
Ca'-dependent and -independent Release
of Neurotransmitters from PC12 Cells :
A Role for Protein Kinase C Activation?

ABSTRACT

	

The intracellular mechanisms regulating the process of evoked neurotransmitter
release were studied in the cloned neurosecretory cell line PC12 . Various agents were
employed that were known, from previous studies in other systems, to stimulate release in a
manner either strictly dependent or independent of the concentration of extracellular Caz+,
[Caz+]� . Three parameters were investigated in cells suspended in either Ca2'-containing or
Ca2'-free Krebs-Ringer media: release of previously accumulated [3H]dopamine; average free
cytoplasmic Ca2+ concentration, [Ca2+]i (measured by the quin2 technique) ; and cell ultrastruc-
ture, with special reference to the number and structure of secretion granules . The release
induced by the ionophores transporting monovalent cations, X537A and monensin, occurred
concomitantly with profound alterations of secretory granule structure (swelling and dissolution
of the dense core). These results suggest that the effect of these drugs is due primarily to
leakage of dopamine from granules to the cytoplasm and extracellular space. In contrast, the
changes induced by other stimulatory drugs used concerned not the structure but the number
of secretory granules, indicating that with these drugs stimulation of exocytosis is the phenom-
enon underlying the increased transmitter release. The release response induced by the CaZ+-
ionophore ionomycín was dependent on [Caz+ ]o, occurred rapidly, was concomitant with a
marked rise of [Caz+ ]i, and ceased after 1-2 min even though [CaZ+] i remained elevated for
many minutes. 12-O-tetradecanoylphorbol, 13-acetate and diacylglycerol (both of which are
known as activators of protein kinase C) induced slow responses almost completely inde-
pendent of [Caz+] � and not accompanied by changes of [Ca2+]i . Combination of an activator
of protein kinase C with a low concentration of ionomycin failed to modify the [Caz+] i rise
induced by the ionophore, but elicited a marked potentiation of the release response, which
was two- to fourfold larger than the sum of the responses elicited separately by either drugs .
Thus, activation of protein kinase C seems to play an important role in the regulation of
exocytosis in neurosecretory cells, possibly by increasing and maintaining the sensitivity to
Ca2+ of the intracellular apparatus regulating granule discharge by exocytosis .

During the last two decades, considerable attention has been
focused on the process of evoked transmitter release from
nerve terminals and neurosecretory cells (see reference 33 for
a recent review). Two important aspects of such a process
now appear firmly established . The first concerns the mech-
anism of the release that in many (possibly all) systems has
been demonstrated to occur in quanta by exocytosis, i.e .,
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fusion of synaptic vesicles or neurosecretory granules with the
plasma membrane, followed by the release of their content to
the extracellular space (6, 7, 38). The second aspect concerns
the key role played by Ca". Depolarization, whether induced
by action potential invasion of synaptic terminals or by other
means, is followed rapidly by the opening of the voltage-
dependent Ca 2+ channels. The consequent inward flow of
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Ca2+ along its steep electrochemical gradient results in a rise
ofthe cytoplasmic free Ca` concentration, [Ca"] i . Although
the link between the two phenomena remains undefined, the
available evidence indicates that the rise of [Ca 2+], can by
itself trigger the exocytotic response (14, 16, 20, 24, 33) . Yet,
the possibility that additional mechanisms could co-exist and
cooperate with the [Ca 2

+1 j-dependent mechanism in the reg-
ulation of neurotransmitter release has been repeatedly con-
sidered . In fact, a variety of treatments (1, 2, 4, 11, 13, 23,
31, 36, 42) (see below for details) was found to stimulate
release from various preparations even when the concentra-
tion of Ca2+ in the extracellular fluid, [Ca2+] ., was lowered by
Ca Z+-chelating agents . However, nerve terminals and neurose-
cretory cells contain large amounts of calcium bound to
molecules or segregated within membrane-bounded compart-
ments (3, 21, 25) . Redistribution of this stored Ca2+ to the
cytoplasm would certainly be sufficient to raise [Caz +] ; . Thus,
unless [Ca 2+], is directly measured, the Ca2+ independence of
a release response occurring in low [Ca2+10 cannot be ascer-
tained .

Recently, two experimental tools have become available for
the study of neurotransmitter release. First, cloned neurose-
cretory cells can be used which, while endowed with features
typical of nerve cells, grow rapidly and are homogeneous . The
second tool is a fluorimetric technique for measuring [Caz +] ;
which relies on the use of quin2 (30, 40, 41) . The hydrophobic
acetoxymethyl tetraester of this fluorescent Ca2+ indicator
penetrates the plasma membrane by diffusion and is then
cleaved within the cytoplasm by unspecific esterases to yield
the hydrophilic probe . Thus, quin2 can be loaded into cells
of any size, which can then be studied in suspension by
conventional fluorimetric analyses (30, 40, 41) .

In a previous study (22) we used the quin2 technique in a
line of rat pheochromocytoma cells (named PC12, which
resemble undifferentiated sympatoblasts [8, 9, 32]) as well as
in synaptosomes isolated from the guinea pig brain . Release
was triggered by a presynaptic neurotoxin, a-latrotoxin of the
black widow spider venom, which stimulates exocytosis both
with and without Ca 2+ in the incubation medium (13, 22, 23,
43) . We found that a toxin-induced [Ca 2+1i rise occurred in
the Ca2+-containing, but not in the Ca2+-free, medium (22) .
These results demonstrated that the release of neurotransmit-
ter can indeed be stimulated in a genuinely [Ca Z +];-independ-
ent fashion . The data reported in this paper confirm and
extend this conclusion . We used PC12 cells exposed to a
variety of pharmacological agents that, from studies in other
systems, were known to stimulate release responses either
independent or strictly dependent on the presence of Ca21 in
the incubation medium . Our data suggest the possible involve-
ment ofthe recently discovered lipid-activated protein kinase,
protein kinase C (27), as a possible mediator of Ca Z+-inde-
pendent release responses in PC 12 cells .

