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We studied the emergence of vesicle pool organization at de-
veloping hippocampal synapses by monitoring vesicle recy-
cling and neurotransmitter release as well as examining elec-
tron micrographs. Our analysis suggests that presynaptic
boutons go through three distinct functional states to mature.
At the onset the synapses lack readily releasable vesicles al-
though they possess a pool of recycling vesicles that can
release neurotransmitters under strong stimulation. In the next
stage the majority of these recycling vesicles switches to a
functionally docked state and forms the readily releasable pool

(RRP). After assembly of the RRP, new vesicles build the re-
serve pool. At the mature state the size of the RRP increases
linearly with increasing recycling pool size. Furthermore, this
preferential filling of the RRP during early synapse maturation is
reduced strikingly in synapses deficient in synapsin I and II.
Taken together, these results expose a mechanism that ensures
functionally effective allocation of a limited number of vesicles
in a CNS synapse.
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The clustering of synaptic vesicles around active zones is the
initial structural sign of synapse formation. During synapse mat-
uration the number of vesicles in these clusters increases in
parallel with changes in the architectural complexity of synaptic
boutons (Dyson and Jones, 1980; Amaral and Dent, 1981; Blue
and Parnavelas, 1983; Vaughn, 1989). Although anatomical as-
pects of this process have been investigated, functional correlates
of the increase in the number of synaptic vesicles are not clear.
Several studies revealed that the number of vesicles in synapses
and the distribution of synaptic release probabilities are nonuni-
form even among synapses formed by a single neuron, creating a
diversity that is thought to be critical for central neuronal infor-
mation processing (Hessler et al., 1993; Rosenmund et al., 1993;
Harris and Sultan, 1995; Dobrunz and Stevens, 1997; Murthy et
al., 1997; Schikorski and Stevens, 1997). This diversity may orig-
inate partly from the identity of postsynaptic targets (Maccaferri
et al., 1998; Markram et al., 1998; Reyes et al., 1998), or it may be
attributable to parent cell-dependent presynaptic factors and
asynchronous development of synapse populations. Observations
on developmental changes in short-term synaptic plasticity indi-
cate synapse maturation as a critical factor that influences pre-
synaptic function (Bolshakov and Siegelbaum, 1995; Pouzat and
Hestrin, 1997; Hsia et al., 1998; Reyes and Sakmann, 1999).
Presynaptic properties such as release probability; short-term
facilitation, and depression are determined partly by the func-
tional availability of vesicles for release. Limitations in the num-
ber of vesicles, especially during early synaptic development, may

exert physical constraints on synaptic responses and result in
significant deviations from mature presynaptic physiology.

Studies in several secretory preparations and central synapses
have classified vesicles with respect to their relative availabilities
for release during stimulation (Neher and Zucker, 1993; Rosen-
mund and Stevens, 1996; Schneggenburger et al., 1999; Wu and
Borst, 1999). The readily releasable pool of vesicles (RRP) is
thought to be immediately available for release with the arrival of
an action potential (AP); structurally, the RRP presumably in-
cludes vesicles that are juxtaposed directly to active zones. The
reserve pool of vesicles that are anatomically distant from release
sites can become functionally competent for release during pro-
longed stimulation and can replace vesicles in the RRP. The RRP
and the reserve pool together make up the recycling pool of
vesicles (RP), which corresponds to all vesicles capable of activity-
dependent recycling with stimulation. The number of vesicles con-
tained in the RRP has been suggested as a critical parameter that
regulates the probability of neurotransmitter release as well as
several forms of short- and long-term plasticity (Zucker, 1989;
von Gersdorff et al., 1997; Goda and Stevens, 1998; Wu and Betz,
1998).

In contrast to extensive studies on the maturation of postsyn-
aptic properties in central synapses (Durand et al., 1996; Wu et
al., 1996), far less is known about developmental modifications in
the vesicular organization of presynaptic terminals. To establish a
functional link between synaptic physiology and development of
synaptic morphology, we systematically studied the emergence of
vesicle pool hierarchy in a hippocampal culture preparation.

MATERIALS AND METHODS
Cell culture. CA33dentate gyrus regions were dissected from the hip-
pocampi of 1- to 2-d-old Sprague Dawley rats or mice, and dissociated
cultures were prepared according to previously published protocols
(Kavalali et al., 1999b).

Electron microscopy. The cells were fixed for 30 min in 2% glutaralde-
hyde buffered with 0.1 M sodium phosphate, pH 7.2, at 4°C. They were
rinsed twice in buffer and then incubated in 1% OsO4 for 30 min at room
temperature. After being rinsed with distilled water, the specimens were
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stained en bloc with 2% aqueous uranyl acetate for 15 min, dehydrated
in ethanol, and embedded in poly/bed812 for 24 hr. The 50 nm sections
were poststained with uranyl acetate and lead citrate and were viewed
with a JEOL 1200 EX transmission electron microscope.

Fluorescence imaging. Synaptic boutons were loaded with 400 �M
FM2-10 or 8 �M FM1-43 (Molecular Probes, Eugene, OR; see experi-
ments in Fig. 7C,D) under conditions described in Results. The modified
Tyrode’s solution that was used in all experiments contained (in mM):
150 NaCl, 4 KCl, 2 MgCl2, 10 glucose, 10 HEPES, and 2 CaCl2, pH 7.4
(310 mOsm). Hypertonic solution was prepared by the addition of 500
mM sucrose to the Tyrode’s, and hyperkalemic solutions contained an
equimolar substitution of KCl for NaCl. Field stimulation was applied
through parallel platinum electrodes immersed into the perfusion cham-
ber, delivering 30 mA, 1 msec pulses. All staining and washing protocols
were performed with 10 �M 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX) and 50 �M aminophosphonopentanoic acid (AP-5) to prevent
recurrent activity. Images were taken after 15 min washes in dye-free
solution in nominal Ca 2� to minimize spontaneous dye loss. In all
experiments we selected isolated boutons (�1 �m 2) for analysis and
avoided apparent synaptic clusters (Kavalali et al., 1999b). Destaining of
hippocampal terminals with hypertonic /hyperkalemic challenge was
achieved by direct perfusion of solutions onto the field of interest by
gravity (1–2 ml/min). Adjustment of hyperosmotic solution flow rate was
critical to prevent alterations in fluid levels and fluorescence values
during rapid solution exchanges. Fluorescence values were not distorted
significantly by cell shrinkage during sucrose application. Images were
obtained by a cooled-intensified digital CCD camera (Roper Scientific,
Trenton, NJ) during illumination (1 Hz, 15 msec) at 480 � 20 nm (505
dichroic longpass, 535 � 25 bandpass) via an optical switch (Sutter
Instruments, Novato, CA). Images were acquired and analyzed with
Metafluor Software (Universal Imaging, Downingtown, PA).

