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Protein Kinase C Increases the Apparent Affinity of the Release
Machinery to Ca®* by Enhancing the Release Machinery

Downstream of the Ca®* Sensor
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Modulation of the release probability of releasable vesicles in
response to Ca®" influx (Prob,) is involved in mediating sev-
eral forms of synaptic plasticity, including short-term depres-
sion, short-term augmentation, and potentiation induced by
protein kinases. Given such an important role, however, the
mechanism underlying modulation of the Prob, is unclear. We
addressed this question by investigating how the activation of
protein kinase C modulates the Prob, at a calyx-type nerve
terminal in rat brainstem. Various lengths of step depolarization
were applied to the nerve terminal to evoke different amounts of
Ca®* currents and capacitance jumps, the latter of which
reflect vesicle release. The relationship between the capaci-
tance jump and the Ca®" current integral was sigmoidal and
was fit well with a Hill function. The sigmoidal relationship was
shifted significantly to the left during the application of the PKC
activator 12-myristate 13-acetate (PMA), suggesting that PMA

increases the apparent affinity of the release machinery to
Ca?™". This effect was blocked in large part by the application of
the PKC inhibitor bisindolylmaleimide, suggesting that the ef-
fect is mediated mainly by the activation of PKC. We also found
that PMA increased the rate of miniature EPSCs evoked by the
application of hypertonic sucrose solution, which triggers re-
lease downstream of the Ca®" influx. Taken together, our re-
sults suggest that PKC enhances the apparent affinity of the
release machinery to Ca®* by a mechanism downstream of the
binding between Ca®* and its sensor. These results have pro-
vided the first example of the mechanisms underlying modula-
tion of the Probg,.
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Activation of protein kinase C (PKC) enhances synaptic trans-
mission at a variety of synapses (Malenka et al., 1986; Shapira et
al., 1987; Minota et al., 1991; Bachoo et al., 1992; Capogna et al.,
1995; Redman et al., 1997; Stevens and Sullivan, 1998; Hori et al.,
1999; Yawo, 1999; Honda et al., 2000; Oleskevich and Walmsley,
2000) and may underlie certain forms of synaptic plasticity (Byrne
and Kandel, 1996; Son and Carpenter, 1996). Evidence suggests
that the enhancement is mediated by an increase of transmitter
release (Malenka et al., 1987; Shapira et al., 1987; Capogna et al.,
1995; Gillis et al., 1996; Redman et al., 1997). Although the
increased transmitter release might be caused in part by modula-
tion of voltage-gated ion channels leading to an increase of
presynaptic Ca®" influx during action potentials (Byrne and
Kandel, 1996; Majewski and Iannazzo, 1998; Honda et al., 2000),
it is caused in large part by mechanisms downstream of the Ca?*
influx at many synapses (Stevens and Sullivan, 1998; Hori et al.,
1999; Yawo, 1999; Honda et al., 2000). After the Ca?" influx,
transmitter release depends on two factors, the size of a pool of
vesicles immediately available for release (called releasable pool
or readily releasable pool) and the averaged release probability of
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vesicles in this pool in response to the Ca®* influx (Prob,).
Which of these two factors is upregulated by PKC? By measure-
ments of the membrane capacitance in chromaffin cells, it was
found that PKC enhances vesicle exocytosis by increasing the
releasable pool size (Gillis et al.,, 1996). A similar result was
observed at cultured hippocampal synapses, in which the releas-
able pool size is defined as release evoked by 4-5 sec of hyper-
tonic sucrose application (Stevens and Sullivan, 1998). In con-
trast, by an examination of EPSCs evoked by trains of electrical
stimulation at calyx-type synapses, it was suggested that PKC may
enhance transmitter release by increasing the Prob., (Yawo,
1999; Oleskevich and Walmsley, 2000). In these studies, however,
the conclusion in large part was based on the result that the EPSC
reached a maximum at a high extracellular Ca** solution and
that PKC did not increase the EPSC further in this condition.
Under high release conditions a maximal EPSC may be reached
because postsynaptic receptors are saturated and desensitized
(Sun and Wu, 2001). Thus it remains inconclusive whether PKC
enhances transmitter release by increasing the releasable pool
size or the Prob, in these studies (Yawo, 1999; Oleskevich and
Walmsley, 2000).

In the present work we studied how PKC enhances synaptic
transmission at a calyx-type synapse in the rat medial nucleus of
the trapezoid body (MNTB). To study more directly how activa-
tion of PKC enhances transmitter release, we measured transmit-
ter release by monitoring the change in the membrane capaci-
tance at the nerve terminal (Sun and Wu, 2001), which is
proportional to the surface area of the membrane and thus
proportional to the number of vesicles released (Albillos et al.,
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1997; Von Gersdorff et al., 1998; Sun and Wu, 2001). This
approach avoids the complication of saturation and desensitiza-
tion of postsynaptic receptors. With this approach we found that
activation of PKC enhanced release not by increasing the releas-
able pool size but by increasing the Prob,.

