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Secretion from neurons and neuroendocrine cells is enhanced
by the activation of protein kinase C (PKC) in various prepara-
tions. We have already reported that transmitter (glutamate)
release from Mb1 bipolar cells in the goldfish retina is potenti-
ated by the activation of PKC. However, it is not yet settled
whether the potentiation is ascribed to the increase in the pool
size of releasable synaptic vesicles or in release probability. In
the present study, Ca2� influx and exocytosis were simulta-
neously monitored by measuring the presynaptic Ca2� current
and membrane capacitance changes, respectively, in a terminal
detached from the bipolar cell. The double pulse protocol was
used to estimate separately the changes in the pool size and
release probability. The activation of PKC by phorbol 12-
myristate 13-acetate (PMA) specifically increased the pool size

but not the release probability. PKC was activated by PMA even
after the Ca2� influx was blocked by Co2�. In bipolar cells the
releasable pool can be divided into two components: one is
small and rapidly exhausted, and the other is large and slowly
exocytosed. To identify which component is responsible for the
increase in the pool size, the effects of PMA and a PKC-specific
inhibitor, bisindolylmaleimide I (BIS), on each component were
examined. The slow component was selectively increased by
PMA and reduced by BIS. Thus, we conclude that the activation
of PKC in Mb1 bipolar cells potentiates glutamate release by
increasing the pool size of the slow component.
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The activation of PKC potentiates secretion in a variety of neu-
rons (Yawo, 1999; Oleskevich and Walmsley, 2000) and neuroen-
docrine cells (Gillis et al., 1996; Cochilla et al., 2000). The
potentiation is ascribed to the modulation of exocytotic machin-
ery (Hori et al., 1999), although in some preparations changes in
K� or Ca2� channels (Bowlby and Levitan, 1995; Stea et al.,
1995; Hoffman and Johnston, 1998) may indirectly increase the
secretion. The modulation of exocytosis downstream of the Ca2�

influx could be explained by two distinct mechanisms: an increase
in the Ca2� sensitivity of exocytosis (possibly release probability)
and an increase in the amount of releasable synaptic vesicles (the
pool size). The former is supported by the shift in the relationship
between the external Ca2� concentration ([Ca2�]o) (or the
amount of the Ca2� influx) and the transmitter release after the
activation of PKC (Yawo, 1999; Oleskevich and Walmsley, 2000;
Wu and Wu, 2001). On the other hand, the latter is supported by
the phorbol ester-induced fourfold increase in the amount of
exocytosis, which is evoked by the depolarizing pulse that is
strong enough to exhaust the readily releasable pool before the
application of the agent (Gillis et al., 1996).

Retinal bipolar cells are the second-order neurons, receiving

inputs from rods and/or cones and feeding outputs to ganglion
and/or amacrine cells. PKC is ubiquitously found in rod bipolar
cells of various species (Negishi et al., 1988). It has been suggested
that PKC of bipolar cells regulates GABA sensitivity (Feigenspan
and Bormann, 1994; Gillette and Dacheux, 1996) and induces
morphological changes in axon terminals (Job and Lagnado, 1998).

In the goldfish retina, Mb1 bipolar cells are immunolabeled by
antibodies against PKC� (Suzuki and Kaneko, 1990) and PKC�
(Osborne et al., 1994). Other subtypes of PKC (� and �, Suzuki
and Kaneko, 1990; � and �, Osborne et al., 1994; � and �, McCord
et al., 1996) are not detected in bipolar cells of the goldfish retina.
It has been reported that PKC� is activated by Ca2� and dia-
cylglycerol, whereas PKC� does not require Ca2� for its activa-
tion (for review, see Asaoka et al., 1992).

The large size of the axon terminals of Mb1 bipolar cells
enabled us to examine the mechanisms of transmitter release (for
review, see Tachibana, 1999; von Gersdorff and Matthews, 1999).
We have already shown that the activation of PKC potentiates
transmitter release from Mb1 bipolar cells through the action
downstream of the Ca2� influx (Minami et al., 1998). However, it
is not yet solved whether the potentiation is ascribed to changes
in the pool size of releasable synaptic vesicles or in release
probability. In the present study, we used a quantitative approach
to distinguish between two possibilities and concluded that the
activation of PKC increases the pool size of releasable synaptic
vesicles. The increase was mostly restricted to the slow compo-
nent of exocytosis, and the fast, more easily exhaustible compo-
nent was little affected. Endocytosis did not change obviously
after the activation of PKC.

MATERIALS AND METHODS
Cell isolation. The terminals of Mb1 bipolar cells were obtained from the
goldfish (Carassius auratus) retina as previously described (Tachibana

Received Dec. 6, 2001; revised March 29, 2002; accepted April 3, 2002.
This work was supported by Grants-in Aid for Scientific Research (12053212) and

the Special Coordination Funds for Promoting Science and Technology (the Project
on Neuroinformatics Research in Vision) from the Ministry of Education, Science,
Sports and Culture, and from the Japan Society for the Promotion of Science
(11480245) to M.T. We thank Tomoyuki Takahashi for discussion and comments on
this manuscript and Naotoshi Minami for participation in early experiments. K.
Berglund is a research fellow of the Japan Society for the Promotion of Science.