To determine the level of activity-independent fluorescence loss, we
performed mock destaining experiments on FM2-10-labeled puncta in
5 d in vitro (DIV) cultures with consecutive applications of 4 K � with no
added Ca 2� (as in Fig. 4 A; n � 2). In the time course of a 500 sec
experiment we typically observed a 10% decrease in fluorescence. With
the same fluorescence excitation and detection settings as in the exper-
iments described in Figure 5B, this loss corresponded to 1.5 � 5.5 U.
This decrease presumably includes factors such as photobleaching, con-
tinual washout of residual dye, and spontaneous release.

To estimate the number of vesicles corresponding to a particular
fluorescence value, we stained sparsely membranous areas that contained
thin axonal and dendritic branches. We measured the amount of �F in 50
distributed 1 �m 2 regions after a rapid washout of dye from these
processes. The fluorescence emitted from a spherical synaptic vesicle of
40 nm in diameter was calculated with the assumption that 1 �m 2 regions
corresponded to a cylindrical area of 1 �m in diameter and length. �F
measurements from distinct regions had similar distributions for given
dye and image acquisition settings. These procedures were performed for
both FM2-10 and FM1-43. Experiments were performed under constant
fluorescence excitation and image acquisition settings. For dim puncta
we acquired images by using 2 � 2 on-chip binning; these values were
scaled back to normal settings (with a factor of 3.84) by the use of
calibrations performed with fluorescent beads (Molecular Probes).

Electrophysiology. Synaptic responses were recorded from pyramidal
cells by whole-cell configuration of the patch-clamp technique. Data were
acquired with an Axopatch 200B amplifier and Clampex 8.0 software
(Axon Instruments, Union City, CA). Recordings were filtered at 1 kHz
and sampled at 200 �sec. Pipette internal solution included (in mM): 115
Cs-MeSO3, 10 CsCl, 5 NaCl, 10 HEPES, 0.6 EGTA, 20 TEA-Cl, 4
Mg-ATP, 0.3 Na2GTP, and 10 QX-314, pH 7.35 (300 mOsm).
Picospritzer-delivered pulses of hypertonic sucrose (�500 mOsm) were
applied to proximal dendrites. For AP-dependent stimulation we used
the same technique as in imaging experiments.

RESULTS
Development of presynaptic terminals in a
hippocampal culture system
One of the most dramatic examples of synaptic growth in mam-
malian CNS occurs in synapses formed by mossy fiber projections
of dentate granule cells (Amaral and Dent, 1981). Several ana-
tomical properties of this projection that include robust growth of
presynaptic terminals can be reconstituted in a dissociated cocul-

ture preparation from dentate gyrus and CA3 regions (Baranes et
al., 1996; Kavalali et al., 1999b). To monitor the functional de-
velopment of the vesicle population in these synapses, we used
styryl dyes that label vesicles in an activity-dependent manner
and provide excellent tools for the imaging of vesicle recycling at
the level of individual synaptic boutons (Betz et al., 1996). In
these cultures the formation of synapses and the clustering of
synaptic vesicles could be detected with the use of uptake/release
of styryl dyes starting at 5 DIV (Fig. 1A; also see Basarsky et al.,
1994; Kavalali et al., 1999b). To quantify the growth of total
recycling vesicle pool size, we loaded synaptic boutons with the
fast-departitioning styryl dye FM2-10 (400 �M) in the presence of
a 45 mM K�/2 mM Ca2� solution for 90 sec to ensure maximal
uptake of the dyes into individual synapses. The efficiency of this
protocol in labeling the total recycling pool was verified by three
successive applications that did not increase the amount of
trapped fluorescence (data not shown). We determined the de-
gree of loading after multiple applications of the 90 mM K�/2 mM

Ca2� solution to release the trapped fluorescence maximally and
reach the lowest baseline levels. In these measurements the size
of the recycling pool showed an increase nearly two orders of

Figure 1. Characteristics of presynaptic maturation in a hippocampal
culture system. A, Organization of synaptic puncta on proximal dendrites
of a cluster of three neurons at 5 DIV. Superimposed differential inter-
ference contrast and fluorescence images have been acquired with 2 � 2
binning to increase the signal-to-noise ratio for these dim synapses.
Background staining levels determined after four consecutive rounds of
high K � application were subtracted from the fluorescence image.
Destaining patterns of three FM2-10-labeled puncta are depicted on the
right. Puncta with a diffuse pattern with no apparent center of mass were
omitted from analysis (as in 4 ). B, Distributions of recycling pool sizes for
individual boutons at 5, 6, and 7 DIV do not show a significant difference.
Inset, Plot depicts the increase in FM2-10 uptake during synaptic growth
as a function of DIV. Each symbol represents an average recycling pool
size (in �F ) of �60 boutons from an experiment on a particular DIV. C,
Average destaining patterns of synapses from 5 (85 boutons), 6 (78
boutons), 8 (83 boutons), and 12 DIV (105 boutons) stimulated with 10
Hz field stimulation. Error bars � SEM are within the symbols. The
dashed line indicates the rate of fluorescence loss in control experiments
in which boutons were subjected to multiple rounds of 4 K � solution in
nominal extracellular Ca 2�.
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magnitude from 5 up to 35 DIV (Fig. 1B, inset). The rise in RP
size had a biphasic pattern without a significant increase between
5 and 7 DIV; this delay was followed by substantial growth in pool
size from 8 DIV onward (Fig. 1B).

The rate of styryl dye destaining increases during
synapse maturation
To obtain information on the kinetics of synaptic vesicle mobili-
zation, we examined the destaining of individual synaptic boutons
in response to AP firing at 10 Hz for 100 sec induced by field
stimulation, followed by multiple applications of high K� solution
to determine background fluorescence (Fig. 1C). At 5 DIV the
synapses showed a very slow rate of destaining with a time
constant of �310 sec. Starting at 6 DIV, the average time constant
decreased to 140 sec and reached 130 sec at 8 DIV. The distri-
bution of destaining rates of individual boutons showed signifi-
cant scatter at these stages. In the same culture, at 12 DIV, we
measured a time constant of �50 sec, a value comparable with
previous measurements in mature synapses in CA13CA3 as well
as dentate gyrus3CA3 cultures (Ryan and Smith, 1995; Kavalali
et al., 1999b). Taken together, these observations indicate an
increase in the availability of vesicles for release that parallels the
maturation of individual synaptic boutons. To gain insight into
this process, we used a strong stimulation with the bath applica-
tion of a 90 mM K�/2 mM Ca�2 solution to distinguish kinetically
the pools of vesicles with different availabilities for release. This
depolarizing solution provides a massive influx of Ca2� into the
terminals by opening presynaptic Ca2� channels independent of
AP generation (Ryan et al., 1993) and results in a typical biphasic
destaining profile (Klingauf et al., 1998). The initial phase of this
destaining pattern is attributable to dye release from vesicles in a
rapidly mobilizable pool in the order of seconds, which is typically
larger than the RRP determined by hypertonic sucrose applica-
tion (Pyle et al., 2000). The slow phase reflects physical replen-
ishment of this rapidly releasable vesicle population from the
reserve pool (Klingauf et al., 1998; Pyle et al., 2000). The devel-
opmental increase in the rate of destaining persisted under these
conditions (Fig. 2A,B). This trend is illustrated clearly by the
significant increase in the number of boutons with fast destaining
kinetics from 5 to 7 DIV (Fig. 2A).