Modulation of the Prob, is often a pathway by which synaptic
strength is regulated. For example, modulation of the Prob., is
involved in mediating short-term synaptic depression (Wu and
Borst, 1999; Burrone and Lagnado, 2000), short-term synaptic
augmentation (Stevens and Wesseling, 1999), and enhancement
of transmitter release that is induced by the activation of protein
kinase A (Trudeau et al., 1996). Although modulation of the
Prob, plays an important role in regulating synaptic strength, its
underlying mechanisms remain unclear. The present work was
aimed at investigating the mechanisms underlying modulation of
the Probc,. Three potential mechanisms may modulate the
Probc,: (1) modulation of the affinity of the Ca*" sensor to
Ca?*, (2) modulation of the number of Ca** ions required to
bind the Ca>* sensor and trigger release, and (3) modulation of
any step at the release machinery downstream of the Ca®"
sensor. By examining the relationship between the capacitance
jump and the Ca*" influx, we found that PKC increased the
apparent affinity of the release machinery to Ca®*. By applying
hypertonic sucrose solution to trigger release independently of
the binding between Ca®* and its sensor (Rosenmund and
Stevens, 1996), we found that PKC enhanced transmitter release
by a mechanism downstream of the binding between Ca®" and its
sensor. These results suggest that enhancement of the release
machinery downstream of the Ca®* sensor is involved in increas-
ing the apparent affinity of the release machinery to Ca** and
thus the Prob,.

MATERIALS AND METHODS

Recordings of presynaptic Ca** currents and capacitance. Wistar rats
(8-12 d old) were decapitated. Parasagittal slices 200 wm thick were cut
from the auditory brainstem with a vibratome. Recordings were made at
room temperature in a solution that pharmacologically isolated Ca®*
currents (Borst et al., 1995). This solution contained (in mm) 105 NaCl,
20 TEA-C], 2.5 KCl, 1 MgCl,, 2 CaCl,, 25 NaHCO3, 1.25 NaH,PO,, 25
dextrose, 0.4 ascorbic acid, 3 myo-inositol, 2 sodium pyruvate, 0.001
tetrodotoxin (TTX), and 0.1 3,4-diaminopyridine, pH 7.4, when bubbled
with 95% 0,/5% CO,. The presynaptic pipette (3.5-5 M()) solution
contained (in mm) 125 Cs-gluconate, 20 CsCl, 4 Mg-ATP, 10 Na,-
phosphocreatine, 0.3 GTP, 10 HEPES, and 0.05 BAPTA, pH-adjusted to
7.2 with CsOH. Presynaptic whole-cell recordings were made with an
EPC-9 amplifier (HEKA Electronics, Lambrecht, Germany). The series
resistance (<15 M) was compensated by 60%. Holding potential was
—80 mV, and the potential was corrected for a liquid junction potential
of —11 mV between the extracellular and the pipette solutions (also
applies to postsynaptic recordings). Currents were low-pass filtered at 5
kHz and digitized at 20 kHz (also applies to postsynaptic recordings)
with a 16 bit analog-to-digital converter (Instrutech, Great Neck, NY).

The selection of calyces and capacitance recordings has been described
in detail in our recent study (Sun and Wu, 2001). Briefly, calyces that had
a basal capacitance <22 pF and showed approximately a single exponen-
tial decay in passive relaxation current, as judged by eye, were used. The
capacitance was measured with the EPC-9 amplifier together with the
software lock-in amplifier (PULSE, HEKA Electronics). A sinusoidal
stimulus was applied in addition to the DC holding potential (—80 mV).
The peak-to-peak voltage of the sine wave was <60 mV to avoid activa-
tion of the Ca®" currents (Borst et al., 1995; Wu et al., 1998). The
resulting current was processed via the Lindau-Neher technique (Lindau
and Neher, 1988; Gillis, 1995) to give estimates of the membrane capac-
itance, membrane conductance, and the series conductance. The sine
wave frequency was 1000 Hz. The reversal potential of the measured DC
current was assumed to be 0 mV (Gillis, 1995). During step depolariza-
tion the capacitance was not measured. The capacitance jump was
measured as the difference between the averaged capacitance value in
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30-60 msec after stimulation and the baseline value. The capacitance
jump returned to the baseline in a few seconds to tens of seconds (Sun
and Wu, 2001). Therefore, measurements of capacitance jumps were not
affected by the relatively slow endocytosis. The interval between two
voltage commands was at least 30 sec to avoid short-term synaptic
plasticity induced by the previous voltage command. All capacitance
traces shown in the figures were taken from single recordings and were
low-pass filtered at 100 Hz.

Recordings of EPSCs and mEPSCs. Wistar rats (8-12 d old) were
decapitated. Transverse slices 200 uwm thick were cut from the auditory
brainstem with a vibratome. Because the axon that connects the calyx is
approximately parallel to the surface of the transverse slice, there are
calyces connected with a longer axon that can be stimulated electrically
with a bipolar electrode positioned at the midline of the trapezoid body.
Thus to induce an EPSC electrically (see Fig. 6), we applied a brief
electrical stimulus (5-20 V, 0.1 msec) to induce an action potential in the
axon and thus an EPSC at the postsynaptic neuron. [For the method of
identifying such postsynaptic neurons, see Borst et al. (1995) and Wu et
al. (1999).] To induce trains of mEPSCs with hypertonic solution, we
positioned glass pipettes (1.5-2.5 M{)) containing 2 M sucrose plus the
bath solution described below close (<5 um) to the surface of postsyn-
aptic cells. The sucrose solution was pressure injected (0.2-10 sec, 5 psi)
onto the surface of the synapse with a pneumatic picopump (PV830,
World Precision Instruments, Sarasota, FL). The resulting mEPSCs were
analyzed by a program (Jaejin Software, Leonia, NJ) with a threshold
amplitude for detection set at 10 pA.

