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The likelihood with which an action potential elicits neurotrans-
mitter release, the release probability (pr), is an important compo-
nent of synaptic strength. Regulatory mechanisms controlling
several steps of synaptic vesicle (SV) exocytosis may affect pr,
yet their relative importance in determining pr and eliciting tem-
poral changes in neurotransmitter release at individual synapses is
largely unknown. We have investigated whether the size of the
active zone cytomatrix is a major determinant of pr and whether
changes in its size lead to corresponding alterations in neurotrans-
mitter release. We have used a fluorescent sensor of SV exocyto-
sis, synaptophysin-pHluorin, to measure pr at individual synapses
with high accuracy and employed a fluorescently labeled cytoma-
trix protein, Bassoon, to quantify the amount of active zone cyto-
matrix present at these synapses. We find that, for synapses made
by a visually identified presynaptic neuron, pr is indeed strongly
correlated with the amount of active zone cytomatrix present at
the presynaptic specialization. Intriguingly, active zone cytomatri-
ces are frequently subject to synapse-specific changes in size on
a time scale of minutes. These spontaneous alterations in active
zone size are associated with corresponding changes in neuro-
transmitter release. Our results suggest that the size of the active
zone cytomatrix has a large influence on the reliability of synaptic
transmission. Furthermore, they implicate mechanisms leading to
rapid structural alterations at active zones in synapse-specific
forms of plasticity.

release probability | synaptic vesicle docking | active zone cytomatrix |
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Synaptic transmission between most neurons is unreliable as
a presynaptic action potential elicits neurotransmitter (NT)

release at any individual synapse with a release probability (pr) of
less than one. This probability can vary considerably among
synapses of the same axon, often in a target-specific manner (1–
3). Similarly, synapses onto a single neuron often display widely
varying release probabilities (4–7). Moreover, pr can undergo
sustained activity-dependent changes over time (8–11). These
observations suggest that pr is an important determinant of
synaptic strength that is tightly controlled by the presynaptic
neuron and/or, indirectly, by its postsynaptic target.
Although numerous studies have highlighted specific regula-

tory mechanisms affecting pr of synapses at rest, a concise picture
of how pr at individual synapses is determined is only beginning
to emerge. Synaptic vesicle (SV) exocytosis is a multistep process
during which SVs have to dock at the active zone cytomatrix and
undergo a priming step before they are “readily releasable,” i.e.,
immediately available for fusion with the plasma membrane in
response to calcium influx through voltage-gated calcium chan-
nels (12). Evidence that the size of a synapse’s readily releasable
pool (RRP) of SVs is closely correlated with its pr (7, 13) sug-
gests that pr is mainly determined by processes upstream of
calcium entry and calcium-induced SV fusion. Among these
processes, mechanisms affecting the rate of priming or the rel-
ative fusion competence of primed SVs may crucially regulate
the size of the RRP, as studies of proteins implicated in SNARE
complex formation suggest (14, 15). On the other hand, mech-
anisms regulating SV docking may decisively determine RRP

size and pr, a notion supported by ultrastructural evidence that
the size of the RRP at a synapse is closely correlated with the
number of SVs docked at its active zone (16). Interestingly, the
number of docked SVs is known to correlate well with active
zone size (17, 18), indicating that, by limiting the number of
docked SVs, the size of its active zone may be a major de-
terminant of RRP size.
Taken together, this chain of evidence—a strong correlation

between active zone size and the number of docked SVs (17, 18),
similarity of the number of docked SVs and RRP size (16), and
a strong correlation between RRP size and pr (7, 13)—suggests
that pr may be controlled by active zone size. However, this hy-
pothesis has not been verified directly, in part due to technical
challenges in quantifying the pr of individual synapses with high
accuracy. Moreover, although active zone size has been shown to
change homeostatically in response to disuse in a slow and global
manner (13), it remains unclear whether fast, synapse-specific
structural changes of active zones occur that lead to sustained
alterations in NT release. In this study, we address these ques-
tions by using a genetically encoded fluorescent sensor of SV
exocytosis, synaptophysin-pHluorin, to quantify pr and a fluo-
rescently labeled active zone protein, tdTomato-Bassoon, to
obtain a measure of active zone size and plasticity at individual
synapses between hippocampal neurons in dissociated cultures.

