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Neurotrophins play important roles in the differentiation and survival of neurons dur-
ing development, and in the regulation of synaptic transmission in adult brain. Brief
treatment with nerve growth factor (NGF) enhances depolarization and ionomycin-in-
duced dopamine and acetylcholine release from PC 12 cells. The enhancing effect ap-
pears very quickly and reaches a plateau 10-15 min after application. NGF also
enhances hypertonic solution-induced dopamine release, and increases the amount of
dopamine released from membrane-permeabilized PC 12 cells in the absence of MgATP,
suggesting that NGF enhances neurotransmitter release by increasing the number of
Ca2+-responsive secretory vesicles. The activation of Trk receptors is essential for NGF
action, since K252a abolishes the NGF-induced potentiation of dopamine release and
brain-derived neurotrophic factor enhanced ionomycin-induced release only in TrkB-
expressing cells. NGF-mediated potentiation of dopamine release is completely abol-
ished by wortmannin, a PI 3-kinase inhibitor, and by U0126 and PD98059, MAP kinase
kinase inhibitors, indicating that the activation of PI 3-kinase and MAP kinase path-
ways is essential for NGF action. These findings suggest that NGF regulates neurotrans-
mitter release through the activation of TrkA receptors, possibly by increasing the num-
ber of secretory vesicles in a readily releasable pool.
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Activity-dependent modification of synaptic transmission, factor (BDNF), neurotrophin-3 (NT-3), and NT-4/5, are
or synaptic plasticity, is regarded as the cellular basis of members of a family of proteins that plays important roles
learning and memory (1). Various endogenous factors are in the survival and differentiation of many types of neurons
believed to be involved in synaptic plasticity, however, the during development (2-4). Recently, these neurotrophins
precise mechanisms are still unclear. Neurotrophins, such and their receptors were found to be expressed in adult
as nerve growth factor (NGF), brain-derived neurotrophic brain, and to participate in activity-dependent synaptic

plasticity and memory formation (4-7). Among the neuro-
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ences in the signal transduction mechanisms among the
© 2002 by The Japanese Biochemical Society. different neurotrophin receptors (IS). The application of
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BDNF elicits a rapid, marked increase in the frequency of
spontaneous synaptic currents at synapses in cultured rat
hippocampal neurons (19), and at neuromuscular synapses
in Xenopus nerve-muscle co-culture (20), where Ca2+ influx
is essential for the acute effect. The application of NT-3 also
induces a marked increase in the frequency of spontaneous
synaptic currents in neuromuscular synapses; however,
this effect is not dependent on Ca2+ influx from extracellu-
lar sources, but rather on Ca2+ released from intracellular
stores through inositol 1,4,5-trisphosphate (IP3) receptors
(21, 22). The BDNF-induced enhancement of high-fre-
quency transmission at CA1 synapses in the hippocampus
appears to be mediated through the activation of the mito-
gen-activated protein kinase (MAP kinase) and phosphati-
dylinositol 3-kinase (PI 3-kinase) pathways, but not the
phospholipase C7 (PLC7) pathway (23). In contrast, a con-
comitant activation of the PI 3-kinase and PLC7 pathways
is necessary and sufficient to mediate the NT3-induced
synaptic potentiation at Xenopus neuromuscular synapses
(22). NGF/TrkA stimulates the survival of sympathetic
neurons primarily by the PI 3-kinase (18), whereas the PI
3-kinase and MAP kinase pathways are required for
BDNF/TrkB-mediated neuronal survival (24). Both BDNF
and NT-3 attract growth cone turning of Xenopus motoneu-
rons, but the BDNF effect requires Ca2+ influx and is de-
pendent on [cAMP]in, whereas the NT-3 effect is regulated
by [cGMP]in and independent of extracellular Ca2+ (25, 26).

The signal transduction mechanisms that modulate neu-
rotransmitter release have been studied extensively for
BDNF and NT-3 so far, however, few studies have been con-
ducted on NGF. In this study, we examined the effect of
NGF on neurotransmitter release from clonal rat pheochro-
mocytoma PC12-C3 cells. We found that NGF enhances
neurotransmitter release from PC12-C3 cells through the
activation of the MAP kinase and PI 3-kinase pathways
without changing in the intracellular free Ca2+ concentra-
tion ([Ca2+]in). We also found that NGF enhances neuro-
transmitter release by increasing the number of secretory
vesicles in a readily releasable pool.

MATERIALS AND METHODS

Materials—NGF (2.5S form) was prepared from male
mouse salivary glands by the method of Suda et al. (1978).
Polyvinylidene difluoride membranes were from Millipore
(Bedford, MA); Dulbecco's modified Eagle's medium and
horse serum were from Life Technologies (Rockville, MD);
precolostrum new born calf serum was from Mitsubishi
Chemicals (Tokyo); ionomycin and U73122 were from
Nakarai Tesque (Kyoto); digitonin, K252a, wortomannin,
and PD98059 were from Calbiochem (La Jolla, CA); BDNF
and U0126 were from Promega (Madison, WI); the mono-
clonal anti-phosphotyrosine antibody (4G10) was from
Upstate Biotechnology (Lake Placid, NY); anti-phospho-
protein kinase B (PKB) and anti-phospho-MAP kinase
antibodies were from New England BioLabs (Beverly, MA).

Cell Culture—-The PC12-C3 cells (27), which store large
amounts of ACh and DA, were used throughout the present
study. They were maintained in Dulbecco's modified Eagle's
medium containing 50 mMiter precolostrum new born calf
serum and 50 mMiter heat-inactivated horse serum. Two
days before experiments, 106 cells were plated on polyethyl-
eneimine-coated 35 mm plastic culture dishes.

