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Modulation of the Readily Releasable Pool of Transmitter and of
Excitation-Secretion Coupling by Activity and by Serotonin at
Aplysia Sensorimotor Synapses in Culture
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Short-term homosynaptic depression and heterosynaptic facili-
tation of transmitter release from mechanoreceptor sensory neu-
rons of Aplysia are involved in habituation and sensitization, re-
spectively, of defensive withdrawal reflexes. We investigated
whether synaptic transmission is regulated in these forms of plas-
ticity by means of changes in the size of the pool of transmitter
available for immediate release [the readily releasable pool (RRP)]
or in the efficacy of release from an unchanging pool. Using
sensorimotor synapses formed in cell culture, we estimated the
number of transmitter quanta in the RRP from the asynchronous
release of neurotransmitter caused by application of a hypertonic
bathing solution. Our experiments indicate that the transmitter
released by action potentials and by hypertonic solution comes
from the same pool. The RRP was reduced after homosynaptic
depression of the EPSP by low-frequency stimulation and in-
creased after facilitation of the EPSP by application of the endog-

enous facilitatory transmitter serotonin (5-HT) after homosynaptic
depression. However, although the fractional changes in the RRP
and in the EPSP were similar for both synaptic depression and
facilitation when depression was induced by repeated hypertonic
stimulation, the changes in the EPSP were significantly greater
than the changes in the RRP when depression was induced by
repeated electrical stimulation. These observations indicate that
homosynaptic depression and restoration of depressed transmis-
sion by 5-HT are caused by changes in both the amount of
transmitter available for immediate release and in processes in-
volved in the coupling of the action potential to transmitter release.
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Homosynaptic depression and heterosynaptic facilitation at sen-
sorimotor synapses of Aplysia are involved in the modification of
defensive withdrawal reflexes by experience (Castellucci et al.,
1970; Pinsker et al., 1970, 1973; Carew and Kandel, 1973). Short-
term depression and facilitation are thought to result from mod-
ulation of transmitter release from the sensory neurons (Castel-
lucci and Kandel, 1974, 1976; Dale and Kandel, 1990; Armitage
and Siegelbaum, 1998). In previous work, based on statistical and
kinetic analyses of synaptic transmission, we showed that these
forms of synaptic plasticity are attributable to the switching off
and on of a subpopulation of release sites rather than by graded
changes in release at all sites (Royer et al., 2000). In the present
report, we examine the involvement of changes in the readily
releasable pool (RRP) of transmitter, which probably represents
the population of docked and primed synaptic vesicles (Stevens
and Tsujimoto, 1995; Rosenmund and Stevens, 1996; von Gers-
dorff et al., 1996; Schikorski and Stevens, 1997, 2001), in these
forms of synaptic modulation. Alterations in the size of the RRP
have been implicated in several forms of plasticity at synapses and
in adrenal chromaffin cells (Gillis et al., 1996; Goda and Stevens,
1998; Stevens and Sullivan, 1998; Wang and Kaczmarek, 1998;
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Wang and Zucker, 1998; Waters and Smith, 2000). At the same
time, we determine whether modulation is limited to transmitter
release evoked by electrical stimulation and calcium influx or
whether other steps in the release process are also affected.

Previous ultrastructural (Bailey and Chen, 1988) and modeling
(Gingrich and Byrne, 1985) studies suggested that depletion of
synaptic vesicles contributes to homosynaptic depression at the
sensorimotor synapses. On the other hand, Eliot et al. (1994b)
concluded, on the basis of their observations of spontaneous
transmitter release, that depletion was unlikely to contribute to
homosynaptic depression. Here we describe experiments that
bear on the question of depletion as a mechanism of homosyn-
aptic depression in the context of modulation of the RRP in
synaptic plasticity.

To examine changes in the RRP that accompany homosynaptic
depression and restoration of depressed transmission by the fa-
cilitatory transmitter serotonin (5-HT), we measured the amount
of transmitter released in response to hypertonic stimuli after
depression and facilitation of the EPSP. Our results indicate that
both the pool of transmitter available for release and processes
involved in excitation—secretion coupling are modulated in short-
term synaptic plasticity induced by electrical activity and by a
modulatory transmitter.

MATERIALS AND METHODS

Preparation of cultures. Adult Aplysia californica (75-150 gm; Marine
Specimens Unlimited, Pacific Palisades, CA; and Alacrity Marine Bio-
logical Services, Redondo Beach, CA) were anesthetized by injection of
50-100 ml of 385 mm (isotonic) MgCl,. Tail sensory neurons (Walters et
al., 1983) and siphon motor neurons (LFS neurons; Frost and Kandel,
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1995) were isolated and maintained as described previously (Klein, 1994;
Coulson and Klein, 1997). Sensory and motor neurons were maintained
in separate plastic Petri dishes (Falcon 1008; Becton-Dickinson, Moun-
tain View, CA) at room temperature (21-24°C) in 10% Aplysia hemo-
lymph in Leibovitz L15 culture medium (Invitrogen, Grand Island, NY)
supplemented with salts (Schacher and Proshansky, 1983). Under these
conditions, the neurons retract their processes and become spherical in
shape after 1-3 d. A single sensory neuron was then manipulated into
contact with each motor neuron, and the pairs were left to incubate at
least 1 d, by which time the EPSP amplitude has reached a plateau
(Coulson and Klein, 1997). For recording, individual pairs were trans-
ferred to a separate Petri dish containing artificial seawater (ASW),
where they adhered to the bottom without any special treatment.