Correspondence should be addressed to Masao Tachibana, Department of
Psychology, Graduate School of Humanities and Sociology, The University of
Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan. E-mail: Ltmasao@L.
u-tokyo.ac.jp.
Copyright © 2002 Society for Neuroscience 0270-6474/02/224776-10$15.00/0

The Journal of Neuroscience, June 15, 2002, 22(12):4776–4785



and Okada, 1991). In brief, a goldfish (body length, 15–20 cm) was killed
by decapitation followed by immediate pithing of the brain and spinal
cord, in accordance with The Manual for the Conduct of Animal Experi-
ments in The University of Tokyo and Guiding Principles for the Care and
Use of Animals in the Field of Physiolog ical Sciences, The Physiolog ical
Society of Japan. Retinas were detached from the pigment epithelium of
the enucleated eyes. The isolated retinas were treated with hyaluronidase
(0.1 mg/ml) for 5 min and then with cysteine (5 mM)-activated papain
(1.25–2 mg/ml) for 15–20 min at 28°C. These agents were dissolved in a
Ca 2�-free solution, which consisted of (in mM): NaCl, 110; KCl, 2.6;
NaHCO3, 1; NaH2PO4, 0.5; sodium pyruvate, 1; HEPES, 4; and glucose,
16, pH 7.2, 260 mOsm. The retinas were then mechanically triturated
with a glass pipette. A few drops of cell suspension were plated on a
culture dish (Falcon 3001; Becton Dickinson, Franklin Lakes, NJ). Iso-
lated cells were allowed to settle on the bottom of the dish for 15 min and
were then superfused continuously with a control solution at a rate of
0.3–0.5 ml/min. The axon terminals detached from Mb1 bipolar cells
were identified by the size (�10 	m in diameter), the bulbous shape
(often with a short axon stump), and the sustained inward current (the
L-type Ca 2� current; ICa) evoked by a depolarizing pulse (Tachibana et
al., 1993). Recordings were performed at room temperature (�23°C)
within 2 hr after dissociation.

Superfusate. The control solution contained (in mM): NaCl, 125; KCl,
2.6; CaCl2, 2.5; MgCl2, 1; glucose, 10; HEPES, 10; and bovine serum
albumin, 0.1 mg/ml, pH 7.4, 270 mOsm. In the high-Ca 2� solution, the
concentration of Ca 2� was raised from 2.5 to 3.5 mM, and Mg 2� was
omitted. In the Co 2� solution, 3.5 mM CoCl2 was substituted for CaCl2
and MgCl2. PMA (Sigma, St. Louis, MO) and BIS (Calbiochem, San
Diego, CA) were dissolved in dimethylsulfoxide (DMSO) and stocked in

a refrigerator. Test solutions were made by diluting the stock solutions
with the control solution before experiments. The final DMSO concen-
tration was 
0.02%. Test solutions were applied from a Y-tube microflow
system (Suzuki et al., 1990), the tip of which was placed in the vicinity of
a whole-cell clamped cell.

Whole-cell recordings. The pipette solution contained (in mM): CsCl,
135; HEPES, 10; BAPTA, 0.2; MgCl2, 2; Na2-ATP, 2; and Na3-GTP, 0.5,
pH 7.2, 270 mOsm. Conventional whole-cell recordings were performed
with EPC-9/2 (Heka, Lambrecht, Germany), which was controlled by the
Pulse software (Heka). Membrane capacitance (Cm) changes were mea-
sured in the “sine � DC’’ mode (Gillis, 1995) of lock-in extension of the
Pulse software, with a 1 kHz sine wave (30 mV peak-to-peak) superim-
posed on the holding potential of �60 mV. Cm was averaged over
100–200 cycles of the sine wave. Cm changes associated with exocytosis
(capacitance jumps; �C) were calculated as the difference of Cm 1 msec
before and 20 msec after the application of a test pulse. For all Cm traces
analyzed, changes in series conductance (Gs) did not correlate with Cm
changes. Gs, basal Cm, and pipette resistance were in the range of 40–60
nS, 2.5–4.0 pF, and 10–14 M�, respectively. Liquid junction potential
was not corrected. Voltage stimuli were delivered every 40 sec to allow
for a complete recovery from vesicle depletion. Currents were low-pass
filtered at 3 kHz and sampled at every 100 	sec. Leak currents were
measured in the Co 2� solution and were �40 pA. Analysis was
performed off-line by the IgorPro software (Wavemetrics, Lake Os-
wego, OR).

Estimation of the pool size and release probabilit y. The pool size of
releasable synaptic vesicles and release probability were estimated by the
double-pulse protocol (Gillis et al., 1996). Two 200 msec pulses were

