
Cellular/Molecular

Use Dependence of Presynaptic Tenacity

Arava Fisher-Lavie,1 Adel Zeidan,1 Michal Stern,1 Craig C. Garner,2 and Noam E. Ziv1

1Department of Physiology and Biophysics and Rappaport Institute, Technion Faculty of Medicine, and Network Biology Research Laboratories, Lorry
Lokey Center for Life Sciences and Engineering, Haifa 32000, Israel, and 2Department of Psychiatry and Behavioral Science, Nancy Pritzker Laboratory,
Stanford University, Palo Alto, California, 94304-5485

Recent studies indicate that synaptic vesicles (SVs) are continuously interchanged among nearby synapses at very significant rates. These
dynamics and the lack of obvious barriers confining synaptic vesicles to specific synapses would seem to challenge the ability of synapses
to maintain a constant amount of synaptic vesicles over prolonged time scales. Moreover, the extensive mobilization of synaptic vesicles
associated with presynaptic activity might be expected to intensify this challenge. Here we examined the ability of individual presynaptic
boutons of rat hippocampal neurons to maintain their synaptic vesicle content, and the degree to which this ability is affected by
continuous activity. We found that the synaptic vesicle content of individual boutons belonging to the same axons gradually changed over
several hours, and that these changes occurred independently of activity. Intermittent stimulation for 1 h accelerated rates of vesicle pool
size change. Interestingly, however, following stimulation cessation, vesicle pool size change rates gradually converged with basal change
rates. Over similar time scales, active zones (AZs) exhibited substantial remodeling; yet, unlike synaptic vesicles, AZ remodeling was not
affected by the stimulation paradigms used here. These findings indicate that enhanced activity levels can increase synaptic vesicle
redistribution among nearby synapses, but also highlight the presence of forces that act to restore particular set points in terms of SV
contents, and support a role for active zones in preserving such set points. These findings also indicate, however, that neither AZ size nor
SV content set points are particularly stable, questioning the long-term tenacity of presynaptic specializations.

Introduction
Presynaptic sites in the mammalian CNS often appear as small
varicosities (presynaptic boutons) distributed along axons in an
irregular, near-random fashion (Hellwig et al., 1994; Shepherd et
al., 2002 and references within). Synaptic connections arranged
in this form (en passant synapses) allow a single axon to contact
multiple postsynaptic cells as it courses through the neuropil.
Ultrastructural analysis reveals that synaptic boutons of en pas-
sant synapses typically lack obvious physical barriers that would
act to separate presynaptic contents from the cytoplasm and
membrane of the axon proper (Shepherd and Harris, 1998). The
lack of such barriers would seem to challenge the ability of indi-
vidual synapses to preserve their complement of presynaptic
molecules and synaptic vesicles (SVs), in particular when consid-
ering the cellular and molecular dynamics associated with SV
recycling, such as the dispersal of presynaptic molecules into the
axoplasm and membrane of flanking axonal segments and their

subsequent redistribution among neighboring boutons (San-
karanarayanan and Ryan, 2000; Chi et al., 2001, 2003; Colicos et
al., 2001; Li and Murthy, 2001; Krueger et al., 2003; Star et al.,
2005; Tao-Cheng et al., 2006; Tsuriel et al., 2006).

In addition to presynaptic molecules, SVs seem to be con-
tinuously interchanged among presynaptic sites along the
same axons, where they become incorporated into local vesi-
cles pools and function as native vesicles (Krueger et al., 2003;
Darcy et al., 2006; Fernandez-Alfonso et al., 2008; Staras et al.,
2010) (see also Kraszewski et al., 1995; Dai and Peng, 1996;
Ahmari et al., 2000; Hopf et al., 2002; De Paola et al., 2003;
Westphal et al., 2008) (for reviews, see Staras, 2007; Staras and
Branco, 2010). This interchange, in which individual vesicles or
small packets of SVs migrate from one bouton to another, effectively
forms a “superpool” of vesicles shared by neighboring boutons
(Westphal et al., 2008; Staras et al., 2010). Importantly, exchange
rates can be surprisingly high (estimated to be �4% per minute),
and thus migrating vesicles can constitute a substantial fraction (es-
timated at ��40%) (Staras et al., 2010; Westphal et al., 2008) of the
SV pool available for secretion.

The significant rates at which SVs and vesicle packets migrate
between synapses raise questions concerning the ability of indi-
vidual presynaptic boutons to preserve their respective SV con-
tents over long durations. How tenacious are individual boutons
in this respect? Moreover, the extensive mobilization of SVs as-
sociated with activity-evoked exocytosis would seem to further
challenge this ability. If so, to what degree does intense synaptic
activity affect this ability?

Here we describe experiments aimed at examining the stabil-
ity of total SV pool sizes at individual synapses and at determining
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how total SV pool size stability is affected by prolonged periods of
synaptic activity.

Materials and Methods
Cell culture. Hippocampal cell cultures were prepared from 1- to 2-d-old
Sprague Dawley rats (of either sex) and grown in 8 mm glass cloning cylin-
ders as described previously (Tsuriel et al., 2006). Neurons were used for
experiments 16–24 d after plating. Mice cortical neuron cultures were pre-
pared from 1-d-old Munc13-1:enhanced yellow fluorescent protein (EYFP)
knock-in mutant mice (Kalla et al., 2006). Reagents were procured from the
following sources: CNQX (6-cyano-7-nitroquinoxaline-2,3-dione) from
Tocris Bioscience; AP-5 (2-amino-5-phosphonopentanoic acid) from Sig-
ma; and FM4-64 (N-(3-triethylammoniumpropyl)-4-(p-dibutylaminos-
tyryl)pyridinium, dibromide) from Invitrogen.

DNA construct, virus production, and transduction. EGFP:SV2A, a fu-
sion protein of EGFP and rat SV2A (GenBank no. L01788.1) was intro-
duced into neurons by means of a third-generation lentiviral expression
system based on an FUGW backbone (Lois et al., 2002). HEK293T cells
were cotransfected with a mixture of FU-GFP:SV2A (Lucido et al., 2009)
and three packaging plasmids: pLP1, pLP2, and pLP\VSVG (Invitrogen).
Transfection was performed when the cells had reached 80% confluence,
and supernatant was collected after 48 h, filtered through 0.45 �m filters,
aliquoted, and stored at �70°C. Transduction of hippocampal cultures
was performed on day 2 in vitro by adding 1–2 �l of the filtered super-
natant to each cloning cylinder. The expression of GFP:Bsn95-3938 (a
fusion protein of GFP and a slightly truncated variant of Bassoon)
(Dresbach et al., 2003; Bresler et al., 2004; Tsuriel et al., 2009) was per-
formed by calcium phosphate transfection on days 7– 8 in vitro, as de-
scribed previously (Bresler et al., 2004).

