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g- aminobutyrate, and ‘‘classical’’ neurotransmitters
The molecular mechanisms of exocytosis from two including acetylcholine (ACh) and catecholamines

types of secretory organelles, synaptic-like microves- (CAs) are stored in small synaptic vesicles (SSVs) of
icles and secretory vesicles, were compared by mea- typically 50 nm in diameter (1). On the other hand,
suring acetylcholine (ACh) and catecholamine (CA) re- peptidic neurotransmitters are present in larger vesi-lease from a newly isolated PC12 subclone, PC12-C3

cles with an electron-dense core, the so-called largewhich contains a high level of Ach. Digitonin-perme-
dense-core vesicles (LDCVs) (1). When an action poten-abilized PC12-C3 cells released both transmitters with
tial reaches the nerve terminal, the presynaptic plasmasimilar Ca2/-dependency. Ca2/-evoked ACh and CA re-
membrane depolarizes and voltage-gated Ca2/ chan-lease from permeabilized cells were increased in the
nels open at the active zone. The ensuing rise in intra-presence of MgATP, suggesting the existence of a
cellular Ca2/ triggers the release mechanism, and SSVsMgATP-dependent priming step prior to the Ca2/-trig-
and LDCVs release their contents into the synapticgered fusion step in both ACh release and CA release.
cleft by exocytosis. A large number of proteins poten-The non-hydrolyzable analogue of GTP, guanosine 5*-

(g- thio)triphosphate (GTPgS), produced both ACh and tially involved in exocytosis have been identified and
CA release from permeabilized cells in the absence of characterized, however, their precise roles in exocytosis
Ca2/. Pretreatment with a phorbol ester which acti- are still incompletely understood (2).
vates protein kinase C, potentiated depolarization-in- Adrenal chromaffin cells and rat pheochromocytoma
duced ACh and CA release from unpermeabilized cells. PC12 cells synthesize and store CAs in secretory vesi-
These results indicate that exocytosis from two dis- cles which have many characteristics in common with
tinct vesicle populations are mediated by the same ba- neuronal LDCVs, and release the contents by Ca2/-
sic molecular mechanisms. q 1997 Academic Press dependent exocytosis (3, 4). Since it is quite easy to

obtain a large amount of almost homogeneous cellular
preparations, chromaffin cells have been widely used
to study the molecular mechanisms of exocytosis with

Neurotransmitter release from presynaptic nerve biochemical techniques (4). In vitro model systems of
terminals is the primary output from neurons and elu- exocytosis have been successfully made by exposing
cidation of its molecular mechanism is important to these cells to a transient electric field or a mild deter-
understand the basis of synaptic transmission. Amino gent such as digitonin to permeabilize cellular mem-
acid neurotransmitters such as glutamate, glycine and branes (5, 6). Exocytosis of CAs occurs in the mem-

brane-permeabilized cells only if extracellular free
Ca2/ (ú 1006 M) is present. It is possible to change the1 The first two authors contributed equally to this work.
intracellular conditions of the permeabilized cells, by2 To whom correspondence should be addressed. Fax: /81-427-24-

6314. E-mail: masami@libra.ls.m-kagaku.co.jp. changing the extracellular medium, and introducing
Abbreviations used in this paper: ACh, acetylcholine; CA, catechol- various proteins, peptides and antibodies which may

amine; SSVs, small synaptic vesicles; LDCVs, large dense-core vesi- modify certain processes. By using these systems, itcles; SLMVs, synaptic-like microvesicles; GTPgS, guanosine 5*-(g-
has been shown that there are at least two sequentialthio)triphosphate; PMA, phorbol myristate acetate; ECD, electro-

chemical detector. steps, a MgATP-dependent priming step and a subse-
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thio)triphosphate (GTPgS, Boehringer Mannheim) were examined,quent MgATP-independent Ca2/-triggered fusion step
the Ca2/-stimulus incubation was done in the presence of the drug.before the exocytosis of secretory vesicles (7, 8). More-
At the end of the incubation periods, the buffer was immediatelyover, various novel proteins thought to be involved in transferred to a microtube containing 25 ml 2 M percholic acid (PCA).