Figure 1. Estimation of the pool size and release probability by the double-pulse protocol. Changes in [Ca 2�]o affected release probability but not the
pool size. A, The double-pulse protocol. Two 200 msec pulses were applied with an interpulse interval of 300 msec to a terminal detached from the Mb1
bipolar cell. The intensity of the second pulse (to �2 mV) was adjusted to produce a similar Ca 2� current (ICa ) evoked by the first pulse (to 0 mV).
The thick parts in ICa were evoked by a 1 kHz sine wave superimposed on the holding potential of �60 mV to calculate the membrane capacitance (Cm ).
In this figure the sine wave was omitted from the trace of the membrane potential (Vm ) for clarity. The pool size and release probability were estimated
based on two capacitance jumps (�C1 and �C2 , see Materials and Methods). ICa was integrated to calculate the amount of Ca 2� influx during
depolarization (QCa1 and QCa2; shadow regions in ICa ) after subtraction of the leak current, which was obtained in the Co 2� solution (nearly flat trace
in ICa ). The double pulses were repetitively applied every 40 sec in two different [Ca 2�]o (3.5 and 2.5 mM). The illustrated data were obtained within
3 min after rupture of the patch membrane. B, Effects of [Ca 2�]o on QCa (a), the pool size ( b), and release probability ( c). Data were obtained from
four terminals. Open and shaded bars (b, c) are obtained on the assumption that the release probability after the first pulse remains constant (�2 � �1)
and increases to 1, respectively (see Materials and Methods). Asterisks denote significant difference in the two-tailed, paired Student’s t test ( p � 0.05).
Error bars in this and the subsequent figures denote SEM.
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applied to bipolar terminals with an interval of 300 msec (Fig. 1 A). The
capacitance jump induced by the first pulse (�C1) is given as follows:

�C1 � B1�1, (1)

where the initial pool size and release probability are denoted by B1 and
�1, respectively. B1 is the number of releasable synaptic vesicles multi-
plied by the average capacitance of a single vesicle (26 aF; von Gersdorff
et al., 1996). �1 is a fraction of the fused vesicles in the releasable pool.
To solve this equation, it is necessary to assume the pool size and release
probability after the application of the first pulse. Concerning the pool
size, we assume that the replenishment of the releasable pool is negligi-
ble during the interval of 300 msec between two pulses because this
interval is very short comparing with the time constant of 8 sec, with
which the releasable pool in bipolar cells recovers from vesicle depletion
(von Gersdorff and Matthews, 1997). Under this assumption the second
capacitance jump, �C2, can be calculated by multiplying the remaining
pool after the first pulse by the second release probability, �2:

�C2 � B1�1 � �1	�2. (2)

Concerning the release probability, two cases are assumed. In the first
case it is assumed that release probability remains constant after the
application of the first pulse. Under this assumption, Equation 2 can be
revised as follows:

�C2 � B1�1 � �1	�1 (2
)

To satisfy this assumption, the Ca 2� influx induced by the second pulse
should be identical to that by the first pulse. Thus, we adjusted the
amplitude of the second pulse during the double-pulse experiment.
Equations 1 and 2
 yield:

B
1 �
�C1

2

�C1 � �C2

�
1 �
�C1 � �C2

�C1

In the second case it is assumed that the probability of �2 increases to 1
after the application of the first pulse because it is possible that the
residual Ca 2� after the first pulse may facilitate exocytosis induced by
the second pulse (Kamiya and Zucker, 1994; Debanne et al., 1996).
Under this assumption, �C2 is all of the rest after the first pulse:

�C2 � B1�1 � �1	 (2

)

The equations (1) and (2�) yield:

B �1 � �C1  �C2

� �1 �
�C1

�C1  �C2

If �2 lies somewhere between �1 and 1, the estimates based on the
equation (2
) give us the maximum for the pool size (B
1) and the
minimum for release probability (�
1), whereas the estimates based on
the equation (2�) give the minimum for the pool size (B�1) and the
maximum for release probability (��1). The range of the estimated pool
size (minimum and maximum) becomes narrow when release probability
is high. To reduce the range of estimation, the pulse duration was set long
enough to give a high release probability (�0.7).

The estimation of the pool size and release probability is based on the
assumption that release probability of synaptic vesicles in the releasable
pool is homogenous. However, synaptic vesicles in the releasable pool of
Mb1 bipolar cells are divided into two components. A subset of the pool
(a fast component: �30 fF or �1200 synaptic vesicles) is released much
faster and exhausted much easily than the rest (a slow component: �120
fF or �4800 synaptic vesicles) upon stimulation (Mennerick and Mat-
thews, 1996; Sakaba et al., 1997b). If the fast component is depleted
during the first pulse, and only the remaining slow component becomes
available, the apparent release probability during the second pulse would
decrease (Sakaba and Neher, 2001), resulting in an underestimate of the
pool size and an overestimate of release probability. To evaluate whether
the estimation of the pool size by the double-pulse protocol is actually
affected by the depletion of the fast component by the first pulse, we
compared the size of the releasable pool estimated by the 200 msec

double-pulse protocol and that by a single 500 msec pulse, which is long
enough to deplete the releasable pool (von Gersdorff and Matthews,
1994; Mennerick and Matthews, 1996; Sakaba et al., 1997b). The maxi-
mum (B
1) and minimum (B�1) of the pool size estimated by the double-
pulse protocol was 108.0  4.9 and 96.6  6.2% (n � 6) of the value
estimated by the single long pulse, respectively. Therefore, the depletion
of the fast component by the first pulse seemed to be negligible for the
estimation of the size of the releasable pool. To examine the effects of the
PKC activation on two components of transmitter release separately, we
applied two double-pulses that could deplete the fast and slow compo-
nents successively, and estimated the pool size and release probability of
two components independently (see Results).