Whole-cell voltage-clamp recordings of EPSCs and mEPSCs at
postsynaptic neurons were made at room temperature in a bath solution
containing (in mm) 125 NacCl, 2.5 KCI, 1 MgCl,, 2 CaCl,, 25 NaHCO;,
1.25 NaH,PO,, 25 dextrose, 0.4 ascorbic acid, 3 myo-inositol, 2 sodium
pyruvate, 0.05 D-APV (NMDA receptor blocker), 0.01 bicuculline
(GABA receptor blocker), and 0.01 strychnine (glycine receptor block-
er), pH 7.4, when bubbled with 95% 0,/5% CO,. The postsynaptic
pipette (2-3 MQ) solution contained (in mm) 125 K-gluconate, 20 KCl,
4 Mg-ATP, 10 Na,-phosphocreatine, 0.3 GTP, 10 HEPES, and 0.5
EGTA, pH-adjusted to 7.2 with KOH. Whole-cell recordings were made
with an Axopatch 200B amplifier (Axon Instruments, Foster City, CA).
The holding potential was —80 mV. The series resistance (<12 M{)) was
compensated by 95% (lag, 10 usec).

Reagents and statistical tests. Phorbol 12-myristate 13-acetate (PMA)
was purchased from Sigma (St. Louis, MO) and bisindolylmaleimide
(BIS) from Calbiochem (La Jolla, CA). PMA and BIS were dissolved
first in DMSO and then diluted. The final concentration of DMSO did
not exceed 0.1% and by itself had no effect on the capacitance jump and
the EPSC. Data were expressed as means * SE. The statistical test for
calculation of p values was the Student’s ¢ test.

RESULTS
Measurement of the releasable pool size

We have found recently that a voltage step command of 10 msec
from —80 to +10 mV evoked a maximal release the same as a 30
msec step to +10 mV in an extracellular solution containing 2 mm
Ca?" [Sun and Wu (2001), their Fig. 4]. This result suggests that
a pool of releasable vesicles can be depleted in 10 msec. To
confirm this suggestion further, we determined whether release
evoked by a 10 msec step to +10 mV was increased further when
the extracellular Ca®* concentration was increased. The calyx of
Held was whole-cell voltage clamped in a bath solution that
pharmacologically isolates Ca>* currents. A step depolarization
of 2 or 10 msec from the holding potential of —80 to +10 mV was
applied alternately to the calyx to trigger vesicle release. Vesicle
release was measured as the capacitance jump after the step
depolarization. When the extracellular Ca?* concentration was
increased from 2 to 4 mm, the peak Ca" current at the end of a
2 or 10 msec step depolarization increased by 27 = 4 and 33 = 3%
(n = 4) (Fig. 1), respectively. The capacitance jump evoked by the
2 msec step depolarization increased by 74 = 4%, whereas the
capacitance jump evoked by the 10 msec step depolarization was
increased only by 8 = 4% (n = 4; p = 0.06). This result further
supports our hypothesis that a 10 msec step depolarization in
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Figure 1. The capacitance jumps recorded in different extracellular

Ca?* concentrations. A4, The Ca?* current (top) and the capacitance

jump (bottom) evoked by a 2 msec step from —80 to +10 mV in extra-
cellular solutions containing 2 mMm (solid trace) and 4 mm (dotted trace)
Ca?". Both the Ca®" current and the capacitance jump were increased
significantly in 4 mm Ca?*. B, The Ca®" current (top) and the capaci-
tance jump (bottom) evoked by a 10 msec step from —80 to +10 mV in
extracellular solutions containing 2 mm (solid trace) and 4 mm (dotted
trace) Ca**. Only the Ca”" current, but not the capacitance jump, was
increased significantly in 4 mm Ca®*. Data in 4 and B were obtained from
the same calyx.

normal (2 mm) extracellular Ca*" is sufficient to deplete the
releasable pool.

When the duration of the step depolarization was increased
from 10 to 100-200 msec, the capacitance jump was increased by
>50% (our unpublished results), suggesting that part of the
releasable pool can be replenished rapidly in 100-200 msec (see
also Fig. 4). This result argues against the possibility that the
similar capacitance jumps observed during the 10-30 msec depo-
larization (Sun and Wu, 2001) or during a 10 msec depolarization
in 2 and 4 mm extracellular Ca®* (Fig. 1) are caused by adapta-
tion of the Ca®" sensor (Hsu et al., 1996) or by an unknown
mechanism that is turned on to inhibit the release machinery
during prolonged stimulation. We conclude that the releasable
pool size can be estimated as the capacitance jump evoked by a 10
msec step depolarization.