Dopamine (DA) and Acetylcholine (ACh) Release Assay—
Before experiments, PC12-C3 cells were washed three
times with a low-K+ solution (140 mM NaCl, 4.7 mM KC1,
1.2 mM KHjPO^ 2.5 mM CaCL,, 1.2 mM MgSO4, 11 mM
glucose, and 15 mM HEPES-NaOH, pH 7.4). After pre-
treating the cells under various conditions as indicated in
the figure legends, the cells were incubated for 1 or 2 min
in the low-K+ solution and then incubated several times for
I or 2 min each with either 1 (JLM ionomycin in the low-K+

solution or a high-K+ solution (95 mM NaCl, 50 mM KC1,
1.2 mM KH,PO4, 2.5 mM CaCL,, 1.2 mM MgSO4, 11 mM
glucose, 15 mM HEPES-Tris, pH 7.4). In some experi-
ments, hypertonic sucrose solution (0.75 M sucrose, 140
mM NaCl, 4.7 mM KC1, 1.2 mM KH2PO4, 1.2 mM MgSO4,
I I mM glucose, and 15 mM HEPES-NaOH, pH 7.4) was
used to induce DA release. To assay DA and ACh, the solu-
tion was immediately transferred to a microtube containing
150 |xl of 1M perchloric acid at the end of each incubation
period. At the end of the experiments, cells were sonicated
on ice with 500 (JLI chilled 0.2 M perchloric acid and 0.1 mM
EDTA. The samples were centrifuged at 15,000 rpm for 5
min at 4°C, and used to measure DA and ACh. The
amounts of DA and ACh in the samples were measured as
described previously (27).

Secretion of DA from Permeabilized PC12-C3 Cells—Cell
permeabilization was performed at 37°C by the method
described originally by Peppers and Holz (28) with slight
modifications (27). The culture medium was removed and
the cells were preincubated with 100 ng/ml NGF for 15
min, then rinsed twice with 1 ml of a Ca2+-free Locke's solu-
tion (5 mM Hepes-NaOH buffer, pH 6.8 containing 156 mM
NaCl, 5.6 mM KC1, 0.2 mM EGTA, 3.6 mM NaHCO3, and
5.6 mM glucose). The cells were permeabilized by incuba-
tion for 5 min with 250 JJLI of 8 jxM digitonin in KGEP (20
mM Pipes-NaOH buffer, pH 6.8, containing 140 mM potas-
sium glutamate, 5 mM glucose, and 5 mM EGTA). After
permeabilization, the medium was replaced with 250 |xl of
KGEP with or without 100 |jiM CaCl2. At the end of the
incubation periods, the buffer was immediately transferred
to a micro tube containing 25 (xl of 2 M perchloric acid.
Cells were sonicated on ice with 500 |xl of chilled 0.2 M per-
chloric acid. The samples were centrifuged at 15,000 xgav

for 5 min at 4°C, and the supernatant was stored at -80°C
until DA assay.

Transfection—A DNA fragment corresponding to the
human growth hormone (hGH) gene was isolated from
pXGH5 vector (Nichols Institute, San Juan Capistrano,
CA) and subcloned into pSI vector (Promega, Madison, WI).
The resulting vector was named pSDiGH vector. The TrkB
cDNA was prepared as described (29), and subcloned into
pcDNA3 to construct the mammalian expression vector
pcDNA3/TrkB. PC12-C3 cells were plated in polyethylene-
imine-coated 35-mm culture dishes at a density of 1-2 x 106

cells/dish. After 18-24 h, the cells were transfected with
various vectors using LipofectAMINE (Life Technologies)
according to the instruction manual. In the cotransfection
experiments, 2.0 (xg of pcDNA3/TrkB or empty pcDNA3
vector (as a control) was added with pcDNA3/hGH. The
cells were subsequently maintained for 24—48 h and used
for hGH release assay. hGH was measured using a radio-
immunoassay kit (Nichols Institute) as described (30).

Immunoblotting—Ten micrograms of cellular protein
was separated by SDS-PAGE on linear 4-20% acrylamide
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gradient gels. Immunoblotting was performed as described
(31)-using- enhanced cheiriiluminescence (Amersham Phar-
macia Biotech, Uppsala, Sweden) and X-ray films for the
detection of the immunoreactive signal. Primary antibodies
were used at a dilution of 1:1,000.

[Ca2+]in Measurements—[Ca2*]^ was determined in fura-2
(32) loaded cells. After three washes with the low-K+ solu-
tion, cells were incubated for 60 min at 37°C in the low-K+

solution supplemented with fura-2/AM at a final concentra-
tion of 5 [xM. After another 30-min incubation in fura-2/
AM-free medium, the cells were examined under a fluores-
cent microscope equipped under a silicon-intensified-target
video camera and a computer-operated imaging unit (1X70,
Olympus, Tokyo; Argus-50, Hamamatsu Photonics, Hama-
matsu). A pair of fluorescent images was acquired at excita-
tion wavelengths of 340 and 380 nm every 10 s; [Ca2+]fa is
given as the ratio between the 340 and 380 nm excited fluo-
rescences.

RESULTS

NGF Rapidly Enhances Ca2*-Dependent DA and ACh
Release from PC12-C3 Cells—In PC 12 cells, DA and ACh
are stored in large dense-core vesicles and small synaptic
microvesicles, respectively, and are released by Ca2+-depen-
dent exocytosis from these vesicles (33). As shown in Fig. 1,
A and B, high-K+-depolarization induced an enormous
release of DA and ACh from PC12-C3 cells. When the cells
were pretreated with 100 ng/ml NGF for 10 min, the depo-
larization-induced releases of both DA and ACh were
markedly enhanced by 40-50%. The basal releases in low-
K+-solution did not change after NGF treatment. Ionomy-
cin is a Ca2+ ionophore that induces Ca2+-dependent neu-
rotransmitter release without activating voltage-dependent
Ca channels. As shown in Fig. 1C, NGF also enhanced iono-
mycin-induced DA release from PC12-C3 cells, suggesting
that NGF enhances DA release by modulating some step
after Ca2+ influx. A significant stimulant effect of NGF was
observed at 5 ng/ml, and the maximum effect was obtained
at around 50 ng/ml (Fig. 2A). The enhancement appeared
very quickly after a brief lag period and reached a plateau
10-15 min after application (Fig. 2B).