RESULTS
Estimation of the pool size and release probability by
the double-pulse protocol
The pool size and release probability were estimated by applying
two successive depolarizing pulses to a terminal detached from
the Mb1 bipolar cell (Fig. 1A). A depolarization to 0 mV induced
an inward current. This current was carried mostly by Ca2�

because the Ca2�-activated K� current (Kaneko and Tachibana,
1985; Sakaba et al., 1997a) was suppressed by internal Cs� and
because the contamination of the Ca2�-activated Cl� current
(Okada et al., 1995) was minimized by depolarizing the mem-
brane potential close to ECl (�0.1 mV). A 200 msec pulse to 0 mV
is sufficient to deplete mostly the releasable synaptic vesicles
(Mennerick and Matthews, 1996; Sakaba et al., 1997b). When two
200 msec pulses were applied with a 300 msec interval, the
capacitance jump for the second pulse (�C2) was much smaller
than that for the first one (�C1), indicating that releasable syn-
aptic vesicles decreased in number after the first pulse (Fig. 1A).
This phenomenon is considered as a form of synaptic depression
with a presynaptic origin (von Gersdorff and Matthews, 1997).
The pool size of releasable synaptic vesicles and release proba-
bility were estimated from capacitance jumps (see Materials and
Methods). The amount of Ca2� influx (QCa; the shadow region of
ICa in Fig. 1A) was calculated by integrating ICa during the pulse
after subtraction of the leak current obtained in the Co2� solu-
tion (a nearly flat trace in Fig. 1A). Ca2� influx after the cessa-
tion of the pulse was negligibly small because Ca2� tail current
lasted only for a few milliseconds and because the slow tail-like
inward current was carried not by Ca2� but by Cl� (Okada et al.,
1995). To minimize the effect of Ca2� channel inactivation on
exocytosis, the intensity of the second pulse was appropriately
adjusted by a few millivolts. QCa2 was 94.3  0.6% (mean  SEM;
n � 21) of QCa1. The charge carried by Cl� during the second
pulse was estimated to be �2% of QCa2.

The validity of the double-pulse protocol was tested by chang-
ing [Ca 2�]o, which affects release probability more strongly than
the pool size (Dodge and Rahamimoff, 1967; Llinás et al., 1981).
When [Ca2�]o was decreased from 3.5 to 2.5 mM, both ICa and
the capacitance jump evoked by the first pulse (�C1) were re-
duced, and the degree of depression (�C2/�C1) became small
(Fig. 1A, 3.5 Ca and 2.5 Ca). Two parameters (the pool size and
release probability) were estimated based on the assumptions (see
Materials and Methods). The means and SEM values for each
parameter are shown in Figure 1B. Because release probability
was not yet saturated but as high as 0.8 (Fig. 1Bc), two different
assumptions (�2 � �1 or �2 � 1) yielded almost the same
estimates (Fig. 1Bb,c). The actual values should be within these
narrow limits. When [Ca2�]o was decreased from 3.5 to 2.5 mM,
QCa decreased significantly. This procedure induced a significant
decrease in release probability but did not change the pool size.
After [Ca2�]o was returned to 3.5 mM, QCa and release proba-
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bility significantly increased, although QCa and the pool size
showed a tendency to rundown. This control experiment indi-
cates that the pool size and release probability can be estimated
properly by the double-pulse protocol.

Increase in the pool size of releasable synaptic
vesicles by the activation of PKC
To determine whether the enhancement of transmitter release
induced by the activation of PKC is ascribed to the increase in the
pool size or release probability, the double-pulse protocol was
applied to a terminal detached from the Mb1 bipolar cell before
and during the application of PKC activator, PMA (100 nM) (Fig.
2A). One minute after the application of PMA (Fig. 2Ab), both
the capacitance jump evoked by the first pulse (�C1) and the total
capacitance jump evoked by the double pulse (�C1 � �C2)
became larger than the control (Fig. 2Aa). The degree of depres-
sion (�C2/�C1) was also increased.

Figure 2B illustrates the changes in QCa, the pool size and
release probability before and during the application of PMA.

QCa showed a tendency to rundown with time. The estimated
values for the pool size and release probability are illustrated with
maximums and minimums. The pool size increased 1 min after
the PMA application and then rapidly decreased. Release prob-
ability increased slightly 1 min after the PMA application and
then gradually decreased. Because release probability is sensitive
to Ca2�, as shown in Figure 1, a part of the decrease in release
probability may be ascribed to the rundown of QCa. This exper-
iment suggests that PMA may affect both pool size and release
probability.

Next, we examined whether the increase in both parameters
shortly after the application of PMA was specifically caused by
the activation of PKC. The double-pulse protocol was applied to
the detached terminals, which were superfused with one of three
kinds of test solutions. The test solutions contained either (1) the
solvent alone (DMSO), (2) PMA with DMSO, or (3) a specific
inhibitor of PKC (BIS, 500 nM) plus PMA with DMSO. After the
application of any test solutions by the Y-tube microflow system,
QCa decreased similarly (Fig. 3A). There were no significant
differences among three conditions. Thus, the decrease in QCa

simply reflects the rundown with time. The pool size increased
significantly only when the test solution 2 (PMA with DMSO) was

Figure 2. Effects of PMA on the pool size and release probability. A, ICa
and Cm before and during the application PMA (100 nM). Double pulses
(Vm ) were applied to a detached terminal repetitively at intervals of 40
sec. Each set of Vm , ICa , and Cm was obtained before (a), 1 min after (b),
and 4 min 20 sec after (c) the application of PMA. B, Time course of
changes in QCa , the pool size and release probability before and during
the application of PMA (horizontal bar). The thickness of lines in the
graphs of the pool size and release probability depicts the range of
maximums and minimums of estimation. Original traces shown in A were
recorded at the corresponding periods (a–c, gray zones).