these steps have been identified and protein-protein Cells were sonicated on ice with 500 ml chilled 0.2 M PCA. The
samples were centrifuged at 15,000 1gav for 5 min at 47C and theinteractions occurring in the MgATP-dependent step
supernatant was stored at 0807C until the assay of ACh and CA.have been characterized using membrane-permeabil-

ized cells (9-17). Secretion of ACh and CA from PC12 cells treated with a phorbol
ester. The treatment of PC12-C3 cells with phorbol myristate ace-In spite of these advantages, there is also a con-
tate (PMA) was carried out as described previously (28). The cellsstraint to using these cells as a model system for the
were then washed with the standard assay buffer (50 mM Hepes-exocytosis of neuronal SSVs. Secretory vesicles are dis- Tris buffer, pH 7.4 containing 130 mM NaCl, 5.4 mM KCl, 1.8 mM

tinct from SSVs in many aspects (1). Secretory vesicles CaCl2, 0.8 mM MgSO4, and 5.5 mM glucose) and stimulated by ele-
vating the potassium concentration from 5 to 30 mM as describedare larger than SSVs and much more heterogeneous in
(24). Released and cellular ACh and CA were extracted with 0.2 Msize. In addition, the biochemical properties of secre-
PCA as described above.tory vesicles are different from those of SSVs. For ex-

ACh assay by HPLC. To determine ACh content, 5 ml of 50%ample, synaptophysin and rab3A, which are abundant
(v/v) saturated solution of K2CO3 was added to 150 ml of the samplesin SSVs, are not present at significant concentrations
for neutralization. After a 30 min incubation on ice, the samplesin the membrane of secretory vesicles (18, 19). Follow- were centrifuged at 15,000 1gav for 5 min at 47C and the superna-

ing exocytosis, SSVs undergo local endocytotic recy- tants were filtered through a 0.22-mm pore membrane filter (Ul-
trafree-C3-LG, Millipore) after the addition of 15 ml of 50 mM EDTA.cling and can be refilled with classical neurotransmit-
Aliquots (10-25 ml) were injected into HPLC with an electrochemicalters in the nerve terminal. In contrast, secretory vesi-
detector (ECD) system.cles are not reused at the release site. Thus, it is

The HPLC-ECD procedure was developed originally by Potter et
important to know whether the molecular mechanisms al. (29) and improved by Asano et al. (30). The system consists of a
of exocytosis of the contents of SSVs and secretory vesi- reverse-phase column (Eicompak AC-GEL, 6 mm 1 15 cm, Eicom),

an immobilized acetylcholine esterase and choline oxidase columncles are different. To address this question, we have
(AC-Enzympak, 4 mm 1 5 mm, Eicom), and an ECD (ECD-300,utilized rat pheochromocytoma PC12 cells. In addition
Eicom) with a platinum electrode. The mobile phase was composedto CAs, PC12 cells synthesize and accumulate ACh in
of 0.1 M Na2HPO4 buffer (pH 8.5) containing 20 mM EDTA, 65 mg/

another population of small vesicles defined as synap- L tetramethylammonium chloride (Sigma), and 200 mg/L sodium 1-
tic-like microvesicles (SLMVs) which seem to be much decanesulfonate (Tokyo Kasei Kogyo, Tokyo, Japan). The columns

were maintained at 337C with a column oven and at a flow rate ofmore closely related morphologically and biochemically
1 ml/min. The applied potential at the working electrode was /450to SSVs than secretory vesicles (20-23). In the present
mV versus the Ag/AgCl reference electrode and the detector rangestudy, we compared the properties of exocytosis of at full scale was 0.1 nA. The amount of ACh released is expressed

SLMVs and secretory vesicles by measuring ACh and as a percentage of total cellular ACh content.
CA release from PC12 cells. We found that the molecu-

CA assay by HPLC. Released and cellular CA were assayed by
lar mechanisms of exocytosis are essentially the same HPLC using a reverse-phase column (TSKgel ODS-80TM, 4.6 mm 1
between these two distinct types of vesicles. 10 cm, Tosoh, Tokyo, Japan) and an ECD as described (31). The

mobile phase was composed of 85 mM NaH2PO4 buffer (pH 3.7) con-
taining 15% (v/v) methanol, 20 mM EDTA, and 2.5 mM sodium 1-

MATERIALS AND METHODS octanesulfonate (Nacalai). The column was maintained at 347C and
the flow rate was 1 ml/min. The applied potential at the working

Cell culture. PC12 cells were maintained as previously described electrode was at /700 mV against Ag/AgCl and the detector range
(24). For single cell cloning of PC12-C3, after dissociation of the was 2 nA full scale. Essentially, the only CA detected in PC12-C3
colonies, cells were picked up individually with micropipettes and cells was dopamine. The amount of CA released is expressed as a
seeded separately in multi-well tissue culture plates, and the clone percentage of the total cellular CA content.
containing the largest amount of ACh was selected. PC12-C3 cells
were plated onto polyethylenimine-coated 16-mm 4-well multidishes

RESULTS AND DISCUSSION(Nunc) at 5 1 105 cells/cm2, and cultured for one day before use.

