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Reluctant Vesicles Contribute to the Total Readily Releasable
Pool in Glutamatergic Hippocampal Neurons
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The size of the readily releasable pool (RRP) of vesicles is critically important for determining the size of postsynaptic currents generated
in response to action potentials. However, discrepancies in RRP estimates exist among methods designed to measure RRP size. In
glutamatergic hippocampal neurons, we found that hypertonic sucrose application yielded RRP size estimates approximately fivefold
larger than values obtained with high-frequency action potential trains commonly assumed to deplete the RRP. This discrepancy was
specific for glutamatergic neurons, because no difference was found between sucrose and train estimates of RRP size in GABAergic
neurons. A small component of the difference in excitatory neurons was accounted for by postsynaptic receptor saturation. Train
estimates of vesicle pool size obtained using more stimuli revealed that action potential-elicited EPSCs did not truly reach a steady state
during shorter trains, and RRP estimates were closer to sucrose estimates made in the same neurons. This suggested that reluctant
vesicles may contribute to the total available pool. Two additional lines of evidence supported this hypothesis. First, RRP estimates from
strongly depolarizing hyperkalemic solutions closely matched those obtained with sucrose. Second, when Ca 2� influx was enhanced
during trains, train estimates of pool size matched those obtained with sucrose. These data suggest that glutamatergic hippocampal
neurons maintain a heterogeneous population of vesicles that can be differentially released with varying Ca 2� influx, thereby increasing
the range of potential synaptic responses.
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Introduction
The size of postsynaptic currents (PSCs) generated in response to
synaptic vesicle release is dependent on the quantal size (q), the
number of release sites (N), and the probability of vesicle release
( pr) (Katz, 1969; Johnson and Wernig, 1971; Zucker, 1973; Quas-
tel, 1997). Although many meanings have been ascribed to the
value N, one commonly accepted definition is that N corresponds
to the total readily releasable pool (RRP) of vesicles (for review,
see Schneggenburger et al., 2002). However, the nature of the
RRP remains controversial. Experiments to define the RRP typi-
cally use a stimulus to deplete the RRP and measure the resulting
postsynaptic response. Frequently used depletion techniques in-
clude sustained action potential activity (Rosenmund and
Stevens, 1996; Wang and Kaczmarek, 1998; Schneggenburger et
al., 1999), strong direct depolarization (Sun and Wu, 2001;
Mozhayeva et al., 2002), and hypertonic sucrose solution appli-
cation (Rosenmund and Stevens, 1996). At issue is whether each
of these techniques measures the depletion of the same pool of
available vesicles. For example, recent work at the calyx of Held
has revealed a large discrepancy between RRP size estimates de-

rived from action potential trains and estimates from strong de-
polarizing stimuli (Schneggenburger et al., 2002). In contrast, at
small hippocampal synapses, action potential trains have been
proposed to deplete the same pool of vesicles depleted by strong
hypertonic challenge (Rosenmund and Stevens, 1996; Otsu et al.,
2004). Whether these discrepancies result from the methods used
to evaluate the RRP size or whether they result from differences
inherent to different synaptic types is not known.

Contrary to previous studies at hippocampal synapses
(Rosenmund and Stevens, 1996), our measurements suggest a
large discrepancy between two standard methods of “depleting”
glutamate synapses: action potential trains and hypertonic su-
crose application. Charge integrals of sucrose-evoked EPSCs
were approximately fivefold larger than cumulative charge esti-
mates derived from 20 Hz action potential-evoked EPSC trains, a
protocol commonly used to deplete the RRP (Murthy and
Stevens, 1998, 1999; Schikorski and Stevens, 2001; Moulder et al.,
2004). The difference observed with train estimates of RRP size
only partially resulted from postsynaptic factors such as gluta-
mate receptor saturation, suggesting a presynaptic explanation
for the RRP discrepancy. RRP estimates using strong depolariza-
tion matched sucrose estimates of RRP, consistent with the idea
that sucrose application accessed all readily releasable vesicles,
regardless of their individual pr value. Increased Ca 2� influx dur-
ing trains also eliminated the discrepancy between sucrose and
train estimates.

We therefore conclude that commonly used RRP depletion
protocols using action potential trains do not elicit full depletion
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of the RRP in glutamatergic hippocampal neurons. In addition,
discrepancies between sucrose-elicited vesicle release and release
resulting from high-frequency stimulation were observed in glu-
tamatergic, but not GABAergic, neurons, suggesting that reluc-
tant vesicles (Sun and Wu, 2001) contribute to a heterogeneous
RRP population selectively in glutamatergic hippocampal neu-
rons. This spatially or temporally heterogeneous pool may con-
tribute to added plasticity in excitatory neurons when faced with
varying stimulus patterns.

Materials and Methods
Materials. Unless otherwise indicated, reagents were purchased from
Sigma (St. Louis, MO).

Cell culture. Hippocampal cultures were prepared as described previ-
ously (Mennerick et al., 1995). In brief, dissected postnatal day 0 (P0)–P3
rat hippocampi were incubated with papain and then mechanically dis-
sociated and plated at 100 cells/mm 2 on microdots of collagen. Plating
medium consisted of Eagle’s minimal essential medium (Invitrogen,
Carlsbad, CA) supplemented with heat-inactivated horse serum (5%),
fetal bovine serum (5%), 17 mM glucose, 400 �M glutamine, 50 U/ml
penicillin, and 50 �g/ml streptomycin. Cytosine arabinoside (6.7 �M)
was added 3– 4 d after plating to inhibit cell division. At 4 –5 d after
plating, a half-volume medium replacement was conducted using Neu-
robasal medium (Invitrogen) plus a B27 supplement. Electrophysiolog-
ical recordings were conducted 11–14 d after plating.