Results
The release probability of individual synapses can be accurately determined
using sypH2 as a genetically encoded sensor of SV exocytosis. Sensors
containing superecliptic pHluorin (19, 20) fused to a SV protein
are increasingly used to study SV cycling. Previous studies have
demonstrated that the sensitivity of these sensors can be high
enough to allow the detection of exo- and endocytosis of in-
dividual SVs (21–23). This led us to investigate whether a SV
exocytosis sensor with particularly high signal-to-noise ratio,
synaptophysin-pHluorin 2× (sypH2) is suitable to determine pr
of individual synapses. In hippocampal neurons transfected with
sypH2, fluorescence was concentrated at axonal varicosities and
increased upon delivery of short stimulus trains (Fig. 1A). At
these varicosities, isolated stimuli frequently elicited fluores-
cence increases that were likely due to fusion of single SVs with
the plasma membrane but barely distinguishable from noise (Fig.
1B). To determine pr, i.e., the likelihood of SV fusion at a release
site in response to a stimulus, we took two different approaches.
First, averaging of fluorescence traces in response to 100 stimuli
delivered at low frequency (0.2 Hz) yielded an average fluores-
cence response of each synapse to a single stimulus (Fig. 1 A and
C), whose amplitude is a relative measure of pr at that synapse.
In a second approach, we determined for each stimulus trial
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whether a stimulus resulted in SV exocytosis by time-averaging
the fluorescence in time lapse frames over 300 ms before the
stimulus and subtracting this averaged baseline fluorescence
from an average of time-lapse frames obtained over 300 ms after
the stimulus. A stimulus was considered to have resulted in SV
exocytosis if the time-averaged increase in fluorescence exceeded
a threshold determined by the noise of the optical recording (see
Materials and Methods for details; Fig. 1D). In all experiments
performed, the absolute values of pr obtained with this approach
correlated extremely well with the amplitude of the averaged
fluorescence response (range of Pearson product-moment cor-
relations 0.980 ≤ r ≤ 0.996 in five experiments in which all syn-
apses were made by a single presynaptic neuron; Fig. 1E),
suggesting that both methods provide very reliable measures of
pr. As a final assessment of our technique, we determined the
frequency of occurrence of pr values at 106 synapses in five
experiments. The pr distribution (Fig. 1F) was broad and skewed

toward small values with a mean of 0.27, in agreement with
previously obtained estimates of pr at synapses between hippo-
campal neurons (6, 24, 25). Together, these results demonstrate
that pr at individual synapses can be quantified using sypH2 as
a genetically encoded sensor of SV exocytosis.
The size of the active zone cytomatrix is a major determinant of RRP and
pr. The transfection of sypH2 into cultures of hippocampal
neurons yielded expression in a small subset of neurons, allowing
us to compare NT release at multiple active zones in single,
optically identified axons. Thus, we were able to investigate
determinants of RRP and pr at release sites of an individual
neuron, in isolation from factors that create additional variation
between neurons. Specifically, we were interested in whether the
size of active zones, reported to vary greatly between excitatory
hippocampal synapses (17), crucially determines their pr. The
size of active zones is close to the diffraction-limited resolution
of light microscopy, and cannot be accurately measured in our
experiments. It is possible, however, to quantify the amount of
active zone cytomatrix at a synapse using a fluorescently tagged
active zone cytomatrix protein, provided that this protein is
distributed in a homogeneous manner in all active zone cyto-
matrices of a transfected presynaptic neuron. We found that
Bassoon, previously shown to be highly localized to active zone
cytomatrices (26), is ideally suited for this purpose. The fluo-
rescence of tdTomato-tagged Bassoon (tdT-Bsn) at synaptic sites
correlated well with the amount of other active zone cytomatrix
proteins such as Piccolo and RIM (Fig. S1), demonstrating its
homogeneous distribution within active zones. Thus, differences
in tdT-Bsn fluorescence intensity between active zones of
a transfected neuron faithfully reflect differences in the amount
of active zone cytomatrix present at the synapse. Under the as-
sumption that active zone cytomatrices have similar densities,
tdT-Bsn fluorescence is also an indirect measure of active
zone size.
In cotransfected neurons, tdT-Bsn labeled active zones colo-