Electrophysiology. An Axoclamp 2A amplifier (Axon Instruments) and
borosilicate glass micropipettes (tip resistance, 10-20 M) filled with 2
M potassium acetate, pH 7.5, were used for intracellular recordings from
the LFS neuron. Recordings were performed in ASW (in mm: 460 NaCl,
10 KC1, 11 CaCl,, 55 MgCl,, and 10 HEPES, pH 7.5). Neuron type was
confirmed by the response to release of hyperpolarizing current (Eliot et
al., 1994a; M. Klein, unpublished data). Throughout the experiments, the
LFS motor neuron was hyperpolarized to —80 mV in current-clamp
mode. To elicit an EPSP in the motor neuron, an extracellular pipette
filled with ASW was put into contact with the sensory neuron membrane,
and a 2 msec current pulse from a Master 8 stimulator (AMPI, Jerusa-
lem, Israel) was applied.

The hypertonic solution used to elicit asynchronous release consisted
of ASW with sucrose added to the desired final concentration. For most
experiments, 1 M sucrose was added to the ASW. The hypertonic solution
was applied either with a 5-10 sec puff from a microperfusion system
(Warner Instruments) or by direct addition of 50 ul of the solution from
a hand-held Pipetman onto the neurons. The protocol used to examine
EPSPs and asynchronous release consisted of a single EPSP elicited by
electrical stimulation of the sensory neuron followed within 1 min by
application of the hypertonic solution.

Miniature synaptic potentials (minis) elicited by the hypertonic sucrose
were identified visually. As a check on the identification of the minis, we
compared our counts with the number of minis detected with a program
included in the Axograph software package (Axon Instruments) that uses
a sliding template to identify minis (Clements and Bekkers, 1997). We
constructed a template from the average of 15-30 of the clearest minis
and used this template to examine the baseline before and after the burst
of minis triggered by the hypertonic solution to determine the threshold
for mini detection. Threshold was taken as 2.5-3 times the SD of the
noise. Minis detected by the program were examined by eye, and obvious
false-positive results were excluded. There was no difference between the
number of miniature potentials detected by the program and the number
identified visually (41 experiments; p = 1.0; paired ¢ test). We used the
counts based on visual detection in preference to the automated method
for these and all other experiments, because the computer program was
thrown off by baseline shifts that resulted in erroneous identification of
minis, which then had to be excluded by visual inspection.

To estimate the number of minis that fell below our detection thresh-
old, we fit the amplitude distribution of the minis with an equation based
on a normal distribution of synaptic vesicle diameters that has been used
to describe mini distributions in other preparations (Bekkers et al.,
1990). This equation adequately fit our data also (p > 0.05 using the x?
test; in most cases, p > 0.9; see Figs. 1, 2, 6, 7). We found the parameters
that gave the best fit (by minimizing the sum of the squared differences)
to the largest minis in the first peak in the observed distribution (where
the likelihood of correct identification was the greatest) and then com-
pared the number of minis of small amplitude predicted from the extrap-
olated theoretical distribution with the number we actually detected. On
average, we estimate that we missed ~8% of the minis, depending on the
average mini amplitude, but the proportion of minis not counted was the
same for each portion of a single experiment (see Fig. 74).

In most experiments, we observed minis that were much greater than
the average amplitude for a given experiment (see Fig. 2). When we
detected breaks on the rising limb of these “giant minis,” we counted
them as two or more events. To take into account the possibility that
single-event giant minis represented the release of more than one vesicle,
we analyzed these events in two ways in each experiment. First, we
counted each event as representing a single quantum and compared the
number of events in the control and the experimental conditions. Second,
we also treated each giant mini as a multiquantal release event by
dividing its amplitude by the average mini amplitude as determined by
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fitting the first peak in the amplitude distribution with the theoretical
curve of Bekkers et al. (1990). As long as the giant minis were treated
consistently in any given experiment, fractional changes in release caused
by the experimental manipulations were not affected by counting giant
minis as single or multiple quanta.

All minis detected during the first 55 sec after application of the
hypertonic solution were counted (see Fig. 1C). All applications of
hypertonic solution within an experiment were done in the same way, i.e.,
with either a puff or an aliquot; the results were not affected by the
manner of application of the hypertonic solution. The preparation was
washed with ASW for 10 min between tests.

The quantal content of EPSPs was estimated by dividing the EPSP
amplitude by the average mini amplitude for EPSPs that were =10 mV in
amplitude. For larger EPSPs, the peak EPSP amplitudes for the whole
experiment were plotted against the maximal slope of the EPSPs (cor-
responding to the peak synaptic current), and a partial correction for
nonlinear summation was done as follows. The linear relationship be-
tween amplitude and maximal slope for the smaller EPSPs was extrap-
olated to the larger amplitude EPSPs. The amplitudes of the larger
EPSPs were then multiplied by a factor that made them fall on the
extrapolated line, and the corrected amplitudes were divided by the
average mini amplitude to get an estimate of the quantal content. The
idea behind this correction is that the maximal slope of the EPSP is
affected less by nonlinear summation than the peak, because the voltage
at which the maximal slope occurs is much less depolarized than the
EPSP peak. Because the maximal slope is still affected by nonlinear
summation, albeit to a lesser extent, the quantal content of larger EPSPs
will still be underestimated. This underestimate does not affect any of
our conclusions, because it leads to underestimates of homosynaptic
depression, 5-HT-induced facilitation, and the fraction of the RRP re-
leased by a single action potential; all of these would lead us to understate
our conclusions.