Electrophysiology. Whole-cell recordings of excitatory or inhibitory
currents were performed on solitary hippocampal neurons, thus exclud-
ing polysynaptic contributions to measured responses. Recordings were
made using an Axopatch 1D amplifier (Axon Instruments, Union City,
CA) and a Digidata 1200 acquisition board (Axon Instruments). Elec-
trodes had resistances of 3–5 M�, and access resistance was compensated
80 –100%. In all instances, cells were excluded from analysis if a leak
current �300 pA was observed. No correlation between the amplitudes
of leak currents �300 pA and the areas of RRP estimates from sucrose
was found (r 2 � 0.00; p � 0.98) (Aravamudan et al., 1999). All recordings
were performed at 22°C.

For recording, the culture medium was exchanged for a saline solution
containing the following (in mM): 138 NaCl, 4 KCl, 2CaCl2, 1 MgCl2, 10
glucose, 10 HEPES, and 0.025 D-APV, pH 7.25. In some experiments, the
CaCl2 and MgCl2 concentrations were altered as indicated. The whole-
cell pipette solution contained the following (in mM): 140 K-gluconate,
0.5 CaCl2, 5 EGTA, and 10 HEPES, pH 7.25. For GABAergic cells, KCl
was used in the pipette solution in place of K-gluconate. For synaptic
recordings, cells were stimulated with 1.5 ms pulses from �70 to 0 mV to
evoke transmitter release (Mennerick et al., 1995). We verified that all-
or-none EPSCs were generated by this presynaptic stimulation method.
Pulses (1.5 ms) to potentials varying from �60 to 0 mV yielded an
all-or-none EPSC in all cells tested (n � 6; 0.5 � 1.3% difference between
the smallest pulse yielding a measurable EPSC and the largest pulse de-
livered). Likewise, when conditioning stimulation was given to the stan-
dard 0 mV and the amplitude of test stimulation (50 ms later) was varied,
the test response was always all or none (n � 3; 1.4 � 1.2% difference in
the amplitude of test EPSCs at the smallest and largest stimulus ampli-
tudes). Therefore, variable clamp control over the presynaptic elements
did not contribute to synaptic depression observed in the present studies.

Solutions were exchanged via a local multibarrel perfusion pipette
with a common perfusion port placed within 0.5 mm of the cell under
study. Liquid junction potential measurements exhibit exchange times
between barrels of �50 ms. For hypertonic solution (0.5 M sucrose) or
hyperkalemic solution (100 mM KCl; equimolar substitution for NaCl)
applications, drug was applied for 3 s. Sucrose responses have been
shown to be completely CNQX/2,3-dihydroxy-6-nitro-7-sulfonyl-
benzo[f]quinoxaline (NBQX) sensitive (Rosenmund and Stevens, 1996;
Moulder et al., 2003). Sucrose responses were integrated to include re-
sponses beneath the transient peak of the response to 10% of the steady-
state response. Digital subtraction of a trace in the presence of 1 �M

NBQX was used to isolate the AMPA receptor contribution to the hy-
perkalemic response. The peak NBQX-sensitive response was integrated

to include the time over which the peak decayed to 10% of the steady-
state response; this integral represented our estimate of the RRP depleted
by hyperkalemia. Recordings of EPSC trains made in the presence of 4-(8-
methyl-9H-1,3-dioxolo [4,5-h][2,3]benzodiazepin-5-yl)-benzenamine hy-
drochloride (GYKI 52466) were also NBQX subtracted to obtain accurate
measurements of EPSC charge.

For IPSC trains, some IPSCs (approximately one-third) did not decay
fully back to baseline within the 100 ms interpulse interval of the 10 Hz
train (see Fig. 2). Therefore, to determine accurate measurements of
IPSC cumulative area, a single IPSC was also recorded in those cells, and
the fraction of the charge after 100 ms was then added to the charge
measurement of every IPSC in the train.

Data acquisition and statistics. pClamp software, version 9 (Axon In-
struments), was used for electrophysiology data acquisition and analysis
for all experiments. Data plotting and curve fitting were done with Sig-
maPlot software (SPSS, Chicago, IL). Data are presented in the figures
and text as mean � SEM. Paired and unpaired t tests were used to eval-
uate statistical significance.

