK1/2 phos-
phorylation was observed upon treatment with M. toosen-
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ERK1/2 phosphorylation (a) and cell prolif-
eration (b) were determined in PC12, Neuro
2A (N2A), COS7 and C2C12 cells following
treatment with (+) or without (=) M. toosen-
dan (50 pg/ml). *p < 0.01 compared with
DMSO controls. ¢ MAP kinases were acti-
vated following treatment with M. toosen-
dan. PC12 cells were serum-starved for 4 h,
and then treated with M. toosendan (0-
200 pg/ml) for 1 h (left panels) or M. toosen-
dan (50 pg/ml) for various time periods
(right panels) as indicated. NGF (50 ng/ml)
was used as the positive control. The anti-
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dan (20-200 ug/ml) within 5 min and was sustained for at
least 4 h. Other members of MAP kinase family, such as
JNK1/2 and p38 MAPK, have previously been reported
to be phosphorylated during NGF-induced differentia-
tion of PC12 cells [15, 16]. We found that both JNK1/2
and p38 were phosphorylated by M. toosendan in a dose-
and time-dependent manner (fig. 3a).

252 Neurosignals 2004;13:248-257

ERK1/2 Activated by M. toosendan Was

TrkA-Independent and PKA-Dependent

Since the Ras/ERK cascade can be initiated by the
NGF-induced tyrosine phosphorylation of TrkA [17, 18],
we examined the ability of M. toosendan to activate TrkA.
It was observed that M. toosendan did not induce detect-
able phosphorylation nor protein expression of TrkA at
concentrations up to 200 pg/ml (fig. 3¢). To further inves-

Yu/Min/Ip




a
K252a (100nM) - + — + — + b
NGF - - + + - - uoi26 uM) - - 10 01 1 10
M. toosendan - - - - + + M. toosendan — + — + + +
PERK T = T PERK. & =
ERK, e et ERK e i e <
c d
S$B202190 (uM) - - 100 10 50 100 H89 M) — - 10 01 1 10
M. toosendan - + - + + + M.toosendan — + — + + +
PERKL: &= @ ——=— PERKY @
ERK & o e s e e e ERK S i S
e f
GF109203X (nM) - - 100 1 10100 Wortmannin(nM) - - 100 1 10 100
M. toosendan - + — + + + M. toosendan - + — + + +
PERK = — PERK -— ___,..-—-"'""
ERK . R e s ERK: Sger————r——

Fig. 4. Activation of ERK1/2 by Melia toosendan was dependent on MEK1/2 and PKA. After serum starvation,
PC12 cells were treated with K252a (100 nM, a), U0126 (0.1-10 uM, b), SB202190 (10-100 uM, ¢), H89 (0.1-
10 uM, d), GF109203X (1-100 nM, e) or Wortmannin (0.1-10 pa, f) for 1 h prior to the treatment of M. toosendan
(30 pg/ml). The antibodies used for this study are specific for the phosphorylated (p) form or total ERK1/2 (ERK)
proteins as indicated. Experiments were repeated at least three times and similar results were obtained.

tigate the potential involvement of the TrkA pathway in
the activation of ERK1/2 induced by M. toosendan, the
effect of a specific inhibitor of TrkA tyrosine kinase,
K252a [19], on ERK1/2 phosphorylation was examined.
While K252a (100 nM) completely inhibited TrkA phos-
phorylation induced by NGF, it did not attenuate the
ERK1/2 activation induced by M. toosendan (fig. 4a).

As a first step to dissect the pathway that led to ERK 1/
2 phosphorylation, we examined whether M. toosendan-
induced ERK1/2 activation occurred via the phosphory-

Melia toosendan Regulates PC12 Cell
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lation of MEK1/2 [20]. Preincubation of PC12 cells with
U0126 (1 uM), a selective inhibitor of MEK1/2, abol-
ished the M. toosendan-induced ERKI1/2 activation
(fig. 4b). Pretreatment with a p38 inhibitor, SB202190,
did not attenuate the phosphorylation of ERK1/2 ob-
served (fig. 4¢). To investigate if PKA, PKC or PI3-kinase
was required for M. toosendan-induced ERK1/2 activity,
we studied the effect of various inhibitors, H89 (PKA
inhibitor); GF109203X (PKC inhibitor) and Wortman-
nin (PI-3 kinase inhibitor) on ERK1/2 activation in
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Fig. 5. The effects of U0126 and H89 on
Melia toosendan-induced neurite outgrowth
in PC12 cells. a Phase-contrast photomicro-
graphs of day-3 cultures showing the inhibi-
tory effects of U0126 and H89 on M. toosen-
dan-induced neurite outgrowth. Scale bar:
50 um. b Neurite outgrowth was quantified
as described in Materials and Methods. Re-
sults represent the mean value expressed in
neurite length per cell £ SEM (n = 5 dishes).
*p<0.01 compared with DMSO controls.
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response to M. toosendan (fig. 4d—f). While pretreatment
with H89 (10 puA/) for 1 h inhibited the ERK1/2 activa-
tion induced by M. toosendan (fig. 4d), the other two
inhibitors at effective concentrations that blocked PKC
[21] and PI-3 kinase [22] failed to attenuate the effect of
M. toosendan on ERK1/2. These results suggested that
ERK1/2 phosphorylation induced by M. toosendan was
dependent on PKA activation but independent of PKC
and PI-3 kinase pathways.