Two estimates of the quantal amplitude were used in each experiment,
by treating giant minis as either single quanta or multiple quanta,
respectively. When each mini was counted as a single quantum regardless
of amplitude, the average of all the events was used as the average mini
amplitude. When giant minis were treated as multiquantal, the quantal
amplitude was estimated from the first peak in the amplitude frequency
histogram. Aside from differences in the quantal amplitude and in the
total number of quanta in the RRP, the two ways of counting gave
equivalent results. In particular, the extent of neither synaptic depression
nor facilitation of the EPSP was affected, and the fraction of the RRP
released with a single action potential was not changed.

To examine facilitation of the EPSP, 50 ul of ASW containing 10 uMm
5-HT was applied onto the neurons ~30 sec before stimulating the
sensory neuron. To examine the effects of 5-HT on the asynchronous
response, the same concentration of 5-HT in the hypertonic solution was
applied within 1 min after the EPSP, either with a puff from the
microperfusion apparatus or in a 50 ul aliquot.

Experiments were recorded on a Power Macintosh G3 computer
running Axograph (Axon Instruments), and EPSPs and minis were
analyzed using the same program.

Data files were transferred to Microsoft Excel version 7 and GraphPad
Prism version 2 for statistical analysis and plotting. All data are ex-
pressed as mean = SEM, and ¢ test comparisons are two-tailed unless
otherwise noted.

RESULTS

The size of the readily releasable pool of transmitter at
Aplysia soma—soma synapses in culture

Evidence has been presented at hippocampal synapses in culture
that the initial burst of transmitter release caused by a hypertonic
solution is an index of the RRP (Rosenmund and Stevens, 1996).
As is the case for hippocampal synapses, application of hyper-
tonic solution to Aplysia synapses results in asynchronous quantal
release of neurotransmitter that does not require presynaptic
depolarization (Figs. 1, 2). As shown for hippocampal synapses,
this release is not affected by removal of extracellular calcium
(data not shown). In our conditions, the release was slow enough
to allow us to count the number of miniature synaptic potentials
in response to this treatment (Figs. 14, 24). In most of the
experiments, we applied a solution to which 1 M sucrose had been
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Figure 1. Asynchronous transmitter release triggered by hypertonic so-

lution at Aplysia sensorimotor synapses in culture. 4, Ten consecutive 1 sec
records of miniature synaptic potentials elicited in a postsynaptic neuron
~3 sec after application of bathing solution with 1 M added sucrose.
Calibration: 2 mV, 100 msec. B, Amplitude histogram of all the miniature
potentials within 1 min after application of hypertonic solution; same
experiment as in A. The open circles connected by the line represent the best
fit to the experimental points (mean amplitude, 1.67 mV) using the equa-
tion of Bekkers et al. (1990). C, Kinetics of asynchronous transmitter
release elicited with hypertonic solution containing 1 M sucrose. Error bars
represent SEM for 20 experiments. D, Dependence of the asynchronous
response on the concentration of added sucrose (n = 6; =SEM). The total
number of minis detected in the first 55 sec after application of solutions
containing different concentrations of sucrose is plotted against sucrose
concentration and normalized to the response at 2 M.

added and extrapolated to an estimated maximal response based
on the dose-response relationship shown in Figure 1D.

In 20 pairs of cells, the estimated maximal number of minis
that could be released with hypertonic solution (counted in the
first minute after application) (Fig. 1C) ranged from ~60 to ~640
(mean, 270 = 37). If each mini represents a single quantum of the
transmitter, then this is the maximal number of quanta releasable
by the hypertonic treatment.

However, the possibility that larger minis represent multiquan-
tal release would increase the estimated size of the RRP, as
measured by application of hypertonic solution. As noted in
Materials and Methods, most applications of hypertonic solution
caused release of minis with amplitudes much greater than the
mean. As seen in Figures 2, 6, and 7, these giant minis often
appeared to be multiples of the smallest minis, as would be
expected if the larger events were multiquantal. Because these
large events occurred even when the mean mini frequency was
low (Fig. 2A4), they do not appear to be fortuitous coincidences of
independent release events. If each large mini is taken to repre-
sent the release of several quanta, then the total number of quanta
releasable by the hypertonic stimulus becomes 571 = 128.
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Figure 2. Apparent multiquantal miniature synaptic potentials in re-
sponse to application of hypertonic solution. 4, Consecutive 1 sec records
from a postsynaptic neuron taken ~40 sec after application of solution
containing 1 M sucrose. The relatively low frequency of minis at this time
indicates that the large events are not likely to be coincidences of release
from different sites. Calibration: 2 mV, 200 msec. B, Amplitude histogram
of all the events recorded within 1 min of sucrose application in the same
experiment. Peaks appear at approximately evenly spaced intervals. Cir-
cles connected by the solid line represent the fit to the data assuming four
peaks with means of 0.67, 1.40, 2.21, and 2.97 mV, respectively. Broken
lines represent fits of the individual peaks. See Figures 6 and 7 for other
examples of amplitude histograms with multiple peaks.