A PKC activator PMA increases the apparent affinity of
the release machinery to Ca®*
Bath application of the PKC activator PMA (100 nm) for 10 min
increased the capacitance jump evoked by the 2 msec step depo-
larization by 82 = 18% (n = 6) (Fig. 2A). This effect reached the
steady state in a <10 min application of the drug (data not shown)
(but see Hori et al., 1999) and was not accompanied by any
significant change in the amplitude or the integral of the Ca®"
current (p > 0.4, t test; n = 6) (see Figs. 24,B, 4A4,B). In contrast,
100 nm PM A did not increase significantly the capacitance jump
evoked by a 10 msec step depolarization (2 = 2%;n = 6;p = 0.25,
t test) (Fig. 2B). Thus PMA enhanced the transmitter release
evoked during a 2 msec step depolarization not by increasing the
releasable pool size but by increasing the fraction of the releas-
able pool being released, i.e., the release probability of releasable
vesicles. Because PM A did not affect the presynaptic Ca*" cur-
rent, the enhancement must occur downstream of the Ca?”"
influx. In other words, PM A increased the Prob,.

The increased Prob., may be caused by either an increased
apparent affinity of the release machinery to Ca®" or a decrease
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Figure 2. PMA increases the capacitance jump by increasing the appar-
ent affinity of the release machinery to Ca®", but not the releasable pool
size. A, B, Sample traces of Ca>" currents (top) and capacitance jumps
(bottom) induced by a 2 msec (4) and a 10 msec (B) step depolarization
from —80 to +10 mV before (left, solid trace) and during the application
of 100 nM PMA for 10 min (middle, dotted trace). They are superimposed
on the right for comparison. C, The relationship between the capacitance
jump (ACm) and the charge of the Ca?* current (ICa) obtained before
(Ctrl, circles) and during the application of PM A (triangles) for at least 10
min (n = 12 synapses). Before the data were pooled from different
synapses, the data were normalized to the value obtained during the 10
msec step depolarization to +10 mV in the control condition. Both the
data in control and in the presence of PM A were fit with a Hill equation
(see Eq. 1 in Results). The application of PMA did not change two
parameters in the equation, the RPS and the n, but decreased the ECs,
from 0.30 (solid curve, Ctrl_fit) to 0.16 (dotted curve, PMA_fit).
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Figure 3. A PKC antagonist BIS blocks in large part the effect of PM A on the capacitance jump. 4, Sample recordings of presynaptic Ca®" currents
(ICa, top) and capacitance changes (Cm, bottom) evoked by a 2 msec presynaptic step from —80 to +10 mV in the control (/eft), in the presence of BIS
(1 pum) for 10 min (middle left), and in the presence of BIS (1 uM) plus PM A (100 nm) for 10 min (middle right). These traces are superimposed on the
right for comparison. B, Percentage of increase in the capacitance jump (ACm) evoked by a 2 msec step depolarization to +10 mV during the application
of 1 um BIS (n = 6), 1 uM BIS plus 100 nm PMA (n = 6), and 100 nm PMA (n = 6). The percentages refer to the changes in capacitance jumps during
the application of the drug or drugs normalized to the value obtained before any drug application at the same synapse. Data are expressed as means * SE.

in the number Ca*" ions required to bind the Ca?" sensor that
triggers release. To identify which of these two mechanisms
increases the Prob.,, we applied various lengths of step depolar-
izations to various voltages (0-20 mV) to the calyx to induce
different amounts of Ca*" influx and thus different amounts of
vesicle release. The resulting capacitance jumps were plotted
versus the Ca*" current integral (integrated for 10 msec) in the
control condition (Fig. 2C, circles) and during the application of
100 nm PMA for at least 10 min (Fig. 2C, triangles). Before the
data were pooled from different synapses into Figure 2C, the data
were normalized to the capacitance jump and the Ca®* current
evoked by the 10 msec step depolarization in control at the same
synapse. Both the data in control and in the presence of PMA
were fit with the Hill function:

(M

where ACm is the normalized capacitance jump, RPS is the
normalized releasable pool size or the maximal capacitance
jump, ICa;,cra 18 the integral of the Ca?" current normalized to
that evoked by a 10 msec step depolarization in control at the
same synapse, ECs, is a value of ICa;,cqa at Which ACm is 50%
of RPS, and n is the Hill coefficient. In control the RPS, ECs, and
n were 1.03, 0.30, and 2.4, respectively. In the presence of PMA
these parameters were 1.02, 0.16, and 2.6, respectively. Evidently,
PMA decreased the ECs,, to approximately one-half of the con-
trol value without significantly affecting the Hill coefficient, the
latter of which is interpreted widely as the number of Ca>* ions
required to bind the Ca®" sensor to trigger release (Reid et al.,
1998; Schneggenburger et al., 1999). Thus these results suggest
that PM A enhanced transmitter release by increasing the appar-
ent affinity of the release machinery to Ca®*, but not by modi-
fying the number of Ca?* ions required to bind the Ca?* sensor
to trigger release.