NGF Enhances Neurotransmitter Release by Increasing
the Number of Ca2*-Responsive Secretory Vesicles—Hyper-
tonic solution induces neurotransmitter release from neu-
rons and PC 12 cells in the absence of extracellular Ca2+ (34,
35). As shown in Fig. 1C, NGF was found to potentiate both
depolarization and hypertonic solution-induced DA release
to a similar extent. Since the hypertonic solution is believed
to induce exocytosis of synaptic vesicles in a readily releas-
able pool in neurons (34), these findings suggest that NGF
enhances neurotransmitter release by increasing the num-
ber of secretory vesicles in the readily releasable pool. To
verify this possibility, we examined the effect of NGF on DA
release from digitonin-permeabilized PC12-C3 cells. It is
well established that Ca2+ triggers the exocytosis of secre-
tory vesicles in a readily releasable pool from digitonin-per-
meabilized PC12-C3 cells in the absence of MgATP (36). As
shown in Fig. 3, Ca2+-induced DA release ceased several
min after Ca2+ challenge in the absence of MgATP. NGF-
treatment prior to membrane permeabilization resulted in
an increase in the amount of DA released in the absence of
MgATP, suggesting that NGF enhances neurotransmitter
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Fig. 1. The enhancing effects of NGF on DA and ACh release
from PC12-C3 cells. (A) and (B) PC12-C3 cells were incubated in
low-K+ solution for 10 min in the presence (circles) or absence
(squares) of 100 ng/mL NGF. After treatment, the extracellular solu-
tion was replaced every 1 min with the low-K* solution in the pres-
ence or absence of NGF (open circles and squares, respectively). The
K+ concentration was elevated from 5 to 50 mM to depolarize the
cells in the third and fourth solutions as indicated in the figures in
the presence or absence of NGF (filled circles and squares, respec-
tively). The amounts of DA and ACh released into the solution were
determined and expressed as a percentage of the total cellular con-
tents. (C) PC12-C3 cells were incubated for 10 min in the presence
(filled bars) or absence (open bars) of 100 ng/ml NGF. The extracel-
lular solution was replaced twice at one-minute intervals with the
low-K+ solution in the presence or absence of NGF, and the cells
were challenged with the following solutions to induce DA release in
the presence or absence of NGF (filled and open bars, respectively);
depo, the high-K+ solution; IM, 1 |xM ionomycin in the low-K+ solu-
tion; sue, the hypertonic solution in the absence of Ca2+. The relative
amounts of DA released in the presence of NGF are expressed as a
percentage of the amount released in the absence of NGF. All the
values are the means ± SD from three representative experiments
i**p < 0.005, *p < 0.01; Student's i-test). -
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release by increasing the size of the Ca2+-responsive vesicle
pool in PC12-C3 cells.

NGF Enhances Neurotransmitter Release through TrkA
Activation—PC12-C3 cells express two types of NGF recep-
tor, a receptor-type tyrosine kinase, TrkA, and the p75 pro-
tein (37). To examine whether the activation of TrkA re-
ceptors is necessary for the NGF-induced enhancement of
neurotransmitter release from PC12-C3 cells, we examined
the effects of K252a, a potent inhibitor of TrkA tyrosine ki-
nase (38), on NGF action. As shown in Fig. 4A, K252a did
not have a significant effect on ionomycin-induced DA
release, however, it abolished the NGF-induced potentia-
tion of DA release from PC12-C3 cells, indicating that the
activation of TrkA is essential for NGF action. PC12-C3
cells do not express TrkB, a high affinity receptor for
BDNF, and BDNF did not enhance ionomycin-induced DA
release from PC12-C3 cells (Fig. 4B). However, BDNF en-
hanced the release of hGH, an exogenously expressed re-
porter molecule of exocytosis of DA-containing large dense-
core vesicles (39), only from TrkB-expressing cells. Since
BDNF activated p75, these findings suggest that p75 does
not play a major role in the NGF-mediated enhancement of
neurotransmitter release from PC12-C3 cells.

10 100

INGFJ (ng/mL)

B 200-1

1 § 10°

15
Preincubation period (min)

Fig. 2. Concentration- (A) and time-dependent effects of NGF
(B) on ionomycin-induced DA release from PC12-C3 cells. (A)
PC12-C3 cells were preincubated in the low-K+ solution in the pres-
ence (filled circles) or absence (open circle) of various concentrations
of NGF for 10 min. (B) PC12-C3 cells were incubated in the presence
(filled circles) or absence (open circle) of 100 ng/ml NGF for various
periods as indicated. The extracellular solution was replaced four
times at two-minute intervals with the low-K+ solution, and the cells
were challenged with 1 |j,M ionomycin in the low-K+ solution for 2
min. The amount of DA released in the presence of ionomycin was
determined and expressed as a percentage of the amount released
without NGF-treatment. All the values are the means ± SD from
three representative experiments (**p < 0.005, *p < 0.01; Student's
t-test).

PI 3-Kinase Is Essential for the NGF-Mediated Enhance-
ment of Neurotransmitter Release from PC12-C3 Cells—
Several signaling enzymes, including PI 3-kinase, MAP
kinase, and PLC7, are activated as downstream targets of
the TrkA receptor. Wortmannin (40) is a potent inhibitor of
PI 3-kinase and completely abolished both the NGF-in-
duced potentiation of DA release (Fig. 5A) and the phospho-
rylation of PKB, a downstream target of PI 3-kinase (Fig.
5B). In contrast, wortmannin did not significantly affect
ionomycin-induced DA release in the absence of NGF.
These findings thus indicate that PI 3-kinase activation is
necessary for the enhancing effect of NGF on neurotrans-
mitter release from PC12-C3 cells.