Long-term imaging. Neuronal cultures were mounted on a custom-
built confocal laser scanning microscope that was controlled by software
written by one of us (N.E.Z.) and includes provisions for automated,
multisite time-lapse microscopy (Tsuriel et al., 2006). Fluorescence and
differential interference contrast images were acquired using a 40�, 1.3
numerical aperture Fluar objective. EGFP, and FM4-64 were excited by
using the 488 nm line of an argon laser (JDS Uniphase), whereas EYFP
was excited using the 514 nm line of the same laser. Fluorescence emis-
sions were read using 500 –545 nm bandpass, �630 nm long-pass, and
520 –570 bandpass filters, respectively (Chroma). Long-term experi-
ments not requiring stimulation were performed without perfusion,
within the intact cloning cylinder. In the experiments involving stimu-
lation protocols (including nonstimulated controls), the cells were
mounted in a custom-built chamber and continuously perfused using an
ultraslow peristaltic pump (�5 ml/d) with feeding medium: Minimal Essen-
tial Medium (Sigma), 25 mg/L insulin (Sigma), 20 mM glucose (Sigma), 1
mM L-glutamine (Sigma), 5 �g/ml gentamycin sulfate (Sigma), and 2% B-27
supplement (Invitrogen). Unless otherwise specified, the medium also in-
cluded CNQX (10 �M) and AP-5 (50 �M). A mixture of 95% air with 5%
CO2 was continuously streamed into a custom-built enclosure placed over
the cells. The chamber base and objective were heated to 36 and 35°C, re-
spectively, using resistive elements, separate temperature sensors, and con-
trollers, resulting in temperatures of �35°C in the culture medium.

Time-lapse recordings were performed by averaging five frames at
three to four focal planes spaced 0.8 �m apart. All data were collected at
a resolution of 640 � 480 pixels, at 12 bits/pixel. Data were collected
sequentially from up to seven predefined sites (fields of view), using a
robotic XYZ stage to cycle automatically through these sites. Focal drift
was corrected before collecting each image stack using the “autofocus”
feature of the microscope system. Stimulation was performed by passing
1 ms, 18 mA current pulses from an isolated stimulator (World Precision
Instruments) through platinum electrodes placed on both sides of the
chamber. Intermittent stimulation for 1 h periods was timed using a
stimulus generator (World Precision Instruments) slaved to the confocal
microscope. FM4-64 labeling was performed as follows: the perfusion
chamber was flooded with Tyrodes solution (119 mM NaCl, 2.5 mM KCl,
2 mM CaCl2, 2 mM MgCl2, 25 mM HEPES, 30 mM glucose, buffered to pH
7.4) containing 15 �M FM 4 – 64, stimulated for 60 s at 10 Hz, left in the
dye for an additional 30 s, washed for 1 min with 1 mM ADVASEP 7
(�-cyclodextrin sulfbutyl ether, cydex) in Tyrodes solution, and then

washed rapidly with Tyrodes solution for an additional 60 s. Dye unload-
ing was performed by stimulating the neurons for 120 s at 10 Hz.

Image analysis. All data analysis was performed using software (Open-
View) specially written for this purpose by one of us (N.E.Z.) on maximal
intensity projections of Z-section stacks. Intensities of fluorescent puncta
were measured as mean pixel values in 7 � 7 pixel (�1 � 1 �m) rectan-
gular regions centered on individual puncta. These were recentered on
the same puncta in the entire time series using automatic tracking algo-
rithms implemented in OpenView. All tracking was verified and, if nec-
essary, manually corrected. In a typical experiment, �3–5% of the
puncta initially selected for analysis disappeared over a 3 h time course,
and another 10 –20% were rejected due to tracking uncertainties (puncta
splitting or merging with neighboring puncta). Only data from puncta
tracked successfully for the entire duration of experiment were included
here. A shuffled data similarity index (SI) calculation was performed by
cyclically permutating the last time point measurement vector of puncta
fluorescence values and calculating the SI of the shuffled data against the
unshuffled t � 0 fluorescence value vector. This was repeated 10 times for
each site, and the average shuffled data SI was calculated. For kymograph
analysis, dedicated software was developed by one of us (A.Z.). Lines
were drawn manually along axonal segments, and the fluorescence pro-
file along the line was obtained (each point along the line representing the
average fluorescence of a perpendicular line with a width of 0.75 �m).
The line was updated for each consecutive image in the time series, and
the profile for each image was collected. Data analysis was performed
using Matlab (Mathworks) and Microsoft Excel. Final images were pre-
pared using Adobe Photoshop and Microsoft PowerPoint.

Results
Following long-term changes in the SV content of individual
synapses
The ability of a presynaptic bouton to support sustained neu-
rotransmitter release depends to a large degree on the size of its
vesicle pool (Murthy et al., 1997; Waters and Smith, 2002). How-
ever, recent studies, such as those described above, indicate that
the ability of any particular presynaptic site to maintain its pool of
vesicles is constantly challenged by activity-dependent and
-independent processes. To assess the ability of individual pre-
synaptic boutons to preserve the total size of their vesicle pools
over long durations, we tagged SVs with a fluorescent marker,
recorded long-term changes in the sizes of vesicle pools at indi-
vidual boutons formed along axons of hippocampus neurons in
primary culture, and followed the redistribution of SVs among
such boutons.

To obtain measures of total SV pool sizes at individual syn-
apses, we expressed an EGFP-tagged variant of the synaptic ves-
icle protein SV2A (EGFP:SV2A) and measured changes in EGFP:
SV2A fluorescence. SV2A (Bajjalieh et al., 1992; Feany et al.,
1992) is a conserved, highly glycosylated integral membrane pro-
tein whose function is not well understood but has been linked to
the regulation of neurotransmitter release (Nowack et al., 2010
and references therein). Importantly, SV2A is specifically local-
ized to SVs and is therefore a useful tag for following the dynam-
ics of these organelles.