Figure 3. Evaluation of the specificity for PMA-induced changes. A,
Changes in QCa after the introduction of DMSO (1:10,000 v/v; n � 11),
PMA (10 or 100 nM with DMSO; n � 5), or PMA plus BIS (500 nM with
DMSO; n � 4). Relative values indicate the ratio of QCa 1 min 40 sec after
the application of each agent to QCa before its application. B, Changes
in the pool size after the application of each agent. The pool size in this
and the subsequent figures refers to the maximum of estimation. Relative
values were calculated with the data obtained at the same timing as in A.
Asterisks denote significant differences in the two-tailed Student’s t test
( p � 0.05). C, Changes in release probability after the application of each
agent. Release probability in this and the subsequent figures refers to the
minimum of estimation. In the control condition, no agent was added to
the superfusate, and data were obtained at the corresponding time to the
other conditions (n � 5). Significant difference (asterisk) was detected only
in the main effect of time (before/after application), and neither in the
main effect of agents nor in the interaction (the two-way ANOVA; four
conditions � before/after application; p � 0.05).
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applied (Fig. 3B). BIS could antagonize the effect of PMA,
indicating that the increase in the pool size by PMA is caused by
the activation of PKC. On the other hand, release probability was
increased after the introduction of any agents (Fig. 3C). Even
when no agent was applied (Fig. 3C, control), release probability
increased with time. The increase in release probability was not
caused by a mechanical artifact of switching solutions by the
Y-tube microflow system because release probability increased
gradually with time without switching solutions (data not shown).
The two-way ANOVA (four conditions � before/after applica-
tion) showed no significant interaction ( p � 0.9). Only the main
effect of time (before/after application) was significant ( p � 0.05).
Therefore, we conclude that the increase in release probability
after the application of PMA (Figs. 2B, 3C) is not specific to the
activation of PKC.

If the activation of PKC does not alter release probability, the
alternation of [Ca2�]o may not affect the extent of the PMA-
induced increase in the pool size. To avoid the saturation of
release probability at a high [Ca2�]o, the pool size was estimated
at a low [Ca2�]o. However, as mentioned in Materials and Meth-
ods, the range of the estimated pool size (minimum and maxi-
mum) becomes wider when release probability is low. Thus, the
pool size was estimated from the capacitance jump evoked by the
first 200 msec pulse in the double pulse protocol. PMA increased
the capacitance jump by 47.5  6.9% (n � 5) in 2.5 mM [Ca2�]o,
whereas by 43.3  14.8% (n � 5) in 1.0 mM [Ca2�]o. The increase
was not statistically different between two [Ca2�]o conditions (the
two tailed Student’s t test; p � 0.8). Therefore, it is concluded that
the specific effect of PMA on PKC in goldfish retinal Mb1 bipolar
cells is to increase the pool size of releasable synaptic vesicles.

Activation of PKC without Ca2� influx
In the experiments described above, bipolar cells were depolar-
ized repetitively before and during the application of PMA. It is
not clear whether the Ca2� influx induced by depolarizing pulses
is essential for the PKC activation by PMA. To examine whether
PMA can activate PKC near the resting level of internal Ca2�

concentration ([Ca2�]i), bipolar terminals were preincubated
with PMA, during which time Ca2� channels of the terminals
were blocked by Co2�, and no depolarizing pulses were applied
(Fig. 4). QCa declined with time even when the Ca2� influx was
suppressed by Co2� (Fig. 4A, top, solid circles). Shortly after the
start of Co2� washout, QCa increased transiently, perhaps be-
cause of unbinding of Co2� from Ca2� channels. The rundown
of QCa appeared slightly faster in the PMA-treated terminal
(Fig. 4A, top, solid circles) than the PMA-untreated terminal
(open circles), but this difference was not statistically significant
(Fig. 4B).

Preincubation of the terminal with PMA without Ca2� influx
induced a marked increase in the pool size estimated by the
resumed first double pulse (Fig. 4A, middle, solid squares). The
pool size increased twice as much as that before the application
of PMA. The PMA pretreatment significantly increased the pool
size (Fig. 4C) but did not affect release probability (Fig. 4A,
bottom, D). This series of experiments suggests that PMA may
activate PKC of Mb1 bipolar cells even after the Ca2� influx was
blocked by Co2�.

The increased pool size rapidly decreased during repetitive
stimulation in the presence of PMA, whereas without PMA
treatment the pool size gradually decreased (Fig. 4A, middle,
open squares). In the present study we concentrated on the anal-

ysis of the potentiation mechanism, and we did not pursue the
reason why the pool size rapidly decreased after potentiation.

Modulation of the slow component of exocytosis
by PKC
As mentioned in Materials and Methods, synaptic vesicles in the
releasable pool of Mb1 bipolar cells are divided into the fast
component (�30 fF or �1200 synaptic vesicles) and the slow
component (�120 fF or �4800 synaptic vesicles) (Mennerick and
Matthews, 1996; Sakaba et al., 1997b). A 10 msec depolarization
can completely deplete the fast component (Mennerick and Mat-
thews, 1996; Sakaba et al., 1997b), whereas a 200 msec depolar-
ization can deplete most of the slow component, as shown in the
previous section (see also von Gersdorff et al., 1998). Now we
examined which component is potentiated by the activation
of PKC.