Results
Estimating RRP size using hypertonic sucrose application or
action potential trains
To evaluate the degree of correspondence between two common
methods of RRP depletion, hypertonic challenge and action po-
tential trains, we used autaptic synapses so that we could chal-
lenge the same set of synaptic contacts with multiple depleting
stimuli. In the same neurons, 0.5 M sucrose was rapidly applied to
solitary excitatory neurons (Rosenmund and Stevens, 1996), and
an action potential train of 40 stimuli at 20 Hz was delivered
(Murthy and Stevens, 1998; Schikorski and Stevens, 2001). Each
of these protocols was designed to measure the total number of
releasable vesicles. Examples of the currents elicited by sucrose
application and action potential trains are shown in Figure 1, A
and B. Sucrose responses reached a peak and then decayed, de-

Figure 1. Estimates of RRP size using sucrose application and action potential trains do not
match in glutamatergic neurons. A, Representative response to exogenous application of 0.5 M

sucrose. In all figures, the horizontal bar denotes the time of exposure to the secretagogue. B,
Representative EPSC train (40 stimuli; 20 Hz) recorded from the same neuron as in A. Presyn-
aptic stimulus transients have been blanked for clarity. C, Representative cumulative EPSC
amplitude (Cumul. Amp.) values from a 40 stimuli, 20 Hz train. The dashed line represents a
linear regression fit to data points after 1.5 s to estimate the cumulative amplitude at time 0. D,
Representative cumulative EPSC area values from the same 40 stimuli, 20 Hz train as in C. The
dashed line represents a linear regression fit to data points after 1.5 s to estimate the cumulative
area at time 0. Inset, Summary of the total RRP charge, as determined with trains (cumulative
area at time 0) and sucrose applications in the same neurons. *p � 0.002 (n � 8). Error bars
represent SEM.
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spite the continued presence of sucrose (Fig. 1A). This decay to a
steady-state response is thought to represent the depletion of the
RRP, and the steady state is thought to represent ongoing replen-
ishment of the RRP. Therefore, the RRP is typically quantified by
integrating the sucrose response under the transient peak (Reim
et al., 2001).

EPSCs during the 20 Hz train, as has been observed previ-
ously, depressed and reached an apparent steady state over the
course of 40 stimuli (Fig. 1B). The depression is typically inter-
preted to represent depletion of the RRP, with the steady state
representing ongoing replenishment of the depleted RRP
(Schneggenburger et al., 1999; Hagler and Goda, 2001; Otsu et al.,
2004). To estimate the RRP from action potential trains, exclud-
ing the component representing replenishment, we plotted the
cumulative EPSC amplitude during the action potential train and
back extrapolated to time 0 to determine the cumulative ampli-
tude of the EPSCs representing the RRP (Schneggenburger et al.,
1999) (Fig. 1C).

When we compared RRP estimates, we found that the average
sucrose charge was �1034 � 224 pC, and the average cumulative
amplitude was �11.1 � 3.3 nA (n � 8). Given an mEPSC charge
of �81.5 fC (Moulder et al., 2004) and an mEPSC amplitude of
�18.3 pA (data not shown), these estimates correspond to 12,681
vesicles in the sucrose-depleted RRP and 606 vesicles in the train-
depleted RRP. To account for asynchrony during action potential
trains (Diamond and Jahr, 1995; Lu and Trussell, 2000; Hagler
and Goda, 2001; Otsu et al., 2004), we made cumulative area plots
from the 20 Hz trains (Fig. 1D). The average cumulative area at
time 0 was �158 � 43 pC (n � 8). Although this represents
�1945 vesicles, a more than threefold increase in vesicles over the
estimate from EPSC peak amplitudes, this still only corresponds
to 15.34% of the sucrose estimate (Fig. 1D, inset).

We considered the possibility that sucrose estimates may be
inflated by regenerative dendritic sodium currents. Although we
confirmed the NBQX sensitivity of sucrose-evoked EPSCs, active
currents could occur on poorly clamped AMPA receptor-
mediated EPSCs and therefore might only be present when
AMPA receptors are intact. We found no effect of tetrodotoxin
on sucrose-evoked EPSCs (9.2 � 5.2% change in sucrose-evoked
RRP estimate; n � 5), excluding this mechanism of an inflated
sucrose estimate.

To test whether the RRP discrepancy is ubiquitous among
different synaptic types, we challenged GABAergic solitary neu-
rons with action potential trains and hypertonic solution. Twenty
stimuli at 10 Hz were delivered to solitary inhibitory neurons to
deplete the GABAergic RRP (Kirischuk and Grantyn, 2000) (Fig.
2B,C), and the cumulative area at time 0 was compared with
charge estimates from sucrose-evoked currents (Fig. 2A). Unlike
in glutamatergic neurons, train estimates of RRP size were not
statistically different from those obtained with sucrose ( p � 0.23;
n � 10) (Fig. 2D), suggesting that specific postsynaptic or pre-
synaptic factors were contributing to RRP estimates in glutama-
tergic neurons. Although we used different stimulus frequencies
for IPSC and EPSC stimulation to match existing literature
(Rosenmund and Stevens, 1996; Kirischuk and Grantyn, 2000),
we found no difference in action potential RRP estimates for
EPSCs at 10 versus 20 Hz (data not shown).

We also considered that release-independent depression via
action potential failure may contribute to the smaller action
potential-derived estimates of RRP (Brody and Yue, 2000). Our
own previous work has shown that EPSCs are more prone than
GABAergic IPSCs to depression by sodium channel blockade/
inactivation. This mechanism could therefore potentially con-

tribute to the different behavior of glutamate and GABA synapses
in the present experiments. To test the contribution of this mech-
anism, we compared action potential trains in 120 mM extracel-
lular Na� with trains in the presence of elevated Na� (160 mM)
plus lowered extracellular divalents (1.1 mM Ca 2� and 0 mM

Mg 2�). Previously, we showed that either elevated Na� (He et
al., 2001) or lowered divalents (Prakriya and Mennerick, 2000)
alone significantly increase excitability in hippocampal neurons.
In the present experiments, the combined effect of these manip-
ulations failed to relieve the depression in the EPSC area observed
during a 40 stimuli 20 Hz train. These results are consistent with
our previous study suggesting that there is little effect of action
potential failure on synaptic depression in these cells under nor-
mal conditions (He et al., 2001). Together with the results in
Figures 1 and 2, these results suggest that factors contributing to
glutamate RRP discrepancies do not arise from inherent discrep-
ancies in the depletion methods used or in differences in action
potential coupling to release. Rather, the RRP discrepancy appar-
ently arises from mechanisms controlling presynaptic or postsyn-
aptic glutamate function.