A PKC inhibitor in large part blocks the effect of PMA
on the capacitance jump

Phorbol esters may enhance synaptic transmission via two mech-
anisms, one by the activation of PKC and the other by the
interaction with the synaptic protein Munc13-1 (Betz et al., 1998;
Hori et al., 1999). Previous works at calyx-type synapses, includ-
ing the MNTB synapse, indicate that phorbol esters (PM A and

ACm = RPS - 1/[1 + (ECSO/ICaimegral)n],

phorbol 1,2-dibutrate), but not their inactive forms (4a-PM A and
4a-phorbol 1,2-dibutrate), enhance the EPSC (Hori et al., 1999;
Yawo, 1999; Oleskevich and Walmsley, 2000). The enhancement
is blocked mainly or completely by PKC inhibitors, such as BIS,
sphingosine, calphostin C, and a PKC inhibitor peptide (Hori et
al.,, 1999; Yawo, 1999; Oleskevich and Walmsley, 2000). These
results indicate that phorbol esters enhance synaptic transmission
in large part by the activation of PKC at calyx-type synapses.

To confirm that PM A enhances the capacitance jump in large
part by the activation of PKC, we applied a specific inhibitor of
PKC, BIS (Toullec et al., 1991). The application of 1 um BIS for
10 min slightly increased the ACm evoked by a 2 msec step (to
+10 mV) by 10 * 4% (n = 6; p = 0.04) (Fig. 3). The reason for
the slight increase of the ACm is unclear.

In the presence of 1 um BIS the application of PM A increased
the ACm evoked by a 2 msec step to +10 mV by 27 = 5% (n =
6; p = 0.02) (Fig. 3) of the value obtained before the BIS
application. This increase was significantly less than that (82 =
18%; p = 0.02) (Fig. 3) measured in the absence of BIS, suggest-
ing that PM A increases the capacitance jump in large part by the
activation of PKC. This result is consistent with a recent study at
MNTB synapses showing that phorbol esters enhance the EPSC
mainly by the activation of PKC and partly by interaction with
Munc13-1 (Hori et al., 1999).

PMA does not affect the rate of vesicle mobilization

Phorbol esters have been suggested to enhance the releasable
pool size and the rate of vesicle mobilization from the reserve
pool to the releasable pool at cultured hippocampal synapses and
chromaffin cells (Stevens and Sullivan, 1998). Our results indi-
cated that PMA did not increase the releasable pool size at the
MNTB synapse (Fig. 2). In the following we examined whether
PMA increases the rate of mobilization. A pair of 10 msec steps
to +10 mV with intervals that varied from 0.05 to 70 sec were
applied to the terminal, and the resulting capacitance jumps were
recorded (Fig. 4A4). The first step depleted the releasable pool,
and the second step depleted the vesicles that have been mobi-
lized to the releasable pool during the interval between the two
steps. Thus the ratio between the second and the first capacitance
jump indicates the fraction of the releasable pool being replen-
ished. Such ratios were plotted as a function of the interval and
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Figure 4. PMA does not affect the rate of vesicle mobilization. A4, B,
Sample recordings of Ca®" currents (fop) and capacitance jumps (bottom)
induced by a pair of 10 msec step depolarizations (from —80 to +10 mV)
with an interval of 400 msec before (4, Ctrl) and during (B) the appli-
cation of 100 nM PM A. The labels and scales in A apply to B. C, The ratio
between the second and the first ACm as a function of the paired pulse
interval obtained in control and in the presence of PMA (100 nm). Data
were obtained from experiments similar to those shown in 4 and B from
11 synapses. In control, the data were fit with a double-exponential
function with time constants of 0.11 and 7.14 sec, respectively (solid
curve). PM A does not affect these time constants and the relative contri-
bution of these two components (dotted curve). The top and bottom panels
show the same data in different scales.

were fit well with the sum of two exponential functions. In the
control the time constants were 0.11 and 7.14 sec, respectively,
and the weights of the fast and the slow components were 48 and
52%, respectively (Fig. 4B). These results were consistent with
the rate of mobilization estimated with measurements of the
EPSC at the same synapse (Wu and Borst, 1999). After the
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application of 100 nm PM A for 10 min, the time constants were
0.10 and 6.67 sec, respectively, and the weights of the fast and the
slow components were 46 and 54%, respectively (Fig. 4B). The
results obtained in the presence and the absence of PMA were
similar (Fig. 4), indicating that PM A did not affect the rate of
vesicle mobilization.

PMA enhances transmitter release evoked by
application of hypertonic sucrose solution

We have shown that PM A enhances transmitter release by in-
creasing the apparent affinity of the release machinery to Ca®*
(Fig. 2). The increased apparent affinity may be caused by an
increase in the affinity of the Ca?" sensor to Ca®* and/or by an
enhancement of the release machinery at a step downstream of
the Ca®* sensor. To explore whether the latter mechanism is
involved in mediating PM A-induced enhancement of the release,
we applied hypertonic sucrose solution to trigger release. Release
evoked by hypertonic sucrose solution is not affected when the
voltage-dependent Ca?* channels are blocked or when the Ca®*
buffer BAPTA is dialyzed to the nerve terminal to block effec-
tively the action potential-evoked release (Rosenmund and
Stevens, 1996). These results suggest that hypertonic sucrose
solution triggers release independently of the binding between
Ca?* and its sensor (Rosenmund and Stevens, 1996). If PMA
increases the release evoked by hypertonic solution, it suggests
that PM A acts at a site downstream of the binding between Ca>*
and its sensor. Thus we determined whether PM A increases the
release evoked by the application of hypertonic solution. For two
reasons we monitored the release by measurements of the EPSC
instead of the presynaptic capacitance jump. First, we applied the
sucrose solution by puff application (see below), which generated
an artifact in the capacitance recording that contaminated the
capacitance signal (data not shown). Second, release evoked by
puff application of hypertonic solution lasts for a few seconds (see
below) during which significant endocytosis may occur (Stevens
and Williams, 2000; Sun and Wu, 2001), which may result in a
significant underestimate of exocytosis (Smith and Betz, 1996).