In contrast to the persisting steady-state response of the mam-
malian synapses to the continued presence of hypertonic solution
(Stevens and Tsujimoto, 1995; Rosenmund and Stevens, 1996),
the asynchronous release evoked in this manner at Aplysia sen-
sorimotor synapses does not continue after the first burst of
release (Fig. 1C). The self-limiting nature of the release to hy-
pertonic solution at Aplysia synapses suggests that slow replen-
ishment of the RRP might place a strict limit on the maximal rate
of transmitter release even with low rates of stimulation. Because
these synapses show marked homosynaptic depression of release
at interstimulus intervals as great as 5-10 min (Royer et al., 2000),
we examined whether homosynaptic depression is accompanied
by a decrease in the size of a slowly recovering releasable pool of
transmitter. In addition, because homosynaptic depression can be
reversed by application of the endogenous facilitatory transmitter
5-HT, we tested the possibility that this synaptic restoration is
accompanied by a corresponding restoration of the releasable
pool.

The same pool of transmitter is used in release
evoked by electrical stimulation and by

hypertonic solution

To use the release caused by hypertonic solution as a measure of
the RRP, it is first necessary to show that the same pool of
transmitter is drawn on by electrical excitation and by treatment
with hypertonic solution. We therefore attempted to deplete the
RRP using high-frequency electrical stimulation and compared
the size of the pool determined in this manner with the RRP
estimated from application of hypertonic solution to the same
synapses. EPSPs evoked at 25 Hz declined to a low steady-state
amplitude by the fourth action potential (Fig. 34), suggesting that
the RRP had been depleted by the first 3 action potentials and
that the EPSPs from this point onward represented a balance
between the rate of release and the rate of replenishment of
transmitter.

The number of quanta released by a previous test hypertonic
stimulus and by the first three action potentials in the train were
well correlated (Fig. 3B), but the three action potentials caused
release of only ~35% of the amount of transmitter released by the
sucrose solution. The good correlation between the two measures
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Figure 3. Transmitter release elicited with high-frequency electrical
stimulation and with hypertonic solution. A 25 Hz train of action poten-
tials was triggered with the aim of depleting the RRP, and the RRP was
then estimated from the total number of quanta released before the EPSP
reached a steady state. 4, The number of quanta (see Materials and
Methods) released in response to each action potential of the train (see
inset for sample record; calibration: 5 mV, 50 msec) was divided by the
total number of quanta released in response to an earlier application of 1
M hypertonic solution (n = 7). B, The total number of quanta released in
response to the first three action potentials of each train is plotted against
the total number of quanta released in response to the hypertonic solution
(n = 9). Although the first three action potentials released only approx-
imately one-third of the amount released with the hypertonic solution, the
correlation between the number of quanta released by the action poten-
tials and by the hypertonic stimulus is statistically significant (one-tailed
p <0.01).

supports the idea that hypertonic solution and electrical stimula-
tion cause release of transmitter from a common pool, but the
quantitative mismatch (p = 0.0009; paired Student’s ¢ test) sug-
gests that the release caused by action potentials differs in some
way from the release triggered by hypertonic solution. There are
three possible explanations for this difference. First is the possi-
bility that the two ways of evoking release draw on pools that
overlap but are not identical, as would be the case if some vesicles
could be released by a hypertonic stimulus but not by an action
potential. Second, the pools might be the same, but the apparent
larger size of the pool as measured by the hypertonic stimulus
might result from refilling of the pool during the longer-lasting
hypertonic stimulus. Refilling of the pool during the 1 min mea-
surement period is not likely, because these synapses show no
significant recovery from depression for >10 min after the stim-
ulation of even one action potential (Royer et al., 2000). Finally,
it could be that electrical stimulation leads to a more profound
depression of release from the same pool because of progressive
uncoupling of the action potential from transmitter release before
depletion is reached.

To distinguish among these possibilities, we evoked EPSPs
immediately after the asynchronous release caused by 1 M hyper-
tonic sucrose had declined completely. If the pools of transmitter
used in the asynchronous response and in the EPSP were the
same, depleting the pool with a hypertonic stimulus should se-
verely reduce the subsequent EPSP. On average, the EPSP after
the cessation of the asynchronous release was reduced by ~85%
compared with a test EPSP measured immediately before the
sucrose application (Fig. 4, Late; n = 8). This reduction compares
favorably with the estimated release of ~80% of the RRP in 1 m
sucrose-containing solution (Fig. 1D). In contrast, an EPSP that
followed the test EPSP by a comparable interval without an
intervening application of sucrose was 80.5 * 2.8% of the test
(Fig. 4, Control; n = 8). The large depression of the EPSP by the
release caused by hypertonic solution implies that the pool of
transmitter used in electrical stimulation is included in the pool
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Figure 4. Transmitter release by hypertonic solution reduces the release
evoked with an action potential. A, Illustration of the experimental
protocol. After a single test EPSP was elicited (data not shown), a second
EPSP was evoked in one of the following three conditions: (1) without any
intervening treatment (Control), (2) in the presence of the hypertonic
solution before asynchronous transmitter release had occurred (Early); or
(3) in the presence of hypertonic solution immediately after the decay of
the barrage of miniature synaptic potentials (Late). B, Summary of ex-
perimental results. The EPSP was reduced only if it was triggered after
the asynchronous response to the hypertonic stimulus. (Control, n = 8§,
Early, n = 12; Late, n = 8).

drawn on by the hypertonic stimulus, and the quantitative agree-
ment between the reduction in the EPSP and the proportion of
the RRP released by the hypertonic stimulus suggest that the two
pools might be the same.