A sequential process by which, at the early stages of synapse
maturation, vesicles in a slow recycling pool gradually form the
RRP could explain this diversity in destaining kinetics. For
instance, a slow monophasic destaining profile (� � 169 sec) of
synapses at 5 DIV may indicate the presence of a slow recy-
cling pool with few or no vesicles in the RRP. To analyze the
synapses at 6 DIV, we used the multiple components of the
cumulative histogram in Figure 2 A as a guide (open triangles)
and grouped boutons into three categories. Of the synapses,
45% (184 of 404, denoted as a in Fig. 2 A,B) had a slow
monophasic destaining similar to boutons at 5 DIV. Another
40% of the boutons (b in Fig. 2 A,B) showed a biphasic destain-
ing pattern. These synapses had, on average, 30% of their
vesicles in a pool that could be mobilized with an average time
constant of 11 sec. The remaining vesicles were in a slowly
mobilizable pool similar to 5 DIV synapses (�190 sec). Sur-
prisingly, some boutons (�15%, denoted as c in Fig. 2 A,B)
showed significantly fast destaining that could be fit with the
values �fast � 6.9 and �slow � 39.9 sec. The slow component of
destaining in these synapses was faster than the slow com-
ponent observed in mature synapses with a larger recycling
pool size at 10 DIV (�fast � 5.6 and �slow � 139.1 sec). This

observation can be explained by the allocation of a substantial
fraction of vesicles to the RRP (�80%). The deviation from
the predicted fast and exhaustive destaining pattern may be
attributable to the inactivation of voltage-gated Ca 2� channels
that were induced during sustained depolarization. A decrease
in Ca 2� influx was shown previously to limit the size of the fast
component of destaining (Kavalali et al., 1999a).

In summary, this analysis points toward a process in which an
early emerging slowly recycling pool of vesicles becomes docked
gradually and forms the RRP. At this transient stage a large
fraction of the vesicles in the synapse is in a functionally docked
state and can be mobilized quite rapidly, as exemplified by the
boutons grouped in c (Fig. 2A,B). Increasing numbers of vesicles
in the synapse result in the formation of a reserve pool. This final
state underlies the mature kinetics of destaining (e.g., 10 DIV in
Fig. 2B).

Figure 2. Analysis of FM2-10 destaining kinetics during synapse mat-
uration. A, Cumulative histograms depicting the distribution of the
fastest time constants that could be fit to destaining profiles induced by
90 K � stimulation at 5, 6, 7, and 20 DIV. a, b, and c indicate the three
distinct populations within the distribution at 6 DIV. Average destain-
ing profile of each population is shown in B. B, Average normalized
destaining patterns of synapses from 5, 6, and 10 DIV stimulated with
90 K �/2 Ca 2�. Boutons at 5 DIV and some boutons at 6 DIV had a
slow destaining profile ( a). The remaining boutons at 6 DIV could be
classified into two patterns (labeled as b, c) with the use of the
histogram shown in A. The dashed lines represent fits to data with two
exponential functions.
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Delayed emergence of synaptic responses to action
potential and hypertonic stimulation
If synapses at the earliest stages of maturation lack a functional
set of readily releasable vesicles, as predicted by the above anal-
ysis, then they would be expected to be unresponsive to brief
high-frequency AP stimulation short of mobilizing vesicles from
the reserve pool. To test this prediction, we performed patch-
clamp recordings to detect neurotransmitter release from a pop-
ulation of synapses in response to 20 APs at 30 Hz. At 5 DIV we
could detect spontaneous release events at a frequency of 1 Hz
(0.88 � 0.57) on all of the cells that were tested (n � 15; Fig. 3A).
However, synapses at this stage failed to respond to APs (Fig.
3B). At 7 DIV, in contrast to the absence of a significant increase

in the frequency of spontaneous events, there were robust synap-
tic responses to 30 Hz stimulation with prominent depression in
amplitude (n � 7; Fig. 3B). Starting at 8 DIV, there was a
significant increase in the frequency of spontaneous release that
was correlated with the time course of synaptogenesis in this
culture system (Kavalali et al., 1999b).

In parallel experiments we monitored the appearance of syn-
aptic activity in response to an application of hyperosmotic solu-
tion (�500 mOsm), an alternative means to mobilize vesicles in
RRP. One of the critical advantages of this stimulation is its Ca2�

independence, which can help us discern alterations related to
presynaptic machinery and vesicular organization from changes
in Ca 2� influx through Ca2� channels (Rosenmund and Stevens,
1996). At 5 and 6 DIV, pressure ejection of hypertonic sucrose
solution onto synaptically dense areas on dendrites of pyramidal
neurons, identified by FM2-10 staining, did not result in measur-
able synaptic responses in a substantial fraction of the cells that
were tested (21 of 23; Fig. 3C). On cells in which we could not
detect any activity in response to an application of hyperosmotic
sucrose solution, we observed a substantial increase in the fre-
quency of events caused by a 45 K�/2 Ca2� stimulation (Fig. 3C).
Beginning at 7 DIV, we consistently could identify responses to
hyperosmotic sucrose, which were present on every cell that was
tested from 10 DIV onward (Fig. 3D). The appearance of sucrose
responses after 7 DIV was associated with a marked increase in
high K�-induced activity (n � 5; Fig. 3D). These results indicate
that some synapses at 5 DIV lack a functional RRP although they
possess a set of vesicles that can be released with strong
stimulation.