Secretion of ACh and CA from permeabilized PC12 cells. Cell
Because most of the PC12 cells which we have ob-permeabilization was performed at 377C by the method described

tained from several sources have almost lost the abilityoriginally by Peppers and Holz (25) with slight modifications (26).
The culture medium was removed and the cells were rinsed twice to synthesize ACh, we isolated a subclone of PC12
with 1 ml of a Ca2/-free Locke’s solution (5 mM Hepes-NaOH buffer, (PC12-C3) which stores a high content of acetylcholine
pH 6.8 containing 156 mM NaCl, 5.6 mM KCl, 0.2 mM EGTA, 3.6 (Ç380 pmol per 106 cells), by single cell recloning (Y.mM NaHCO3, and 5.6 mM glucose). The cells were permeabilized

Shoji-Kasai, manuscript in preparation). PC12-C3 cellsby an incubation for 5 min with 250 ml of 8 mM digitonin (Calbiochem-
released ACh in response to high-K/-depolarizationNovabiochem) in KGEP (20 mM Pipes-NaOH buffer, pH 6.8 con-

taining 140 mM potassium glutamate, 5 mM glucose, and 5 mM only in the presence of Ca2/ in the extracellular me-
EGTA). After permeabilization, the medium was replaced subse- dium (data not shown).
quently with 250 ml KGEP containing 10 mM eserine (Sigma) with PC12-C3 cells were permeabilized by an incubationor without various amounts of CaCl2. Ca2/ concentrations in buffers

with 8 mM digitonin and were stimulated with variouswere calculated according to Nanninga and Kempen (27). When the
effects of Mg and ATP (Yamasa, Chiba, Japan) or guanosine 5*-(g- concentrations of Ca2/. ACh released into the extracel-
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ies with the frequency of stimulation (32). A higher
frequency of stimulation is necessary to induce the fu-
sion of LDCVs than that required for the fusion of
SSVs, suggesting that the topological relationship to
Ca2/ channels, or the sensitivity to cytosolic Ca2/ may
be different between these two types of vesicle. Present
findings indicate that there is not a significant differ-
ence in the Ca2/ sensitivities between SLMVs and se-
cretory vesicles, and that topological considerations are
more likely to be involved in determining dependency
on stimulation frequency.

It has been well established that Ca2/-induced CA
release comprises at least two sequential steps: a
MgATP-dependent priming step and a MgATP-inde-
pendent Ca2/-triggered fusion step (7). When perme-
abilized adrenal chromaffin cells are challenged only
by Ca2/ in the absence of MgATP, the rate of CA release
is rapid and terminates within 2 min. This MgATP-
independent release is considered to reflect the exocy-
totic response of the already primed secretory vesicles
by endogenous MgATP before permeabilization. In con-
trast, CA release evoked by Ca2/ in the presence of
MgATP occurs at a slower rate than MgATP-indepen-
dent release and continues at a relatively constant rate
for 12 min. MgATP-dependent Ca2/-evoked release
seems to reflect the Ca2/-triggered exocytosis of addi-
tional secretory vesicles primed by exogenous MgATP.
Similar steps in the exocytosis of secretory vesicles
have also been observed in permeabilized PC12 cells
(Ref. 8 and Fig. 2B). In order to know whether the
exocytosis of SLMVs involves a MgATP-dependent
priming step, we next examined the time course of
Ca2/-dependent ACh release from the permeabilized
PC12-C3 cells in the presence and absence of exogenous
MgATP. Ca2/-dependent release of ACh in the presence
and absence of MgATP was similar during the first
minute (Fig. 2A). ACh release ended within 2-4 min in