MATERIALS AND METHODS

Incubation Media:

	

Two mediawere used. Complete modified Krebs-
Ringer medium (KR)' included (in mmol/liter) NaCl, 125 ; KCI 5 ; MgS04 and
KHZP0,, 1 .2 ; NaHC03, 5 ; CaCIZ, 1 ; HEPES-NaOH buffer, pH 7.4,25 ; glucose,

'Abbreviations used in this paper:

	

DA, dopamine ; DG, I-oleoyl,2-
acetylglycerol ; KR, modified Krebs-Ringer medium ; pHMPs, p-hy-
droxymercuriphenyl-sulfonic acid ; TPA, 12-O-tetradecanoylphor-
bol, l 3-acetate .

6 . The Cal'-free KR medium differed from complete KR by having no Cal*
added, 2 .4 mM MgSO4, and 1 mM EGTA.

Cells :

	

PC12 cells were grown as monolayers in Falcon plastic flasks
(Falcon Lobware, Div. of Becton, Dickinson & Co., Oxnard, CA) as described
by Greene and Tischler (9) . At the beginning of the experiments they were
detached by gently streaming complete KR medium onto the surface of the
monolayer, transferred to siliconized tubes, and recovered by centrifugation
(300 g, 5 min).

[ 3 H]Dopamine ([ 3 H]DA) Release: Pelletted cells were resus-
pended by gentle swirling into oxygenated complete KR medium (--3 x 10'
cells/ml) supplemented with ascorbic acid (0 . l mg/ml), the monoamine oxidase
inhibitor pargyline (0 .1 mg/ml), and ['H]DA (3 x 10- ' M) and incubated at
37°C for 30 min . The cell suspensions were then diluted 10-fold with KR
medium, divided into four to six aliquots, centrifuged, and stored as pellets at
room temperature for up to 90 min . Pellets were resuspended in 3-5 ml of
oxygenated KR or Cal'-free KR medium, both supplemented with desmethy-
limipramine (10 -6 M, to inhibit amine re-uptake) . They were dissociated into
single (or small groups of) cells by drawing the suspensions five times in and
out ofa plastic syringe fitted with three autopipette tips in series. Drugs were
added dissolved in either water or DMSO . Controls received the solvent only
(final concentration : 1%). Viability of the cells was routinely measured by
trypan blue exclusion . After dissociation, the percentage oftrypan blue-positive
cells in the suspension was typically 10-15% . Unless otherwise indicated this
value changed only slightly during the incubation at 37°C .

In the concentration-response experiments, 200-Al incubation mixtures (con-
taining 3 .5-5 .5 x 105 cells and 10-20 x 10' cpm) were incubated at 37°C for
10 min in disposable Eppendorf tubes, then chilled in ice and centrifuged
(10,500 g, 30 s) . The pellets were rinsed with 400 ul of cold medium, recentri-
fuged,, resuspended in 200 m l of water and finally mixed with 4 ml of New
England Nuclear Atomlight (New England Nuclear, Boston, MA). In the time-
course experiments, incubations were in siliconized glass vials (cell concentra-
tion : 2 .5-3 .5 x 106 cells/ml). 150-jrl aliquots of these suspensions were with-
drawn and rapidly centrifuged through a layer of mineral oil . The incubation
medium remaining above the oil layer was removed, the surface of the layer
was carefully rinsed, the layer was aspirated, and the cell pellet was solubilized
and counted as described above . For further details see reference 23 .
Quint Measurement of [Ca 2+], :

	

PC12 cells, suspended in RPMI
1640 medium buffered with HEPES, pH 7 .4 (1-2 x 107 cells/ml), were mixed
with a O.5-1 % vol of 10 mM quin2 acetoxymethylester in DMSO and incubated
at 37°C for I h . Before use the cells were pelleted, resuspended in either KR or
Ca l'-free KR (2-3 x 106 cells/ml), and dissociated (see above). Assays were
carried out in a thermostated cuvette equipped with magnetic stirring with a
Perkin-Elmer 650-40 spectrofluorimeter (Perkin-Elmer Corp ., Eden Prairie,
MN ; excitation : 339 ± 2 ; emission : 492 ± 10 nm) . Drugs dissolved in water or
DMSO were added directly to the cuvette (final solvent concentration: 1%).
Calibration of the fluorescent signal was made exactly as described in reference
22 . Whenever necessary the data were corrected for changes in cell autofluores-
cence.

Electron Microscopy :

	

Aliquots of cells, detached from the plastic
dishes, dissociated, and incubated with or without drugs as described above
were fixed for 30 min at 0°C with a mixture of glutaraldehyde (1 .5%) and
formaldehyde (2 .5%, freshly prepared from paraformaldehyde) in 125 mM
phosphate buffer, pH 7 .4 . Fixed cells were washed with the buffer, postfixed
with l % OS04 in phosphate buffer, block-stained with Mg uranyl acetate, and
embedded in Epon . Thin sections were doubly stained with uranyl acetate and
lead citrate (for details, see reference 43).

For measuring the numerical density (number per unit of cytoplasmic area)
of secretion granules in sectioned cell profiles, we used the procedure described
in reference 43 . In brief, two blocks were sectioned for each sample, and thin
sections recovered onto 100-mesh, Formvar-coated grids. One of these sections
was chosen by inspection at very low magnification, and all cell profiles
appearing in that section were photographed at constant magnification (x
6 .500). The number of secretion granules was counted on pictures printed at
the final magnification of 18,000. Clearly disrupted cells were not considered
in the analysis . Cytoplasmic areas were measured with a Kontron-Zeiss MOP
01 Digiplan apparatus .