calized extremely well with sites of stimulation-evoked sypH2
increases (Fig. 2A). To assess the size of the pool of docked and
primed SVs (RRP) at tdT-Bsn positive release sites, we elicited
SV exocytosis with short stimulus trains, 40 stimuli at 20 Hz (13).
The pr at each release site was assessed using isolated stimuli at
low frequency (0.2 Hz). As shown in Fig. 2, release sites with
strong tdT-Bsn fluorescence tended to display strong increases in
sypH2 fluorescence in response to stimulus trains (Fig. 2 A and
B) and to isolated stimuli at low frequency (Fig. 2 A and C),
suggesting that synapses with large active zone cytomatrices also
had large releasable pools of SVs and release probabilities. An
analysis of all release sites in the experiment shown in Fig. 2 and
in four other experiments revealed that the sypH2 fluorescence
increases in response to stimulus trains (Fig. 2D) and isolated
stimuli at low frequency (Fig. 2E) correlated very well with the
tdT-Bsn fluorescence intensity at each release site. Overall, we
found median correlation coefficients between measures of ac-
tive zone cytomatrix size and RRP or pr, respectively, of r =
0.948 (range: 0.889–0.966) and r = 0.880 (range: 0.833–0.953). A
change in the extracellular calcium concentration from 2 to 4
mM led to a significant increase in the slope of the correlation
between tdT-Bsn fluorescence and average sypH2 responses to
isolated stimulation but no substantial changes in the quality of
the correlation (Fig. S2). The tight correlation between amount
of active zone cytomatrix, RRP size, and pr is further
illustrated by the distribution of the residuals of these fits for
106 release sites in five experiments at an extracellular calcium
concentration of 2 mM (Fig. 2 F and G). For 77.4% of all re-
lease sites, the experimentally determined number of docked
and primed SVs deviated by not more than one from the value
expected from its tdT-Bsn fluorescence (Fig. 2F). Similarly, for
73.6% of release sites, pr fell within 0.1 of the expected value
(Fig. 2G). These data demonstrate that RRP size and pr at

Fig. 1. SypH2 allows a quantification of pr at individual synapses. (A)
Baseline sypH2 fluorescence of a transfected neuron (Left), sypH2 fluores-
cence changes in response to a train of 40 stimuli at 20 Hz (average of re-
sponse to 10 consecutive trains; Center), and fluoresence changes in
response to isolated stimuli at low frequency (average of responses to 100
stimuli delivered at 0.2 Hz; Right). Fluorescence increases are presented as
false color images. (Scale bar, 5 μm.) (B) Fluorescence changes at a single
synapse, indicated with an arrowhead in A in response to isolated stimuli at
0.2 Hz. (C) Average of sypH2 fluorescence change at the same synapse in
response to 100 stimuli. The amplitude of the averaged response is an in-
direct measure of pr at that synapse. (D) Time-averaged changes in sypH2
fluorescence at the same synapse were calculated for each stimulation trial.
Error bars denote SE. If fluorescence changes calculated exceeded a noise-
based threshold (Materials and Methods), the stimulation was considered to
have elicited neurotransmitter release (black circles), otherwise, it was
counted as failure (white circles). Pr was calculated as pr = S/(S + F), where S is
the number of trials resulting in neurotransmitter release and F the number
of trials that did not. (E) Correlation of amplitudes of averaged sypH2
responses and release probabilities, calculated as shown in D, for the 11
synapses identified in this experiment (r = 0.996). (F) Distribution of release
probabilities of 106 synapses from five experiments. Median (white arrow-
head) and mean (red arrowhead) as well as an exponential fit of the dis-
tribution are shown.
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hippocampal synapses correlate very strongly with the amount of
active zone cytomatrix present at the presynaptic specialization.
Active zones are subject to synapse-specific changes in size on a time scale
of minutes. Considering the tight correlation between active zone
cytomatrix size and measures of neurotransmitter release, it is
conceivable that structural alterations at presynaptic special-
izations could contribute to changes in RRP size and pr. Previous
studies have suggested that active zones of hippocampal synapses
can change in size in a homeostatic manner over days in response
to global alterations in neuronal activity (13), possibly due to al-
tered turnover of active zone cytomatrix components. It has not
been investigated, however, whether active zone cytomatrices can
also undergo structural changes in a more synapse-specific man-
ner on a faster time scale. We addressed this possibility by using
tdT-Bsn to detect structural alterations of synaptic active zone
cytomatrices that might occur at synapses between hippocampal
neurons. For this purpose, we used cultures 14–21 days after
plating, i.e., well after the onset of synapse formation and spino-