EGFP:SV2A was expressed in a small number of neurons by
means of a third-generation lentiviral expression system (Lois et
al., 2002; Lucido et al., 2009) (see also Nowack et al., 2010) as we
previously found that this method leads to very modest overex-
pression levels (Minerbi et al., 2009). When expressed in cultured
neurons, EGFP:SV2A exhibits a punctate distribution pattern
(Fig. 1A). Due to the very sparse infection, most EGFP:SV2A
puncta within a field of view belonged to a very small number of
presynaptic neurons, only one in most cases. EGFP:SV2A puncta
localized nearly perfectly with functional presynaptic sites as
measured by stimulation-evoked uptake of the styryl dye FM4-64
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(Fig. 1B–E). Quantitative analysis revealed a good correspon-
dence between EGFP:SV2A puncta fluorescence and FM4-64 up-
take (Fig. 1F) (4 experiments, 135 boutons, R � 0.87, 0.92, 0.64,
and 0.82). Interestingly, FM4-64 uptake was no larger in EGFP:
SV2A-positive puncta compared with presynaptic boutons of
neighboring uninfected axons (EGFP:SV2A-positive/all bou-
tons � 1.03 � 0.14; n � 135 and n � 819, respectively). These
observations suggest that EGFP:SV2A fluorescence can be used as
an estimate of total SV pool size at individual boutons and, more
importantly, to measure how sizes of such pools change over
time.

To examine how stable total SV pool sizes remain over long du-
rations, neurons expressing EGFP:SV2A were placed on a custom-
built confocal laser scanning microscope, and maintained in a sterile
atmospheric environment of 5% CO2, 95% air at 35°C. The hip-
pocampal cultures were kept in growth medium that was slowly
circulated by an ultraslow perfusion system to improve the long-
term preparation vitality (Minerbi et al., 2009). Images were col-
lected at a rate of one image every 5 min for durations of �3 h. To
minimize the effects of spontaneous activity, the glutamate receptor
blockers AP-5 (50 �M) and CNQX (10 �M) were added to the exter-
nal solution (Wagenaar et al., 2006; Gal et al., 2010).

To quantify the stability of SV cluster sizes at individual pre-
synaptic sites, we tracked individual EGFP:SV2A puncta in the
image time series (see Materials and Methods for details) and
quantified the fluorescence of individual EGFP:SV2A puncta over
time (Fig. 2A–C). As previously described (De Paola et al., 2003;
Krueger et al., 2003; Darcy et al., 2006; Staras et al., 2010), SV clusters
often exhibited significant dynamics over time scales of several min-
utes (merging, splitting, and lateral movements). All subsequent
analysis was therefore limited to EGFP:SV2A puncta that could be
tracked reliably throughout the experiments.

Plotting the fluorescence profiles for individual puncta over pe-
riods of several hours (Fig. 2A,B, three marked puncta) indicates
that the SV cluster size of individual boutons can exhibit significant
changes over time, presumably reflecting SV redistribution among
neighboring synapses (Darcy et al., 2006; Staras et al., 2010). To
quantify the extent of such changes, we measured, for each bouton,
the normalized range of EGFP:SV2A fluorescence change, allowing
us to compare changes in boutons with widely different absolute
fluorescence values. This measure was calculated, as illustrated in
Figure 2D, according to the following equation:

Range

mean
� 100 � (Fmax � Fmin)�F

-
,

where Fmax is the maximal fluorescence measured for a given bouton
during the experiment, Fmin is the minimal fluorescence, and F� is the
mean fluorescence value for the same period. To minimize the ef-
fects of measurement noise, the values were calculated after
“smoothing” the data with a 5-point low-pass filter (Fig. 2C,D).

The distribution of normalized ranges for all cells followed in
the experiment of Figure 2 (5 cells, 79 boutons) is shown in Fig.
2E. The average normalized range of fluorescence change in this
experiment (�8 h) was 46%, with many boutons exhibiting sig-
nificantly greater changes (�80% in extreme cases). These obser-
vations indicate that the SV contents of individual boutons can
change substantially over relatively short periods.

To quantify the degree to which neighboring EGFP:SV2A
puncta changed their sizes relative to each other, we applied two
measures. The first—relative remodeling (Minerbi et al., 2009)—
quantifies changes in the rank order of puncta over time. The
basic idea was to sort synapses according to their sizes or, more
specifically, sort puncta according to their fluorescence. Then, at
each subsequent time point, sort the puncta again according to
their new fluorescence values. The degree to which each synapse
changed its rank relative its original rank was then determined,
and finally, all rank changes for all synapses were summed and
normalized to give a value between 0 and 1. This measure, Mt, is
given as follows:

Mt �
2

n2 �
i�1

n

�rit � ri0�

Figure 1. Expression of EGFP:SV2A in cultured hippocampal neurons. A, A fluorescence im-
age of an axon belonging to a neuron expressing EGFP:SV2A. B, A higher magnification of the
same region shown in A at the end of a �20 h time-lapse session. C, Same region as in B after
labeling with FM4-64 by field stimulation for 1 min at 10 Hz. Note the good spatial correspon-
dence between EGFP:SV2A and FM4-64-labeled puncta (yellow arrows). D, Same region as in B
after unloading the FM4-64 (2 min at 10 Hz). E, Correlation between EGFP:SV2A fluorescence
and FM4-64 fluorescence for the same region. Scale bars, 10 �m.
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where n is the population of tracked EGFP:SV2A puncta, rit is the
rank of bouton i at time t, and ri0 its rank at time t � 0. Mt will
approach 1 if the rank of each synapse at time t is furthest away
from its rank at time t � 0, and will approach 0.67 if the ranks at
time t bear no relationships beyond chance. As shown in Figure 2F,

the value of Mt increases significantly over
time even under baseline conditions in
which spontaneous activity was suppressed.

Mt is based on ranking and is there-
fore does not ideally capture quantitative
changes. We therefore also quantified SV re-
distribution using a second measure, the SI
(Sasaki et al., 2007), as follows:

SIt �
g0� · gt�

�g0�� · �gt��

where g�0 is a vector of fluorescence inten-
sities at time t � 0, and g�t describes the
fluorescence of the same puncta at time
t. As SIt is essentially the cosine of the
angle between the two vectors, a value of
1 means no change in size distribution
(an angle of 0); increasingly smaller val-
ues indicate increasingly reduced simi-
larity between the two vectors, in practice
meaning a greater degree of fluorescence
redistribution. To minimize the effects of
measurement noise on the reference vec-
tor g0, its values were set to be the average
fluorescence intensities of each bouton in
the first three time points (hence, SI is not
exactly 1 at t � 0). Note that SI is not
affected by multiplication of gt with a sca-
lar (which only affects the vectors length,
not its angle) and thus should not be af-
fected by photobleaching (which can be
approximated by multiplication of all flu-
orescence values by a constant �1.0). As
shown in Figure 2F, SIt decays gradually
over time, in a manner that is qualitatively
similar and symmetrical to the gradual
change in Mt. Although both Mt and SIt

show symmetrical, qualitatively similar
trends (Fig. 2 F), only SI will be used
hereafter as it better captures quantita-
tive changes.