An additional experiment tested whether the reduction of the
EPSP after the asynchronous response was a consequence of the
transmitter release caused by the hypertonic solution or was
simply an effect of the hypertonic solution. Because the asynchro-
nous release is delayed by a few seconds (Fig. 14, C), we were able
to measure EPSPs evoked in the presence of hypertonic solution
but before any significant release occurred. The amplitude of
EPSPs measured under these circumstances was 74.8 = 4.7%
(n = 12) of the amplitude of the test EPSPs evoked before the
application of the hypertonic solution (Fig. 4, Early, not different
from Control; p = 0.759, Welch’s alternate ¢ test, two-tailed),
indicating that in the absence of the asynchronous transmitter
release, the hypertonic solution itself does not reduce the EPSP.

To test further the idea that the RRP as defined by a hypertonic
stimulus is the same as the RRP drawn on by electrical stimula-
tion, we also examined how the response to hypertonic solution
was affected by a preceding EPSP. We counted the number of
minis in an asynchronous response to a hypertonic stimulus when
an EPSP had first been evoked immediately after the application
of the hypertonic solution but before the onset of the asynchro-
nous minis. We then compared this number with the number of
quanta released by a test hypertonic stimulus presented 10 min
after (n = 6) (Fig. 54) or 10 min before (n = 3) the combined
electrical and hypertonic stimulus. There was a significant reduc-
tion to 67 = 5.0% of the expected number of quanta in the
asynchronous response when it was preceded by an EPSP. More-
over, the sum of the asynchronous quanta and the estimated
number of quanta in the EPSP in the experimental situation was
close to the number of quanta in the response to the test hyper-
tonic stimulus alone (Fig. 5B), once again strongly suggesting that
a single pool of quanta is drawn on by both kinds of stimulation.

To examine the relationship between the pool of quanta drawn
on by electrical stimulation and by the hypertonic stimulus in a
slightly different way, we compared the extent of the reduction of
the asynchronous response with the amount of release associated
with the previous EPSP. If both types of stimulation draw on the
same pool, it would be expected that the greater the release in the
EPSP, the greater the reduction in the subsequent asynchronous
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Figure 5. An EPSP reduces the subsequent asynchronous response to
hypertonic solution. A, A second application of a hypertonic solution 10
min after a first test application gave an asynchronous response that was
on average ~87% of the test response [control (Con); n = 22]. However,
if the second response was immediately preceded by an EPSP, the second
response was reduced to ~55% of the first (After EPSP; n = 6). B,
Although the number of quanta in the asynchronous response was re-
duced by a preceding EPSP (Minis alone), the sum of the number of
quanta in the EPSP and in the asynchronous response was equal to the
total number expected for a second application of hypertonic solution
(EPSP+Minis; n = 9). C, In nine experiments, the fractional reduction in
the asynchronous response caused by a preceding EPSP was similar to the
fraction of the asynchronous response estimated to be released in the
EPSP (p = 0.28; paired ¢ test), indicating a common pool of quanta for
the EPSP and the asynchronous response. The slope of the line is 1.

release. Using the dose-response curve of Figure 1D to estimate
the total number of quanta in the RRP releasable by a hypertonic
stimulus, we calculated the fraction of this pool that was released
in the EPSP and the corresponding reduction in the subsequent
asynchronous release. The reduction in the asynchronous release,
expressed as a fraction of the estimated RRP, was correlated with
the fraction of the pool released by the preceding electrical
stimulus (» = 0.685; one-tailed p = 0.02). The fractional reduction
in the asynchronous response in each experiment was approxi-
mately equal to the fraction of the pool released by the EPSP (Fig.
5C; p = 0.28, two-tailed paired Student’s ¢ test). Collectively,
these results imply that the pool of quanta used in the asynchro-
nous response to hypertonic sucrose is essentially identical to the
pool drawn on in the release caused by an action potential.

The conclusion that the same pool of quanta serves in the
release to both electrical and hypertonic stimulation implies that
the reduction of the EPSP associated with high-frequency stimu-
lation does not result simply from exhaustion of the RRP but is
associated with some additional inhibitory process that is trig-
gered by high-frequency electrical stimulation. In the experiment
of Figure 3B, the total number of quanta released before the
EPSP reached a steady state was only approximately one-third of
the number of quanta in the response to a hypertonic stimulus. If
the same pool is used in both kinds of release, the total number
of quanta releasable by action potentials should be similar to the
total release caused by the hypertonic solution. Because this
prediction is consistently contradicted by the experimental re-
sults, we propose that an additional inhibitory process triggered
by excitation—secretion coupling is responsible for limiting re-
lease after electrical stimulation at high frequency. We now
examine whether a similar conclusion holds for the homosynaptic
depression that accompanies low rates of electrical stimulation.