Estimation of the fraction of vesicles in RRP by
sequential destaining of vesicle pools
To extend these observations to the level of individual synaptic
boutons, we performed fluorescence imaging experiments to de-
termine the fraction of vesicles in the RRP within the recycling
pool. After maximal loading with FM2-10 via high K� stimula-
tion and a washout of surface dye, the presynaptic terminals were
challenged sequentially to release the RRP and the reserve pool
by hyperosmotic sucrose and high K� solutions, respectively (Fig.
4A). Previous studies in mature boutons have shown that the
application of hyperosmotic solution to FM2-10-loaded boutons
results in a fast destaining limited to �30% of the total pool,
which corresponds to the size of the RRP (Pyle et al., 2000).
Therefore, we estimated the fraction of the RRP by using the
amplitude of the fast exponential decay in fluorescence induced
by hyperosmotic shock. Here it should be noted that RRP size as
estimated by hyperosmotic stimulation (30%) is typically less
than the size of the fast component of high K�-induced destain-
ing (40–60%), presumably because of fast replenishment and an
increase in RRP size during Ca2�-dependent stimulation (Smith
et al., 1998; Pyle et al., 2000). Among the population of synapses
at 5 and 6 DIV that were identified positively by their ability to
take up FM2-10, 43% did not have discernible fluorescence drops
to hyperosmotic sucrose application (Fig. 4C,D). The fraction of
sucrose-unresponsive boutons decreased to 16% at 7 DIV, and
virtually all synapses were sucrose-responsive by 9 DIV (Fig. 4D).
Furthermore, in contrast to mature boutons these experiments
also revealed a large scatter in ratios of sucrose responses to RP
size from 5 up to 8 DIV. Some synapses could be destained
almost completely with sucrose application, and they had min-
imal additional destaining with subsequent high K� applications
(Fig. 4B).

Figure 3. Delayed emergence of stimulation-dependent postsynaptic
events during maturation. A, Representative recording traces depict spon-
taneous release events recorded at 5, 7, and 16 DIV. The graph depicts the
increase in the frequency of spontaneous events between 5 and 16 DIV
(n � 5–15 for each symbol ); note the sigmoidal rise in mini-frequency
after 8 DIV. B, Traces from two representative experiments at 5 and 7
DIV. In contrast to 7 DIV, the cultures at 5 DIV were not responsive to
AP stimulation. The graph depicts the decline in the amplitude of syn-
aptic responses during 30 Hz stimulation at 7 DIV (n � 7). C, D,
Comparison of whole-cell recording experiments from cells at 5 DIV (C)
and 7 DIV (D). Hypertonic sucrose stimulation was not effective on cells
that were tested at 5 DIV, whereas on the same cells 45 K � stimulation
induced a substantial increase in event frequency at 5 DIV and to a larger
extent at 7 DIV. Baseline current drift induced under 45 K � perfusion
was not sensitive to the subsequent application of blockers of glutamater-
gic and GABAergic transmission (data not shown) and was omitted from
analysis. The bottom panels show cumulative charge transfer integrated
over 1 sec bins in response to hypertonic (area under the black line) and
hyperkalemic ( gray bars) stimulation at 5 DIV (n � 7) and 7 DIV (n �
5). Error bars indicate � SEM.
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What is the origin of this scatter in the ratio of sucrose
responses to total pool size at early stages of synapse matura-
tion? As described previously, a dynamic organization process
in which vesicles in a recycling but not functionally docked
state gradually form a RRP would provide a potential expla-
nation for this observation. To quantif y the nature of this
process with better accuracy, we need to consider the error
introduced by fast endocytosis on FM dye-destaining kinetics
(Klingauf et al., 1998; Kavalali et al., 1999a; Pyle et al., 2000).
We calculated this error by using the 0.6 sec membrane depar-
titioning time constant for FM2-10 and the 1.1 sec estimate for
fast endocytosis at hippocampal synapses with exocytosis of
RRP (Pyle et al., 2000). This calculation indicates that the
sizes of the FM2-10 fluorescence drops we observed are �80%
of the actual size of the RRP. If we correct our measurements
for this error, estimates for the size of the RRP for all of the
synapses that have been analyzed would increase by 25%.
Especially at 5– 8 DIV, a larger proportion of synapses will fall
into the category in which �50% of recycling vesicles are in the
RRP. To verif y these estimates, we quantified the amount of
dye uptake, a measure less sensitive to fast endocytosis because
of a millisecond time scale membrane partitioning rate of
styryl dyes (Neves and Lagnado, 1999).

Quantification of dye loading into RRP versus RP
reveals distinct phases of vesicle organization
In experiments conducted at 6 DIV we applied hypertonic stim-
ulation (�500 mOsm) in the presence of 400 �M FM2-10 for 30
sec to load RRP and assessed the amount of loading by subse-
quent destaining, using multiple high K� stimulations. After a 5
min resting period, we labeled the same synapses with a 90 sec
application of 45 K�/2 Ca 2� to load all recycling vesicles and
determined the degree of loading in the same way (Fig. 5A).
Figure 5B shows the distribution of ratios of these two loading
levels from 362 boutons. The data from each of the five experi-
ments (Fig. 5C) that contributed to the cumulative plot in Figure
5B show a clustered nature. This implies a local quasi-synchrony
in synaptic development and supports a sequential process in the
formation of vesicle pool hierarchy. To verify these results under
experimental conditions with a higher signal-to-noise ratio, we
repeated these experiments with FM1-43, a brighter analog of
FM2-10, and obtained similar results (data not shown). Because
of fast membrane partitioning both FM2-10 and FM1-43 can label
the recycling pool equally, although the discrepancy between the
two dyes emerges during destaining (Klingauf et al., 1998; Pyle et
al., 2000).

To estimate the number of boutons that could not be labeled

Figure 4. Large variations in hypertonic sucrose induced FM2-10 destaining in nascent synapses. A, Destaining pattern of a single bouton illustrating
the protocol used in these experiments. Background fluorescence remaining after multiple rounds of high K � destaining was subtracted from each trace.
B, Destaining kinetics of four representative boutons from a 6 DIV culture in response to a 30 sec application of hypertonic solution. Boutons were loaded
maximally with FM2-10 via high K � stimulation. Remaining fluorescence background after four consecutive rounds of 90 K �/2 Ca 2� challenge was
subtracted from each trace. C, A normalized set of traces from a distinct set of boutons. Individual traces were fit with two decaying exponential
functions. The amplitude of the fast component was taken as a measure of the relative size of the RRP. The slow component has a typical time constant
slower than 100 sec. Some boutons failed to respond to sucrose application, although they consequently could be destained with 90 K �/2 Ca 2�. D, Graphs
depicting the evolution of the ratio of sucrose responses with respect to developmental increase in RP size. Results are pooled from 26 experiments; each
symbol represents a single bouton from a particular experiment. The numbers of boutons and mean fraction in RRP on each graph are as follows: 5–6
DIV, 453 boutons and 0.35; 7–8 DIV, 593 boutons and 0.23; 9–10 DIV, 129 boutons and 0.21; 20–22 DIV, 328 boutons and 0.22.
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with hypertonic sucrose and thus did not possess a RRP, we first
determined the background level of activity-independent fluores-
cence loss in a typical destaining experiment (see Materials and
Methods). After hypertonic stimulation, loading levels of 169
boutons (47%) were within 1 SD of the mean background fluo-
rescence loss (1.5 � 5.5 U). These boutons subsequently could be
identified by using maximal loading with high K� stimulation,
and they had fluorescence values higher than 2 SDs above back-
ground (12.5 U for the dimmest bouton). In the remaining bou-
tons, on average, a large fraction of the total recycling pool could
be labeled with hypertonic stimulation (fraction in RRP, 0.60 �
0.25). In these boutons the fluorescence trapped during sucrose
loading was at least 1.5 SD above background; thus these
RRP/RP values were distorted minimally by baseline noise. The
divergence between the two sets of boutons can be visualized
clearly in the histogram built for RRP/RP ratios (Fig. 5D). This