genesis. To distinguish synaptic active zones from release sites
without postsynaptic apposition, which comprise up to a third of
all release sites formed by hippocampal neurons in culture (27),
and to limit our analysis to axospinous synapses, which constitute
the majority of glutamatergic synapses between hippocampal
neurons, we subsequently transfected hippocampal neurons with
tdT-Bsn and YFP-labeled actin. In time-lapse imaging experi-
ments, we then analyzed structural changes of active zones at
axospinous synapses between tdT-Bsn expressing presynaptic
neurons and postsynaptic neurons in which spines were labeled
with YFP-actin. Although tdT-Bsn fluorescence remained rela-
tively unchanged at the majority of synapses, it changed dramat-
ically at others, often on a time scale of minutes, due to
recruitment of active zone cytomatrix clusters from adjacent ax-
onal regions or mobilization of the cytomatrix material from the
synaptic site (Fig. 3 A and B and Movie S1). A quantification of
tdT-Bsn fluorescence changes at 158 axospinous synapses from
experiments in three cultures revealed that during 30-min time-
lapse experiments, active zone sizes increased or decreased by
more than half at 18.3% of all synapses analyzed (Fig. 3C). Al-
though comparatively large changes were more frequent at syn-
apses with small active zones, even large synapses underwent
significant changes in active zone size (Fig. 3D). These observa-
tions reveal that presynaptic specializations are subject to struc-
tural plasticity leading to synapse-specific changes in active zone
size on a time scale of minutes.
Changes in active zone size are associated with changes in RRP and pr. To
address whether these rapid changes in active zone size at in-
dividual synapses lead to alterations in NT release, we again
cotransfected cultures of hippocampal neurons with sypH2 and
tdT-Bsn. Following an initial quantification of sypH2 fluores-
cence increases in response to isolated and train stimulation, as
well as tdT-Bsn fluorescence, we incubated the culture for an-
other 5–6 h and then reassessed measures of pr, RRP and active
zone cytomatrix size. After this second quantification, we iden-
tified axospinous synapses of transfected neurons by staining with

Fig. 2. RRP size and pr at hippocampal synapses strongly correlate with
active zone size. (A) tdT-Bsn fluorescence (Left) and sypH2 fluorescence
changes in response to stimulus trains of 40 stimuli at 20 Hz (Center) and
isolated stimuli at 0.2 Hz (average of 100 trials, Right) in a tdT-Bsn and
sypH2-transfected neuron. (Inset) Additional synapses located on another
axonal branch. (Scale bar, 5 μm.) (B) SypH2 fluorescence increase in response
to the stimulus trains at three synapses (arrowheads in A). (C) Averaged
responses to isolated stimuli at low frequency at the same synapses. (D)
Correlation between sypH2 responses to the stimulus trains and tdT-Bsn
fluorescence for 22 synapses in this experiment (r = 0.948). (E) Correlation
between average sypH2 responses to isolated stimuli and tdT-Bsn fluores-
cence (r = 0.902). Release probabilities for each synapse (right axis) were
obtained through linear regression of pr measures obtained by trace aver-
aging and time averaging as shown in Fig. 1E. This method also allowed
calculation of the average sypH2 fluorescence per exocytosed SV (in this
experiment, FSV = 138.2), enabling us to estimate RRP sizes (right axis in D).
(F) Residuals of linear regressions between sypH2 increases in response to
stimulus trains (RRP size) and tdT-Bsn fluorescence at 106 synapses in five
experiments. (G) Residuals of linear regressions between average sypH2
increases in response to isolated stimuli (pr) and tdT-Bsn fluorescence at
the same synapses.