Materials : The following materials were obtained from the sources
indicated below: 7,8-['H]DA HCl (specific radioactivity, 50 Ci/mmol) : Amer-
sham International, U .K. ; pargyline, X537A, and desmethylimipramine: Ciba-
Geigy (Basel, Switzerland) ; p-hydroxymercuriphenil-sulfonic acid (pHMPS),
monensin, 12-O-tetradecanoylphorbol,13-acetate (TPA), diamide : Sigma
Chemical Co ., (St . Louis, MO) ; ouabain : Boheringer GmbH (Mannheim,
Federal Republic ofGermany [FRG]) ; erythrosine B : Aldrich Europe (Beerse,
Belgium) ; RPMI 1640 medium: Flow Laboratories (Milan, Italy). I-oleoyl,2-
acetylglycerol (DG) and quin2 acetoxymethylester were the kind gift of Dr. R .
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Y. Tsien, University of California at Berkeley . lonomycin was a gift of Dr . C.
M. Liu, Roche Institute of Molecular Biology (Nutley, NJ). All other chemicals
were reagent grade and were purchased from Merck AG (Darmstadt, FRG).

RESULTS
Control Cells
A detailed characterization of the PC 12 cell suspension

system has already been given elsewhere (23, 43) . ['H]DA
taken up by these cells rapidly equilibrates with the endoge-
nous pools of neurotransmitter (8, 9, 32) . Release of the
accumulated tracer occurs at a very low rate from unstimu-
lated cells . Cells suspended in Ca 2'-containing medium re-
spond rapidly to depolarizing concentrations of K+ by releas-
ing 10-15% of the accumulated ['H]DA within 1-2 min
whereas cells in Ca 2'-free medium do not (22, 23) . If, however,
the high K+ stimulation is continued, the release tends to level
off (8, 22) . The average [Ca 2+], of unstimulated PC 12 cells is
109 ± 3 nM . After application of high K+, this level increases
rapidly three- to fourfold, reaching a plateau which then
declines slowly over the following several minutes (22) .
The ultrastructure ofcontrol PC 12 cells has been described

(32, 39, 43) . In the present study, considerable attention is
given to secretory granules which appear as small, spherical
or ovoidal profiles, often concentrated in the cytoplasmic rim
adjacent to the plasma membrane and in the Golgi complex
area . Granules are composed of an electron-dense, homoge-
neous core, sometimes separated from the limiting membrane
by a clear, narrow space. Their average numerical density
(number of granules per unit area) in sectioned cytoplasmic
profiles is 1 .47 ± 0.12/km 2 . This value remains unchanged
after incubation up to 30 min in either KR or Ca2'-free KR
(Table I) . Other organelles germane to our study are the Golgi
complex, composed of four to eight stacked cisternae and a
large population of tubules and vesicles (some of which are
coated), and mitochondria (Fig. IA) . PC 12 cells, incubated
up to 2 h in Ca-+-free KR medium, show no major ultrastruc-
tural changes with respect to unincubated cells, except for
moderate swelling of the stacked Golgi cisternae (Fig . 1 B) .

Quint-loaded Cells
Because of the use of the quint technique in our study, it

was important to characterize the PC 12 cells that were loaded
with the fluorescent probe under the conditions used . Previous
studies demonstrated that when the loading is performed in
Ca='-containing media, the cell is able to compensate for the
generation ofthe high-affinity Ca 2+ chelator by increasing the
total cytoplasmic calcium, so that [Ca 2

+]i remains unchanged
(22, 30, 40, 41) . We previously showed that the release re-
sponse brought about in quint-loaded PC 12 cells by high K+
and a-latrotoxin was not significantly different from that in
control cells (22) . We have extended this work to the stimu-
latory drugs now used and have obtained similar results . In
addition, the ultrastructure of the quint-loaded cells has been
investigated . Although the technique has already been applied
to a variety of cell types, no information on its possible
ultrastructural effects has yet been reported . As illustrated in
Fig . 2A, no appreciable difference was found in PC12 cells
loaded with quint with respect to the controls (Fig. ( A) .
Quint can be used not only to measure [Ca2+]i but also to

control and modify this parameter . In particular, when the
loading is performed in Ca 2'-free media, homeostasis is not
maintained and [Ca 2+] ; is decreased to very low levels (30) . In
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TABLE I

Numerical Density of Secretion Granules in Sectioned
Cytoplasmic Profiles of Cells Exposed to Various Treatments

Numerical density is given in number of granules per unit area . 100% _
1 .47 granules/wmz of cytoplasmic profile area .

' Controls included samples incubated for either 10 or 30 min . No significant
difference in granule density was found between these two groups consid-
ered separately .

the present work, lowering of [Ca2+]i to -5-10 nM (see Fig .
14) was obtained in PC12 cells by adding 5 mM EGTA to
the RPMI 1640 medium used for loading. Henceforth, we
refer to the PC 12 cells loaded under these conditions as low
[Ca2+j, cells . Fig. 2B shows that the ultrastructure of low
[Ca2+1 ; cells is very similar to that of cells incubated in Ca 2+-
free KR without quint loading, with moderate swelling of
Golgi cisternae .

Cells Treated with Stimulatory Agents
A long list of treatments was previously reported to stimu-

late the release ofneurotransmitters from various experimen-
tal preparations (most often neuromuscular junctions of frogs,
mice, and rats, and brain slices or synaptosome suspensions
of rats, mice, and guinea pigs) even in Ca'-+-free incubation
media (1, 2, 4, 11, 13 . 31 . 36, 42) . Many such treatments have
now been applied to PC 12 cells . Incubations in either com-
plete or Ca"-free KR media lasted from 1 to 30 min . Under
these conditions, three treatments found to be active in other
preparations (4, 11, 36) were unable to stimulate ['H]DA
release from PC12 cells: ouabain (0.03 to 1 mM), LaC1 3 (0.03
to 1 mM), and sucrose hypertonicity (100 and 300 mM) (data
not shown) . Moreover, the thiol-oxidizing agent diamide (42),
which was able to stimulate [ 3H]DA release both in complete
and Ca -'-free KR medium (Fig . 3A), induced severe toxicity