distribution contained two widely separated populations. The
sharp peak around the ratio of 0.08 corresponded to boutons
classified as nonsucrose-responsive, whereas the broad peak cen-
tered at the ratio of 0.6 represented the remaining sucrose-
responsive synapses. In contrast, a histogram built for RRP/RP
ratios for boutons at 22 DIV showed a nearly unimodal distribu-
tion that could be fit with two closely spaced peaks at 0.19 and
0.33, respectively (Fig. 5D, inset).

In parallel with increases in levels of fluorescence trapped
within the RP, the number of vesicles in the RRP remained
relatively constant, and RRP/RP steadily declined to 0.3 (29.7 �
0.1%, for boutons � 80 U). The distribution of RRP/RP values
for boutons with RP � 40 U could be fit loosely with a hyperbolic
function in which the amount of RRP fluorescence was constant
at 30 U (r2 � 0.20). The number of vesicles corresponding to this
fluorescence value was estimated to be �9 (see Materials and
Methods). The decline in RRP/RP ratio agrees with the predic-
tions of the model described above in which, after the formation
of the RRP, the number of vesicles in this pool remains constant,
and new vesicles build a reserve pool.

To verify the validity of these observations under physiological
synaptic stimulation patterns, we used field stimulation-induced
APs to stain vesicles. The design of these experiments was the
same as described in Figure 5A. Instead of hypertonic stimulation,
we labeled the RRP with 60 APs at 30 Hz, and the total RP was
labeled with 1200 APs at 10 Hz. Figure 5E depicts pooled results
from experiments conducted at 6 DIV (n � 3) and 31 DIV (n �
3). A combination of experiments from these two stages of
maturation encompasses a wide range of RP sizes and illustrates
the trend in the decline of RRP/RP with synaptic growth. When
we applied the criteria described above, among the 471 boutons
that were analyzed 123 (26%) were unresponsive to 30 Hz, 2 sec
stimulation, indicating an absence of a functional RRP. Remain-
ing boutons within the same range of RP values had an average
RRP/RP between 0.7 and 0.8, slightly higher than results that
were obtained from experiments that used hypertonicity and high
K�-induced loading.

At later stages of maturation, because of an increase in the
number of reserve vesicles (RP–RRP), the RRP to RP ratio
converged to �0.3 in agreement with previous studies (Murthy
and Stevens, 1999; Pyle et al., 2000). Similar to in Figure 5B, the
distribution of RRP/RP values (for RP � 40 U) could be de-
scribed reliably with a hyperbolic function in which RRP size is
constant (�FRRP � 33 U, �9 vesicles; r2 � 0.98). However, to
account for preservation of the RRP/RP ratio at �0.3 for syn-
apses with large RPs (�200 U), we modified the equation that we
used to fit the distribution at 6 DIV in Figure 5B with the addition
of a horizontal asymptote at RRP/RP � 0.22. This analysis
indicates a phase of synchronous increase for RRP size and RP
size in mature synapses with a large population of vesicles.

Interpretation of experiments that quantify an absolute amount
of loading for a given vesicle pool in consecutive rounds of
staining relies on two assumptions. The first assumption necessi-
tates maximal loading of both types of vesicle pools with minimal
dye loss during the washout period; in addition, these experi-
ments require that the RP size remain stable for two rounds of
staining/destaining. To verify the validity of these assumptions,
we loaded synapses to saturating levels in two consecutive rounds.
The ratio of first loading to second loading for synapses across
different sizes and levels of maturation was distributed between
0.9 and 1.1 (data not shown; 548 boutons; n � 6).

Previous studies have shown that vesicles in the RRP and the

Figure 5. Fraction of vesicles in RRP declines with increasing recycling
pool size. A, Sequential loading and destaining of three boutons illustrat-
ing the protocol that was used in these experiments. Background fluores-
cence was subtracted from each trace. B, Plot of the ratio of the size of the
RRP to RP with respect to increasing size of the RP at 6 DIV (n � 5; 362
boutons). RRP was stained with a 30 sec application of �500 mOsm
solution; the size of the RP was determined with 90 sec high K � loading
in the second round. The distribution of RRP/RP values for RP � 40 U
could be fit with a hyperbolic function by minimizing the least square
error (�FRRP � 30 U). According to our estimations this fluorescence
value corresponds to nine vesicles. C, RRP/RP distributions from five
individual experiments that make up the plot in B. Note the clustered
pattern of pool organization in each experiment. D, Distribution of RRP
to RP ratios can be fit with two distinct Gaussian peaks. First is a sharp
peak �0.08, which significantly overlaps with baseline noise levels in these
experiments; therefore, it presumably corresponds to sucrose-
unresponsive boutons. The second peak has a wide spread �0.60. Inset,
Nearly unimodal distribution of RRP to RP ratios from a set of mature
boutons at 22 DIV. Gaussian peaks are centered on 0.19 and 0.33,
respectively. E, Loading RRP and RP with AP-dependent stimulations
yielded similar results. The relative fraction of vesicles stained with
FM2-10 by 30 Hz, 2 sec stimulation was significantly larger for small
boutons (�FRP � 200 U). The distribution of RRP/RP values for RP �
40 U was fit with a hyperbolic function, �FRRP /�FRP � (33/ �FRRP ) �
0.22, by minimizing least square error.
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reserve pool are in a dynamic equilibrium; therefore, in the steady
state the vesicles that belong to the RRP at a given time point will
be diluted among all vesicles in the synapse. This result allows for
the use of nonmaximal loading conditions to uncover the relative
distribution of vesicles between RRP and reserve pools. For this
approach we stained the RRP vesicles with hypertonic sucrose
application, followed by a 15 min washout period. This waiting
period provided extensive time for stained vesicles that once
belonged to the RRP to be mixed equally within the recycling
pool (Ryan and Smith, 1995; Murthy and Stevens, 1999; Pyle et
al., 2000). Under these conditions an application of hypertonic
sucrose solution should result in a fluorescence drop in the same
proportion to the ratio of vesicles between the RRP and RP (Fig.
6A). In the case of the mature synapses a second hypertonic
challenge destained �25% of the previously stained RRP, indi-
cating that 75% of the vesicles in the initial RRP have joined the
reserve pool in agreement with previous destaining experiments
(15–20 DIV; 231 boutons; Fig. 6C). Experiments in immature