Assessment of postsynaptic factors in RRP size determination
Because electrically evoked EPSCs are of a much greater ampli-
tude than sucrose-evoked currents and are much more synchro-
nous (Fig. 1A, B), we considered that train estimates of RRP size
were confounded by postsynaptic factors including access resis-
tance errors, receptor saturation, or receptor desensitization.
Each of these factors could lead to an underestimate of the
amount of glutamate released. To address the first concern, we
examined sucrose responses and 20 Hz trains in glutamatergic
neurons in the presence and absence of the noncompetitive
AMPA receptor antagonist GYKI 52466. We found that the dis-
crepancy in RRP estimates persisted in the presence of 25 �M

GYKI 52466, a concentration that inhibited EPSCs by 82.6% (Fig.
3A,C), suggesting that train estimates of RRP size were not lim-
ited by access resistance errors.

Figure 2. Train estimates of RRP size match sucrose estimates in GABAergic neurons. A,
Representative response to exogenous application of 0.5 M sucrose. B, A representative IPSC
train (20 stimuli; 10 Hz) recorded from the same neuron as in A. Presynaptic stimulus transients
have been blanked for clarity. C, Representative cumulative IPSC area (Cumul. Area) values from
the same 20 stimuli, 10 Hz train. The dashed line represents a linear regression fit to data points
after 1.5 s to estimate the cumulative area at time 0. D, Summary of the total RRP charge, as
determined with trains (cumulative area at time 0) and sucrose applications performed in the
same neurons (n � 10). Error bars represent SEM.
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Recently, receptor saturation and desensitization have been
shown to limit EPSCs at several glutamate synapses (Brenowitz
and Trussell, 2001; Neher and Sakaba, 2001; Sun and Wu, 2001;
Wadiche and Jahr, 2001; Foster et al., 2002; Xu-Friedman and
Regehr, 2003). Because these studies have examined saturation
and desensitization at specialized synaptic structures such as ca-
lyces and glomerular synapses, it is not clear to what degree re-
ceptor saturation limits EPSC amplitudes at small hippocampal
synapses (Tong and Jahr, 1994). To investigate this possibility, we
examined sucrose responses and 20 Hz trains in glutamatergic
neurons in the presence and absence of the rapidly dissociating
AMPA receptor antagonist kynurenate. We found that 200 �M

kynurenate, a concentration that inhibited the first EPSC in the
train by 47.1% (Fig. 3B) and that should limit receptor saturation
(Diamond and Jahr, 1997), reduced the discrepancy in RRP esti-
mates from a 6.5-fold difference to a 2.7-fold difference (Fig. 3C).
Increasing the kynurenate concentration to 1 mM, which blocked
85.5% of initial EPSCs (Fig. 3B), failed to further decrease the
discrepancy (Fig. 3C). Train estimates of RRP size made in the
presence of kynurenate were statistically different from control
estimates ( p � 0.03 in all kynurenate conditions) but not statis-
tically different from estimates made in the presence of GYKI
52466 ( p � 0.05), suggesting only a minor contribution of satu-
ration to the RRP discrepancy. We found that 100 �M cyclothia-

zide applied alone or in combination with kynurenate had no
effect on action potential-elicited RRP size estimates (data not
shown), suggesting that AMPA receptor desensitization did not
contribute to the discrepancy in RRP size measurements in hip-
pocampal neurons. Together, these results suggest that there are
minor contributions of access resistance errors and postsynaptic
saturation to the RRP discrepancy but that presynaptic factors
explain the bulk of the discrepancy. To focus on the large presyn-
aptic contribution to RRP estimate discrepancies, 200 �M

kynurenate was included in all subsequent measures of RRP size.

EPSC trains deplete a smaller pool than sucrose-elicited
vesicle release
Because action potential trains yielded smaller estimates of RRP
than sucrose-elicited vesicle release, we tested whether these pro-
cedures were indeed depleting the same pool of vesicles. If the
same pool of vesicles was being tapped by each, a depleting train
of action potentials should depress EPSCs and sucrose responses
by the same amount (Rosenmund and Stevens, 1996). Therefore,
in one set of experiments, we assayed the charge integral of an
EPSC or the sucrose response, gave the cell a strong depleting
action potential train of 100 pulses at 20 Hz, and then reassayed
the EPSC or the sucrose response at 0.5 s after the end of the
depleting train. We found that EPSCs were significantly more
depressed at 0.5 s after the stimulus train compared with sucrose
responses (Fig. 4A). This result suggests that action potential
trains may deplete only a subset of vesicles accessible to sucrose.