To separate these two components, the two double-pulse pro-
tocol was used (Fig. 5A). A 5 msec double pulse was applied to

Figure 4. Activation of PKC at the resting [Ca 2�]i. A, QCa , the pool size,
and release probability were estimated in the absence (open symbols) or in
the presence (solid symbols) of PMA (100 nM). To suppress the Ca 2�

influx into the terminals, double-pulse stimulation was interrupted in the
presence of Co 2� for 5 min. The periods of PMA and Co 2� treatment are
indicated by horizontal bars. The pool size of the PMA-treated terminal
increased soon after the double pulse was resumed (solid squares). Bar
graphs illustrate the relative values of QCa (B), of the pool size (C), and
release probability (D). The relative values were the ratio of the values
obtained 5 min after the application of the Co 2� solution to those before its
application. The pool size was significantly increased by the PMA treat-
ment (*p � 0.05, the two-tailed Student’s t test; n � 5 in each condition).
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examine the pool size of the fast component. Then, a 200 msec
double pulse was applied to estimate the pool size of the slow
component. Cm was increased after the first 5 msec pulse, whereas
the second 5 msec pulse elicited almost no Cm change, indicating
that the first 5 msec pulse was strong enough to deplete the fast
component. The first 200 msec pulse could elicit a much larger
capacitance jump than the first 5 msec pulse, indicating that
transmitter was released from the slow component after the
depletion of the fast component. The capacitance jump evoked by
the second 200 msec pulse was much smaller than that by the first
200 msec pulse, suggesting that the slow component was mostly
depleted by the first 200 msec pulse.

The pool size and release probability of each component were
estimated independently by this protocol, and the effect of PMA
on each component was evaluated separately. The capacitance
jump evoked by the first 200 msec pulse was increased by PMA,
whereas the capacitance jump evoked by the first 5 msec pulse was
not obviously affected by PMA (Fig. 5A). The increase in the pool
size of the slow component was statistically significant (Fig. 5Bb).
The pool size of the fast component was not affected by PMA
(Fig. 5Bb). Nonsignificant increase in release probability of both
components (Fig. 5Bc) confirmed the previous observation (Figs.
2B, 3C). Therefore, we conclude that the activation of PKC by
PMA increases mainly the pool size of the slow component.

Basal activation of PKC
The specific PKC inhibitor BIS could antagonize the effect of
potentiation by PMA (Fig. 3B). Although the difference was not
statistically significant, the pool size estimated in the presence of
PMA and BIS (PMA plus BIS) was slightly smaller than that of
control (DMSO alone). To examine a possibility that PKC may be
partially activated even in the absence of PMA, BIS was intro-

duced without PMA and the pool size was estimated by the two
double-pulse protocol.

The pool size of the slow component began to decrease soon
after the application of BIS (Fig. 6A, middle, open squares). On
the other hand, the pool size of the fast component remained
nearly constant at least for 1 min after the BIS application and
then decreased (Fig. 6A, middle, solid squares). When DMSO
alone was applied as control, the pool size of the slow component
started decreasing earlier than that of the fast component (Fig.
6C). However, the extent of the pool size reduction of the slow
component during 3 min application of test solutions was signif-
icantly larger for BIS than for control (DMSO alone). Neither
QCa nor release probability was affected by BIS; there observed a
rundown of QCa and a gradual increase in release probability with
time (Fig. 6A). QCa and release probability showed no consistent
differences between BIS and control (DMSO alone) conditions
(Fig. 6B,D). These results indicate that the pool size of the slow
component is regulated by the basal activation of PKC.

No effect of PMA on endocytosis
Endocytosis, as well as exocytosis, is a highly regulated process
(for review, see Cremona and De Camilli, 1997). Phosphorylation
of endocytotic molecule or molecules by PKC may modulate
membrane retrieval (Slepnev et al., 1998). Thus, we examined
whether the time course of endocytosis is affected by the appli-
cation of PMA.

Endocytosis was monitored as the decay from capacitance
jumps after the application of double pulses. Figure 7 illustrates
examples of Cm changes on a slow time scale, which were re-
corded in the control solution (Fig. 7A) and in the PMA solution
(Fig. 7B). The application of depolarizing pulses evoked the
increase in Cm, which stayed at a plateau for a while and then

Figure 5. Increase in the pool size of the slow component of exocytosis by PMA. A, Traces obtained before and during the application of PMA (100
nM). Two double pulses (5 msec � 2 and 200 msec � 2) were applied to a detached terminal to discriminate the PMA-induced effect on the two
components of exocytosis (for details, see Results). B, Summary of the two double-pulse experiment (n � 3). QCa (a) and the pool size (b) are shown
in absolute values to help comparison between two components of exocytosis. Open and solid bars correspond to the values obtained before and 1 min
40 sec after the application of PMA, respectively. An asterisk denotes a significant difference in the two-tailed, paired Student’s t test ( p � 0.05).
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decayed exponentially. von Gersdorff and Matthews (1999) have
reported such delay of endocytosis in Mb1 bipolar cells. In
addition to the depolarization-induced Cm changes, the basal
level of Cm usually decreased gradually for �5 min after the
establishment of the whole-cell configuration.