MAP Kinase Is Also Essential for the NGF-Mediated En-
hancement of Neurotransmitter Release from PC12-C3
Cells—Next, we examined whether the activation of MAP
kinase is necessary for the immediate effect of NGF on neu-
rotransmitter release from PC12-C3 cells. As shown in Fig.
6, two types of MAP kinase kinase (MEK) inhibitors,
U0126 (41) and PD98059 (42), suppressed the NGF-depen-
dent potentiation of DA release and phosphorylation of
MAP kinase without any significant effect on the Ca2+-
dependent release of DA. These findings indicate that the
activation of the MAP kinase pathway is also essential for
NGF action.

Activation of PLCy Is Not Required for the NGF-Depen-
dent Potentiation of Neurotransmitter Release from PC12-
C3 Cells—Finally, we examined the effect of U73122 (43), a
potent inhibitor of PLC-y, on DA release from PC12-C3
cells. However, it was not possible to assess the involve-
ment of PLC-y from the results of this experiment since
U73122 suppressed Ca2+-dependent DA release enormously
regardless of whether or not the cells were pretreated with

at _
(O O

3
c

01

U

30-i

20-

10-

o<

F

j 1

1*
TA

*^ —

N.

— —

^—'

N.

1

S.
*
I

^ 3

s.

0 82 4 6
Time (min)

Fig. 3. The effects of NGF on Ca2*-induced DA release from
permeabilized PC12-C3 cells. PC12-C3 cells were incubated for
10 min in the presence (filled circles) or absence (open circles) of 100
ng/ml NGF, and then treated with 10 (xM digitonin solution for 5
min to permeabilize the cell membranes. The permeabilized PC 12-
C3 cells were incubated in releasing medium with or without 100
(j.M Ca2* for various periods as indicated. The amount of DA released
into the medium was determined and expressed as a percentage of
total cellular content. Ca2+-induced release was calculated by sub-
tracting the release in the absence of Ca2+ from that in the presence
of Ca2*. All values are the means ± SD from three representative ex-
periments (**p < 0.005, *p < 0.01; Student's t-test). No significant
differences were observed (Student's t-test) between the release at 5
min and 8 min (N. S.).
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Fig. 4. Trk receptor-mediated potentiation of
ionomycin-induced DA release from PC12-C3
cells; (A) Effect of K252a-on ionomycin-induced DA
in the presence (filled bars) or absence (open bars)
of NGF-pretreatment. PC12-C3 cells were incu-
bated in the low-K+-solution supplemented with ei-
ther 50 nM K252a (hatched bars) or 1 ml/liter
DMSO (non-hatched bars) for 15 min, followed by a
further 15-min incubation in the same solution in
the presence (filled bars) or absence (open bars) of
100 ng/ml NGF. Ionomycin-induced DA release
over 2 min was measured as described for Fig. 3,
and is expressed as a percentage of that released in
the absence of NGF and K252a. (B) Effect of BDNF
on hGH release from PC12-C3 cells with or without
transfection of the TrkB gene. PC12-C3 cells were
transiently transfected with the hGH gene with
(filled bars) or without (open bars) the TrkB gene.
Two days after transfection, the cells were incu-
bated in the low-K*-solution for 10 min with
(hatched bars) or without (non-hatched) 50 ng/ml BDNF. After washing with the low-K*-solution, the cells were incubated in 1 |xM ionomycin-
containing low-K*-solution for 2 min, and the amount of hGH released into solution was determined and expressed as a percentage of that
released in the absence of BDNF without TrkB transfection. All values are the means ± SD from three representative experiments (**p <
0.005; Student's t-test).
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Fig. 5. Effects of wortmannin, a PI 3-kinase inhibitor, on ion-
omycin-induced DA release and PKB phosphorylation in the
presence or absence of NGF. (A) PC12-C3 cells were incubated in
the low-K+-solution supplemented with either 50 nM wortmannin
(hatched bars) or 1 ml/liter DMSO (non-hatched) for 15 min, fol-
lowed by a 10-min incubation in the same solution in the presence
(filled bars) or absence (open bars) of 100 ng/ml NGF. Ionomycin-in-
duced DA release over 2 min was measured as described for Fig. 3,
and is expressed as a percentage of that released in the absence of
NGF and wortmannin. All values are the means ± SD from three
representative experiments (**p < 0.005; Student's t-test). (B) The
phosphorylation of PKB, a downstream enzyme of PI 3-kinase, was
examined in homogenates of PC12-C3 cells by immunoblotting
probed with anti-phospho-PKB antibody. 1, control cells; 2, cells
treated with NGF; 3, cells treated with wortmannin and NGF.

NGF (Fig. 7A). The activation of PLC7 generates IP3, which
induces an elevation of [Ca2+]in through the activation of IP3

receptors in intracellular Ca2+ store sites. Bradykinin recep-
tors are coupled with PCL(3, and IP3 is also generated after
receptor activation. As shown in Fig. 7B, bradykinin, but
not NGF, induced an elevation of [Ca2+]in in PC12-C3 cells,
suggesting that the production of IP3 sufficient to elevate
[Ca2+]in was not induced by NGF in PC12-C3 cells.

DISCUSSION

In this study, we found that NGF induces a rapid enhance-
ment of ACh and DA release from PC12-C3 cells. We also
showed that NGF increases the number of secretory vesi-
cles in a readily releasable pool, and both PI 3-kinase inhib-
itor and MEK inhibitor suppress the action of NGF.