We considered the alternative possibility that the discrepancy
in the depression of EPSCs versus sucrose responses (Fig. 4A)
could also result if action potentials fully deplete the vesicles ac-
cessible to both stimuli but the pool accessible to sucrose recovers
more quickly than the pool accessible to action potentials. To test
this, we examined the recovery rates of EPSCs and sucrose re-
sponses after a 20 Hz train of 100 stimuli (Rosenmund and
Stevens, 1996). We found that the charge of individual EPSCs and
of sucrose responses recovered with approximately the same time
course after the 100 stimuli (Fig. 4B). When fit with single-
exponential recovery curves, sucrose responses actually recov-
ered slightly more slowly than action potential responses (Fig.
4B), so recovery differences cannot account for the less-severe
depression of sucrose responses. When a 20 Hz train of only 40
stimuli (identical to the protocol used in Figs. 1–3) was instead
used as the depleting stimulus, sucrose responses were only in-
hibited �25% at 0.5 s (Fig. 4A, right bar), consistent with an
approximate fourfold to sixfold difference in the RRP size esti-
mates from the two methods.

These results suggest that action potentials deplete only a sub-
set of the total number of vesicles accessible to sucrose. To deter-
mine whether the pool of vesicles accessible to sucrose completely
overlaps that accessible to action potentials, we used sucrose as
the depleting stimulus. We found that the charge of an individual
EPSC and of a sucrose response recovered in parallel (Fig. 4C),
even from the earliest time point. This is in contrast to what we
had observed when an action potential train was used as the
depleting stimulus, strengthening the idea that the sucrose appli-
cation can evoke the release of a larger vesicle pool, one that
completely encompasses the pool accessible to action potentials.
Consistent with previous reports (Rosenmund and Stevens,
1996), we also observed that the recovery of both EPSCs and
sucrose responses was faster after action potential trains (Fig. 4,
compare B and C), suggesting that the rise in the intracellular
calcium concentration ([Ca 2�]i) that accompanies trains speeds

Figure 3. Postsynaptic factors contribute only slightly to the discrepancy in RRP estimates.
A, Representative EPSCs in the presence and absence of 25 �M GYKI 52466. B, Representative
EPSCs in the presence of 0, 200, and 1000 �M kynurenate. A, B, Presynaptic stimulus transients
have been blanked for clarity. C, Summary of train estimates of RRP size, expressed as percent-
ages of sucrose estimates of RRP size performed in the same neurons, in control conditions and
in the presence of 25 �M GYKI 52466 (GYKI) or kynurenate (kyn). *p � 0.03 compared with
train estimates made in control conditions; in all conditions, train estimates were significantly
different from sucrose estimates made in the same neurons (n � 5–13 in each condition). Error
bars represent SEM.
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vesicle recycling (Stevens and Wesseling, 1998) or perhaps that
hypertonicity impedes RRP replenishment.

One interpretation of the experiments in Figure 4 is that ac-
tion potentials release only a subset of vesicles in the RRP, because
mechanisms other than full RRP depletion account for the appar-
ent EPSC steady-state depression during trains. This would imply
that some RRP vesicles, perhaps because of spatial or temporal
heterogeneity in pr values, are reluctant to release during action
potential trains (Sun and Wu, 2001). At the calyx of Held, strong
direct depolarization of the presynaptic terminal releases vesicles
that are not released in response to action potential trains
(Schneggenburger et al., 2002). To test whether this is also true of
hippocampal synapses, we used brief, acute applications of 100
mM K� (substituted for Na�) to evoke transmitter release by
direct depolarization of terminals (Prakriya and Mennerick,
2000; Mozhayeva et al., 2002; Moulder et al., 2004). Hyperkale-
mic solution application resulted in an initial rapid peak response
and a secondary steady-state component (Fig. 5A), which are
thought to represent the release of the RRP and the reserve pool,
respectively (Mozhayeva et al., 2002). The charge of the peak,
NBQX-sensitive hyperkalemic response was therefore compared
with the charge of the sucrose response and with the 40 stimuli, 20
Hz train estimates of RRP size in the same neurons. In the pres-
ence of kynurenate, RRP size estimates using strong depolariza-
tion matched sucrose estimates (Fig. 5B), consistent with the idea
that sucrose-evoked vesicle release simply accesses all docked ves-
icles regardless of their individual pr value and that strong pro-
longed depolarization is capable of accessing this same pool.

If reluctant vesicles do contribute to the total RRP in hip-
pocampal neurons, a longer stimulus train should eventually be
able to induce the release of these vesicles, even if they have a
lower pr value. To explore this possibility, we increased the num-
ber of stimuli delivered in 20 Hz trains from 40 to 100. The decay
in EPSC amplitude could be fit with a double exponential (Fig.
6A), suggesting multiple populations of vesicles with differing pr

values (Hessler et al., 1993; Rosenmund et al., 1993). Cumulative
area plots were then made from the 100 stimuli trains, with linear
extrapolations back to time 0 made from 1.5 to 2 s into the train
(as in Figs. 1–3) and from 4.5 to 5 s (Fig. 6B). Train estimates of
pool size derived from all 100 stimuli were, on average, 1.86 times
larger than estimates derived from only 40 stimuli (Fig. 6C), con-
sistent with the idea that the release of vesicles with a lower pr

Figure 4. Cross-depletion experiments reveal that EPSC trains deplete only a subset of the
sucrose-accessible pool. A, The areas of EPSCs (open bar) and sucrose responses (filled middle bar)
were measured at 0.5 s after high-frequency stimulation (100 pulses at 20 Hz) and compared with the
areas of original responses. *p � 0.001 (n � 9 for EPSCs and 8 for sucrose). In separate cells, the
sucrose response 0.5 s after a 40 pulse, 20 Hz train (n � 10) showed �25% depression, consistent
with RRP discrepancies in Figure 3. B, The difference in inhibition at various times after 100 stimuli at
20 Hz (n � 3 for each point). Recovery from inhibition was fit with a single exponential; �� 1.09 s
(EPSCs; open circles) and 1.28 s (sucrose; filled circles). Fits were constrained to a maximum of 100%.
C, The areas of paired EPSCs (open circles) and sucrose responses (filled circles) were measured at
various times after an initial pair of responses (n�5 for each point). Recovery from inhibition was fit
with a single exponential; � � 9.94 s (EPSCs) and 7.85 s (sucrose). Fits were constrained to a maxi-
mum of 100%. Error bars represent SEM.