Treatment
Incubation
medium

Number
of pro-

files

Total
area

analyzed
nm

Granule
density

%SE

KR 86 1,063 100 ± 8.0
Ca-free KR 77 1,420 106 ± 6.8

pi-Imps
10-'M KR 30 705 65.7 ± 10 .5
10 min

Erythrosine B
5 x 10 -4 M KR 28 530 58.0 ± 13.4
30 min

lonomycin
1 x 10-' M KR 44 600 84.7 ± 10.8
10 min
5 x 10-' M KR 32 604 43 .0 ± 9.9
10 min

TPA
3 x 10-e M KR 41 682 67 .7 ± 10 .3
10 min Ca-free KR 35 574 71 .2 ± 9.5

DG
1 .5 x 10-' M KR 48 525 97 .6 ± 10 .6
10 min

lonomycin + TPA
1 x 10 -' M, 1 x KR 47 886 40 .6 ± 5.9

10 -e M
10 min

lonomycin + DG
1 x 10-' M, 1 .5 KR 49 931 61 .0 ± 8.7
x 10-^ M

10 min



FIGURE 1

	

Thin-section electron microscopy of PC12 cells . A illustrates the Golgi area of a control cell incubated for 10 min in
complete KR medium . The Golgi complex (GC) is composed of four to six stacked cisternae (which are dilated at their edges),
tubules, and vesicles . Numerous dense granules, distributed throughout the cytoplasm, are slightly more concentrated beneath
the plasma membrane (arrows). The field also includes mitochondria, endoplasmic reticulum cisternae (ER), and multivesicular
(VB) and dense (DB) bodies . B shows parts of two adjacent PC 12 cells incubated for 30 min in KR-EGTA . Notice the swelling of
the Golgi cisternae (GC) . x 22,500 .

at all concentrations used, with marked increase of the per-
centage of trypan blue-positive cells and profound ultrastruc-
tural alterations of the surviving cells .

pHMPS and Erythrosine B
The mechanisms by which these two drugs stimulate trans-

mitter release independently of [Ca"]. are still undefined.
pHMPS, a thiol-reducing agent, has been reported not to
penetrate into living cells (2) ; erythrosine B, a food dye, is
believed to act intracellularly (1). Concentrations of these
drugs in the 0.1-1 mM range stimulated the release of ['H]-
DA from PC12 cells. In the Ca2'-free medium the responses
were almost identical to those in complete KR (Fig . 3, B and
C). Electron microscopy oftreated cells failed to reveal drastic
changes of the ultrastructure, except for a marked swelling of
mitochondria observed in some of the cells treated with
erythrosine B (not shown) . The numerical density ofsecretion
granules was decreased in rough proportion to the release
responses measured biochemically (compare Table I with Fig .
3) . 0 .5 mM concentration of pHMPS applied in complete
KR induced a clear (fourfold), verapamil-inhibitable in-
crease of [Ca2+], (Fig. 4A) . In contrast, pHMPS in Ca2+-free
medium had no effect on [Ca2+], (not shown) . The erects of

erythrosine B on [Ca 2+], could not be established owing to
interference ofthis intensely red drug with the quint fluores-
cence .

X537A and Monensin
These two cation ionophores have different specificity .

X537A exchanges H+ for various monovalent and divalent
cations, whereas monensin exchanges H+ only with mono-
valent cations, with marked preference for Na+ (12, 28, 29,
37) . In rat brain synaptosomes, the release of catecholamines
induced by X537A has been attributed to the ionophore effect
of the drug for amines (i .e ., redistribution of the transmitter
from granules to the cytoplasm and the extracellular space),
rather than to stimulation ofexocytosis (12) . The mechanism
ofthe monensin-induced stimulation ofcatecholamine release
from neurosecretory cells (whether transmitter redistribution
[29] or stimulation of exocytosis [37]) is still debated.
The results that we obtained in PC12 cells with X537A and

monensin were similar. Marked release of ['H]DA was ob-
served which, at low concentrations, was appreciably smaller
in the complete than in Ca'-free KR media (Fig. 5). Time-
course experiments revealed that the effect brought about by
optimal concentrations of the drugs begun shortly after their
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FIGURE 2

	

Thin-section electron microscopy of PC12 cells loaded with quint . A shows part of the cytoplasm of a cell loaded in
a Ca z '-containing medium . Notice the numerous electron-dense secretory granules (more concentrated near the cell surface,
arrows), the stacked Golgi cisternae (GC), and mitochondria . B shows a low [Ca 2+], cell, i .e ., a cell loaded with quint in a Caz +-
free medium . The general structure of the cell appears well preserved, but Golgi cisternae (GC) are swollen . N, nucleus . Other
labels are as in Fig. 1 A . x 23,000 .
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FIGURE 3

	

Concentration dependence of [3 H]DA release induced
in PC12 cells by diamide (A), pHMPS (B), and erythrosine B (C) .
Cell suspensions in either complete (0) or Ca 2 '-free (O) KR medium
were incubated at 37°C for 10 (B) or 30 (A and C) min . Values
shown are averages of three to four experiments from which the
release occurring in unstimulated cells has been subtracted .

application and continued at high rates until most of the
stored [ 3H]DA was discharged (not shown) . With both drugs,
sustained increases of [Ca"]; were observed when the cells
were incubated in complete KR (Fig. 4, B and C) . However,
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FIGURE 4 [Ca"]. changes in PC12 cells exposed to (A) pHMPS,
0.5 x 10 3 M followed by verapamil (Vp) 2 x 10 -5 M ; (B) monensin
(Mon), 1 x 10 6 M ; (C) X537A, 1 x 106 M, two additions . Values
shown to the left of each trace represent the [Cat'] ; (M) calibration
scale .