synapses (6 DIV; 150 boutons) showed a wider distribution, with
significant deviation from mature boutons around a ratio of 0.5
(Fig. 6C; p � 0.005, Kolmogorov–Smirnov test). As expected, the
number of boutons that could not be destained with sucrose
decreased significantly to 5%, because this experimental para-
digm selects for boutons that can be loaded only with sucrose
(Fig. 6C). The presence of a few boutons with sucrose failures
may indicate a level of instability in the organization of the RRP
at these early stages.

The role of synapsins in allocation of synaptic vesicles
into RRP
Our experiments so far support a scenario in which the recruit-
ment of recycling vesicles to available functional docking sites at
early stages of maturation results in assembly of the RRP. Poten-
tial molecular mediators of this process could be synaptic vesicle-
associated phosphoprotein synapsins (Fernandez-Chacon and
Südhof, 1999). These proteins are postulated to regulate vesicle
recruitment to the active zone during repetitive stimulation. They
also regulate the number of synaptic vesicles in central synapses
(Rosahl et al., 1993, 1995; Pieribone et al., 1995; Ryan et al., 1996)
(for review, see Hilfiker et al., 1999).

To investigate whether synapsins are involved in steady-state
recruitment of vesicles to the RRP, we performed experiments on
cultures obtained from synapsin I and II knock-out mice. We
quantified the ratio of RRP to RP at individual synapses from 5
to 7 DIV cultures, using hypertonic sucrose and high K�-
dependent stimulation. Both sequential destaining and double-
loading experiments gave similar results. Synapses in cultures
from age-matched mice had a distribution of RRP/RP ratios
comparable with results from rat cultures (Fig. 7A). In contrast,
experiments performed in cultures obtained from synapsin I and
II double knock-out mice (Fig. 7B,D) had a significant reduction
in the fraction of vesicles in RRP. This reduction was significantly
pronounced in synapses with small RP sizes (�FRP � 200 U; Fig.
7B, inset; p � 0.001 Kolmogorov–Smirnov test), indicating a
deficiency in the recruitment of vesicles to functional docking
sites. These results suggest that the large RRP/RP ratios we
observed for small synapses are attributable to a synapsin-
dependent process that recruits vesicles to the RRP.

To test whether the reduction in RRP size in immature knock-
out synapses also holds for small synapses at late developmental
stages, we used FM1-43, a brighter analog of FM2-10. FM1-43
enabled more effective detection of boutons with small pool sizes
in double-loading experiments (as in Fig. 5A). At 22 DIV, syn-
apsin I- and II-deficient synapses showed a linear growth of RRP
size with respect to increasing size of the RP (Fig. 7D) (RRP/
RP � 0.14 � 0.07; r2 � 0.81; 210 boutons; n � 4). The increase
in the size of the recycling pool in synapsin knock-outs was
relatively modest compared with wild-type synapses. This result
in part may be attributable to a declustering of reserve pool
vesicles as observed in other experimental settings in which syn-
apsin I function was impaired (Li et al., 1995; Pieribone et al.,
1995). In contrast, distribution of RRP to RP ratios in wild-type
synapses at 22 DIV displayed a hyperbolic decline with respect to
increasing RP sizes because of enhanced detection of small bou-
tons with FM1-43 (Fig. 7C) (�FRRP � 88 U, �10 vesicles for
FM1-43; r2 � 0.86; 466 boutons; n � 4). Among 466 synapses that
we analyzed, 52 of them had RRP to RP ratios above 0.4 (11%;
Fig. 7D, inset; p � 0.001, Kolmogorov–Smirnov test). These
results indicate that the deficit in the population of the RRP with
recycling vesicles is still detectable at mature stages in synapses

Figure 6. Mixing of RRP vesicles with the RP reveals diversity of vesicle
pool organization. A, Diagram depicting the rationale behind the exper-
iments. We used the dilution of stained RRP vesicles among all recycling
pool vesicles to estimate the ratio of the two pools. This method does not
rely on maximal loading of synapses. B, Representative destainings of
immature synapses from a 6 DIV culture in response to hypertonic
solution. Each trace is an example of the indicated locations on the
distribution that is shown in C. After sucrose application the boutons
were destained to their baseline values with 90 K �/2 Ca 2�. C, Cumulative
histograms comparing the distribution of relative ratios of sucrose-
releasable vesicles after sucrose-induced loading between mature (n � 3;
15–20 DIV) and immature synapses (n � 3; 6 DIV).
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with small recycling pools. At these mature stages, in both wild-
type and synapsin-deficient synapse populations, we could not
detect any sucrose-unresponsive boutons despite our consistent
detection of such boutons at 6 and 7 DIV.

Morphological correlates of vesicle pool organization
during synaptic development
To investigate the parallels in ultrastructural organization of
synaptic vesicles in developing presynaptic terminals and func-
tional measurements, we examined electron micrograph sections
(EMs) obtained from developing hippocampal cultures. At 5
DIV, 74% of vesicle clusters detectable in EMs were not associ-
ated clearly with the surface membrane or active zones (Fig.
8A,B). These clusters may account for the slowly recycling pool
we detected at this early stage of development. The rest of the
EM sections had docked vesicles and were morphologically sim-
ilar to the majority of synapses at 6 DIV. In EMs that were

obtained at 6 DIV, the percentage of these nondocked vesicle
clusters decreased to 40% (Fig. 8C,D). In this set of sections we
also could detect a significant number of vesicle clusters in which
most of the vesicles were within 100 nm of the active zone (Fig.
8C, middle). Among synapses with more mature appearance, we
have observed cases in which there is a clear gap (�200 nm)
between a vesicle cluster near membrane surface and a distant
“reserve” vesicle pool (Fig. 8C, right). Analysis of EMs at 20 DIV
showed a large increase in the total number of vesicles per section
(at 20 DIV, 52.7 � 28.5 vesicles, n � 124 boutons; at 6 DIV,
27.2 � 22.7 vesicles, n � 134 boutons), and the percentage of
vesicle clusters without morphologically docked vesicles de-
creased to 12%.