Figure 5. RRP size estimates using strong depolarizations match sucrose estimates. A, Rep-
resentative responses to hyperkalemic solution (100 mM K �) application in the presence of 200
�M kynurenate, shown in the presence and absence of 1 �M NBQX. Dashed lines indicate the
portion of the response used to estimate RRP size, with the NBQX-insensitive component sub-
tracted out in the analysis. B, Summary of train, sucrose, or strong depolarization (100 K �)
estimates of RRP size, expressed as percentages of the sucrose estimates of RRP size performed
in the same neurons (n � 13). Error bars represent SEM.
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value can be elicited with an increased number of stimuli. How-
ever, even estimates of pool size made using 100 stimuli were
significantly smaller than sucrose estimates of RRP size made in
the same neurons. Also, we cannot exclude the possibility that the
slow components of release reflect the replenishment of the RRP
rather than sluggish RRP depletion. Nevertheless, this experi-
ment questions one of the basic assumptions of the action poten-
tial method: that a steady-state level of depletion is reached dur-
ing short trains of 20 Hz stimulation.

If the slow phase of release during action potential trains rep-
resents vesicles with a low pr value, consequently, by raising the
overall pr value with increased Ca 2� influx, we would expect a
better match between the action potential and sucrose estimates
of RRP. Forty stimuli at 20 Hz were delivered to neurons in the
presence of 2 and 4 mM Ca 2�, and the train estimates of RRP size
were compared with sucrose responses made with the same ex-
tracellular calcium concentration ([Ca 2�]o). A 4 mM concentra-
tion of Ca2� was chosen because we showed previously that this is
near the peak of the [Ca 2�]o–EPSC relationship (Moulder et al.,
2003). As anticipated, the size of sucrose responses was un-
changed by increasing [Ca 2�]o (99.8 � 5.8% of the response
measured in 2 mM Ca 2�). In contrast, train estimates of RRP

were increased to 67% of sucrose estimates of RRP size (Fig. 7A),
although this difference was still statistically significant. We next
asked whether increasing action potential duration, and there-
fore driving more Ca 2� into terminals, could further increase
train estimates of RRP size. We inhibited voltage-gated K� chan-
nels with 100 �M 4-aminopyridine (4-AP) in the presence of 4
mM Ca 2�. With 4-AP present, train estimates of RRP size were no
longer statistically different from sucrose estimates made in the
same cells under the same recording conditions (Fig. 7A). This
additional increase in train estimates of RRP size with 4-AP was
not attributable to a sustained presynaptic inward current caused
by 4-AP application itself, because similar results were obtained
when EPSC trains were NBQX subtracted (data not shown).

The increase in train estimates of RRP size with 4 mM Ca 2�

likely resulted in part from a greater increase in asynchronous
vesicle release than synchronous release, consistent with previous
reports (Hagler and Goda, 2001). Measures of the EPSC cumu-
lative area, which would account for asynchronous release, in-
creased more after switching to 4 mM Ca 2� than measures of
EPSC cumulative amplitude, which would only represent syn-
chronous release; average cumulative area increased 2.39 times,
whereas average cumulative amplitude only increased 1.69 times
with the switch from 2 to 4 mM Ca 2�. Asynchrony is also likely to
increase in the presence of 4-AP because of the widening of the
presynaptic action potential.

Because the Ca 2� influx that accompanies action potential
trains may influence RRP replenishment (Stevens and Wesseling,
1998; Wang and Kaczmarek, 1998), we wanted to verify that the
increases in RRP size estimates that we observed with 4 mM Ca 2�

did not simply result from enhanced vesicle replenishment under
these conditions. To do this, experiments similar to those in Fig-
ure 4B were performed, in which 100 stimuli were delivered at 20
Hz, and the recovery of EPSC area was examined in either 2 mM

Ca 2� or 4 mM Ca 2� plus 100 �M 4-AP. The decrease in the
amount of inhibition after the action potential train was fit with a
single exponential in each condition. Recovery of the EPSC area
was slightly slower in the presence of 4 mM Ca 2� plus 100 �M

4-AP with a time constant of 1.75 s compared with 1.05 s in the
presence of 2 mM Ca 2� (Fig. 7B).