Previously, NGF was reported to induce Ca2+ influx into
PC12 cells and subsequent DA release (44, 45). PC12 cells
become heterogeneous after a large number of cell divisions
due to spontaneously generated mutations, and many labo-
ratories including ours have conducted subcloning of PC 12
cells using the intrinsic heterogeneity of the cells to isolate
lines with particular phenotypes (see Ref. 46). We found
that NGF-induced Ca2+ mobilization differs among differ-
ent subclones, and NGF induces a transient increase in
[Ca2+]in in some subclones but not in others, including the
PC12-C3 cells used in these studies (see Fig. 7B). In con-
trast, NGF-induced enhancement of neurotransmitter re-
lease was observed in all subclones tested. We also showed
here that NGF-enhanced neurotransmitter release is
evoked not only by high-K+-depolarization, but also by iono-
mycin treatment. These findings suggest that NGF en-
hances Ca2+-dependent neurotransmitter release by modu-
lating step(s) subsequent to Ca2+ entry.

We found that NGF enhances the Ca2+-dependent release
of both ACh and DA, which are stored in small synaptic
microvesicles and large dense-core vesicles, respectively
(33). Protein composition, mechanism of biosynthesis and
recycling, and the requirement for Ca2+-sensing proteins
differ between these two types of vesicles. On the other
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Fig. 6. Effects of MEK inhibitors on ionomycin-induced DA
release and MAP kinase phosphorylation in the presence or
absence of NGF. (A) and (C), PC12-C3 cells were incubated in the
low-K+-solution supplemented with either inhibitor [1 JJIM U0126 for
(A) or 50 M-M PD98059 for (C); hatched bars] or 1 ml/liter DMSO
(non-hatched) for 15 min, followed by a 10-min incubation in the
same solution in the presence (filled bars) or absence (open bars) of
100 ng/ml NGF. Ionomycin-induced DA release over 1 min was mea-
sured as described for Fig. 3, and is expressed as a percentage of
that released in the absence of NGF and inhibitor. All values are the
means ± SD from three representative experiments (**p < 0.005, *p
< 0.01; Student's f-test). (B) and (D) The phosphorylation of MAP ki-
nase was examined in homogenates of PC12-C3 cells by immunob-
lotting probed with anti—phospho-MAP kinase antibody 1, control
cells; 2, cells treated with NGF; 3, cells treated with NGF and either
U0126 (B) or PD98059 (D).

hand, they have many common properties, including ATP-
dependent priming, GTP-sensitivity, and phorbol ester-
mediated regulation of exocytosis (27). These findings indi-
cate that exocytosis of these two types of vesicles can be
modulated equally by NGF, possibly through the post-
translational modification of protein machinery common to

B
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Fig. 7. Evaluation of the involvement of PLC7 in the action of
NGF in PC12-C3 cells. (A) Effects of U73122, a PLC-y inhibitor, on
ionomycin-induced DA release from PC12-C3 cells in the presence or
absence of NGF. PC12-C3 cells were incubated in the low-K+-solu-
tion supplemented with either 10 (xM U73122 (hatched bars) or 1
ml/liter DMSO (non-hatched) for 15 min, followed by a 10-min incu-
bation in the same solution in the presence (filled bars) or absence
(open bars) of 100 ng/ml NGF. Ionomycin-induced DA release over 2
min was measured as described for Fig. 3, and is expressed as a per-
centage of that released in the absence of NGF and U73122. All val-
ues are the means ± SD from three representative experiments (**p
< 0.005; Student's t-test). (B) The effect of NGF and bradykinin on
[Ca2+]in in PC12-C3 cells. [Ca2+]in was measured by microfluorometry
in fura-2-loaded cells. The fluorescence was measured every 10 s as
described in "MATERIALS AND METHODS," and [Ca2+]in is ex-
pressed as a ratio of emission intensities (340 nm/380 nm). NGF (50
ng/ml) and 1 u.M bradykinin were added successively to the low-K+

solution as indicated by the horizontal bars. The values represent
means ± SE (n = 7).

both types of vesicles.
Recent studies have shown that there are many different

steps that occur prior to the fusion of secretory vesicles to
the plasma membrane, and all of these steps can be modu-
lated by various protein kinases (47). Hypertonic solutions
induce neurotransmitter release from neurons and PC 12
cells in the absence of extracellular Ca2+ (34, 35). In neu-
rons, hypertonic solutions are believed to induce the exocy-
tosis of synaptic vesicles in a readily releasable pool (34).
We show here that NGF also enhances neurotransmitter
release evoked by a hypertonic solution from PC12-C3 cells,
suggesting that NGF treatment causes an increase in the
number of secretory vesicles in a readily releasable pool.
This suggestion is further supported by the experiment
using digitonin-permeabilized leaky cells. In the absence of
ATP, Ca2+-induced DA and ACh releases ended quickly
because the ATP-dependent recruitment of Ca2+-responsive
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vesicles was not available (36). In other words, the amount
of Ca2Mnduced release in the absence of ATP reflects the
number of vesicles responsive to Ca2+. We found that NGF
treatment increased the amount of DA release from leaky
cells in the absence of ATP by 40-50% (Fig. 3). All of these
findings indicate that the number of Ca2+-responsive vesi-
cles is increased by NGF-treatment. In preliminary experi-
ments, we transiently expressed green fluorescence pro-
tein-conjugated vesicular monoamine transporter and ve-
sicular ACh transporter to visualize large dense-core vesi-
cles and small synaptic microvesicles, respectively. The dis-
tributions of these vesicles were markedly changed by
phorbol ester but not by NGF. These results suggest that
NGF enhances neurotransmitter release by modulating
some step(s) after docking, but further work is needed to
clarify this issue.

Two types of NGF receptors, TrkA and p75, are ex-
pressed in PC12-C3 cells. K252a, a potent inhibitor of Trk
tyrosine kinases, abolishes the NGF-induced potentiation
of DA release without any significant effect on Ca2+-evoked
DA release. NGF, as well as BDNF, activates P75, however,
BDNF has no enhancing effect on Ca2+-dependent neuro-
transmitter release from PC12-C3 cells unless the TrkB
receptor gene is transfected into the cells. All of these find-
ings clearly indicate that TrkA tyrosine kinase is essential
for the NGF-mediated regulation of neurotransmitter re-
lease from PC12-C3 cells, whereas p75 by itself is not able
to stimulate neurotransmitter release from PC12-C3 cells.
However, we can not exclude the possibility that p75 plays
a supportive role for TrkA receptors.