Inhibition of ERK1/2 and PKA Attenuated the Effects

of M. toosendan on PC12 Cell Differentiation

To investigate whether ERKs and the PKA pathway
mediated the effects of M. foosendan on neurite out-
growth, U0126 and H89 were used in PC12 cell differen-
tiation experiments. When PC12 cells were treated with
U0126 1 h prior to the addition of M. toosendan extracts,
neurite outgrowth of PC12 cells induced by M. toosendan
was inhibited (fig. 5). Similarly, H89 treatment also inhib-
ited M. toosendan-induced neurite outgrowth of PC12

254 Neurosignals 2004;13:248-257

cells (fig. 5). Taken together, the effects of M. toosendan
on PC12 cell differentiation were dependent on the acti-
vation of the PKA/ERK-signaling pathway.

M. toosendan-Induced Neuronal Differentiation and

PKA and ERK1/2 Phosphorylation Was Attenuated in

A126-1B2 Cells

The cell line A126-1B2 was isolated from a mutage-
nized population of PC12 cells on the basis of selection
with a toxic concentration of dbcAMP [23]. We have con-
firmed that the level of type II PKA in A126-1B2 cells
was reduced by more than 50% when compared to wild-
type PC12 cells. While A126-1B2 cells responded to
NGF with neurite formation in 2 days (data not shown),
they failed to respond to the addition of M. toosendan
(fig. 6a). The inability of A126-1B2 cells to extend neu-
rites in response to M. toosendan suggests that PKA is
required for the neuronal differentiation induced by
M. toosendan.
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Fig. 6. Melia toosendan did not induce neu-
rite outgrowth nor ERK1/2 phosphorylation
in PKA-deficient PC12 cells. a Neurite out-
growth was quantified as described in Mate-
rials and Methods. Results represent the fold
change relative to its solvent control £ SEM
(n = 3). b The PKA activities in wild-type
and PKA-deficient A126-1B2 PCI12 cells
following treatment with M. toosendan (0.1-
300 pg/ml) for 1 h were measured by PKA
activity assay as described in Materials and
Methods. The experiments were repeated
three times with similar results. Data repre-
sented the result from a typical experiment,
and are expressed as percent of PKA activity
in untreated DMSO control (*p < 0.0.1).
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PKA Activity (% of Control)

250

200t

150

100}

(3]
(=]

- PC12
—+— A126-1B2
I
z
1 2 3 4 5
Days of Treatment
b
OPC12 - .
HA126-1B2 .
* & . * & %
0 01 03 1 3 10 30 100 300

Concentration (ug/mil)

type and PKA-deficient PC12 cells, A126- c
1B2. PC12 cells (left panels) or A126-1B2 M. toosendan M. toosendan
(right panels) were serum-starved for 4 h, 0 5 15 30 60 120 240 (min) 0 5 15 30 60 120 240 (min)
and then treated with NGF (10 ng/ml, upper
panels) or M. toosendan (100 pg/ml, lower === pERK =
panels) for various time periods as indicated.
Phosphorylation of ERK1/2 was detected b - - s
phory Y ——re—eeweew="" ERK IS ae—ts

anti-phospho-ERK1/2 antibody (pERK).
The expression of ERK1/2 protein and load-
ing of samples were examined by immuno-
blotting with anti-ERK1/2 antibody (ERK).
The experiment was repeated three times

--.__—_-—_“‘

PC 12

A126-1B2

with similar results.

To determine whether M. toosendan induced PKA
activity, PC12 and A126-1B2 cells were treated with
M. toosendan (0.1-300 pg/ml) for 1 h, and PKA activity
was determined by quantifying the phosphorylated sub-
strate as described in Materials and Methods. Treatment
of PC12 cells with M. toosendan (100 pg/ml) increased the
PKA activity by ~2-fold over the basal level (fig. 6b).
This increase in PKA activity was significantly attenuated
in A126-1B2 cells (fig. 6b). The requirement of PKA in
M. toosendan-induced activation of ERK1/2 was also
examined in A126-1B2 cells. These cells and wild-type

Melia toosendan Regulates PC12 Cell
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PC12 cells were treated with 10 ng/ml NGF or 100 ug/ml
M. toosendan for various time periods. In A126-1B2
cells, M. toosendan activation of ERK1/2 was reduced to
near basal level when compared with wild-type cells
(fig. 6¢). Western blot analysis demonstrated that the
decrease in ERK1/2 activation after M. toosendan stimu-
lation in A126—-1B2 cells was not due to the change in pro-
tein expression of ERK1/2 (fig. 6¢).
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Discussion