Fig. 3. Structural plasticity of active zones. (A Left) Image of a synaptically
connected pair of hippocampal neurons. The presynaptic neuron expresses
tdT-Bsn (red), the postsynaptic neuron Venus actin (green). (Right) Consec-
utive images of the boxed region. Time stamps indicate time elapsed in
minutes. (Scale bar, 2 μm.) (B) tdT-Bsn fluorescence at active zones of the
synapses labeled in A. (C) Distribution of fluorescence changes at 158 axo-
spinous synapses over 30 min. Data were collected in five experiments using
three different cultures. (D) tdT-Bsn fluorescence changes as a function of
initial tdT-Bsn fluorescence from the same data set. Red dots represent
synapses of a single time-lapse experiment. The dotted line indicates com-
plete loss of tdT-Bsn fluorescence at an axospinous apposition.
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fluorescently labeled phalloidin and MAP2-antibodies to visu-
alize actin-rich spines and dendritic tubulin. Again, tdT-Bsn
fluorescence was found to change significantly at a subset of
axospinous synapses (Fig. 4A and Fig. S3A), indicating alter-
ations of active zone size. These changes were often paralleled by
significant changes in sypH2 responses to stimulus trains and
isolated stimuli, suggesting concomitant alterations in RRP size
and pr (Fig. 4 A–C and Fig. S3 B–C). To address if alterations in
active zone size correlate with alterations in NT release, we
plotted changes in the syph2 fluorescence response to the stim-
ulus train (Fig. 4D) and isolated stimuli at low frequency (Fig.
4E) against changes in tdT-Bsn fluorescence observed for each of
the 45 synapses in this experiment. The measure for changes in
RRP size correlated highly (r = 0.697), that for pr moderately
(r = 0.544) with alterations in tdT-Bsn fluorescence over the
time period. In two other experiments executed in the same
manner, similar correlations between tdT-Bsn fluorescence and
RRP size (range 0.697–0.777), as well as pr (range 0.544–0.601),
were observed. To collectively evaluate data from all three
experiments, we binned a total of 122 synapses for changes in
RRP size or pr and plotted average changes in tdT-Bsn fluo-
rescence for these bins (Fig. 4 F and G). The significant corre-
lations between the tdT-Bsn fluorescence and RRP size, as well
as pr, strongly suggest that synapse-specific changes in active zone

size contribute to changes in NT release at these synapses. It
should be noted that, although we chose to assess changes in NT
release over a 5- to 6-h period, alterations in RRP and pr par-
alleling changes in active zone cytomatrix size were observed at
some synapses over much shorter time spans (Fig. S4), con-
firming that structural alterations of active zone cytomatrices and
concomitant changes in NT release occur rapidly.

Discussion
The findings of this study suggest that the size of the active zone
cytomatrix may be a major determinant of RRP size and pr at
synapses between hippocampal neurons. Moreover, they demon-
strate that active zones are subject to frequent synapse-specific
structural alterations, which in turn lead to corresponding changes
in NT release.
Evidence for a central role of active zone size in the de-

termination of RRP size and pr comes from our finding that SV
exocytosis in response to short high-frequency stimulus trains or
isolated stimuli at low frequency is highly correlated with the
amounts of a fluorescently labeled active zone cytomatrix protein,
tdT-Bsn. Active zone cytomatrices are highly ordered subcellular
structures (28, 29) whose assembly involves the recruitment of
equivalent amounts of Bassoon and other active zone cytomatrix
proteins (30). tdT-Bsn is homogeneously distributed within active