Both the readily releasable pool of transmitter and the
efficacy of release are decreased in

homosynaptic depression

Having established the legitimacy of using the asynchronous
release triggered by a hypertonic stimulus as a measure of the
RRP, it is now possible to directly test the hypothesis that this
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Figure 6. The RRP is reduced in homosynaptic depression. 4, In the first
part of the experiment, a test EPSP was elicited, and the number of minis
released in response to a hypertonic stimulus immediately afterward was
recorded (Control). After a 10 min wash and rest, homosynaptic depres-
sion was induced by repeatedly eliciting EPSPs at a low frequency.
Steady-state homosynaptic depression was tested with an EPSP 2 min
after the train, and the response to the hypertonic solution was measured
again (Depressed). B, After repeated low-frequency stimulation, the EPSP
was reduced more than the number of minis in the asynchronous response
relative to the test (Electrical; 0.273 = 0.027 and 0.469 = 0.034, respec-
tively; p < 0.0001; paired ¢ test). However, when depression was induced
by repeated applications of hypertonic solution, the reductions in the
EPSP and in the asynchronous response were comparable (Hypertonic;
0.409 = 0.055 and 0.490 = 0.068, respectively; p > 0.2). Numbers in
parentheses denote numbers of independent experiments. The depression
ratio is the ratio of the EPSP or number of minis in the asynchronous
response after depression to their respective test values.

pool is reduced in homosynaptic depression caused by low-
frequency stimulation. If the same pool of transmitter is used in
both types of transmitter release, then homosynaptic depression
caused by electrical stimulation should reduce the release caused
by the hypertonic solution. We found this to be the case. Homo-
synaptic depression of EPSPs induced by eliciting 15-20 action
potentials at a low frequency (interstimulus interval, 10-30 sec)
reduced the asynchronous release evoked by hypertonic sucrose
(Fig. 6A,B, Electrical), signifying a reduction in the RRP. A
corollary of this result is that processes in addition to those
triggered by action potentials must be altered in homosynaptic
depression.

Transmitter release is normally caused by the calcium influx
triggered by an action potential; it is therefore difficult to deter-
mine whether transmitter release per se or the calcium influx that
causes it is responsible for synaptic depression caused by action
potentials. However, the fact that the response to hypertonic
stimulation does not require external calcium allows us to ask
whether calcium influx is required for homosynaptic depression
to occur. We tested this idea by repeatedly applying a hypertonic
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solution and counting the number of quanta released with each
application. Repeated hypertonic stimulation resulted in homo-
synaptic depression of the asynchronous mini response (Fig. 6B,
Hypertonic). Furthermore, if electrical and hypertonic stimulation
cause release from the same pool, then homosynaptic depression
caused by repeated hypertonic stimulation should also reduce the
transmitter release caused by an action potential. This is what we
observed: repeated application of the hypertonic solution reduced
the EPSP caused by an action potential as long as 10 min after
washout (Fig. 6B, Hypertonic).

There was a difference between the depression induced by
action potentials and by repeated sucrose applications, however.
When depression was induced by hypertonic stimulation, the
declines in the EPSP and in the asynchronous response were
quantitatively similar ( p > 0.2) (Fig. 6 B, Hypertonic). In contrast,
when depression was induced by action potentials, the decrease in
the EPSP was consistently greater than the decrease in the asyn-
chronous release (p < 0.0001) (Fig. 6B, Electrical ). Furthermore,
although the depression of the EPSP by repeated hypertonic
stimulation and the depression of the RRP by either type of
stimulation were quantitatively similar (p > 0.25 for each pair of
comparisons), the depression of the EPSP by electrical stimula-
tion was greater than the others (p = 0.041 compared with
hypertonic depression of the EPSP; p = 0.010 compared with
hypertonic depression of the RRP). These observations suggest
that, as was the case for high-frequency stimulation, there is a
component of homosynaptic depression that depends on excita-
tion—secretion coupling, in addition to the decrease in the RRP.
This component of depression requires electrical stimulation for
both its induction, because it does not accompany the depression
induced by hypertonic stimulation, and its expression, because
depression induced by electrical stimulation is greater when mea-
sured with EPSPs than with hypertonic stimuli.

Restoration of depressed synapses by 5-HT is
accompanied by an increase in the RRP and in the
efficacy of release
Transmitter release at depressed synapses can be restored by the
endogenous facilitatory transmitter 5-HT acting primarily
through the protein kinase C (PKC) pathway (Braha et al., 1990;
Ghirardi et al., 1992; Sugita et al., 1992). We therefore investi-
gated whether 5-HT would also increase the response to applica-
tion of hypertonic solution, suggesting full or partial restoration
of the RRP. We found that 5-HT did increase the triggered
asynchronous release after homosynaptic depression induced
with repeated action potentials (Fig. 74, B, Electrical ) and that, as
for homosynaptic depression, the relative change in the EPSP was
greater than the change in the response to the hypertonic stimulus
(p < 0.02). Interestingly, 5-HT did not increase either the EPSP
or the asynchronous response above its predepression level, sug-
gesting that the action of 5-HT at depressed synapses is to restore
the releasable pool to its initial size rather than to increase it
above its resting value. It should be noted, however, that we
induced synaptic restoration by 5-HT only after the EPSP had
been depressed to between 20 and 30% of its initial value, at
which time facilitation is mediated almost completely by PKC;
with less profound homosynaptic depression, when facilitation is
mediated by the joint actions of PKC and PKA, 5-HT can
increase the EPSP and the RRP above their respective initial
values (Ghirardi et al., 1992; Klein, 1993).