the effect of X537A was much larger than that of monensin .
In Ca"-free KR, X537A induced smaller and transient [Ca"];
rises, similar to other more specific Ca" ionophores (see Fig .
9D for ionomycin) . The effect of monensin in Ca'-free KR
was very small but still appreciable (not shown) . Already at 5
min after the application of either X537A or monensin, most
secretory granules appeared swollen, sometimes with widen-
ing of the clear halo around the core . The core showed a
markedly reduced density ; in many granules it appeared



partially dissolved (Fig. 6A) . At 30 min only few swollen
granules could be recognized . Moreover, Golgi cisternae were
no longer visible. Both structures were replaced by a popula-
tion of apparently empty vacuoles, measuring up to 2 jm

á
W
a0

FIGURE 5

	

Concentration dependence of [ 3H]DA release induced
in PC12 cells by X537A (A) and monensin (B) . Cell suspensions in
either complete (9) or Ca-free (O) KR medium were incubated at
37°C for 10 min . Values shown are averages of three (A) or six (B)
experiments from which basal release has been subtracted .

diam, which were distributed throughout the whole cytoplasm
(Fig. 6B). Nuclei, mitochondria, and endoplasmic reticulum
cisternae remained normal . With either drug, no morpholog-
ical difference was seen between cells treated in the complete
or in the Ca'-free KR medium .

lonomycin, TPA, and DG
The mechanism of action of these agents is quite different .

lonomycin is a Ca" ionophore . Because ofits hydrophobicity
it inserts rapidly into cellular membranes and promotes an
electron-neutral Ca"-H' exchange . Affinity of ionomycin for
divalent cations other than Ca" is low (28, 34) . TPA is a
hydrophobic molecule which, when applied to cells, induces
a pleiotropic response (activation of ion fluxes, enzyme activ-
ities, and cell growth) . Recent evidence indicates that the
direct target of TPA is protein kinase C, where TPA acts as
the stable analog ofthe physiological lipid metabolite activator
diacylglycerol (5, 15, 26, 27, 34, 35).
The effects of ionomycin were greatly influenced by the

presence of Ca" in the incubation fluid (Figs. 7-10) . In
complete KR, stimulation of [ 3H]DA release was appreciable
already at 0 .1 pM ionomycin (-10% in 10 min), and was
greatly increased at higher concentrations (Fig . 7) . The re-

FIGURE 6

	

Effects of monensin (3 x 10' M) on PC12 cell ultrastructure . In A two cells treated with the drug for 5 min exhibit
marked changes of the structure of secretion granules : swelling, widening of the clear space around the granule core, decreased
density, and partial dissolution of the latter (arrows) . Only a few granules appear better preserved (arrowheads) . x 21,500 . The
cells shown in B were treated with monensin for 30 min . Notice the disordered organization of the Golgi complex (GC), where
the stacked cisternae appear swollen or replaced by vacuoles . Granules similar to those illustrated in A are still visible (arrows);
others have probably turned into partially or completely empty vacuoles (arrowheads) . x 19,000 . (Other labels as in Figs . 1 and
2) .
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sponse to ionomycin was rapid . Most of the drug-induced
release had already occurred after 1-2 min (Fig. 8) . However,
a Ca2'-free KR, a relatively small release of [ 3H]DA was
observed and only at a concentration of >_0.5 ftM (Fig . 7).
Fig . 9 illustrates the effects of ionomycin on [Ca2+], . In com-
plete KR the drug induced prompt, concentration-dependent
rises which, at concentrations >0.2 ttM, were maintained by
the cells for several minutes. In Ca2+-free KR medium the
[Ca2

+] i also increased. However, the rise was smaller and
transient (back to the unstimulated level within 0.5-1 min
[Fig . 9]).
When applied in complete KR at concentrations of 0.1-0.3

ELM, ionomycin had no effect on the general organization of
PC12 cells (Fig . l0A) . No change of the secretion granule
structure was visible, while their numerical density (Table 1)
was decreased in parallel with the [ 3H]DA release effect (Fig .
7) . At higher concentrations of ionomycin, however, signs of
cytotoxicity became evident. At 0.5 AM and, more markedly,
at 1 AM, the number of trypan blue-positive cells, measured
at the end of the incubations (10 min), was increased over the
controls, although moderately (-10-30%) . A considerable
proportion of the remaining cells showed clumping of chro-
matin in nuclei, detachment of ribosomes from endoplasmic
reticulum cisternae, extensive vacuolization ofthe cytoplasm,
and formation of thick cytoplasmic projections at the cell
surface. In contrast, no major alterations of mitochondria
were seen (not shown). The morphology of individual secre-
tor granules was unchanged, while their average number per
unit ofcytoplasmic area was decreased (Table I) . Cells exposed
to 1 yM ionomycin in Ca'-free KR maintained their granules
and showed no obvious signs of cytotoxicity.

Both TPA and DG were able to stimulate the release of
[H]DA from PC 12 cells . As can be seen in Fig . 11, the effect
of TPA was appreciable at 10 nM (10-15% release in 10 min)
and became considerable at >_ 100 nM . Incubation in Ca - +-
free KR reduced the release response to TPA only slightly .

w
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7

	

6
-log [ionomycin] M

FIGURE 7 Concentration dependence of [3H]DA release induced
in PC12 cells by ionomycin ± TPA . The solid and open circles show
the results obtained with cells suspended in either complete or
Ca Z `-free medium, respectively, and incubated with ionomycin at
37°C for 10 min . In the experiments illustrated by the enclosed
asterisks, the cells, suspended in complete KR, were treated for the
same time with ionomycin (at the concentrations specified on the
abscissa) together with TPA, 10 -8 M. The effects of TPA alone are
illustrated in Figs . 11 and 12 . Values shown are averages of three to
six experiments subtracted of basal release .
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FIGURE 8

	

Time course of ['H]DA release from PC12 cells treated
with ionomycin . Cells suspended in complete KR were incubated
at 37°C . Addition of ionomycin (V, 3 x 10 - ' M ; /, 10 - ' M ; A, 3 x
10_e M) is marked by the arrow ; ", controls . The values shown are
averages of two to three experiments .
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FIGURE 9

	

[Ca"], changes in PC12 cells exposed to ionomycin in
complete or CaZ'-free KR . 2 x 10 6 cells/ml containing -0.5 nmol
of quint/10 6 cells were treated with ionomycin at the concentra-
tions specified below the arrows (uM) . A-C, complete KR ; D, Ca''-
free KR . [CaZ+] ; calibration is indicated as in Fig . 4 .