Fig. 4. Changes in active zone size lead to corresponding alterations in RRP size and pr. Neurons transfected with sypH2 and tdT-Bsn were used in a time
lapse experiment to identify synapses at which pr, RRP, and/or active zone cytomatrix sizes changed over the course of 6 h. Cells were then fixed and stained
with anti-MAP2 antibodies and Cy5-conjugated phalloidin to visualize dendritic tubulin (blue) and actin (green), respectively, allowing the identification of
axodendritic synapses. Only active zone cytomatrices within 1 μm of a MAP2-positive dendritic shaft that were colocalized with a phalloidin-visualized spine
were included in the subsequent analysis. (A) Responses to train stimulation (RRP) and average responses to isolated stimuli at 0.2 Hz (pr) and tdT-Bassoon
fluorescence (Bsn) at several synapses at the beginning of the experiment (Left) and after 6 h (Right). Filled or open arrowheads denote synapses at which tdT-
Bsn fluorescence as well as RRP and pr measures increase or decrease, respectively. (Bottom Right) The same field after visualization of actin and MAP2 (MAP2/
actin). (Scale bar, 4 μm.) (B) At the synapses denoted with 1 and 2 in (A), sypH2 responses stimulus trains increased or decreased significantly (P < 0.001) in
parallel with changes in tdT-Bsn fluorescence (P < 10−4 and P < 0.01, E). (C) At the same synapses, a significant enhancement or attenuation, respectively, in
the averaged response to isolated stimuli at 0.2 Hz was observed (P < 0.001). (D) Correlation between changes in the sypH2 response to stimulus trains
delivered at the onset of the experiment (ΔF1) and after 6 h (ΔF2), and changes in tdT-Bsn fluorescence for 45 synapses in this experiment (r = 0.697, P < 10−6,
Pearson product moment correlation). Synapses 1 and 2 are highlighted in red and blue, respectively. (E) Correlation between changes in the average sypH2
response to isolated stimuli delivered at the onset (ΔF1) and end of the experiment (ΔF2), respectively, and changes in tdT-Bsn fluorescence (r = 0.544, P <
0.001). sypH2 fluorescence changes were converted into estimates of changes in RRP or pr as outlined in the legend to Fig. 2. (F) Changes in tdT-Bassoon
fluorescence that occurred at a total of 122 synapses in three experiments that were binned according to the change in RRP size occurring during a 5- to 6-h
experiment. (G) Changes in tdT-Bassoon fluorescence at the same 122 synapses, binned for changes in pr.
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zone cytomatrices (Fig. S1) and faithfully reflects the amount of
active zone cytomatrix present at a synapse. The simplest model
consistent with our finding that RRP size and pr at a synapse
correlate highly with the amount of active zone cytomatrix present
is that the size of the active zone, by limiting the number of docked
synaptic vesicles, crucially determines these parameters of NT
release. Based on our data alone, however, we cannot rule out the
alternative interpretation that other components associated with
active zone cytomatrices, such as synaptic vesicle pools that may
be coregulated with active zone size, scale RRP and/or pr in-
dependently.
The very high correlations between measures of RRP size, pr,

and active zone size obtained in this study are somewhat sur-
prising given previous reports of positive, yet somewhat lower,
correlations between the number of docked SVs at an active zone
and RRP size (16) and between RRP size and pr (13), which
would indicate a smaller influence of active zone size on NT re-
lease. This apparent discrepancy may be explained by two con-
sequences of our experimental approach. First, the expression of
a genetically encoded sensor of SV exocytosis in a small subset of
neurons allowed us to compare different presynaptic special-
izations of individual, optically identified presynaptic neurons. In
contrast, prior studies generally involved loading of styryl dyes
into SVs at all release-competent presynaptic specializations to
measure NT release, leading to comparison of NT release sites
from different presynaptic neurons. The differential expression or
regulation of components of the priming machinery and voltage-
gated calcium channels in different neurons differentially affects
NT release, thus obscuring the dominating influence active zone
size may have in the control of RRP size and pr in individual
presynaptic neurons. As a second consequence of our experi-
mental approach, the use of sypH2 allowed us to take repeated
measures of responses to stimulus trains and a larger number of
isolated stimuli at low frequency to quantify RRP size and pr,
respectively. Thus, our measurements are likely less sensitive to
the large trial-to-trial variability inherent in NT release meas-
urements than are methods relying on the use of styryl dyes, for
which increasing background staining with continued application
typically limits repeated quantifications. Taken together, these
consequences of our experimental approach likely accounted for
the higher correlations between active zone size and NT release.
It should be noted that our finding of a high correlation be-