Postsynaptic MNTB cells on the surface (<10 wm from the
top) of the slice were whole-cell voltage clamped at —80 mV. A
glass pipette containing 2 M sucrose plus the bath solution was
positioned close (<5 um) to the cell. A pressure was applied for
0.2-10 sec to puff the sucrose solution (<1 ul) to the MNTB
synapse. Such a puff induced a train of miniature EPSCs (mEP-
SCs) (Fig. 54). Consistent with the previous study (Rosenmund
and Stevens, 1996), the frequency of mEPSCs was not affected by
adding the nonspecific Ca®" channel blocker CdCl, (200 um)
into the bath solution (n = 6) (Fig. 5B). The application of the
AMPA receptor blocker CNQX (10 uMm) completely blocked the
sucrose-induced mEPSCs (n = 4) (Fig. 5C).

The final concentration of sucrose at the synapse is unknown,
because it depends on many factors such as the distance between
the puff pipette tip and the synapse, the pipette tip diameter, the
duration of application, and the geometry of the synapse. Thus
the same concentration of sucrose in the pipette may induce quite
different responses at different synapses. However, the results
were repeatable at the same synapse (Fig. 54,B). The mEPSCs
continued to occur for ~2-3 sec after puff application (Figs. 54, B,
6A,B), which may reflect the gradual decrease of sucrose concen-
tration caused by diffusion of sucrose away from the synapse.

Hypertonic sucrose solution and nerve stimulation trigger re-
lease from the same releasable vesicle pool at cultured hippocam-
pal synapses (Rosenmund and Stevens, 1996). To confirm this
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Figure 5. Hypertonic sucrose application evokes mEPSCs. 4, Shown are
the mEPSCs induced by a 1 sec puff application of hypertonic sucrose
solution (2 M sucrose plus the bath solution in the pipette). The puff
application time is marked in C. B, The Ca** channel blocker CdCl, (200
uM) did not block sucrose-induced mEPSCs. C, The non-NMDA gluta-
mate receptor blocker CNQX (10 um) blocked sucrose-induced mEPSCs.
Calibration applies to all panels. Data in A-C were obtained from the
same synapse.

result at MNTB synapses, we positioned a bipolar electrode at
the midline of the trapezoid body for stimulating the presynaptic
axon. A train of nerve stimulations (20 V, 0.1 msec at 100 Hz for
200 msec) was applied to induce a train of EPSCs, followed at 300
msec after the end of the train by a puff application of hypertonic
sucrose solution (2 M plus the bath solution) for 500 msec (Fig.
6A). The same puff also was applied without the conditioning
train (Fig. 6B). In control, the total number of mEPSCs in 3 sec
during and after sucrose application was 206 = 32 (n = 6). After
the train of nerve stimulations the number was decreased to
129 = 25 (or 63 £ 10%; p < 0.001; n = 6) (Fig. 6A), and the mean
amplitude did not change significantly (p = 0.47; n = 6). Similar
results were observed in the presence of cyclothiazide that inhib-
its the desensitization of AMPA receptors (n = 2; data not
shown). Consistently, when two identical electrical trains (20 V,
0.1 msec at 100 Hz for 200 msec) were applied to the nerve with
an interval of 1 sec, the EPSCs evoked by the second train were
depressed significantly (Fig. 5C). The sum of the amplitude of the
EPSC evoked by each stimulus during the second train was 68 =
9% (n = 4; p < 0.001) of that during the first train, similar to the
decrease in the number of mEPSCs evoked by sucrose applica-
tion. In addition, when the hypertonic sucrose solution (2 M in the
pipette) was applied for 10 sec, the EPSC evoked by a single
electrical stimulation or a train of stimulation (100 Hz for 200
msec) immediately after sucrose application was <25% of that
evoked in control (n = 4; data not shown). Consistent with the
previous study (Rosenmund and Stevens, 1996), these results
suggest that vesicles released by hypertonic sucrose application
and the electrical train share a common vesicle pool (Fig. 6) and
that release evoked by hypertonic sucrose application is indepen-
dent of the activation of voltage-gated Ca®" channels (Fig. 5).
A 300 msec puff application of 2 M sucrose solution induced a
train of ~30-100 mEPSCs that occurred in ~2-3 sec (Fig. 74).
The application of 100 nm PM A for 10 min increased the number
of mEPSCs (counted in 3 sec during and after puff application) by
154 = 36% (p < 0.01; n = 5) (Fig. 74) without significantly
affecting the amplitude of the mEPSC (p = 0.39; n = 5). This
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result suggests that PKC enhances release by a mechanism down-
stream of the binding between Ca”" and its sensor.