DG, on the other hand, had a small, but highly reproducible
effect at concentrations >10 yM, with and without Ca 2+ in
the medium (5-7% release in 10 min) . The time course ofthe
responses to 10 nM TPA and 150 EILM DG was different from
that observed with ionomycin . As shown in Fig . 12, the rates
of release elicited by either agent were higher with respect to
the controls not only during the initial minutes oftheir activity
but also during the entire time period investigated (10 min) .
A further series ofexperiments was carried out to investigate

the dependence ofthe TPA and DG stimulation oftransmitter
release on [Ca z +] ; . For this purpose [Ca2+1, was either increased
by ionomycin or decreased by loading the cells with quint in
Ca 2'-free medium . The effects of TPA and DG in cells with
high [Ca z +] ; are illustrated in Figs . 7, 12, and 13 . Combination
of ionomycin in the 30-300 nM range with either 10 nm TPA
or 150 uM DG in complete KR medium elicited release
responses distinctly (two- to threefold) larger than the sum of
the effects produced separately by the individual agents (com-
pare the data in Figs . 7 and 12) . An even larger (almost
fourfold) synergism was observed when very low concentra-
tions of ionomycin and TPA were used (30 and 3 nM,
respectively) (data not shown) . At high ionomycin concentra-
tions (>_0 .5 pM), the synergism decreased and simple additiv-
ity was finally observed (Fig . 7) .
The combination of TPA plus 0.1 uM ionomycin was

applied to PC12 cells also in Ca z+-free medium . With 10 nM
TPA no synergistic effect was detected, i .e ., the release was
the same as with TPA alone, since 0.1 MM ionomycin is
without effect in the Ca"-free medium (Fig. 7) . However,
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FIGURE 10

	

Effects of ionomycin and TPA plus ionomycin on PC12 cell ultrastructure . A shows that cells treated for 10 min with
ionomycin (10' M) maintain a normal organization . The number of their secretion granules is slightly decreased compared with
controls, especially in the region beneath the plasmalemma . x 21,500 . After the combined treatment with ionomycin (10- ' M)
and TPA (10 -8 M) (B), the decrease of secretion granules is marked . The few granules shown in the figure are located in the Golgi
area (arrows) . x 22,500 .
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FIGURE 11

	

Concentration dependence of ['H]DA release induced
in PC12 cells by TPA . Cell suspensions in either complete (0) or
Ca"-free (O) KR were incubated at 37°C for 10 min . O shows the
results obtained with low [Ca2+], cells suspended in Caz'-free me-
dium . For convenience these cells were loaded concomitantly with
both [ 3H]DA and quint by incubation at 37°C for 1 h in RPM 1640
medium + 5 mM EGTA supplemented with the two tracers, par-
gyline and ascorbic acid, at the concentrations-specified in Materials
and Methods . Values shown are averages of two experiments
subtracted of basal release .

when the concentration of TPA was raised to 0 .1 AM, the
combination with 0 .1 AM ionomycin induced a release effect
distinctly larger (+40%) than that by TPA alone (not shown) .
When TPA was applied in the Ca'-free medium to low

[CaZ'] ; cells, the ['H]DA release effect of the drug was mark-
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FIGURE 12

	

Time course of ['H]DA release induced in PC12 cells
by treatment with TPA or DG, or combinations of these drugs with
ionomycin . Cells suspended in KR were incubated at 37°C . After 6
min (arrow) TPA (10-8 M, asterisk), DG (1 .5 x 10- " M, star), or either
one together with ionomycin (10' M, enclosed asterisk and en-
closed star, respectively) were added . The solid circles indicate
controls . Values shown are averages of three experiments .

14 18

edly reduced, but a small stimulation appeared at TPA con-
centrations in the 0.1 AM range (Figs . 11 and 13) . Such an
inhibition ofthe TPA effect was not due to unspecific damage
of low [Ca 2+1, cells because treatment with ionomycin plus
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FIGURE 13

	

Time course of ['H]DA release from low [Ca21]i PC12

cells treated with TPA and ionomycin . Duplicate aliquots of low
[Ca 21], cells suspended in Ca"-free KR were incubated at 37°C .

After 6 min (arrowhead), TPA (10' M) was added to one aliquot
(asterisk), while the other (enclosed dot) received the solvent alone .
After 16 min of incubation (arrow), ionomycin (10 -' M) was added
to both TPA-treated (enclosed asterisk) and control (square) aliquots
together with CaC1 2 (3 mM) . Values shown are averages of two
experiments .
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[Ca 2+1, changes in PC12 cells treated with TPA, DG,
and ionomycin . (A) 2 x 106 cells/ml containing 0.25 nmol of quin2/
106 cells in complete KR medium were treated with TPA, 10' M,
followed by ionomycin (ION), 3 x 10- ' M . (B) DG, 1 .5 x 10" M,
followed by ionomycin (ION), 1 .5 x 10' M, was applied to parallel
aliquots of quin2 loaded cells (same concentrations as in A, upper
trace) and unloaded cells (lower trace) . Note that the apparent rise
of [Ca"]; induced by DG is entirely accounted for by an increase
ofautofluorescence . (C) 1 x 10 6/ml low [Ca 2+1i PC] 2 cells (i .e ., cells
loaded with quin2 acetoxymethylester in a Ca2 +-free medium) in
Ca"-free KR were treated first with CaC1 2 (Ca, 2 mM), then with
ionomycin (ION, 5 x 10- ' M), and finally with EGTA, 5 x 10' M .
In separate experiments TPA (3 x 10- ' M) did not modify the [Ca 2+] ,
of low [Ca 2+], cells (not shown) . Calibration is indicated as in Fig . 4 .