When we quantified the ratio of the number of morphologically
docked vesicles to the total number of vesicles detectable per
section, we observed distributions analogous to the results of

Figure 7. Synapsin I and II knock-outs are deficient in the population of RRP. A, Combined results from sequential destaining (as in Fig. 4A) and
double-staining experiments (as in Fig. 5A) conducted on 5–7 DIV cultures obtained from mice (395 boutons). Both types of experiments were conducted
by using hypertonic solution and high K � stimulation as described previously. B, Similar experiments performed on synapsin I- and II-deficient synapses
(749 boutons) showed a significant reduction in the fraction of vesicles in RRP [Fraction in RRP; 0.20 � 0.08 (mutant) vs 0.45 � 0.27 (wild type)]. Mean
RP size was not significantly different between mutant and wild-type synapses at this stage [108 (mutant) vs 119 (wild type) F units[. Inset, Cumulative
histograms comparing fraction of vesicles in RRP in wild-type and mutant synapses ( p � 0.001, Kolmogorov–Smirnov test). C, Distribution of the
fraction of vesicles in RRP in wild-type synapses sequentially loaded with FM1-43 (protocol as in Fig. 5A). Note the presence of a small number of
boutons (11%) with large RRP to RP ratios in a mature population at 22 DIV. The continuous line represents a hyperbolic fit to the distribution of control
synapses in which an absolute amount of loading with sucrose was constant at 88 fluorescence units (�10 vesicles). D, Boutons from synapsin I and II
knock-outs had a restricted distribution of RRP/RP ratios �0.14 (horizontal line), with a smaller overall RP size as determined by FM1-43 [mean RP
size; 501 F units (mutant) vs 646 F units (wild type)]. Inset, Cumulative histograms comparing results from wild-type and mutant synapses ( p � 0.001,
Kolmogorov–Smirnov test).
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fluorescence imaging experiments from immature and mature
synapse populations (Fig. 8 B,D,F ). At 6 DIV in sections with
detectable docked vesicles, on average, 50% of vesicles were
within 100 nm of the active zone (0.50 � 0.33); this ratio was
19% for mature synapses (0.19 � 0.10; compare graphs on the
right in Fig. 8 D,F ). We also performed the same analysis on
EM sections obtained from synapses at 6 DIV that lack syn-
apsin I and II. Morphologically, these synapses were similar to
their 6 DIV control counterparts in terms of the ratio of
docked versus total number of vesicles (mean ratio, 0.60 �
0.24), although there was an approximately twofold reduction
in the total number of vesicles (15.2 � 9.3 vesicles; n � 60
sections). The absence of significant differences in the ratio of
morphologically docked vesicles to the total vesicle pool, as
projected from functional observations, restricts the role of
synapsins to functional maturation of vesicles at the active
zone during development.

DISCUSSION

Distribution of synaptic vesicles into distinct pools
during synapse maturation
In this study by means of optical, electrophysiological, and ultra-
structural analysis, we monitored the emergence of the readily
releasable pool after synaptogenesis. In optical recordings the
RRP was probed by fast kinetics of high K�-induced styryl dye
destaining in addition to destaining and staining induced by
hyperosmotic or brief AP stimulation. Electrophysiological exper-
iments used the same stimulation protocols. Taken together, the
results from these multiple experimental approaches suggest a
developmental scheme in which presynaptic boutons visit three
distinct states to attain their mature organization (Fig. 9). The
serial progression of this scheme is supported by the strong
correlations between in vitro age and recycling pool size and a
particular pool organization in addition to quasi-synchronous

Figure 8. Ultrastructural analysis of vesicle organization reveals parallels with functional measurements. A, B, Electron micrographs depicting distinct
morphological organization of vesicle clusters at 5 DIV. Of the synaptic vesicle clusters detected at this stage, 74% did not contain docked vesicles (total
number of vesicles in a cluster, 14.7 � 12.5; n � 51), whereas the rest of the synapses had docked vesicles (3.8 � 1.4; n � 13).C, D, At 6 DIV 40% of
the vesicle clusters were not associated clearly with active zones as in 5 DIV (lef t). In some synapses most of the vesicles were within 100 nm of the active
zone (middle). Among synapses with a more mature appearance there was a clear gap (�200 nm) between vesicle cluster near the membrane surface
and a distant reserve vesicle pool (right). D, Left, The ratio of the number of docked vesicles plotted against the total number of vesicles (mean ratio,
0.30 � 0.20). D, Right, The ratio of vesicles within 100 nm of the active zone to the total in the same boutons (mean ratio, 0.50 � 0.33). The average
values exclude sections without morphologically docked vesicles. E, F, Analysis of synapses in a 20 DIV culture preparation showed an increase in the
total number of vesicles per section. Only 12% of vesicle clusters had no distinguishable docked vesicles, and the ratio of the number of docked vesicles
versus the total number of vesicles decreased to 0.11 � 0.07 (for vesicles within 100 nm, 0.19 � 0.10).
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detection of a particular phase of pool organization in individual
experiments (Fig. 5C). This local synchrony may be attributable
to the factors such as maturity of parent neurons, the timing of
initial synaptic contacts, and extent of process outgrowth in a
particular region.

First state defines an early stage in maturation that follows
closely the initial clustering of vesicles during synaptogenesis.
Synapses in this state have a set of vesicles capable of dye uptake
and release in response to high K� or long trains of APs. How-
ever, they do not possess a set of functionally docked vesicles that
can be detected by hypertonic sucrose or 30 Hz, 2 sec AP
stimulation. This finding also is supported by the fact that perfu-
sion of hypertonic sucrose solution onto synapses at 5–6 DIV did
not result in detectable electrophysiological responses. Ineffec-
tiveness of hypertonic stimulation at this stage supports the reor-
ganization of vesicle pools, although we cannot exclude potential
parallel changes in localization of presynaptic Ca2� channels or
the extent of Ca2� influx. Lack of the RRP results in a very low
probability of release and renders these boutons silent under
low-frequency or short-duration stimulations.

Our analysis does not exclude the occurrence of synapses with
“presynaptic silent secretion” that cannot be loaded with styryl
dyes but can release minute amounts of neurotransmitter to
activate NMDA receptors, as reported recently by Renger et al.
(2001). However, under the same culture conditions and cell
density, the CA13CA3 cultures used by Renger and colleagues
were shown to have a delayed appearance of FM1-43 staining
compared with the dentate gyrus3CA3-derived cultures used in
this study (Kavalali et al., 1999b). In contrast to the CA13CA3
system, in the current study we detected FM1-43 labeling as early
as 5 DIV limiting the prevalence of such synapses.