The activation of Trk receptors leads to various phenom-
ena in different time scales (4-7). The stimulant action of
NGF on Ca2+-dependent neurotransmitter release occurs
within 15 min after application, suggesting that it depends
not on transcription and/or translation, but on post-transla-
tional modification, possibly the phosphorylation of pre-
existing proteins. NGF treatment induces the activation of
PI 3-kinase and MAP kinase, and the phosphorylation of
PKB and MAP kinase was observed in PC12-C3 cells. Spe-
cific inhibitors of PI 3-kinase and MAP kinase abolish the
NGF-induced potentiation of neurotransmitter release
without significant effects on the release. This indicates
that the activation of both PI 3-kinase and MAP kinase is
essential for the NGF-mediated potentiation of neurotrans-
mitter release from PC12-C3 cells. Src kinase and PLC7 act
downstream of TrkA receptors (37). However, src-family
kinases are not likely to be involved in the regulation since
we recently found that they negatively regulate neuro-
transmitter release from PC 12 cells and cultured cerebellar
granule cells (48). We could not examine the possible in-
volvement of PLC7 in the regulation using U73122, a
potent inhibitor of PLC7, since it inhibited Ca2+-induced
release itself. The activation of PLC7 generates IP3, which
induces Ca2+ release from intracellular Ca2+ storage sites
through the activation of IP3 receptors. Bradykinin induces
a transient increase in [Ca2+]in in PC12-C3 cells through the
activation of PLCp-coupled receptors, however, NGF does
not induce any significant change in [Ca2+]in. These findings
may suggest that PLC7 is not involved in the NGF-medi-
ated enhancement of neurotransmitter release from PC 12-
C3 cells. In summary, the mechanism of NGF action is dif-
ferent from the mechanisms of BDNF and NT-3 action in
its requirement for [Ca2+]in elevation (19-22), and from the

mechanisms of NT-3 action in its requirement for MAP ki-
nase (22). __

BDNF plays a predominant role in the central nervous
system. However, NGF also plays important roles in the
central and peripheral nervous systems during develop-
ment and in adulthood (16, 49-55). Different neurotrophins
play different roles in synaptic plasticity even in the same
area of the brain. For example, BDNF and NT-3 are in-
volved in long-term and short-term plasticity in rat dentate
gyrus, respectively (56, 57). It is thus important to eluci-
date further the physiological roles of NGF-mediated regu-
lation of neurotransmitter release in brain function.

REFERENCES

1. Jessell, T.M. and Kandel, E.R. (1993) Synaptic transmission: a
bidirectional and self-modifiable form of cell-cell communica-
tion. Cell 1993 Suppl. 1-30

2. Henderson, C.E. (1996) Role of neurotrophic factors in neuronal
development. Curr. Opin. Neurobiol. 6, 64-70

3. Lewin, G. and Barde, Y.A. (1996) Physiology of the neurotro-
phins. Annu. Rev. Neurosci. 19, 289-317

4. Lu, B. and Figurov, A. (1997) Role of neurotrophins in synapse
development and plasticity. Rev. Neurosci. 8, 1-12

5. McAllister, A.K., Katz, L.C., and Lo, D.C. (1999) Neurotrophins
and synaptic plasticity. Annu. Rev. Neurosci. 22, 295-318

6. Thoenen, H. (2000) Neurotrophins and activity-dependent plas-
ticity. Prog. Brain Res. 128, 183-191

7. Poo, M.M. (2001) Neurotrophins as synaptic modulators. Nat.
Rev. Neurosci. 2, 24-32

8. McAllister, A.K., Lo, D.C, and Katz, L.C. (1995) Neurotrophins
regulate dendritic growth in developing visual cortex. Neuron
15,791-803

9. Takei, N, Sasaoka, K., Inoue, K. Takahashi, M., Endo, Y., and
Hatanaka, H. (1997) Brain-derived neurotrophic factor increses
stimulation-evoked release of glutamate and the levels of exoci-
tosis-associated proteins in cultured cortical neurons from em-
bryonic rats. J. Neurochem. 68, 370-375

10. Malcangio, M., Garrett, N.E., and Tomlinson, D.R. (1997) Nerve
growth factor treatment increases stimulus-evoked release of
sensory neuropeptides in the rat spinal cord. Eur. J. Neurosci.
9, 1101-1104

11. Narisawa-Saito, M., Silva, A.J., Yamaguchi, T., Hayashi, T.,
Yamamoto, T., and Nawa, H. (1999) Growth factor-mediated
Fyn signaling regulates alpha-amino-3-hydroxy-5-methyl-4-iso-
xazolepropionic acid (AMPA) receptor expression in rodent neo-
cortical neurons. Proc. Natl. Acad. Sci. USA 96, 2461-2466

12. Pozzo-Miller, L.D., Gottschalk, W., Zhang, L., McDermott, K.,
Du, J., Gopalakrishnan, R., Oho, C, Sheng, Z.H., and Lu, B.
(1999) Impairments in high-frequency transmission, synaptic
vesicle docking, and synaptic protein distribution in the hippoc-
ampus of BDNF knockout mice. J. Neurosci. 19, 4972-4983

13. Lohof, A.M., Ip, N.Y., and Poo, M.M. (1993) Potentiation of de-
veloping neuromuscular synapses by the neurotrophins NT-3
and BDNF. Nature 363, 350-353

14. Blochl, A. and Sirrenberg, C. (1996) Neurotrophins stimulate
the release of dopamine from rat mesencephalic neurons via
Trk and p75Lntr receptors. J. Biol. Chem. 271, 21100-21107