The percentage of increase in the number of mEPSCs de-
creased as the duration of the puff was prolonged. For example, a
puff application of sucrose solution (2 m) for 3 sec induced a train
of mEPSCs that persisted for ~3 sec after the puff (Fig. 7B). The
total number of mEPSCs that occurred during and 3 sec after puff
application was increased by only 31 * 9% (n = 5) (Fig. 7B),
which is significantly lower than that (154 = 36%; n = 5) obtained
with a 300 msec puff application (p < 0.01). Because the fre-
quency of mEPSCs was high (50-200 Hz) during long puff ap-
plication, the number of mEPSCs may be underestimated be-
cause of simultaneous multiple quantal release. To avoid this
potential problem, we compared the charge of the EPSC (inte-
grated for 5-6 sec during and after sucrose application) before
and after PMA application. A similar percentage of increase
(36 = 10%; n = 5) in the charge of the EPSC was observed,
confirming that PKC-induced enhancement of release evoked by
a long puff application is significantly smaller than that evoked by
a brief puff application. These results are consistent with our
finding that PM A enhanced release evoked by smaller stimulation
to a larger extent than that evoked by larger stimulation, because
PMA increased the apparent affinity of the release machinery to
Ca?*, but not the releasable pool size (Fig. 2).

DISCUSSION

Modulation of the Prob¢, versus modulation of the
releasable pool size

By monitoring transmitter release with presynaptic membrane
capacitance measurements at MNTB synapses, we provided di-
rect evidence that PM A enhanced transmitter release at MNTB
synapses. We found that PMA increased the Prob., without
affecting the releasable pool size (Fig. 2) or the rate of vesicle
mobilization (Fig. 4). This result is consistent with a previous
study at the cholinergic synapse in the chick ciliary ganglion
(Yawo, 1999), but it is in conflict with another study at hippocam-
pal cultured synapses in which phorbol esters were suggested to
increase the releasable pool size (Stevens and Sullivan, 1998).
The reason for this apparent discrepancy is unclear. Because
Hori et al. (1999) found that phorbol esters may enhance trans-
mitter release by the activation of PKC and by interaction with
another synaptic protein Munc13-1 at the MNTB synapse (Hori
et al., 1999), differential distribution of PKC and Muncl3-1 in
different tissues has been postulated to account for the discrep-
ancy (Hilfiker and Augustine, 1999). Combined with the result
obtained by Hori et al. (1999), our result that PM A increased the
Prob., but not the releasable pool size at the same MNTB
synapse argues against this hypothesis. This does not necessarily
rule out the possibility that the discrepancy is attributable to a
difference in synapses. However, as discussed below, the differ-
ence in the method used to define and estimate the releasable
pool size might account for the discrepancy.

At cultured hippocampal synapses the releasable pool size is
defined as the pool of vesicles released by a 45 sec application of
hypertonic sucrose solution, subtracted by the number of vesicles
that replenish the pool during sucrose application (Stevens and
Sullivan, 1998). Because more than one-half of the releasable
pool can be replenished in 4-5 sec (Dittman and Regehr, 1998;
Stevens and Sullivan, 1998; Stevens and Wesseling, 1998; Wang
and Kaczmarek, 1998; Wu and Borst, 1999), an accurate estimate
of the releasable pool size relies on the estimate of replenish-
ment. Vesicles that newly replenish the releasable pool may have
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Figure 6. Release evoked by hypertonic sucrose solution and nerve stimulation share the same vesicle pool. 4, A train of nerve stimulations (20 V, 0.1
msec at 100 Hz for 200 msec) was applied, followed at 300 msec after the train by a puff application of sucrose solution (2 M in the pipette) for 500 msec.
The EPSC evoked by the train was truncated to see the mEPSCs clearly. Calibration also applies to B. B, The EPSC is evoked by a puff the same as in
A but without a conditioning train of stimulation. C, Shown are the EPSCs evoked by two identical electrical trains (20 V, 0.1 msec at 100 Hz for 200
msec) applied to the nerve with an interval of 1 sec (left). The EPSCs evoked by the second train (right, top) were smaller than those evoked by the first

train (right, bottom). The stimulation artifacts were blanked.

a much lower release probability that takes >10 sec to recover
(Wu and Borst, 1999; Burrone and Lagnado, 2000). In addition,
in normal conditions the release probability of releasable vesicles
is likely to be inhomogeneous with a fraction of vesicles at low
release probability (Sakaba and Neher, 2001). It is possible that
hypertonic sucrose application, which is far less efficient in trig-
gering release than a direct depolarization at the nerve terminal,
preferentially releases vesicles with a higher release probability.
Activation of PKC may convert reluctant vesicles, such as vesicles
with a low release probability in normal conditions and vesicles
that just replenish the releasable pool during a 4-5 sec sucrose
application, into vesicles ready for release by hypertonic solution,
resulting in an apparent increase in the releasable pool size. For
the same reason PKC may convert reluctant vesicles that have
replenished the releasable pool during a pair of hypertonic shocks
used to estimate the rate of mobilization, resulting in an apparent
increase in the rate of mobilization. Our results suggest an ap-
proach to test whether PKC enhances the Prob., at small syn-
apses where the Prob., is difficult to measure. This approach is to
determine whether PKC increases release evoked by different
intensities of hypertonic sucrose application to different degrees,
as we show in Figure 7 for MNTB synapses.