FIG. 1. Ca2/-dependency of ACh (A) and CA (B) release from the absence of MgATP but continued for at least 6 min
digitonin-permeabilized PC12-C3 cells. Cells were permeabilized for in its presence. These results indicate that the MgATP-
5 min with 8 mM digitonin in KGEP in the presence of 5 mM MgATP. priming step is also necessary for the exocytosis ofThe cells were subsequently incubated with KGEP containing vari-

SLMVs.ous concentrations of Ca2/ in the absence of MgATP. Transmitter
release was determined after 6 min. The amounts of ACh and CA Many reports have shown that guanine nucleotides
released are expressed as a percentage of the total cellular content. modify CA release from adrenal chromaffin and PC12
The values are the means { S.E.M. from four representative experi- cells (26, 33-38). Figure 3 shows the effects of the non-
ments.

hydrolyzable analogue, GTPgS, on the Ca2/-dependent
and independent release of ACh and CA from digitonin-
permeabilized PC12-C3 cells. GTPgS (100 mM) caused
about a twofold increase in the amount of ACh and CAlular medium was measured simultaneously with CA

using the HPLC-ECD system. ACh release was ob- released during a 5-min incubation in the absence of
Ca2/. ACh and CA release induced by GTPgS wasserved when the Ca2/ concentration in the medium was

elevated above 1 mM and the amount of released ACh about 30 and 20% of that induced by 10 mM Ca2/, re-
spectively. Simultaneous administration of GTPgSincreased with increasing Ca2/ concentrations up to

100 mM (Fig. 1A). The release of CA in digitonin-perme- with 10 mM Ca2/ did not give an increase of the release
of either ACh or CA over that measured with Ca2/abilized cells displayed a similar Ca2/-dependency to

ACh release (Fig. 1B). Physiological studies show that alone, suggesting that GTPgS uses the same exocytotic
machinery as Ca2/. At the frog neuromuscular junc-the relative proportion of the exocytosis of the contents

of LDCVs and SSVs from the same nerve endings var- tion, complete dissociation between the exocytosis of
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(40). These findings raise the possibility that SSVs and
LDCVs are differentially regulated by GTP binding
proteins. However, the present study shows that at
least in PC12 cells, there is no significant difference in
the effects of guanine nucleotides on ACh and CA re-
lease, suggesting that exocytosis from SLMVs and se-
cretory vesicles are regulated by GTP binding proteins
in a similar way.

FIG. 2. Time course of ACh (A) and CA (B) release from perme-
abilized PC12-C3 cells in the presence and absence of MgATP. Cells
were permeabilized in the absence of MgATP. After 5 min the solu-
tion was replaced with KGEP with or without 10 mM Ca2/ in the
presence (closed circle) or absence (open circle) of 5 mM MgATP. ACh
and Ca release was measured at the indicated times after the change
of solution. Ca2/-evoked release was calculated by subtracting the
release in the absence of Ca2/ from that in the presence of Ca2/. The
values are the means{ S.E.M. from four representative experiments.

SSVs and LDCVs is observed. When a-latrotoxin, a
protein toxin from black widow spider venom, is ap-
plied in the absence of extracellular Ca2/, it induces a
rapid depletion of ACh-containing SSVs without pro- FIG. 3. Effects of GTPgS on ACh (A) and CA (B) release from

permeabilized cells. PC12-C3 cells were permeabilized for 5 min withducing any significant decrease in the number of
digitonin in KGEP containing 5 mM MgATP and then incubated forLDCVs containing calcitonin gene-related peptide in
5 min in the presence of 5 mM EGTA (open bar), 100 mM GTPgSthe same nerve endings (39). Recently, a Ca2/-indepen- (hatched bar), 10 mM Ca2/ (gray bar), or GTPgS with 10 mM Ca2/

dent receptor of a-latrotoxin has been identified as a (black bar) in KGEP containing 5 mM MgATP. The values are the
means { S.E.M. from four representative experiments.novel orphan GTP binding protein-coupled receptor

60

AID BBRC 7427 / 693a$$$241 09-22-97 07:41:43 bbrcg AP: BBRC



Vol. 239, No. 1, 1997 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

enhancement was not induced by a phorbol, 4a-phor-
bol, which does not activate protein kinase C. These
results suggest that exocytosis of the contents of
SLMVs and secretory vesicles are both regulated by
protein kinase C-mediated phosphorylation.