15. Takei, N, Numakawa, T., Kozaki, S., Sakai, N, Endo, Y, Taka-
hashi, M., and Hatanaka, H. (1998) Brain-derived neurotrophic
factor induces rapid and transient release of glutamate through
the non-exocitotic pathway from cortical neurons. J. Biol.
Chem. 273, 27620-27624

16. Sala, R., Viegi, A., Rossi, F.M., Pizzorusso, T., Bonanno, G.,
Raiteri, M., and Maffei, L. (1998) Nerve growth factor and
brain-derived neurotrophic factor increase neurotransmitter
release in the rat visual cortex. Eur. J. Neuosci. 10, 2185-2191

17. Kafitz, K.W., Rose, C.R., Thoenen, H., and Konnerth, A. (1999)
Neurotrophin-evoked rapid excitation through TrkB receptors.
Nature 401, 862-863

18. Kaplan, D.R. and Miller, F.D. (2000) Neurotrophin signal trans-
duction in the nervous system. Curr. Opin. Neurobiol. 10, 381-
391

Vol. 131, No. 6,2002

 at Islam
ic A

zad U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


894 S. Amino et al.

19. Li, Y.X., Zhang, Y, Lester, H.A., Schuman, E.M., and Davidson,
N. (1998) Enhancement of neurotransmitter release induced by
brain-derived neurotrophic factor in cultured hippocampal neu-
rons. J. Neurosci. 18, 10231-10240

20. Stoop, R. and Poo, M.M. (1996) Synaptic modulation by neu-
rotrophic factors: differential and synergistic effects of brain-
derived neurotrophic factor and ciliary neurotrophic factor. J.
Neurosci. 16, 3256-3264

21. He, X., Yang, E, Xie, Z., and Lu, B. (2000) Intracellular Ca2+

and Ca2+/calmodulin-dependent kinase II mediate acute poten-
tiation of neurotransmitter release by neurotrophin-3. J. Cell
Biol. 149, 783-792

22. Yang, E, He, X., Feng, L., Mizuno, K., Liu, X.W., Russell, J.,
Xiong, W.C., and Lu, B. (2001) PI-3 kinase and IP3 are both
necessary and sufficient to mediate NT3-induced synaptic
potentiation. Nat. Neurosci. 4, 19-28

23. Gottschalk, W.A., Jiang, H., Tartaglia, N., Feng, L., Figurov, A.,
and Lu, B. (1999) Signaling mechanisms mediating BDNF
modulation of synaptic plasticity in the hippocampus. Learn.
Mem. 6, 243-256

24. Atwal, J.K., Massie, B., Miller, F.D., and Kaplan, D.R. (2000)
The TrkB-Shc site signals neuronal survival and local axon
growth via MEK and PI3-kinase. Neuron 27, 265-277

25. Song, H.J., Ming, G.L., and Poo, M.M. (1997) cAMP-induced
switching in turning direction of nerve growth cones. Nature
388, 275-279

26. Song, H., Ming, G., He, Z., Lehmann, M., McKerracher, L.,
Tessier-Lavigne, M., and Poo, M. (1998) Conversion of neuronal
growth cone responses from repulsion to attraction by cyclic
nucleotides. Science 281, 1515-1518

27. Nishiki, T., Shoji-Kasai, Y, Sekiguchi, M., Iwasaki, S., Kuma-
kura, K, and Takahashi, M. (1997) Comparison of exocytotic
mechanisms between two distinct secretary organelles in rat
pheochromocytoma cells. Biochem. Biophys. Res. Commun. 239,
57-62

28. Peppers, S.C. and Holz, R.W. (1986) Catecholamine secretion
from digitonin-treated PC 12 cells. Effects of Ca2+, ATP, and pro-
tein kinase C activators. J. Biol. Chem. 261, 14665-14669

29. Iwasaki,Y, Ishikawa, M., Okada, N, and Koizumi, S. (1997)
Induction of a distinct morphology and signal transduction in
TrkB/PC12 cells by nerve growth factor and brain-derived neu-
rotrophic factor. J. Neurochem. 68, 927-934

30. Itakura, M., Misawa, H., Sekiguchi, M., Takahashi, S., and
Takahashi, M. (1999) Transfection analysis of functional roles
of complexin I and II in the exocytosis of two different types of
secretory vesicles. Biochem. Biophys. Res. Commun. 265, 691—
696

31. Kataoka, M., Kuwahara,R., Iwasaki, S., Shoji-Kasai, Y, and
Takahashi, M. (2000) Nerve growth factor-induced phosphory-
lation of SNAP-25 in PC12 cells: a possible involvement in the
regulation of SNAP-25 localization. J. Neurochem. 74, 2058-
2066

32. Grynkiewcz, G., Poenie, M., and Tsien, R.Y (1985) A new gener-
ation of Ca2+ indicators with greatly improved fluorescence pro-
perties. J. Biol. Chem. 260, 3440-3450

33. De Camilli, P. (1991) Co-secretion of multiple signal molecules
from endocrine cells via distinct exocytotic pathways. Trends.
Pharmacol. Sci. 12, 446-448

34. Stevens, C.F. and Tsujimoto, T. (1995) Estimates for the pool
size of releasable quanta at a single central synapse and for the
time required to refill the pool. Proc. Natl. Acad. Sci. USA 92,
846-849

35. Chen, Y.A., Scales, S.J., Duwuri, V, Murthy, M., Patel, S.M.,
Schulman, H., and Scheller, R.H. (2001) Calcium regulation of
exocytosis in PC12 cells. J. Biol. Chem. 276, 26680-26687

36. Holz, R.W., Bittner, M.A., Peppers, S.C, Senter, R.A., and Eber-
hard, D.A. (1989) MgATP-independent and MgATP-dependent
exocytosis. Evidence that MgATP primes adrenal chromaffin
cells to undergo exocytosis. J. Biol. Chem. 264, 5412-5419