Time-lapse imaging studies on the sequence of events leading
to synapse formation indicate functional vesicle recycling as the
earliest indicator of synaptogenesis after the initiation of axoden-
dritic contacts (Ziv and Smith, 1996; Ahmari et al., 2000; Fried-
man et al., 2000). Some isolated synaptic vesicles in axons also can
recycle in an activity-dependent manner before target contact
(Matteoli et al., 1992; Dai and Peng, 1996). In our measurements
the vesicle clusters that did not respond to hypertonicity presum-
ably belong to the former category because of the presence of a
high density of contact sites in these cultures at 5 DIV in addition
to the discrete localization and large fluorescence intensity of the
puncta, which were not altered significantly during the first 3 d of
the maturation process (Fig. 1B). Mechanistically, the form of
vesicle recycling detected in these newborn synapses may be
analogous to tetanus toxin-insensitive uptake of antibodies
against synaptotagmin lumenal domain detected in isolated axons
(Verderio et al., 1999). A detailed understanding of this type of

recycling is precluded by our limited knowledge on the kinetic
properties of vesicle turnover in synapses with compromised
soluble N-ethylmaleimide-sensitive factor attachment protein re-
ceptor (SNARE) complex constituents (Capogna et al., 1997;
Deitcher et al., 1998).

This initial stage is followed by a transitory state during which
existing recycling vesicles in the synapse become functionally
docked, forming the RRP. Sequential destaining and double-
staining experiments show a wide distribution of RRP to RP
ratios with a significantly higher mean compared with ratios found
in mature synapses. Synapses that lack synapsin I and II had a
lower fraction of vesicles associated with the RRP at this stage,
although this reduction in RRP/RP ratio was compensated partly
with an increase in the recycling pool at mature stages (Fig. 7).
However, the size of the recycling pool in mature mutant boutons
was distributed more tightly than in wild-type boutons, in agree-
ment with a previous analysis of synapsin I single knock-out
(Ryan et al., 1996). Overall, our results suggest a role for syn-
apsins in shaping the characteristics of synapse heterogeneity
during maturation by prioritizing the population of RRP. This
effect is more pronounced in synapses with small recycling pools.

At the third state of pool organization an increase in the
number of recycling vesicles leads to the formation of a reserve
pool. At this stage an early scattered distribution of vesicle pool
ratios converges to a level in which the number of RRP vesicles is
typically between 20 and 30% of the RP size, and synapses are
scaled linearly with respect to their absolute pool sizes with
further growth.

Our morphological analysis of spatial distribution of synaptic
vesicles in developing boutons is in line with functional results as
well as previous quantitative electron microscopic analysis of
synapses. A critical observation in developing synapses is the
limited growth of synaptic contact zones after initial synaptogen-
esis, which would confer a physical limitation on the size of
individual active zones and maximum available number of func-
tional docking sites therein (Vaughn, 1989). Recent ultrastruc-
tural analysis of three dimensionally reconstructed synapses
shows large variations in the number of vesicles among boutons in
mature stages (Harris and Sultan, 1995; Schikorski and Stevens,
1997). These studies also pointed out a strong correlation be-
tween the total number of vesicles in the synapse and the number
of morphologically docked vesicles.

Vesicle pool organization as a determinant of
presynaptic function
We can draw direct comparisons between the organizational map
of vesicle pools described here and several phenomena observed
in synaptic physiology. As stated above, synapses without a RRP

Figure 9. A sequential model for emergence of vesicle
pool organization during synaptic development. state 1,
Depicted are synapses with recycling vesicle clusters
before formation of the RRP. state 2, Shown is a tran-
sient state in which most of the functional docking sites
within the active zone are populated by vesicles. The
transition to state 2 may have stable intermediates, as
indicated by the small arrows. To reach state 3, the
number of vesicles in the synapse increases to build a
reserve pool. In later stages of development the size of
RRP and RP increases in parallel.

Mozhayeva et al. • Development of Synaptic Vesicle Pools J. Neurosci., February 1, 2002, 22(3):654–665 663



are functionally impaired and would be presynaptically silent
under physiological stimulation. These synapses gradually be-
come functional, presumably after availability and/or maturation
of certain active zone components and fusion machinery constit-
uents. Several signal transduction pathways including Ca2� sig-
naling mechanisms and activation of PKC and PKA potentially
can influence this process (Bolshakov et al., 1997; Ma et al., 1999).
Our ability to detect these synapses with strong stimulation par-
adigms supports the presence of such unsilencing mechanisms.

Synapses with a small number of vesicles with a large fraction
in a functionally docked state are expected to be severely vulner-
able to depression under repetitive stimulation because of the
rapid depletion of vesicle supply in the absence of a reserve pool
of vesicles. Dynamic changes in functional docking sites under
Ca2�-dependent stimulation or by PKC activators may not be a
critical factor at this stage because of a shortage of vesicles to
support these changes (Smith et al., 1998). However, late devel-
opment of a reserve pool may provide spare vesicles that could
respond to activity-dependent alterations in the number of func-
tional docking sites, thus leading to transient increases in the
RRP that would support facilitation. The presence of a RRP-
specific recycling scheme as described recently by Pyle et al.
(2000) would be critical for synapses that contain solely function-
ally docked vesicles. To cope with increased demands on their
limited vesicle supply, synapses would benefit from a mechanism
in which they can reuse the RRP vesicles rapidly.

Multiple degrees of heterogeneity within synapse
populations during development
Currently, we do not know the maturational states of presynaptic
terminals in more intact preparations such as brain slices. Inter-
estingly, available data on vesicle recycling in brain slices hint at
the presence of synapses with slow stimulation-dependent
destaining, with t1/2 �200 sec reminiscent of the earliest stage of
maturation described here (Pyle et al., 1999). In our experiments
the distribution of synaptic vesicle pools described at early stages
of maturation was persistent at later stages of development. The
hyperbolic decline of pool ratios during synapse maturation indi-
cates relative conservation of the absolute size of the RRP during
early synaptic growth. Such a trend would equalize synaptic
strengths during low-frequency/short-duration stimulations for a
wide range of synapse sizes. Distinctions in reserve pool sizes,
however, would diversify responses at sustained high-frequency
stimulations. Therefore, our results suggest that the fraction of
vesicles in the RRP provides an additional degree of functional
heterogeneity among synapses besides the total number of
vesicles.

Our experiments pinpoint several possible states presynaptic
terminals can be in during maturational time scale. Reversible
transitions between modes of pool organization described here
may well explain several forms of alterations in presynaptic prop-
erties observed during short or more sustained forms of synaptic
plasticity.
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