tween active zone size and RRP size does not challenge the
importance of mechanisms affecting SV priming in the regula-
tion of the readily releasable pool of SVs (14, 15). In our study,
RRP size varied to a small but significant extent from the value
expected from their active zone size at a subset of synapses,
allowing for the possibility that differences in the rate of SNARE
complex formation or in the fusion competence of primed SVs
affect RRP sizes in a synapse-specific manner. Moreover, the
regulation of priming may affect NT release in a global way,
scaling RRP sizes and pr at all active zones in a given presynaptic
neuron. Our findings do indicate, however, that in the majority of
hippocampal neurons, sustained synapse-specific alterations of pr
and especially RRP size are likely to be limited in magnitude in
the absence of changes in active zone size.
Given the many reports of considerable plasticity of NT re-

lease at hippocampal synapses (8–11, 31, 32), the finding that
RRP size and pr are highly correlated with active zone size raises
the question of whether structural alterations at presynaptic
specializations contribute to sustained changes in NT release. In
this study, we show that active zones of axospinous synapses
between hippocampal neurons in culture are subject to frequent
changes in size. These alterations in active zone size occur on
a time scale of minutes, resulting from recruitment and mobili-
zation of active zone cytomatrix material to and from the syn-
apse. At first sight, our observation is in apparent contradiction
to an earlier report of a slow turnover of Bassoon at active zone

cytomatrices (33), determined using fluorescence recovery after
photobleaching (FRAP) and photoactivation techniques. How-
ever, this study also showed significant heterogeneity in FRAP
recovery of EGFP-Bassoon between individual synapses and
noted the exchange of Bassoon between synapses on a faster
timescale. Taken together, our data and the results from Tsuriel
et al. (33) suggest that, although the turnover of Bassoon by
protein synthesis and degradation mechanisms may be relatively
slow, local redistribution of active zone cytomatrix components
leads to rapid changes in the size of active zone cytomatrices at
a subset of synapses. We demonstrate in this study that these
alterations of cytomatrix size lead to concomitant changes in
RRP size and pr. Interestingly, correlations between alterations
in active zone size and changes in RRP size were high, whereas
those between active zone size alterations and pr changes were
more moderate. This finding indicates that changes in active
zone size play a predominant role in the alteration of RRP size,
whereas additional mechanisms likely contribute to sustained
changes in pr.
It is important to point out that although structural changes of

active zones are common in cultures of dissociated hippocampal
neurons and represent an important mechanism for sustained
changes in NT release in this preparation, they may not neces-
sarily be frequent occurrences at cortical synapses in vivo. Flu-
orescently labeled active zone proteins such as tdT-Bsn, which
can detect structural changes at active zones with high sensitivity,
have not, to our knowledge, been used in vivo. However, studies
using cytoplasmic and membrane-bound EGFP as volume
markers to investigate changes of axonal structures in the intact
mammalian cortex provide some interesting clues (34, 35). These
studies investigated the structural plasticity of axonal varicosities
in the adult somatosensory and visual cortex, respectively, and
reported that a large fraction of presynaptic specializations, 15–
60% depending on the type of afferents, appears and disappears
over the time course of a month (34). These findings suggest that
presynaptic specializations in the intact mammalian cortex are
subject to substantial structural plasticity and give a first in-
dication that structural alterations of release sites similar to
those described in this study may also occur in vivo. However,
further studies in more intact preparations are needed to directly
address the existence and prevalence of changes in active zone
size, which clearly could represent an important mechanism in
the synapse-specific regulation of pr and synaptic strength.