The SI decay rate for all five cells fol-
lowed in this experiment is shown in Fig-
ure 2G. Note that the SI decayed, on
average, by only 4% over this duration.
Compared with the large fluctuations re-
vealed by the normalized range analysis
described above (Fig. 2E), this value ap-
pears at first sight to be surprisingly small.
This apparently small value, however, is
actually very substantial: the average SI
calculated for shuffled data (see Materials
and Methods for details) resulted in an SI
value of �0.89 at the end of the experi-
ment. This implies that the full dynamic
range of this measure in these experi-
ments is from 1.0 (no change) to �0.89
(random fluorescence values). It follows

that an SI decay of 4% of 11% is indicative of extensive SV redis-
tribution. It should be noted that the shuffled SI value depends
solely on the range and distribution of fluorescence values mea-
sured during an experiment, not on the dynamics or stability of

Figure 2. Long-term changes in EGFP:SV2A fluorescence. A, An axon belonging to a neuron expressing EGFP:SV2A. Fluores-
cence levels are encoded in false color according to color scale at bottom of the panel. Scale bar, 10 �m. B, Time-lapse image of
region enclosed in rectangle in A. Images were collected at 5 min intervals (only a subset of these shown here) for �500 min. Scale
bar, 5 �m. C, Changes in fluorescence over time for three boutons pointed to by arrows in B, stars in A. Raw measurements
depicted by thin lines; smoothed (7-point low-pass filter) depicted as thick lines. D, Illustration of the range/mean (normalized
range) measure calculated here for bouton 1 in A–C. E, Distribution of normalized range values for all boutons in this experiment
(5 fields of view, 89 boutons). F, Measures of changes in relative sizes of SV pools. Two measures were calculated for all boutons
enclosed in rectangles/stars in A: relative remodeling (Minerbi et al., 2009; blue) and SI (Sasaki et al., 2007; red). Note the gradual
and symmetrical decay of both measures. G, SI decay rates for all five cells followed in this experiment. The thick black line is the
average SI decay rate. The line pointed to by arrows is the same data shown in F.
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EGFP:SV2A puncta fluorescence values. Thus, the shuffled SI
value represents the minimum attainable SI value in an imagi-
nary situation in which the fluorescence of each particular syn-
apse changes to that of some other synapse selected randomly
from the EGFP:SV2A puncta population. Interestingly, despite
large fluctuations of EGFP:SV2A fluorescence at individual bou-
tons (Fig. 2E) SI values tended to plateau above the value of 0.89,
which indicates that SVs do not redistribute in a completely ran-
dom fashion among neighboring boutons. This may be taken to
suggest that individual boutons are capable of maintaining their
SV pool sizes within some range, at least over time scales of sev-
eral hours.

As mentioned above, only EGFP:SV2A puncta that could be
identified and tracked reliably were included in this type of anal-
ysis. To maximize the information and include the dynamics of
mobile SV packets that travel along axons between more stable
puncta, and to reduce the bias toward stable objects, we devel-
oped software for kymograph analysis of entire axonal segments
(Fig. 3A). This analysis is based on profiling the fluorescence
intensity along axonal segments, and quantifying changes in such
profiles over time by correlating (Pearson’s correlation function)
the profiles at time t and the profile at t � 0 (Fig. 3B) (see Mate-
rials and Methods for further details). As shown in Figure 3C, the
outcome of this analysis is rather noisy, but the trend of reduced
correlation with time is clearly observable, in particular when
averaging correlation values over half-hour (six-time point) bins.

Stimulation leads to the partial dispersion of EGFP:SV2A
puncta
Previous studies have shown that synaptic activation is associated
with the dispersal of presynaptic molecules into the axoplasm and
membrane of flanking axonal segments and their subsequent re-
distribution among neighboring boutons (Chi et al., 2001, 2003;
Li and Murthy, 2001; Star et al., 2005; Fernandez-Alfonso et al.,
2006; Tsuriel et al., 2006; Wienisch and Klingauf, 2006). To ex-
amine whether EGFP:SV2A exhibits a similar response to stimu-
lation, we followed changes in EGFP:SV2A distribution following
electrical stimulation. To that end, we stimulated neurons ex-
pressing EGFP:SV2A at 20 Hz for 30 s, and collected images be-
fore, during, and after the stimulation period at 30 s intervals. As
mentioned above, stimuli were performed in AP-5 and CNQX to
minimize spontaneous activity and stimuli-induced reverber-
ations. As shown in Figure 4 A, stimulation led to significant
dispersion of EGFP:SV2A puncta, which was, in some cases,
associated with observable changes in bouton morphology
(Fig. 4 B). Following stimulation cessation, EGFP:SV2A fluo-
rescence recovered gradually over a time course of a few min-
utes. The fluorescence recovery phase could be fit to a weighted
(�1:2) sum of two exponentials with time constants of �0.6
and 8.6 min, respectively (Fig. 4C) (5 separate experiments,
318 boutons).

On average, stimulation led to reduction of �12% of puncta
fluorescence. This value, however, was quite variable and differed
over a wide range from one synapse to another (Fig. 4D), ranging
from a loss of �50% in some synapses to a gain of �20% at others
(apparently reflecting the temporary mobilization of EGFP:SV2A
from neighboring synapses). No consistent relationship between
puncta size and the degree of dispersion was found (data not
shown).

We do not know whether activity-induced dispersion of
EGFP:SV2A reflects the insertion of SV2A into the axonal mem-
brane followed by lateral diffusion (Li and Murthy, 2001;
Fernández-Alfonso et al., 2006; Wienisch and Klingauf, 2006) or

the dispersal of intact SVs. However, these findings show that in
common with other integral (VAMP2; Li and Murthy, 2001) and
SV-associated proteins (rab3, Synapsin) (Chi et al., 2001, 2003;
Star et al., 2005), evoked presynaptic activation leads to robust
EGFP:SV2A mobilization.