In view of the quantitative difference between the synaptic
depressions induced by electrical and hypertonic stimulation, we
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Figure 7. The RRP is increased by 5-HT applied after homosynaptic
depression. A4, Facilitation of the EPSP by 5-HT after homosynaptic
depression induced by electrical stimulation was accompanied by an
increase in the response to the hypertonic solution. B, Facilitation of the
EPSP was greater than the increase in the RRP after action potential-
induced depression (Electrical; 3.387 = 0.474 and 2.462 + 0.368, respec-
tively; p < 0.02), whereas the facilitation of the EPSP and the increase in
the RRP were comparable after depression induced by repeated exposure
to the hypertonic solution (Hypertonic; 2.125 = 0.287 and 2.010 = 0.213,
respectively; p > 0.6). Facilitation is expressed as the EPSP or number of
minis after application of 5-HT relative to the depressed EPSP or number
of minis, respectively.

examined whether there was also a difference between the effects
of 5-HT when it restored synaptic transmission after the depres-
sion caused by each type of stimulation. As we had found for
homosynaptic depression, the changes in the EPSP and in the
RRP caused by 5-HT after hypertonic depression were quantita-
tively similar (Fig. 7B, Hypertonic; p > 0.6), in contrast to resto-
ration after electrical depression. Furthermore, the changes in the
EPSP after hypertonic depression and in the RRP after both
types of depression were similar (p > 0.25 for all), whereas the
facilitation of the EPSP after electrical depression was greater
(p < 0.03 for all comparisons). These results imply that in the
restoration of transmission by 5-HT also, modulation of both
the RRP and excitation—secretion coupling occurs, supporting the
idea that this form of facilitation is a reversal of the processes that
are responsible for homosynaptic depression (Klein, 1993).

DISCUSSION

Availability of transmitter and efficacy of release

We use the terms “availability of transmitter” and “efficacy of
release” to refer to the size of the RRP and the fraction of the
RRP that is released, respectively. The availability of transmitter
is determined by the number of synapses capable of releasing, the
number of docking sites at an active zone, and the number of
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releasable vesicles. The efficacy of release is a function of the
likelihood that a given synapse will be recruited for release and,
at those synapses that are recruited, the probability that a docked
and primed vesicle will be released.

Taking the asynchronous release caused by the hypertonic
solution as an index of the RRP, we found short-term modulation
to be associated with changes both in the availability of transmit-
ter and in the efficacy of release. Changes in the efficacy of release
occurred only when depression was induced by action potentials.
The finding that changes in the EPSP were consistently greater
than the changes in size of the RRP suggests the involvement of
an additional process. This idea is supported by our observation
that when depression was induced without action potentials, by
repeatedly applying hypertonic solution, the changes in the EPSP
could be fully accounted for by changes in the pool size.

Although our results were obtained using synapses in culture,
they are likely to apply to synapses in intact ganglia. First, unlike
mammalian cultures, Aplysia neurons are isolated from adult
animals rather than from embryonic tissue, and the synapses
formed are thus more likely to resemble adult synapses. Second,
comparisons of homosynaptic depression (Eliot et al., 1994b;
Royer et al., 2000) and restoration by 5-HT (Royer et al., 2000)
between sensorimotor synapses in culture and in situ have shown
no significant differences in plasticity between the two prepara-
tions. Nevertheless, a definitive analysis of synapses in intact
ganglia must await the development of other methods of measur-
ing the RRP.

Spontaneous versus evoked release and

transmitter depletion

Previous studies using cultures investigated the asynchronous
release that occurs spontaneously at these synapses in relation to
homosynaptic depression and to facilitation by 5-HT (Dale and
Kandel, 1990; Ghirardi et al., 1992; Eliot et al., 1994b). Consistent
with our results, Dale and Kandel (1990) found that 5-HT in-
creased spontaneous release. In contrast, Eliot et al. (1994b)
reported that homosynaptic depression induced by electrical stim-
ulation did not decrease spontaneous release. They therefore
suggested that spontaneous and evoked release might not use the
same pool of neurotransmitter, as has been suggested for some
crayfish and Drosophila synapses (Hua et al., 1998; Koenig and
Ikeda, 1999), or else a change in a process specific to release
induced by action potentials is responsible for homosynaptic
depression. Our results indicate that the RRP is reduced in
homosynaptic depression, but our analysis shows that the de-
crease in the pool is not sufficient to account for the depression
induced by electrical stimulation. The failure of Eliot et al.
(1994b) to observe a decrease in spontaneous release may have
been a consequence of increased intracellular calcium resulting
from the high frequency of stimulation (1 Hz) that they used to
induce homosynaptic depression. Although our results agree with
those of Eliot et al. (1994b) in suggesting that depletion of the
RRP is not sufficient to account for spike-induced homosynaptic
depression, our data suggest that depletion of the pool makes a
substantial contribution.