We quantified the gradual basal change of Cm (trend), and the
delay and decay time constant (�) after the capacitance jump
evoked by depolarization. The trend was determined by fitting a
regression line to a gradually decreasing basal Cm (in this Figure,
the Cm trace before the application of a double pulse). After
subtraction of the trend, a single exponential function was fitted to
the decay phase of the capacitance jump, and � was calculated. A
line with the same slope as the trend was drawn to fit the plateau
after the pulse. The delay was defined as the time between the
termination of the pulse and the intersection of the line and the
exponential curve. The application of PMA caused no significant
differences in these three measures (Fig. 7C). Therefore, it is
unlikely that endocytosis is affected by the activation of PKC.

DISCUSSION
Membrane capacitance measurement and the
double-pulse protocol
In the present study, we applied the double-pulse protocol to the
terminals detached from Mb1 bipolar cells of the goldfish retina
and measured the presynaptic ICa and Cm changes associated with
exocytosis and endocytosis. This technique enabled us to analyze
quantitatively the effects of PMA on transmitter (glutamate)
release. Furthermore, we could estimate the changes of the pool

size and release probability separately. In our previous study
(Minami et al., 1998), glutamate release was monitored by a
bioassay technique: the terminal of an Mb1 bipolar cell was
closely apposed to an NMDA-receptor rich neuron under the
voltage clamp, and the presynaptic ICa and the current through
NMDA receptors was simultaneously recorded. This technique
allowed us a qualitative analysis of transmitter release, but it was
difficult to monitor endocytosis and to estimate separately the
pool size and release probability.

In the double-pulse protocol, bipolar cells show almost a satu-
rating Cm change to the first depolarizing pulse (to 0 mV for 200
msec), resulting in potent depression of transmitter release to the
second depolarizing pulse. Our estimation of two parameters (the
pool size and release probability) relies on the assumption that
the observed depression is caused by a decrease in releasable
synaptic vesicles. Synaptic depression can be observed when
postsynaptic receptors are saturated or desensitized, or when
presynaptic ICa is inactivated after the first depolarizing pulse.
However, these possibilities do not affect the present study be-
cause transmitter release was quantified by capacitance jumps in
the detached presynaptic terminals and because ICa was moni-
tored and adjusted to minimize the inactivation of presynaptic
Ca2� channels.

Comparison of the present results with our
previous ones
The present study confirmed the main part of our previous results
(Minami et al., 1998). First, PMA enhances exocytosis through

Figure 6. Decrease in the pool size of the slow component by BIS. A, Two double pulses (same as in Fig. 5) were repetitively applied to a detached
terminal, and the effects of BIS (500 nM) on two components of exocytosis were examined separately. QCa (circles), the pool size (squares), and release
probability (triangles) for each component are plotted against time after the BIS application (horizontal bar). The fast (solid symbols) and slow (open
symbols) components of exocytosis were examined by 5 and 200 msec double pulses, respectively. The decrease in the pool size of the slow component
(open squares) preceded that of the fast component (solid squares). B–D, Summary of the two double pulse experiment in the presence of DMSO
(1:10,000 v/v; open bars, n � 5) and BIS (with DMSO, solid bars; n � 5). The relative values of QCa (B) and the pool size (C) are calculated as in Figure
3. Release probability is shown in D. Values obtained by three successive stimuli (1 min 40 sec, 2 min 20 sec, and 3 min after drug application) were
averaged. An asterisk denotes a significant difference in the two-tailed Student’s t test ( p � 0.05).
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the activation of PKC (Fig. 3). It has been reported that an
enhancement of transmitter release by phorbol ester is mediated
not only by PKC but also by Munc13–1 (Betz et al., 1998; Hori et
al., 1999). However, both of our results are attributable exclu-
sively to the activation of PKC because BIS, a specific blocker that
attacks ATP-biding site of PKC (Toullec et al., 1991), completely
antagonized the effect of PMA (Hilfiker and Augustine, 1999;
Brose et al., 2000) (Fig. 3). Second, PMA potentiates specifically
the slow component of exocytosis but not the fast component
(Fig. 5). Third, after the application of PMA, exocytosis is
increased transiently and then rapidly decreased (Figs. 2, 4). The
mechanism of the rapid decrease is yet to be solved.

The present study revealed several new findings. First, the
PMA-induced potentiation of glutamate release is ascribed to an
increase in the number of releasable synaptic vesicles and not to

an increase in the content of glutamate packed in each synaptic
vesicle (Figs. 2–5). The number of releasable synaptic vesicles
actually increased from �5700 to �11,400 after the activation of
PKC (Fig. 4A). Second, PMA potentiates exocytosis even when
the Ca2� influx is blocked by Co2� (Fig. 4). Third, endocytosis
is not affected by PMA (Fig. 7).

There is an apparent discrepancy between the present and
previous results. The prolonged application of BIS without PMA
could decrease the pool size of the slow component in the present
study, whereas the previous study did not detect a significant
decrease in glutamate release (Minami et al., 1998). However, as
shown in Figure 6, BIS decreased the pool size, whereas
release probability slightly increased with time. Because the
amount of glutamate release monitored by the bioassay tech-
nique is a product of the pool size and release probability, the
decrease in the pool size would not reflect the decrease in
glutamate release. The previous study actually showed a slight
decrease in the amount of glutamate release, but the decrease
was not statistically significant.