Relationships between synaptic activity and changes in total
SV pool sizes of individual synapses
As described above, SVs are continuously exchanged among
neighboring synapses, forming what has been referred to as a SV
superpool. Given that evoked activity causes extensive SV mobi-
lization, we wondered whether increased SV mobilization would
accelerate changes in the relative sizes of SV pools within popu-

Figure 3. A, Kymograph analysis of the same axonal segment as in Figure 2 A. Lines depict
the region used to obtain the fluorescence profile along this axon. Arrow shows direction of
profile vector. t � 180 min. B, Changes in fluorescence profiles over time. Fluorescence is
encoded in color according to scale bar above graph. Profile vector direction and distance along
vector are shown on the left-hand side. Arrowheads point to the profile of the time point shown
in A. Note the jagged appearance of the color stripes indicating changes in the longitudinal
position of fluorescent puncta. C, Correlation (Pearson) of profile vectors shown in B with vector
at time t � 0 for all consecutive time points (blue circles). Red horizontal lines are averages of
correlation values over 30 min intervals.
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lations of synapses belonging to the same neurons. We thus per-
formed the following experiments: Neurons expressing EGFP:
SV2A were mounted as described above, and baseline images
were collected at 5 min intervals for 40 min at four to seven
predefined sites (fields of view), using a robotic XYZ stage to cycle
automatically through these sites. Following this period, the neu-
rons were stimulated repeatedly at 5 min intervals for 60 min,
each episode consisting of a 20 Hz train of 1 ms stimuli for 30 s.
The experiment ended with another hour of imaging with no
further stimulation. Paired controls were performed, in which
no stimulation was delivered. To minimize potential activity-
induced changes in synaptic properties, the experiments were
performed in the presence of AP-5 and CNQX.

Individual presynaptic puncta were tracked as described
above, and the fluorescence of these puncta was measured at all
time points. As shown in Figure 5A, the stimulation period was
associated with a reduction in puncta fluorescence, due to
activity-evoked dispersion of EGFP:SV2A. Importantly, how-
ever, EGFP:SV2A fluorescence recovered to control levels within
�10 min once the stimulation was stopped.

Changes in the relative sizes of SV pools were calculated using the
SI measure described above. As shown in Figure 5B, stimulation
increased the rate of SI decay, indicating that activity-induced SV
mobilization accelerated the rate at which SV pool sizes of individual
synapses changed in relation to each other. Interestingly, unlike the
rapid rebound of fluorescence intensities following stimulation ces-
sation, the SI did not exhibit an immediate rebound. Instead, it re-
mained rather constant, gradually converging with the SI values
recorded in nonstimulated preparations, and completely converging
with these after �1 h from stimulation cessation. It is important to
note that the SI in the paired controls did not remain constant either.
In fact, SI in these preparations decayed monotonically over the
entire experiment, pointing to the presence of activity-independent
processes that lead to changes in the relative sizes of SV pools in
neighboring presynaptic boutons (Fig. 2G).

The effects of stimulation on SV redistribution were also an-
alyzed by kymograph analysis of entire axonal segments as de-
scribed above and in Figure 3. Here, however, we did not observe
a major effect of the 1 h stimulation period on the distribution
rate (data not shown). Our inability to detect an effect could
result from the rather noisy nature of this measure. Alternatively,
however, it might suggest that the major features quantified by
this measure, namely, small longitudinal shifts in synaptic posi-
tion and mobility of vesicle packets are not significantly affected
by increased activity levels, at least not at the time scales examined
here.

We also performed similar experiments in which AP-5 and
CNQX were omitted (Fig. 5A,B). Somewhat surprisingly, this
omission did not have major effects on fluorescence intensity
changes or SI decay rates compared with preparations stimulated
in their presence.

Examining the normalized ranges of GFP:SV2A fluorescence
changes (as in Fig. 2D,E) shows that GFP:SV2A fluorescence
changed considerably in most synapses over this �3 h period
(although to a lesser extent, which might be expected given the
shorter duration of these experiments) (see also Fig. 7C), with
�59 and �13% of boutons exhibiting changes of �20 and 40%,
respectively (Fig. 5C). This analysis indicates that SI decay rates
represent the synaptic population, rather than a small number of
highly variable boutons (outliers). Furthermore, they indicate, as
mentioned above, that the apparently modest drop in the SI
(�1.5% in these experiments) is actually indicative of a signifi-
cant redistribution of SVs among nearby boutons. Note that as
stimulation-driven dispersion would affect normalized range
values, this analysis was performed only for the nonstimulated
dataset.

These findings suggest that increased activity levels and the SV
mobilization they entail, somewhat accelerate changes in the rel-
ative sizes of SV pools within the populations of synapses belong-
ing to the same axons. They also point, however, to the presence

Figure 4. Stimulation leads to a temporary dispersion of EGFP:SV2A fluorescence. A, An axon belonging to a neuron expressing EGFP:SV2A. Fluorescence levels are encoded in false color according
to color scale in Figure 2 A. A 30 s stimulation at 20 Hz is followed by the dispersion of EGFP:SV2A fluorescence that recovers gradually over the next few minutes. The panels annotated with asterisks
were collected �15 s after the beginning of the stimulation train. B, In some cases, morphological changes in synaptic boutons were observable in differential interference contrast images of the
same region (arrowheads). In very rare cases, EGFP:SV2A fluorescence failed to recover (red arrowhead). Scale bar, 5 �m. C, Average dispersion and recovery kinetics (5 experiments, 318 boutons;
average � SEM). Red lines are fits to a sum of two exponentials with time constants of 0.6 and 8.6 min. D, Distribution of peak dispersion values (expressed as percentage of original bouton
fluorescence). Negative values indicate fluorescence losses, while positive values indicate fluorescence gains. Note the large variability of these values. Same dataset as C.

Fisher-Lavie et al. • Use Dependence of Presynaptic Tenacity J. Neurosci., November 16, 2011 • 31(46):16770 –16780 • 16775



of powerful forces that act to restore SV pool sizes to particular
“set points.” Finally, they also indicate that such set points are not
entirely constant and exhibit activity-independent changes over
longer time scales.