Materials and Methods
cDNA Constructs. SypH2 was created by isolating the rat synaptophysin cDNA
(accession no. NM_012664) from brain total RNA by RT-PCR and ligating into
a pEGFP-C1-based expression vector. A cassette containing two copies of
superecliptic pHluorin was then inserted into the synaptophysin cDNA be-
tween the codons for amino acids 184 and 185 in a PCR approach. tdT-Bsnwas
generated by replacement of EGFP through tdTomato (36) in the construct
EGFP-Bassoon95-3938 (37).

Hippocampal cell cultures, transfections, and immunocytochemistry are
described in SI Materials and Methods.

Stimulation and Cellular Imaging. Fluorescence microscopy was carried out on
a Nikon TE2000 epifluorescence microscope equipped with a 60× (N.A. 1.40)
objective, and Smart shutter (Sutter Instrument). Images were acquired at
10 Hz with a Hamamatsu ORCA CCD camera controlled by IPLab software
(BioVision). Cultures dishes were mounted in a heated microscope stage
platform. Experiments were performed at 35 ± 2 °C in HBS solution con-
taining (in mM) 124 NaCl, 3 KCl, 2 CaCl2, 1 MgCl2, 10 Hepes, and 5 D-glucose
adjusted to pH 7.30, supplemented with 10 μM 6,7-dinitroquinoxaline-2,3-
dione and 50 μM (2R)-amino-5-phosphonovaleric acid. In the experiments
described in Fig. 4, medium was added to the culture after initial meas-
urements and the culture was returned to a CO2-controlled incubator for
5–6 h before the taking a second set of measurements. Action potentials
were elicited by passing 1 ms square current pulses yielding fields of ap-
proximately 10 V/cm through platinum electrodes placed 0.5 cm apart. Im-
age acquisition and extracellular stimulation were synchronized using
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a Master-8 stimulator (AMPI). Measurements of pr (100 stimuli at 0.2 Hz),
RRP (10 trains of 40 stimuli at 20 Hz) and tdT-Bsn fluorescence were in-
terleaved. After each stimulus train, we waited for 2 min before beginning
the next stimulation episode. During the analysis, we confirmed that the
stimulus trains did not alter responses to subsequent isolated stimuli.

Image Analysis. Image stacks were background-subtracted and aligned. Maps
of stimulus-induced changes in fluorescence intensity were then generated
by subtracting an average of three frames taken before stimulation from an
average of three frames following stimulation. These maps and tdT-Bsn
fluorescence frames were then used to place segments of identical size (36
pixels) on all active zones along an optically identified axon for measurement
of responses to train stimulation and isolated stimuli as well as tdT-Bsn
fluorescence. tdT-Bsn puncta with more than one discernible fluorescence
maximum, likely corresponding to boutons with multiple active zones, were
excluded from the analysis. Following fluorescence measurements, traces
were corrected for a small amount of photobleaching, amounting to 10–20%
for sypH2 throughout the whole experiment. For the direct calculation of pr,
the noise distribution of time averaged responses to isolated stimuli at all
synapses of an experiment was determined. Individual stimuli were consid-
ered to have resulted in release if the time-averaged sypH2 fluorescence
increase (difference of the averaged fluorescence 300 ms prior and sub-

sequent to the stimulus) exceeded a threshold of 1.65 SDs of this noise dis-
tribution. This threshold was chosen conservatively to ensure that maximally
5% of stimulation events not eliciting SV exocytosis were falsely counted as
release events; however, it may have lead to a slight underestimation of pr

by falsely excluding release events. Unless otherwise noted, error bars de-
pict the SE of responses to 10 stimulus trains (RRP size), 100 isolated low-
frequency stimuli (pr) or 10 measurements of tdT-Bsn fluorescence collected
throughout the course of experiments. To determine the significance of
changes in measures of RRP and pr at individual synapses, we performed
t tests assuming independent samples with unequal variances on time-
averaged sypH2 fluorescence increases in response to stimulus trains and
low-frequency stimuli.
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