PKC isoforms responsible for the PMA-induced
potentiation of exocytosis
The goldfish Mb1 bipolar cells have at least two isoforms of PKC,
PKC�, a classical Ca2�-dependent type (Suzuki and Kaneko,
1990) and PKC�, a novel Ca2�-independent type (Osborne et al.,
1994).

In the present study, it was demonstrated that PMA potenti-
ated exocytosis even when the Ca2� influx into terminals was
suppressed by Co2� (Fig. 4). Furthermore, PMA could enhance
transmitter release from bipolar cells that were whole-cell voltage
clamped with the pipette solution containing 5 mM EGTA (Mi-
nami et al., 1998). Because PKC� is a Ca2�-independent type
(Asaoka et al., 1992), it seems likely that PMA activates mainly
PKC� in retinal bipolar cells. It has been reported in calyceal
presynaptic terminals of rat brainstem that presynaptic PKC�
undergoes unidirectional translocation toward the synaptic side
after stimulation with phorbol ester (Saitoh et al., 2001). They
have also shown that phorbol ester-induced synaptic potentiation
is not attenuated by chelating [Ca2�]i with EGTA. Therefore,
�-subspecies may be a crucial isoform of PKC, which potentiates
transmitter release.

In the presence of PMA, Ca2�-dependent PKCs such as PKC�
are fully activated by [Ca2�]i at a range of 1 	M (Castagna et al.,
1982). Although both procedures used in our experiments could
maintain the resting cytosolic [Ca2�]i of bipolar cells at a level
lower than �60 nM (Kobayashi and Tachibana, 1995), [Ca2�]i

near the membrane would increase to a micromolar range once
Ca2� channels are activated. Therefore, PKC� may also contrib-
ute to the PMA-induced potentiation of transmitter release.
However, its contribution would be small because the lowered
cytosolic [Ca2�]i may retard translocation of cytosolic PKC to-
ward membrane by phorbol ester (Osborne et al., 1991).

Two components of exocytosis in bipolar cells
At the active zones of photoreceptors and bipolar cells in the
retina, synaptic vesicles are concentrated near ribbons. Based on
the electron-microscopic observation, von Gersdorff et al. (1996)
proposed that the fast and slow components of transmitter release
correspond to the docked vesicles at active zones near the corner
between the ribbon and the plasma membrane, and the vesicles
tethered to the ribbons, respectively. The model of von Gersdorff
et al. (1996) implies that the tethered vesicles are recruited to the

Figure 7. No effect of PMA on endocytosis. A, B, The membrane
capacitance (Cm ), the membrane conductance (Gm ), and the series con-
ductance (Gs ) are calculated before (A) and 1 min after ( B) the appli-
cation of PMA (100 nM). Traces are illustrated on a slow time scale.
Double pulse stimulation was applied during the gaps of traces in each
panel. The values of Cm before stimulation were 3.78 pF (A) and 3.44 pF
(B). The values of Gm and Gs before the application of PMA (A) were
0.164 and 38.8 nS, respectively. The transient jump in Gm after the pulse
may be ascribed to the activation of the Ca 2�-dependent Cl � current
(Okada et al., 1995) but did not affect the measurement of Cm. C, The
trend (dotted line), the delay (line with arrowheads), and the time constant
of the decay (�) determined by fitting an exponential function (smooth
curve) were calculated before (open bars) and during the application of
PMA (solid bars), as described in Results. These three parameters of
endocytosis were not significantly changed by the application of PMA
( p � 0.1; the two-tailed, paired Student’s t test; n � 5).
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active zones after the docked vesicles are depleted. Recently,
evanescence microscopy, a novel imaging technique to visualize
exocytotic events in action, was applied to goldfish Mb1 bipolar
cells, and the model of von Gersdorff et al. (1996) was confirmed
in a living cell (Zenisek et al., 2000). They described two distinct
fusion events at hot spots during stimulation: stationary (presum-
ably docked) vesicles and then newly arrived vesicles fused into
the plasma membrane. In the present study, the activation of PKC
mainly affected the slow component of exocytosis, suggesting that
the fast and slow components are implemented by different mo-
lecular bases. PKC may facilitate the arrival of new vesicles at
active zones during stimulation.

Transmitter release from bipolar cells in the retina is regulated
by a variety of light-evoked voltage changes from transient Ca2�

spikes (Protti et al., 2000) to sustained depolarization (Kaneko,
1970). The fast component of transmitter release may transmit
rapid changes in light intensity, whereas the slow component may
be used to convey gradual changes. Thus, the activation of PKC
may emphasize the information with low frequency. Filtering
properties of retinal ganglion cells (Keat et al., 2001) are not static
but subject to visual environments, such as temporal changes in
contrast (Rieke, 2001). Filtering properties of ganglion cells
should be affected by the kinetics of transmitter release from
bipolar cells. As demonstrated in the present study, the kinetics of
transmitter release is actually modified by the activation of PKC
at bipolar terminals. It seems likely that PKC of bipolar cells may
be activated by transmitters released from amacrine cells.
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