Relationships between synaptic activity and active zone
remodeling
What determines the SV pool size set point at a particular syn-
apse? One possibility is that such set points are determined by
relatively stable molecular complexes found at active zones
(AZs), namely, the cytoskeleton of the active zone (CAZ) (Schoch
and Gundelfinger, 2006; Sigrist and Schmitz, 2011). Indeed, there
seems to be an excellent correlation between AZ size and total
(Yeow and Peterson, 1991; Pierce and Mendell, 1993), docked
(Schikorski and Stevens, 1997, 1999; Murthy et al., 2001), and
readily releasable (Matz et al., 2010) SV pool sizes. Following this
line of reasoning, the gradual convergence of SI decay rates in
stimulated preparations to those measured in nonstimulated
preparations might indicate that CAZ remodeling is not strongly
affected by the activity regimes tested here, and consequently,
following the cessation of stimulation, SVs gradually redistribute
among synapses until SV pool sizes once again match the sizes of
their respective CAZ.

To examine the degree to which CAZ remodeling is affected
by the stimulation paradigms used here, we repeated the same
experiments described above using GFP:Bsn95-3938, a fusion
protein of GFP and a slightly truncated variant of the CAZ mol-
ecule Bassoon. GFP:Bsn95-3938 was previously shown to be tar-
geted correctly to presynaptic sites (Dresbach et al., 2003, 2006)
and was used to study Bassoon recruitment (Bresler et al., 2004;
Bury and Sabo, 2011), Bassoon exchange rates (Tsuriel et al.,
2009), and AZ remodeling (Matz et al., 2010). As previously re-
ported in the aforementioned studies, GFP:Bsn95-3938 exhibits a
punctate distribution pattern when expressed in cultured hip-
pocampal neurons (Fig. 6A). In relatively mature preparations
such as those used here, most puncta correspond to functional
presynaptic sites.

Time-lapse recordings, performed at 5 min intervals as de-
scribed above, revealed that the fluorescence intensity of individ-
ual GFP:Bsn95-3938 puncta changed gradually over time (Fig.
6B,C) (see also Matz et al., 2010). Examining the normalized
ranges of GFP:Bsn95-3938 fluorescence changes revealed that
GFP:Bsn95-3938 fluorescence changed considerably in most syn-
apses over this �3 h period, with �59 and �20% of boutons
exhibiting changes �30 and 50%, respectively (Fig. 6D).

Stimulating neurons expressing GFP:Bsn95-3938 for 1 h using
the same stimulation paradigm described above (30 s at 20 Hz,
every 5 min) did not lead to detectable changes in GFP:Bsn95-
3938 fluorescence (Fig. 6E). Furthermore, this stimulation para-
digm did not accelerate the rate of SI decay compared with that
measured in nonstimulated preparations (Fig. 6F). These find-
ings indicate that CAZ remodeling is not significantly affected by
the stimulation paradigms tested here.

GFP:Bsn95-3938 puncta, in common with GFP:SV2A puncta
(Figs. 2, 5), exhibited significant activity-independent changes in
their fluorescence over time. If SV pool size set points are gov-
erned by AZ sizes, spontaneous AZ remodeling might underlie
some of the spontaneous changes recorded in total SV pool sizes.
We could not rule out the possibility, however, that the extensive
GFP:Bsn95-3938 dynamics we observed were, at least partially
attributable to GFP:Bsn95-3938 overexpression (Bresler et al.,
2004) or the lack of the first 94 aa of native bassoon. To obtain an
estimate of inherent CAZ dynamics in a minimally perturbed

Figure 5. Use dependence of synaptic vesicle pool size tenacity. A, Changes in EGFP:
SV2A fluorescence over time before, during, and after a stimulation period (30 s at 20 Hz
repeated every 5 min for 1 h). Data are shown for three conditions (average � SEM): no
stimulation, in the presence of CNQX and AP5 (6 separate experiments, 25 sites, 1380
boutons); stimulation in CNQX and AP5 (6 separate experiments, 25 sites, 1308 boutons);
and stimulation without CNQX and AP5 (4 separate experiments, 20 sites, 1132 boutons).
In all conditions, stimulation led to a reduction of EGFP:SV2A fluorescence that recovered
within �10 min of stimulation cessation. The gradual reduction in baseline fluorescence
(�10% over 3 h) is due to photobleaching. Note that due to the sequential multisite
imaging procedure, the temporal relationships between stimulus initialization/termina-
tion and imaging timing differed slightly between sites. As a result, the average
dispersion-related fluorescence loss appears to be reduced compared with the time-
locked, high temporal resolution experiments of Figure 4. B, SI decay rates for the same
data and conditions as in A (average � SEM). Under baseline conditions, the SI decays
gradually (this, however, is not due to photobleaching as in A; see main text). Upon
stimulation initiation, the SI decay rate increases. Note that upon stimulation cessation,
the SI does not recover to baseline levels (as EGFP:SV2A fluorescence does). Rather, it
gradually converges to baseline rates of SI decay. C, Distribution of normalized ranges
(range/mean) for the nonstimulated dataset, calculated for each bouton as illustrated in
Figure 2 D.
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system, we turned to a mutant knock-in mouse line in which the
CAZ molecule Munc13-1, fused to EYFP, is expressed from the
Munc13-1 genomic locus (Kalla et al., 2006). Munc13-1:EYFP-
containing neurons and synapses are functionally identical to
those of wild-type (WT) mice. Furthermore, in mice homozy-
gous for this mutation, Munc13-1:EYFP is the only species of
Munc13-1 these mice express. Finally and most importantly,
Munc13-1:EYFP expression is controlled by endogenous regulatory
systems, and, indeed, its expression levels are no different from those
of Munc13-1 in WT mice (Kalla et al., 2006). We thus prepared
cortical neuronal cultures from homozygous Munc13-1:EYFP
mice and followed Munc13-1:EYFP dynamics in such cultures

(Fig. 7A). Unfortunately, as Munc13-1:
EYFP is relatively sensitive to photobleach-
ing (Kalla et al., 2006) collecting images at 5
min intervals (as performed here for SV2:
GFP and GFP:Bsn95-3938) resulted in prac-
tically useless data due to extensive
photobleaching (data not shown). How-
ever, judicious sampling at longer intervals
matched to fluorescence recovery rates al-
lowed us to follow CAZ dynamics over long
time scales in this minimally perturbed sys-
tem. We thus performed time-lapse imag-
ing of cortical neurons from Munc13-1:
EYFP mice (days 20–25 in vitro) at 1 h
intervals for 17–25 h (Fig. 7B). Under such
conditions, photobleaching levels were
quite acceptable (�20% after 17 h) (Fig.
7E). As practically all presynaptic boutons
are fluorescent in these preparations (unlike
the situation in sparsely infected/transfected
preparations), we had to limit our analysis
to Munc13-1:EYFP puncta that were well
separated from their neighbors.