In summary, we have succeeded in measuring the
exocytotic activity of SLMVs and secretory vesicles si-
multaneously from PC12 cells. Our findings indicate
that these two types of vesicle share many common
mechanisms for exocytosis.
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2. Südhof, T. C. (1995) Nature 375, 645–653.
3. Greene, L. A., and Tischler, A. S. (1982) Adv. Cell. Neurobiol. 3,

373–414.
4. Burgoyne, R. D. (1991) Biochim. Biophys. Acta 1071, 174–202.
5. Knight, D. E., and Baker, P. F. (1982) J. Membr. Biol. 68, 107–

140.
6. Dunn, L. A., and Holz, R. W. (1983) J. Biol. Chem. 258, 4989–

4993.
7. Holz, R. W., Bittner, M. A., Peppers, S. C., Senter, R. A., and

Eberhard, D. A. (1989) J. Biol. Chem. 264, 5412–5419.
8. Hay, J. C., and Martin, T. F. J. (1992) J. Cell Biol. 119, 139–

151.
9. Hay, J. C., and Martin, T. F. J. (1993) Nature 366, 572–575.

10. Kumakura, K., Sasaki, K., Sakurai, T., Ohara-Imaizumi, M.,
Misonou, H., Nakamura, S., Matsuda, Y., and Nonomura, Y.
(1994) J. Neurosci. 14, 7695–7703.

11. Chamberlain, L. H., Roth, D., Morgan, A., and Burgoyne, R. D.
(1995) J. Cell Biol. 130, 1063–1070.FIG. 4. Effects of phorbol esters on high-K/-induced ACh (A) and

12. Hay, J. C., Fisette, P. L., Jenkins, G. H., Fukami, K., Takenawa,CA (B) release from intact PC12-C3 cells. Intact PC12-C3 cells were
T., Anderson, R. A., and Martin, T. F. J. (1995) Nature 374, 173–incubated for 20 min in the presence or absence (squares) of 0.1 mM
177.phorbol ester [either PMA (circles) or 4a-phorbol (triangles)]. Then,

the extracellular medium was changed four times every minute, and 13. Banerjee, A., Barry, V. A., DasGupta, B. R., and Martin, T. F. J.
the amount of ACh and CA released in the media was determined (1996) J. Biol. Chem. 271, 20223–20226.
and expressed as a percentages of the total cellular contents. The 14. Banerjee, A., Kowalchyk, J. A., DasGupta, B. R., and Martin,
K/ concentration of the third and fourth media was elevated from 5 T. F. J. (1996) J. Biol. Chem. 271, 20227–20230.
to 30 mM to depolarize the cells (closed symbols).

15. Misonou, H., Nishiki, T., Sekiguchi, M., Takahashi, M., Kamata,
Y., Kozaki, S., Ohara-Imaizumi, M., and Kumakura, K. (1996)
Brain Res. 737, 351–355.

16. Gutierrez, L. M., Viniegra, S., Rueda, J., Ferrer-Montiel, A. V.,Involvement of protein kinase C in the regulation
Canaves, J. M., and Montal, M. (1997) J. Biol. Chem. 272, 2634–of CA release from PC12 cells is demonstrated by the
2639.

finding that phorbol esters, which activate protein ki-
17. Ohara-Imaizumi, M., Fukuda, M., Niinobe, M., Misonou, H.,nase C, can potentiate secretory responses (25, 41). As Ikeda, K., Murakami, T., Kawasaki, M., Mikoshiba, K., and Ku-

shown in Fig. 4, treatment with an active phorbol ester makura, K. (1997) Proc. Natl. Acad. Sci. U. S. A. 94, 287–291.
PMA markedly enhanced high-K/-dependent release 18. Navone, F., Jahn, R., Di Gioia, G., Stukenbrok, H., Greengard,

P., and De Camilli, P. (1986) J. Cell Biol. 103, 2511–2527.of both ACh and CA from intact PC12-C3 cells. Such

61

AID BBRC 7427 / 693a$$$241 09-22-97 07:41:43 bbrcg AP: BBRC



Vol. 239, No. 1, 1997 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

19. Fischer v. Mollard, G., Mignery, G. A., Baumert, M., Perin, M. S., 30. Asano, M., Miyauchi, T., Kato, T., Fujimori, K., and Yamamoto,
K. (1986) J. Liq. Chromatogr. 9, 199–215.Hanson, T. J., Burger, P. M., Jahn, R., and Südhof, T. C. (1990)
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