Ca2+ induced vigorous [ 3HJDA release responses, which were
greatly potentiated in the cells pretreated with TPA (Fig . 13) .
TPA and DG, at the concentrations used for the release

experiments, failed to modify the resting (Ca2+1, of PC 12 cells,
or to affect the rise induced by ionomycin (Fig . 14, A and B) .
Fig . 14C shows that low [Ca2 *1 . cells have an average [Ca 2+1,

<10 nM. Upon addition of Ca2+ to the medium, this value
increased rapidly towards the resting level, and was further
greatly elevated by the subsequent addition of ionomycin .

Neither TPA nor DG, in the experimental conditions used,
induced changes ofthe cell ultrastructure (not shown), except
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2 min

B

for the decrease of the granule numerical density induced by
TPA in parallel with its effect on ['H]DA release (Table 1) .
Even cells exposed to the combination of 0.1 uM ionomycin
plus either 10 nM TPA (Fig . 10B) or 150,uM DG appeared
well preserved . The synergism noticed for [ 3H]DA release also
appeared for the granule numerical density, which was greatly
reduced (by -60 and 40%, respectively-, Table 1).

DISCUSSION
In the present work, suspensions of PC12 cells were exposed
to a variety of treatments previously shown in other systems
to stimulate the release of neurotransmitters . Many of these
treatments stimulated the release of [3H]DA from PC12 cells.
However, the mechanism ofthese responses was not the same
in all cases . lonophores transporting monovalent cations,
X537A and monensin, induced marked alterations of secre-
tory granule structure, with progressive disappearance of the
dense core and swelling of the organelle to yield large, appar-
ently empty vacuoles . This result was expected with X537A
which is known from studies in other systems to transport
amines across the granule and plasma membrane (12, 28) .
Previous data on monensin (which has a high affinity for
Na') were conflicting . Results oftransmitter release in isolated
chromafftn cells were interpreted as stimulation of exocytosis
(37). But in PC12 cells, redistribution and leakage of cate-
cholamines was reported to be responsible for the monensin-
induced DA release (29) . Our present morphological results
support the latter interpretation .
As for the [Ca2 +J; rises induced by the two drugs, their

mechanism and significance appear to be different . X537A,
which is also a Ca 2+ ionophore, induced rises qualitatively
similar to those of ionomycin . By analogy with the results
obtained with ionomycin, we believe that at relatively high
concentrations (>0.5 MM), X537A also stimulates exocytosis
(see also reference 28) . In contrast, the small increase of[Ca 2+1,

brought about by monensin appears to be too low to be
directly responsible for stimulating exocytosis . Redistribution
of Ca" from intracellular stores and inhibition of Na'/CaZ+
exchange across the plasma membrane could contribute to
the [Ca 2'] i rise induced by these two drugs.
A second group of agents tested decreased the numerical

density ofsecretory granules without changing their structure.
The observation that the decrease of granule density approx-
imately correlated with the amount of [ 3HJDA release strongly
suggests that the effects of these agents occurred through
stimulation of exocytosis. For one such agent, erythrosine B,
the information we obtained in PC 12 cells does not go beyond
the demonstration ofits ability to stimulate transmitter release
independently of [Ca 2+1,, as has been previously shown by
others in a different system (1).
As far as the other agents are concerned, the data on

transmitter release should be considered in conjunction with
those on [Ca 2+], . lonomycin, which stimulates release in an
almost exclusively Ca2+-dependent fashion, was found to in-
duce large, persistent [Ca2 +] ; rises when applied in complete
KR, and considerable, although transient, rises in Ca2+-free
KR. pHMPS, on the other hand, was found to increase [Ca Z +J i
when applied in complete KR, and have no such effect in
Ca2+-free medium, although it was able to stimulate ['H]DA
release equally well in either medium . Finally, TPA and DG
induced release responses almost completely independent of
[Ca2 +],,, and without modifying the [Ca Z+]i level ofcells .



In order to fully understand the meaning of these results, it
is necessary to know in detail the mechanisms of action and
intracellular targets of the various drugs used . pHMPS is a
thiol-reducing agent which is believed to act extracellularly by
causing the reduction of one or more disulfide bonds in
proteins exposed at the outer surface ofthe plasma membrane.
In addition, pHMPS was found to depolarize synaptosomes
(2) . Our data are consistent with the latter finding because the
verapamil-inhibitable rise of [Ca 2+1, in complete KR is a
typical effect ofdepolarizing agents in PC 12 cells (22). How-
ever, the [Ca2+1, increase appears to play no major role in the
pHMPS-induced release response, because that response was
not appreciably different in cells incubated with or without
Ca21 in the medium . At the moment we have no explanation
to account for such an intriguing result .
The mechanism of action of the other drugs used is better

known . All the effects of ionomycin, a specific Ca2+ iono-
phore, are believed to be mediated by its changing [Ca2+],
levels (28, 34) ; the effects of TPA and DG are believed to be
mediated by the activation of the recently discovered protein
kinase C (5, 15, 19, 26, 27, 34, 35) . As the activation of the
latter enzyme is a very complex process, the mechanisms of
action of ionomycin on the one hand and TPA and DG on
the other cannot be considered entirely separate . Purified
protein kinase C requires acidic phospholipids and Cat' in
micromolar concentrations for maximal activity (27) . Inside
the cell, resting [Ca"]; would be too low for activation to
occur . However, the affinity of the enzyme for Ca2+ is in-
creased considerably upon binding ofthe activators ofanother
class, which includes TPA and diacylglycerols (5, 15, 19, 27,
34, 35) . Receptor binding of a variety of hormones and
neurotransmitters activates the hydrolysis of phosphoinosi-
tides, with consequent release of diacylglycerols within the
cell . In addition, most ofthese hormones and neurotransmit-
ters are believed to raise [Ca2+] within cells as well . Thus,
raised [Ca2 +] ; and diacylglycerols can lead to physiological
activation of protein kinase C (15, 27, 34, 35) . In our experi-
mental conditions, both ionomycin (at concentrations suffi-
cient to induce large increases of [Ca2 +] ;) and TPA and DG
were expected to cause activation of the enzyme especially
when applied in combination .
The ability of TPA to stimulate secretion by exocytosis has