Figure 6. Increasing 20 Hz trains to 100 stimuli suggests multiple components of EPSC
depression and a greater estimate of RRP size. A, Peak EPSC amplitude values, measured in the
presence of 200 �M kynurenate, during 100 stimuli, 20 Hz trains, normalized to the initial peak
amplitude to illustrate the amplitude depression (n � 8). The normalized amplitudes were fit
with a double-exponential decay; �1 � 122 ms; �2 � 773 ms. B, Representative cumulative
EPSC area (Cumul. Area) values from a 100 stimuli, 20 Hz train. The dashed line represents a
linear regression fit to time 0 from data points between 1.5 and 2 s, and the dotted line repre-
sents a linear regression fit to time 0 from data points between 4.5 and 5 s. C, Summary of the
total RRP charge, as determined with 20 Hz trains of 40 or 100 stimuli (stim.), expressed as a
percentage of the sucrose estimates of RRP size performed in the same neurons; *p � 0.001
compared with estimates derived from 40 stimuli (n � 8). Error bars represent SEM.

Figure 7. Raising [Ca 2�]o and increasing action potential duration increase train estimates
of RRP size. A, Summary of the total RRP charge, as determined with 40 stimuli, 20 Hz trains
recorded in the presence of 0.75 mM Ca 2�, 2 mM Ca 2�, 4 mM Ca 2�, or 4 mM Ca 2� plus 100 �M

4-AP, expressed as a percentage of the sucrose estimates of RRP size performed in the same
neurons; *p � 0.002 and **p � 0.042 compared with sucrose estimates of RRP size (n � 5–14
in each condition). B, The areas of EPSCs were measured at various times after high-frequency
stimulation in 0.75 mM Ca 2� (filled triangles), 2 mM Ca 2� (filled circles), and 4 mM Ca 2� (open
circles) and compared with the areas of original responses (n � 4 –5 for each point). Recovery
from inhibition was fit with a double exponential; weighted �� 3.49 s (0.75 mM Ca 2�), 1.37 s
(2 mM Ca 2�), and 1.82 s (4 mM Ca 2�). Fits were constrained to a maximum of 100%. Error bars
represent SEM.
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These values of recovery from train-induced depression were
faster than we observed previously with recovery from single-
pulse depression (Mennerick and Zorumski, 1995), suggesting
that Ca 2� accumulation may speed recovery from depression.
However, the difference between trains in normal Ca 2� and ele-
vated Ca 2� plus 4-AP was not statistically significant and was the
opposite of what one would expect if enhanced vesicle replenish-
ment contributed to train estimates of RRP size in 4 mM Ca 2�.
Similarly, estimates of replenishment obtained from the slope of
cumulative release plots (Fig. 1D) suggested that replenishment
was, if anything, slower during the train itself in the presence of 4
mM Ca 2� plus 4-AP (estimated at a rate of 19.1% of the pool per
second during the steady-state phase of trains) compared with
the recovery depicted in Figure 7B (estimated initial rate of
�57.2% of the pool per second in the first 50 ms of recovery).
Finally, we also examined the pool size estimates and pulse-chase
replenishment in the presence of low [Ca 2�]o (Fig. 7). Consistent
with the high-Ca 2� data, we found that pool estimates were de-
pressed (Fig. 7A) despite a slight slowing of replenishment rate
relative to high-Ca 2� conditions (Fig. 7B). These results again are
evidence of a dissociation between replenishment rate and pool
size estimates. Together, the above results suggest that reluctant
vesicle recruitment, rather than enhanced mobilization, accounts
for the matched action potential and sucrose RRP estimates un-
der these conditions.

Discussion
The size of the RRP is a critical factor determining the size of a
PSC in response to a presynaptic action potential. Accordingly,
modulation of RRP size represents a fundamental means by
which synaptic strength and synaptic plasticity are altered. For
example, changes in electrical activity, as well as exposure to neu-
rotrophic factors, alter RRP size or, ultrastructurally, the number
of docked vesicles (Collin et al., 2001; Murthy et al., 2001; Tyler
and Pozzo-Miller, 2001; Moulder et al., 2004). Therefore, accu-
rately measuring the size of the RRP is important for understand-
ing vesicle availability under normal conditions and during the
course of synaptic plasticity.

We found that two common methods for determining RRP
size, application of hypertonic sucrose solution and high-
frequency action potential trains, yielded very different RRP size
estimates in glutamatergic hippocampal neurons. When these
two methods were performed in the same neurons, sucrose esti-
mates were consistently five to six times greater than estimates
derived from action potential trains, even if the total pool charge
was used as the common measurement in each (Fig. 1). AMPA
receptor saturation appeared to play a small role in this discrep-
ancy (Fig. 3). The majority of the effect was presynaptic. Raising
[Ca 2�]o and lengthening action potential duration increased
train estimates of RRP size (Fig. 7A), consistent with the idea that
reluctant synaptic vesicles contribute to the total RRP.

Depression of EPSCs during a train is typically assumed to
result from the depletion of the available synaptic vesicles
(Elmqvist and Quastel, 1965). This should be true under condi-
tions in which depletion occurs more rapidly than recovery (such
as with high-frequency stimulation) (Schneggenburger et al.,
1999). However, an immediate conclusion from our data is that
protocols of short action potential trains at moderate frequencies
(20 – 40 Hz), commonly used in the literature as a depleting stim-
ulus (Murthy and Stevens, 1998; Pyle et al., 2000; Schikorski and
Stevens, 2001), are unlikely to deplete the total available RRP in
the presence of physiological [Ca 2�]o (2 mM). Our results appar-
ently contradict previous results in the same preparation (Rosen-