As shown in Figure 7B–D, Munc13-1:
EYFP puncta exhibited significant changes
in their fluorescence, which progressively
became more pronounced, with �70 and
�23% of boutons exhibiting changes of
�40 and 60%, respectively, after periods of
17 h. Moreover, and in common with SV2:
GFP and GFP:Bsn95-3938, the similarity in-
dex decayed significantly over this time
period. Specifically, the average SI at the end
of 17 h (�0.975) was half way between 1.0
and the average SI calculated for shuffled
data (�0.94); that is, nearly halfway be-
tween the situation in which each bouton
perfectly maintained its original Munc13-1:
EYFP fluorescence and a situation in which
each bouton ended up with a random fluo-
rescence value.

These experiments therefore demon-
strate that AZs can undergo significant
spontaneous remodeling, which does not
seem to be affected by the stimulation par-
adigms tested here. These findings are
therefore congruent with the possibility
that the CAZ dictates, to some degree, the
SV pool size set point of individual pre-
synaptic boutons (see also Matz et al.,
2010).

Discussion
Here we examined the ability of individual boutons to maintain
their SV content, and the degree to which this ability is affected by
intense activity. We found that the sizes of total SV pools of
individual boutons, belonging to the same axons, gradually
change over time scales of several hours, and that these basal
changes occur independently of activity. Intermittent stimula-
tion for 1 h accelerated the rate at which SV pool sizes of nearby
boutons changed relative to each other. Following stimulation
cessation, vesicle pool size change rates gradually converged to
basal change rates. Identical stimulation paradigms did not affect

Figure 6. Use dependence of active zone size tenacity. A, An axon belonging to a neuron expressing GFP:Bsn95-3938. Fluores-
cence levels are encoded in false color according to color scale in Figure 2 A. Scale bar, 10 �m. B, Time-lapse image of region
enclosed in rectangle in A. Images were collected at 5 min intervals (only a subset of these are shown here). Scale bar, 5 �m. C,
Changes in fluorescence over time for three boutons pointed to by arrows in B. Raw measurements depicted by thin lines;
smoothed (5-point low-pass filter) depicted as thick lines. D, Distribution of normalized range values for all boutons in these
experiments (nonstimulated dataset only; see below). E, Changes in GFP:Bsn95-3938 fluorescence over time before, during, and
after a stimulation period as in Figure 5. Data are shown for two conditions (average � SEM): no stimulation (5 experiments, 26
sites, 639 boutons); and stimulation (5 experiments, 32 sites, 866 boutons). Both sets of experiments were performed in the
presence of CNQX and AP5. The gradual reduction in baseline fluorescence (�10%) is due to photobleaching. F, SI decay rates for
the same data and conditions as in E (average � SEM). Note that stimulation did not affect the SI decay rate. The apparent
separation of the curves on the right-hand side is entirely attributable to 2 (of 32) atypical outliers in the stimulated cell dataset and
is therefore not significant.
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the Bassoon content of individual synap-
tic boutons, yet the synaptic contents of
Bassoon, as well as those of Munc-13-1,
exhibited significant spontaneous changes
over time scales of hours. These findings
indicate that enhanced levels of synaptic
activity can accelerate the redistribution
of SVs among nearby synapses. They also
reveal, however, the presence of potent
forces that act to restore particular set
points in terms of total SV pool sizes. Fi-
nally, while these findings are in line with
the notion that SV pool size set points are
defined by AZ size, they also indicate that
neither AZ sizes nor SV pool size set
points are particularly stable, questioning
the long-term tenacity of individual pre-
synaptic specializations.

Measuring changes in SV pools sizes
Presynaptic boutons contain large number
of SVs, which are traditionally divided into
various pools (docked, readily releasable, re-
serve, functional, and resting) based on their
release kinetics and physical location. Our
means of measuring SV pool size—EGFP:
SV2A fluorescence—does not distinguish
between these pools and therefore can only
be viewed as a measure of the total SV pool
size. It should be noted, however, that this
measure is somewhat indirect and might
have suffered from some inaccuracies. For
example, if EGFP:SV2A copy number dif-
fered greatly among individual SVs, changes
in total fluorescence could conceivably re-
flect the reshuffling of SVs with different
EGFP:SV2A content among neighboring
boutons. Nevertheless, we have good rea-
sons to believe that EGFP:SV2A fluores-
cence provides a reasonable estimate of
total SV pool size. First, we observed a
good correlation between FM4-64 uptake
and EGFP:SV2A fluorescence (Fig. 1F).
Second, in a recent study that quantified
copy number variability of SV proteins
within SV populations, SV2 was found to
have the most consistent copy number, with
nearly all SVs containing five copies of this
protein (Mutch et al., 2011). Third, all ex-
periments were performed at least 2 weeks
from infection, at which time EGFP:SV2A
expression would have been nearly uniform. Finally, as individual
boutons contain dozens to hundreds of SVs, EGFP:SV2A copy num-
ber variability would become a highly improbable explanation for
the large changes in EGFP:SV2A fluorescence recorded at individual
boutons (Fig. 5C). We thus conclude that EGFP:SV2A fluorescence
provides reasonable estimates of (total) SV pool sizes.

Relative changes in SV pool sizes were quantified by the SI—
the similarity of two sets of fluorescence measurements made
from the same puncta at different times. It is important to note
that this measure, unlike EGFP:SV2A fluorescence, was not
immediately maximally affected by stimulation-induced, rapid
dispersion of EGFP:SV2A (Fig. 5, compare A, B). Therefore, the

greater SI decay rates during prolonged stimulation signified the
gradual redistribution of EGFP:SV2A among nearby synapses,
not merely immediate GFP:SV2A dispersion. Similarly, the SI
converged to basal SI decay rates slowly and gradually following
stimulation cessation, whereas the fluorescence recovery was
nearly complete within minutes, further indicating that the SI is
not simply a measure of activity-induced SV2A dispersion and
recovery.