37. Friedman, W.J. and Greene, L.A. (1999) Neurotrophin signaling
via Trks and p75. Exp. Cell Res. 253, 131-142

38. Tapley, P., Lamballe, E, and Barbacid, M. (1992) K252a is a
selective inhibitor of the tyrosine protein kinase activity of the
trk family of oncogenes and neurotrophin receptors. Oncogene
7, 371-381

39. Wick, P.F., Senter, R.A., Parsels, L.A., Uhler, M.D., and Holz,

R.W. (1993) Transient transfection studies of secretion in bo-
vine chromaffin cells and PC 12 cells. Generation of kainate-
sensitive chromaffin cells. J. Biol. Chem. 268,10983-10989

40. Powis, G., Bonjouklian, R., Berggren, M.M., Gallegos, A., Abra-
ham, R., Ashendel, C, Zalkow, L., Matter, WE, Dodge, J.,
Grindey, G., et al. (1994) Wortmannin, a potent and selective
inhibitor of phosphatidylinositol-3-kinase. Cancer Res. 54,
2419-5423

41. Favata, M.F., Horiuchi, K.Y., Manos, E.J., Daulerio, A.J., Strad-
ley, D.A., Feeser, W.S., Van Dyk, D.E., Pitts, W.J., Earl, R.A.,
Hobbs, F, Copeland, R.A., Magolda, R.L., Scherle, P.A., and
Trzaskos, J.M. (1998) Identification of a novel inhibitor of mito-
gen-activated protein kinase kinase. J. Biol. Chem. 273, 18623—
18632

42. Alessi, D.R., Cuenda, A., Cohen, P., Dudley, D.T., and Saltiel,
A.R. (1995) PD 098059 is a specific inhibitor of the activation of
mitogen-activated protein kinase kinase in vitro and in vivo. J.
Biol. Chem. 270, 27489-27494

43. Smith, R.J., Justen, J.M., McNab, A.R., Rosenbloom, C.L.,
Steele, A.., Detmers, PA., Anderson, D.C., and Manning, A.M.
(1996) U-73122: a potent inhibitor of human polymorphonu-
clear neutrophil adhesion on biological surfaces and adhesion-
related effector functions. J. Pharmacol. Exp. Then 278, 320-
329

44. Nikodijevic, B., Creveling, C.R., Koizumi, S., and Guroff, G.
(1990) Nerve growth factor and K-252a increase catecholamine
release from PC 12 cells. J. Neurosci. Res. 26, 288-295

45. Nikodijevic, B. and Guroff, G. (1991) Nerve growth factor-
induced increase in calcium uptake by PC 12 cells. J. Neurosci.
Res. 28, 192-199

46. Shoji-Kasai, Y, Morishima, M., Kuwahara, R., Kondo, S.,
Itakura, M., and Takahashi, M. (2001) Establishment of vari-
ant PC12 subclones deficient in stimulation-secretion coupling.
Biochim. Biophys. Ada, 1499, 180-190

47. Lin, R.C. and Scheller, R.H. (2000) Mechanisms of synaptic ves-
icle exocytosis. Annu. Rev. Cell Dev. Biol. 16, 19-49

48. Ohnishi, H. Yamamori, S., Ono, K., Aoyagi, K., Kondo, S., and
Takahashi, M. (2001) Src family tyrosine kinase inhibits neu-
rotransmitter release from neuronal cells. Proc. Natl. Acad. Sci.
USA 98,10930-10935

49. Takei, N, Tsukui, H., and Hatanaka, H. (1989) Intracellular
storage and evoked release of acetylcholine from postnatal rat
basal forebrain cholinergic neurons in culture with nerve
growth factor. J. Neurochem. 53, 1405-1410

50. Maffei, L., Berardi, N., Domenici, L., Parisi, V, and Pizzorusso,
T. (1992) Nerve growth factor (NGF) prevents the shift in ocu-
lar dominance distribution of visual cortical neurons in monoc-
ularly deprived rats. J. Neurosci. 12, 4651—4662

51. Rylett, R.J., Goddard, S., Schmidt, B.M., and Williams, L.R.
(1993) Acetylcholine synthesis and release following continuous
intracerebral administration of NGF in adult and aged Fischer-
344 rats. J. Neurosci. 13, 3956-3963

52. Levine, E.S., Dreyfus, C.F., Black, I.B., and Plummer, M.R.
(1995) Differential effects of NGF and BDNF on voltage-gated
calcium currents in embryonic basal forebrain neurons. J. Neu-
rosci. 15, 3084-3091

53. Carmignoto, G., Pizzorusso, T, Tia, S., and Vicini, S. (1997)
Brain-derived neurotrophic factor and nerve growth factor po-
tentiate excitatory synaptic transmission in the rat visual cor-
tex. J. Physiol. 498, 153-164

54. Lockhart, S.T., Turrigiano, G.G., and Birren, S.J. (1997) Nerve
growth factor modulates synaptic transmission between sym-
pathetic neurons and cardiac myocytes. J. Neurosci. 17, 9573-
9582

55. Kelly, A. and Lynch, M.A. (2000) Long-term potentiation in
dentate gyrus of the rat is inhibited by the phosphoinositide 3-
kinase inhibitor, wortmannin. Neuropharmacology 39, 643-651

56. Gooney, M. and Lynch, M.A. (2001) Long-term potentiation in
the dentate gyrus of the rat hippocampus is accompanied by
brain-derived neurotrophic factor-induced activation of TrkB. J.
Neurochem. 77, 1198-1207

57. Kokaia, M., Asztely, E, Olofsdotter, K, Sindreu, C.B., Kull-
mann, D.M., and Lindvall, O: (1998) Endogenous neurotrophin-
3 regulates short-term plasticity at lateral perforant path-gran-
ule cell synapses. J. Neurosci. 18, 8730-8739

J. Biochem.

 at Islam
ic A

zad U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/