In the present study, we have provided evidence that
incubation of PC12 cells with a crude extract of the fruits
of M. toosendan results in enhanced neuronal differentia-
tion. Intriguingly, the extent of neurite outgrowth induced
by M. toosendan is greater than that observed with NGF
treatment. Based on the results of specific kinase inhibi-
tors and PKA-deficient PC12 cells, we conclude that the
effects of M. toosendan on neuronal differentiation are
mediated by PKA and sustained ERK1/2 activation. Tak-
en together, this study provides the first demonstration
that M. toosendan promotes neuronal differentiation of
PC12 cells via the activation of PKA and ERKs. These
findings provide new insights into the understanding of
the actions of M. toosendan on neuronal cells.

The molecular mechanism underlying NGF-induced
neuronal differentiation has been intensely studied in
PC12 cells [18]. It is well documented that activation of
Ras/Raf/MEK/ERK pathway is critical in mediating the
neuronal effects of NGF [14]. In particular, there is com-
pelling evidence that sustained ERK1/2 signaling is re-
quired in the neuronal differentiation of PCI12 cells
induced by NGF [14, 24]. In this light, it is noteworthy
that M. toosendan, like NGF, also triggers prolonged acti-
vation of ERK1/2. Since M. toosendan fails to activate the
high-affinity NGF receptor, TrkA, and its effect is not
attenuated in the presence of K252a, it is unlikely that the
neuroactivity is due to the presence of NGF in the herbal
extract. Our unpublished data using Western blot analysis
also showed that treatment of PC12 cells with M. toosen-
dan did not induce phosphorylation of Raf-1, suggesting
that the activation of ERK1/2 by M. toosendan is not
mediated by Ras/Raf-1. The ERK1/2 phosphorylation
triggered by M. toosendan treatment of PCI12 cells ap-
pears to be dependent on PKA/MEK activation and pro-
vides another potential mechanism by which the MEK/
ERK pathway becomes activated, subsequently leading to
the induction of neurite outgrowth. While other MAP
kinases, such as p38 MAPK, also play a role in PC12 cell
differentiation [25], we found that inhibition of p38
MAPK did not affect M. toosendan-induced PC12 cell
differentiation (unpublished data). Taken together, based
on the ability of M. toosendan to induce PKA activity and
the results obtained with specific kinase inhibitors and
PKA-deficient PC12 cells, our data suggest that the PKA/
ERK pathway mediates the neuronal effects of M. toosen-
dan in PC12 cells. It is noteworthy that the dependence of
M. toosendan-induced neuronal differentiation on PKA
activation contrasts the lack of PKA requirement by NGF
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or retinoic acid in the induction of neurite outgrowth [26,
27].

The PKA pathway has been reported to play an impor-
tant role in regulating gene expression during the growth
and differentiation of PC12 cells via activation of ERKs
[28, 29]. Both B-Raf and Raf-1 can independently lead to
ERK phosphorylation via activation of MEK in PC12
cells. Previous studies have shown that cAMP elevation
activates ERK1/2 through the PKA-dependent activation
of Rapl, which selectively stimulates B-Raf and inhibits
Raf-1 [30, 31]. Therefore, our finding suggests that the
M. toosendan-induced ERK activation likely involves the
PKA/Rapl1/B-Raf pathway. Most of the transcriptional
actions of PKA in PC12 cells are mediated by accumula-
tion of cAMP [32]. However, we found that treatment of
PC12 cells M. toosendan in PC12 cell did not stimulate
the production of cAMP (unpublished observations).
While it is likely that the active ingredient(s) in M. toosen-
dan might act as cCAMP analog(s) and activate PKA, one
cannot rule out the possibility that the accumulation of
cAMP might be below the detectable level. Moreover,
since treatment of PC12 cells with NGF or dibutyryl
cAMP has been reported to induce immediate early
genes, such as c-fos and egr-1 [18], it would be of interest
to investigate the expression of these genes in PC12 cells
following M. toosendan treatment.

In the present study, we have demonstrated the presence
of neuroactive compounds in M. toosendan that promotes
neuronal differentiation. We report here that incubation
with M. toosendan results in the reduction of PC12 cell
growth as well as induction of neurite outgrowth in PC12
cells. The effects of M. toosendan on neuronal differentia-
tion are mediated by PKA and sustained activation of
ERKSs. Our findings not only suggest that M. toosendan em-
braces a rich source of neuroactive compounds that induce
the neuronal differentiation, but also reveals the potential
signaling molecules involved in its action. Further studies
aimed at the purification and identification of active com-
ponents in M. toosendan are in progress in our laboratory.
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