Modulation of the Prob., occurs at a step downstream
of the binding between Ca®* and its sensor

We found that PM A shifted the sigmoidal relationship between
the capacitance jump and the Ca®" current integral to the left
(Fig. 2). When these sigmoidal curves were fit with the Hill
function (see Eq. 1), the EC5, was reduced by approximately
one-half by PMA (Fig. 2). These results suggest that PMA
increases the Prob., by increasing the apparent affinity of the
release machinery to Ca®". If we assume a linear relationship

between the local Ca** concentration that triggers transmitter

release and the Ca®* current integral, PMA would increase the
affinity of the release machinery to Ca?" to approximately two
times the control value. However, whether this relationship is
linear is currently unclear, making it difficult to estimate quanti-
tatively the change in the apparent affinity of the release machin-
eryto Ca®*. An alternative hypothesis that might account for the
enhancement of the Prob, is a rearrangement of Ca®" channels
such that a larger fraction of them is located physically closer to
active zones where release occurs. This possibility is highly un-
likely because PM A enhanced transmitter release that was in-
duced by hypertonic solution (Fig. 7), which triggered release
independently of activation of Ca®* channels (Fig. 5) and the
binding between Ca®" and its sensor (Rosenmund and Stevens,
1996). In addition, release evoked by hypertonic sucrose solution
shares a common pool of vesicles releasable by nerve stimulation
or activation of Ca®" channels (Fig. 6) (Rosenmund and Stevens,
1996). We conclude that PM A increased the apparent affinity of
the release machinery to Ca?™* and thus the Prob,, at least partly
by a mechanism downstream of the binding between Ca®" and its
sensor. Our results do not allow us to rule out completely the
possibility that an increase in the affinity of the Ca*" sensor also
contributes to the increase in the Prob,. To our knowledge this
is the first example showing that modulation of the release ma-
chinery downstream of the Ca*" sensor is involved in mediating
modulation of the Prob, and thus the synaptic strength. Such a
mechanism may not be limited only to the PKC signaling path-
way. Modulation of the Prob., may be a common pathway by
which synaptic strength is regulated during synaptic modulation
by neurotransmitters and neuromodulators (Thompson et al.,
1993; Wu and Saggau, 1997), during short-term synaptic depres-
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Figure 7. PMA enhances the rate of mEPSCs evoked by hypertonic
sucrose solution. 4, The mEPSCs evoked by a puff application of hyper-
tonic sucrose solution (2 M) for 300 msec in the control (top), in the
presence of 100 nMm PM A (middle), and in the presence of 10 um CNQX
(bottom). B, The mEPSC evoked by a puff application of hypertonic
sucrose solution (2 m) for 3 sec in the control (fop), in the presence of 100
nM PMA (middle), and in the presence of 10 uM CNQX (bottom). The
initial rise of the current is an artifact of the puff application because it
was not blocked by CNQX (bottom trace). All data in this figure were
obtained from the same synapse.

sion (Wu and Borst, 1999; Burrone and Lagnado, 2000) and
augmentation (Stevens and Wesseling, 1999), and during activa-
tion of second messenger pathways involving protein kinase A
(Trudeau et al., 1996) and G-proteins (Blackmer et al., 2001).
Modulation of the Prob, in these conditions may be achieved by
regulation of the release machinery downstream of the Ca?*
Sensor.

Molecules that may be involved in modulation of

the Prob,

We found that the PKC inhibitor BIS inhibited in large part the
PMA-induced enhancement of the capacitance jump (Fig. 3).
This is consistent with previous works indicating that phorbol
esters enhance synaptic transmission in large part by activation of
PKC at calyx-type synapses (Hori et al., 1999; Yawo, 1999;
Oleskevich and Walmsley, 2000). It would be of great interest to
identify the substrate of PKC that is involved in modulation of the
Prob,. SNAP-25 and Muncl18/nSecl are two synaptic proteins
phosphorylated by PKC (Fuyjita et al., 1996; Shimazaki et al.,
1996). Phosphorylation of them reduces their interaction with
syntaxin, which might enhance exocytosis by modifying dissoci-
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ation or formation of SNARE complexes (Fujita et al., 1996;
Shimazaki et al., 1996). Thus these two molecules are potential
candidates that may mediate PKC-induced increase of the
Prob,, although it should be noted that there are many other
transmitter release-related proteins that can be phosphorylated
by PKC (Majewski and Iannazzo, 1998).

Our results show that BIS did not block PMA-induced en-
hancement of the capacitance jump completely (Fig. 3). This is
consistent with a recent study at the same MNTB synapse show-
ing that the enhancement of the EPSC by phorbol esters is
blocked partly by high concentrations of PKC inhibitors, includ-
ing BIS, calphostin C, and a PKC inhibitor peptide (Hori et al.,
1999). In the same study (Hori et al., 1999) the enhancement also
is blocked partly by presynaptic loading of a synthetic peptide
with the sequence of the N-terminal domain of Doc2« interacting
with Munc13-1. Thus, it is likely that the remaining effect of PM A
on the capacitance jump in the presence of BIS (Fig. 3) involves
interaction between Doc2a and Muncl3-1. In other words, inter-
action between Doc2a and Muncl3-1 may participate in regula-
tion of the Prob,.
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