It is worth re-emphasizing that uncertainties associated with
tracking highly dynamic puncta, biased our results toward the
relatively stable bouton population. It follows that the dynamics
reported here for SV2A (and for the AZ molecules imaged) un-

Figure 7. Spontaneous remodeling of Munc13-1:EYFP puncta. A, Cultured mice cortical neurons prepared from homozygous
Munc13-1:EYFP knock-in mice and maintained in culture for 21 d. Fluorescence levels are encoded in false color as in Figure 2 A.
Scale bar, 10 �m. B, Time-lapse imaging of region enclosed in rectangle in A. Images were collected at 1 h intervals (only a subset
of these shown here). Scale bar, 5 �m. C, Changes in fluorescence over time for three boutons pointed to by arrows in B. D,
Distribution of normalized range values for all boutons analyzed in these experiments at three time points (7 fields of view from 3
experiments, 203 boutons). E, Changes in Munc13-1:EYFP puncta fluorescence over time (average � SD). F, SI decay rates
measured for all 7 fields of view. Data shown after smoothing with a three-time point low-pass filter. The average SI decay rate is
shown by the thick black line.
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doubtedly underestimate the full extent of vesicular mobilization
(and AZ remodeling). In principle, kymograph analysis (Fig. 3)
should have resolved this problem, as it allowed us to quantify the
dynamics of all EGFP:SV2A puncta along axon segments. This
form of analysis, however, did not reveal a significant effect of
stimulation on SV mobilization rates. Given that this measure
was mainly affected by small longitudinal shifts in bouton posi-
tions, we suspect that the effects of stimulation might have been
washed out by this strong source of profile decorrelation.

A potential concern is the possible effect of SV2A overexpres-
sion. While this is always a concern when using XFP-tagged pro-
teins, we do not think this is a major problem here. First, the
particular lentiviral construct used here lacks the Woodchuck
Hepatitis Virus Posttranscriptional Regulatory Element (Zufferey et
al., 1999) usually used to enhance expression levels (Lois et al., 2002),
which are typically low even when this element is present. Second,
FM4-64 uptake in EGFP:SV2A-positive puncta was no greater than
that observed in neighboring uninfected neurons. As FM4-64 up-
take and EGFP:SV2A content were strongly correlated (Fig. 1F), the
absence of excessive FM4-64 uptake in EGFP:SV2A-positive bou-
tons argues against significant SV2A overexpression. Finally, it is
worth mentioning that we used an extremely low viral titer, resulting
in very sparse infection, practically guaranteeing that all axonal seg-
ments in a field of view originated from only one neuron in the
majority of cases, and at most from two to three neurons.

Use dependence of presynaptic tenacity
Our findings indicate that continuous activity accelerates the
rates at which SV contents of individual synapses change over
time. Yet, the gradual convergence of SI decay rates in stimulated
preparations with those measured in nonstimulated cells, and the
observation that SI values never decayed all the way down to the
values that would be measured if all relationships between initial
and final pools sizes were lost, point to the existence of potent
mechanisms that enable presynaptic boutons to (at least par-
tially) conserve their SV pool sizes in face of intersynaptic and
intrasynaptic vesicle trafficking. What might these be? In all like-
lihood, these are the same mechanisms that act to confine SVs to
presynaptic boutons during synaptogenesis and later on. While
not yet entirely understood, they probably involve, among many
others, actin (Cingolani and Goda, 2008), Synapsins (Cesca et al.,
2010), trans-synaptic complexes (Linhoff et al., 2009; Brigidi and
Bamji, 2011), efficient endocytosis mechanisms (Kamin et al.,
2010), as well as particular protein kinases and phosphatases
(Lee et al., 2008; Kim and Ryan, 2010; reviewed in Pechstein
and Shupliakov, 2010; Waites and Garner, 2011). Whatever
these mechanisms might be, our findings indicate that they
collectively act to restore synapse-specific set points.

What, however, determines the set points for particular syn-
apses? There are good reasons to believe that such set points are
dictated, at least in part, by AZ size, or, more specifically, by CAZ
size. As mentioned above, strong relationships between AZ and
various SV pool sizes have been reported (Yeow and Peterson,
1991; Pierce and Mendell, 1993; Schikorski and Stevens, 1997,
1999; Murthy et al., 2001). Our findings that prolonged stimula-
tion paradigms do not affect the synaptic contents of Bassoon are
in line with this idea, as they indicate that the AZ, by remaining
“indifferent” to the intense dynamics associated with SV recy-
cling, represents a relatively stable nucleus that could impose a
particular set point in terms of SV pool size. Indeed, the molec-
ular dynamics of major CAZ components (Munc 13-1, Piccolo,
Bassoon) are not strongly affected by acute stimulation (Kalla et
al., 2006; Tao-Cheng, 2006; Tsuriel et al., 2009), whereas the

elimination of Piccolo is associated with deeper activity-induced
dispersion and slower reaccumulation of Synapsin (Leal-Ortiz et
al., 2008) probably due to Piccolo-related regulation of actin dy-
namics (Waites et al., 2011). In this regard, a recent study by Matz
et al. (2010) is of particular interest as it reported that spontane-
ous changes in AZ size correlate well with changes in readily
releasable SV pool sizes, lending further credence to the idea that
SV content set points are largely determined by CAZ properties.

Whereas our data indicate that presynaptic sites possess “re-
storative” forces that allow them to maintain their SV pools, they
also indicate that over longer time scales neither SV pool sizes nor
AZ sizes are particularly stable. While some of these dynamics
might be attributable to fusion protein overexpression (in partic-
ular where Bassoon is concerned), we observed similar dynamics
in neurons obtained from Munc13-1:YFP mice, which do not
overexpress this fusion protein (Kalla et al., 2006). In fact, the
dynamics measured for EGFP:SV2A and Munc13-1:YFP were
remarkably similar (compare Figs. 5B,C, 7D,F). The dynamics
we observed here are probably exaggerated compared with those
occurring in the adult brain, not only because of cell culture
issues but also because the somewhat immature developmental
status of our preparations. Therefore, it is likely that the phenom-
ena reported here, if they occur in vivo, occur on slower time
scales. Nevertheless, given the remarkably similar conclusions of
prior in vitro and in vivo studies concerning synaptic tenacity (for
example, Tsuriel et al., 2006 and Grey et al., 2006; Minerbi et al.,
2009 and Loewenstein et al., 2011), we carefully conclude that
presynaptic tenacity, and indeed synaptic tenacity in general
might be inherently limited.
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