been known for several years (10). However, the key role
played by protein kinase C in this process has been appreciated
only recently . In human platelets, release responses of similar
magnitude were induced by either ionomycin or TPA and
DG (34, 35), with and without elevation of [Ca2+],, respec-
tively (34) . In addition, Rink et al . (34) reported synergistic
responses elicited by ionomycin administered after TPA or
DG treatment, with no concomitant change of the [Ca 2 +] ;
elevation induced by the ionophore. The present work extends
this approach to a line ofneurosecretory cells that has features
in common with neurons, i .e., a cell type in which fluctuations
of [Ca2 +] ; are believed to be the main regulatory mechanism
of exocytosis (8, 9, 32) . The results we have obtained in PC 12
cells concur with the previous data on platelets (34, 35) . In
addition, an important novel aspect was revealed by our
studies . We observed that the release responses elicited by
ionomycin on the one hand, TPA and DG on the other, had
distinctly different features . In particular, those induced by
ionomycin were rapid, but tended to level offafter 1-2 min,
although [Ca2 +] ; remained elevated . These results are similar
to those obtained previously in PC12 cells exposed to depo-

larizing concentrations of K+ (22) . Thus, the trigger effect of
high [Ca2+], in exocytosis appears to inactivate within a very
short time (a few minutes at the most) (see also references 18
and 24) . TPA and DG induced responses that were similar in
rate (both were slow and sustained), but were markedly dif-
ferent quantitatively . The high potency and efficacy of TPA
was expected because this drug binds with high affinity to
protein kinase C within the cell and is metabolized only slowly
(5, 19, 27) . The diacylglycerol we used (1-oleoyl,2-acetylgly-
cerol) was chosen because of its ability to stimulate r,-;lease
when administered exogenously at considerable concentration
(34, 35) .
The synergistic responses evoked by the concomitant ap-

plication of ionomycin with TPA or DG also revealed inter-
esting features. As already observed in platelets (34), the
synergism was more marked at low ionomycin concentra-
tions, and tended to disappear at high concentrations . The
synergism, evident already during the first 1-2 min, when
release was markedly stimulated even by ionomycin alone,
became very large during the next few minutes, at times when
the responses to ionomycin alone tended to level off. There-
fore, the stimulatory effects of the combined drug treatments
continued at high rates . These responses resemble closely,
both in rate and extent, those elicited in PC 12 cells by optimal
concentrations of the black widow spider toxin a-latrotoxin,
when applied in complete KR medium (22, 23) . It is interest-
ing that under those conditions the toxin causes a large [Ca2+],
rise and in addition activates a [Ca2+]i-independent mecha-
nism, which accounts for the persistence of a considerable
part of its action even in Cat+-free media (22, 23, 43) .
Taken together, the data that we have reported indicate

that two types of transmitter release responses can be evoked
by pharmacological treatments in PC 12 cells, and that syn-
ergism results from the concomitant stimulation of these two
types of responses . Because of their distinct differences, it is
unlikely that the two types of responses are mediated intra-
cellularly by one single mechanism . Thus, two mechanisms
seem to co-exist. One could be mediated directly by [Ca 21],'
the other operating through the activation of protein kinase
C. A question that remains open is whether or not either one
ofthese two mechanisms can operate in an entirely independ-
ent fashion . As already mentioned, high [Ca"] ; itself can
activate protein kinase C . On the other hand, evidence has
been reported in chromaffin cells made leaky by high voltage
discharge suggesting that activation of the enzyme can in-
crease the potency of [Ca 2-,], in exocytosis (17). Investigating
this problem is difficult because no specific inhibitors of
protein kinase C are available . Moreover, in intact PC 12 cells
it has yet not been possible to measure the activity of the
enzyme . The results we obtained by the use of low [Ca21],
cells (in which the [Ca"]; mechanism is expected to be
inactive) were inconclusive . In these cells the effect of TPA
was greatly decreased, but a small response could still be
elicited.

In conclusion, the study of [ 3H]DA release and [Ca 21], in
PC 12 cells exposed to various pharmacological treatments in
Ca"-containing and Ca2'-free media has provided evidence
implicating protein kinase C in the regulation of transmitter
release by exocytosis . This interpretation is entirely based on
a pharmacological criterion, i .e ., it rests on the specificity of
the enzyme activators used, TPA and DG. If protein kinase
C indeed plays the role suggested by our data, it might mediate
not only the response elicited by the two activators but also
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those by other agents (discussed above) that cause [Ca"];
independent release of neurotransmitters. Preliminary data
indicate that in PC12 cells the strong, specific stimulator a-
latrotoxin (22, 23) triggers the turnover of phosphoinositides
(the process responsible for the physiological activation of
protein kinase C), whereas ionomycin does not.
Thework in PC 12 cells was initiated to generate ideas that

we are now planning to test in neurons. At the present time,
a direct extrapolation to synapses of the data obtained in the
cloned cells would be unjustified . However, the possibility
that protein kinase C plays a role in presynaptic physiology
appears reasonable because high concentrations ofthe enzyme
are contained in the brain (26, 27) with enrichment in syn-
aptosomes, where a specific substrate has been identified (44) .
Whether protein kinase C is involved in the regulation of
transmitter release and/or other functions in synapses remains
a task for future work .
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