Bailey and Chen (1988) found a decrease in the number of
docked vesicles in intact ganglia after repeated electrical stimu-
lation, supporting the idea that vesicle depletion is a cause of
homosynaptic depression. However, the depletion that they ob-
served is not sufficient to account for homosynaptic depression:
When synaptic transmission had been depressed by >80%, the
number of docked vesicles was reduced by only 46-58%. These
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results are remarkably similar to ours: electrical stimulation
caused a depression of 73% in the EPSP, whereas the response to
hypertonic sucrose decreased by only 53% (Fig. 6B). Approxi-
mately one-half of the homosynaptic depression may thus be
attributable to a reduced RRP, whereas the remainder is caused
by uncoupling of the action potential from release. Refractoriness
of the release process, rather than depletion of the vesicle pool,
has been suggested to underlie synaptic depression induced by
high-frequency stimulation at synapses in vertebrates (Belling-
ham and Walmsley, 1999; Matveev and Wang, 2000; Waldeck et
al., 2000; Brenowitz and Trussell, 2001) and in squid (Hsu et al.,
1996), but no detailed models have yet been proposed to account
for this refractoriness.

General implications for synaptic transmission

Our findings suggest that multivesicular release from a single
active zone might be the normal mode of transmission at Aplysia
sensorimotor synapses, at least for cells in culture. In 20 experi-
ments, the fraction of the RRP that was released with a single
action potential was 0.34 = 0.04. If the RRP represents the pool
of docked vesicles, then approximately one-third of this pool is
released with one action potential. Using complete reconstruc-
tions of sensory neuron synapses in abdominal ganglia, Bailey and
Chen (1988) counted ~15 docked vesicles per active zone. Our
preliminary estimate of the number of docked vesicles per active
zone in soma-to-soma cultures (A. Campbell and Klein, unpub-
lished data) suggests that sensorimotor synapses in culture do
not differ fundamentally from those in situ (for electron mi-
crographs of sensorimotor synapses in culture, see Glanzman
et al., 1989, their Fig. 5; Klein, 1994, their Fig. 1). A single
impulse would then release ~5 of the 15 docked vesicles at each
active zone. If the RRP comprises only a subset of the docked
vesicles, then a single action potential would release fewer vesi-
cles, whereas if release occurs at only a subset of synapses, then a
single action potential could release more than five vesicles from
one active zone.

We favor the conclusion of multiquantal release for the follow-
ing reasons. First, amplitude histograms of minis, even at low
frequencies of release, show peaks that are approximately evenly
spaced (Figs. 2, 6, 7). These distributions suggest that multiquan-
tal release events are not uncommon, and it is easier to account
for coupled quantal release events occurring at a single active
zone than across multiple active zones. Second, if multiquantal
release occurs frequently enough, some of these releases could be
of a large fraction of the vesicles at one active zone, and the
quantal content of the largest minis could then approach the
number of docked vesicles. The mean quantal content of the
largest amplitude mini in each of 20 experiments was 11.75 = 1.90
(range, 3-40), consistent with the average of 15 docked vesicles
seen in the ultrastructural observations. Finally, data from senso-
rimotor synapses in conventional cultures support our inference
that multivesicular release may be the rule. Glanzman et al.
(1989) examined the number of boutons in sensorimotor cultures
and found that the amplitude of the EPSP was correlated with the
number of boutons, averaging ~0.7 mV/bouton. Because the
quantal amplitude in these cultures is ~100 wV (Dale and Kan-
del, 1990), each bouton releases approximately seven quanta per
action potential, close to the five quanta per action potential that
we estimated above. Multivesicular release has now been shown
by several groups to occur at various mammalian synapses as well
(Tong and Jahr, 1994; Auger et al., 1998; Wadiche and Jahr, 2001;
Oertner et al., 2002).
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We have shown previously (Royer et al., 2000) that both ho-
mosynaptic depression and 5-HT-induced facilitation of de-
pressed synapses result from all-or-none changes in the binomial
parameter n, generally taken as the number of release sites
(Redman, 1990). This conclusion can be reconciled with our
finding of changes in the RRP if #, rather than representing the
number of active zones (as would be required if release were
uniquantal), actually represents the number of docked vesicles.

Possible sites of modulation

Because 5-HT does not increase resting intracellular calcium
(Blumenfeld et al., 1990; Klein, unpublished data), the increase in
the RRP caused by 5-HT is not caused by an increase in internal
calcium. Candidate mechanisms for the increase in the pool
include mobilization of vesicles to release sites (Dale and Kandel,
1990; Klein, 1995), perhaps through regulation of vesicle mobility
by the cytoskeleton (Klein, 1995; Angers et al., 2002), or through
priming of vesicles that are already docked.

Modulation of the efficacy of release could result from any of
several processes. Alteration of calcium influx caused by changes
in the calcium conductance or in the shape of the action potential
could change excitation—secretion coupling. Another possible
target for modulation is the calcium sensor, perhaps synaptotag-
min I (Fernandez-Chacon et al., 2001). Finally, action potential
firing may regulate the priming of vesicles for calcium-mediated
release by controlling the formation of the protein complexes
required for exocytosis, for example (Ashery et al., 2000; Betz et
al., 2001).

The results presented here, together with our previous findings
and work from several other preparations, suggest that all-or-
none switching of release sites, multivesicular release, and
release-independent synaptic depression play general roles in the
modulation of synaptic transmission.
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