mund and Stevens, 1996), in which short action potential trains
at 20 Hz were found to deplete the sucrose-accessible RRP com-
pletely. Part of the difference in results may come from the failure
to strip away the steady-state EPSC responses during action po-
tential trains in the older work, which would result in inflated
action potential RRP estimates (Schneggenburger et al., 2002). It
is also possible that slightly higher [Ca 2�]o may have resulted in a
higher overall pr value in the older work. Even so, in our study,
short 20 Hz trains yielded an apparent steady state (Fig. 1) that
did not truly reflect full depletion, because RRP measures under
these conditions did not match estimates from strong direct de-
polarization or from trains with enhanced Ca 2� influx. These
results clearly raise a caution that steady-state EPSC depression at
hippocampal synapses does not necessarily equate with full RRP
depletion. Although we were surprised at the magnitude of the
discrepancy between the two depletion methods, our estimates of
RRP charge (158 pC for action potential trains and 1034 pC for
sucrose) (Fig. 1) match very closely with previously published
values (Han et al., 2004; Otsu et al., 2004), suggesting that RRP
mismatch is a widespread issue.

Cross-depletion experiments, in which high-frequency stim-
ulation or sucrose application was used to deplete the RRP (Fig.
4), suggested that action potential trains accessed a smaller frac-
tion of the same total pool that was depleted by sucrose. The
mechanism by which sucrose induces release of the RRP remains
poorly understood, with the exception that it is known to be
Ca 2� independent (Fatt and Katz, 1952; Rosenmund and
Stevens, 1996) and perhaps related to actions on integrins (Grin-
nell et al., 2003). For this reason, it might be argued that sucrose
estimates of the RRP are likely inaccurate, reflecting vesicles that
are not truly part of the RRP. In an alternative interpretation of
our results, hyperkalemia and enhanced Ca 2� influx may have
recruited vesicles from the sucrose-accessible pool and enlarged
the “true” RRP. Although we cannot fully exclude this alternative,
we prefer the explanation that strong direct depolarization and
enhanced Ca 2� influx during trains simply increase the pr value,
consistent with a wealth of data at many synapses (Katz and
Miledi, 1968, 1970; Wang and Zucker, 1998; Stevens and Wessel-
ing, 1999).

Another alternative explanation for our major findings is that
sucrose and action potentials access fundamentally different
pools of vesicles, but strong depolarization and enhanced Ca 2�

influx speed replenishment of the action potential-accessible
pool, so that the apparent size of the action potential pool even-
tually matches the sucrose pool. We found that recovery of EPSCs
from train stimulation was significantly faster than recovery from
single-pulse stimulation (Mennerick and Zorumski, 1995), con-
sistent with Ca 2�-dependent mechanisms of replenishment
(Wang and Kaczmarek, 1998; Sara et al., 2002). However, we
found that the replenishment rate was similar in trains evoked in
physiological [Ca 2�]o compared with trains with chemically po-
tentiated Ca 2� influx (Fig. 7). Therefore, the replenishment rate
apparently reaches saturation during trains in 2 mM Ca 2� and
cannot explain the increase in RRP observed in the two condi-
tions (Fig. 7).

It is unclear in our experiments whether the pr value is initially
heterogeneous, perhaps resulting from spatial heterogeneity in
[Ca 2�]i rises (Schneggenburger et al., 2002), or whether the pr

value actively changes with stimulation. Spatial heterogeneity has
been suggested previously using a technique of low-frequency
stimulation in the presence of an activation-dependent irrevers-
ible postsynaptic channel blocker (Hessler et al., 1993; Rosen-
mund et al., 1993). However, simple calculations in which all
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vesicles are assigned the lowest pr value reported from these stud-
ies ( pr � 0.06) still predicts an �92% depletion of the RRP over
a 40 pulse train (data not shown). Even fuller depletion is pre-
dicted when heterogeneity is introduced from contributions of
vesicles with higher pr values (Hessler et al., 1993; Rosenmund et
al., 1993). Therefore, it is possible that the pr value does actively
change with high-frequency stimulation, as suggested by previ-
ous studies (Betz, 1970; Dobrunz and Stevens, 1997; Silver et al.,
1998; Wu and Borst, 1999; Chen et al., 2004). One possible mech-
anism that could account for such a change is the inactivation of
presynaptic channels (Forsythe et al., 1998).

We also observed that the train estimates of RRP size closely
matched sucrose estimates in GABAergic neurons, even in the
presence of 2 mM Ca 2�. This is consistent with the idea that
GABAergic synapses contain vesicles with individual release
probabilities that are higher and/or more homogeneous than
those observed in glutamatergic neurons. Our observation that
glutamate release may be subject to greater restraint than GABA
release suggests that this mechanism may provide one means by
which neurons can limit the possibility of detrimental effects
from overexcitation or excitotoxicity. The heterogeneity among
glutamate vesicles from the same presynaptic cell may also con-
tribute to a greater potential for plasticity at these synapses, with
modulators able to make vesicles more or less reluctant.

In sum, our results suggest that reluctant vesicles contribute to
a heterogeneous RRP vesicle population in glutamatergic, but not
GABAergic, hippocampal neurons. This heterogeneity may allow
excitatory neurons to expand their range of synaptic output, de-
pending on the strength of the incoming depolarization and the
extracellular ion composition. This form of plasticity is a partic-
ularly attractive mechanism by which synaptic transmission is
modulated, because an altered response simply makes use of ves-
icles that are already in place, without the need to recruit addi-
tional postsynaptic components.
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