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Active Zones and the Readily Releasable Pool of Synaptic
Vesicles at the Neuromuscular Junction of the Mouse
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Synchronous neurotransmitter release is a highly regulated process that takes place at specializations at the presynaptic membrane called
active zones (AZs). The relationships between AZs, quantal release, and vesicle replenishment are not well understood in a mature
synapse. We have measured the number, distribution, and other properties of AZs in mouse motor nerve terminals and combined these
observations with electrophysiological estimates of the size of the readily releasable pool (RRP) of synaptic vesicles. On average, we
counted 850 AZs per terminal. Assuming two primary docked vesicles per AZ, we predict a total of �1700 vesicles optimally positioned
for exocytosis. Electrophysiological estimates of the size of the RRP, using a simple kinetic model that assumes exponential depletion of
the initial pool and refilling by recruitment, gave an average value of 1730 quanta during 100 Hz stimulation, in satisfying agreement with
the morphology. At lower stimulus frequencies, however, the model revealed that the estimated RRP size is smaller, suggesting that not
all AZs participate in release at low stimulation frequencies.

Introduction
Active zones (AZs) are sites in presynaptic nerve terminals that
play a central role in neurotransmitter release (Couteaux and
Pecot-Dechavassine, 1970; Landis et al., 1988; Zhai and Bellen,
2004). Each possesses a high density of voltage-gated calcium
channels and other molecules that mediate the docking, fusion,
and clearance of synaptic vesicles, the entire cycle requiring a few
hundred milliseconds (Neher and Sakaba, 2008). Ultrastructural
studies have revealed considerable variation in AZ structure in
different species, and even within the same species between dif-
ferent synapses (for review, see Zhai and Bellen, 2004). Likewise,
the number of AZs per terminal varies according to the size of the
synapse, ranging from 1 or 2 in most central synapses to �600 in
the calyx of Held.

Both structural and functional studies have contributed to our
understanding of AZs. In particular, ultrastructural studies of the
adult mouse neuromuscular junction (NMJ) have revealed a con-
sistent pattern, with each AZ hosting two docked vesicles at rest,
with several additional nearby vesicles, some of which are docked
(secondary vesicles), and others only tethered to AZ filaments
(Nagwaney et al., 2009). Functional studies have allowed assess-
ment of the behavior of synaptic vesicles in terminals in a variety
of preparations. Of particular interest has been the calyx of Held,
which can be dialyzed with a patch pipette, allowing, for example,

detailed biophysical measures of the calcium sensitivity of vari-
ous stages of exocytosis and recovery, and the characterization of
vesicle pool dynamics (Neher and Sakaba, 2008). It has been
suggested that, after a vesicle in the readily releasable pool (RRP)
undergoes exocytosis, it is replaced by one of the nearby vesicles,
a process called “positional priming” in the calyx (Wadel et al.,
2007; Neher and Sakaba, 2008).

Although most attempts to characterize the RRP have begun
with electrophysiological observations of evoked transmitter re-
lease, we began instead from a morphological perspective, esti-
mating RRP size by counting the total number of AZs in mouse
motor terminals. We then turned to electrophysiology to see
whether we could functionally identify such a population as
readily releasable. The ability of a simple kinetic model of RRP
depletion and its replenishment to fit evoked endplate potential
(EPP) rundown during repetitive stimulation was good, and so
we explored additional properties of the RRP and its replenish-
ment. For example, we show that the fits of quantal loss from and
recruitment to the RRP during repetitive stimulation are nor-
mally tightly coupled over a 100-fold range of stimulus fre-
quency, although the evident coupling can be disrupted by
temperature, EGTA, or phorbol ester (PE). In addition, we show
that the RRP size estimated from the model is frequency depen-
dent, more than doubling as stimulation frequency increases
from 1 to 100 Hz, suggesting that, at low frequencies, many AZs
are apparently silent. The model involves depletion of the RRP
during a train following an exponential time course, leaving va-
cant release sites that are reoccupied by new, or recycled, vesicles,
and is compatible with the positional priming model (Wadel et
al., 2007; Neher and Sakaba, 2008).

Materials and Methods
Muscle preparation. Mice of either sex were killed by means of CO2. The
levator auris longus muscle was dissected with its nerve branches intact
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and pinned to the bottom of a 2 ml chamber, over a bed of cured silicone
rubber (Sylgard; Dow Corning). Preparations were continuously super-
fused with a physiological solution containing the following (in mM): 125
NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 25 NaHCO3, and 30 glucose, continu-
ously gassed with 95% O2 and 5% CO2, pH 7.35. Recordings were per-
formed at room temperature (22–23°C) or (see Fig. 7A) at 36 � 1°C
using a dish heater DH-35 and inline heater SF-28 controlled and
monitored by a dual automatic temperature controller TC-344B, all
from Warner Instruments.

Electrophysiology. The nerve was stimulated by means of a suction elec-
trode. The stimulation consisted of square-wave pulses of 0.2 ms duration
and 2–40 V amplitude, at variable frequencies (0.5–100 Hz). EPPs and min-
iature EPPs (mEPPs) were recorded as described previously (Ruiz et al.,
2008). Muscle contractions were blocked by �-conotoxin GIIIB (Alomone
Labs; 2–4 �M), a specific blocker of skeletal muscle voltage-gated sodium
channels, except in Figure 7A, where 1.1 �M curare was used (and thus EPPs
were not converted to quantum contents).

Quantum contents during a train were plotted against time and fitted
to a model that assumed that all release on the first shock came from the
RRP, which subsequently was depleted along an exponential time course.
To account for the plateau phase, we assumed that a recruitment process
began some time after the first shock and rose sigmoidally to the plateau
level as the original RRP became depleted. Although we fit our data to this
single model, we explored several different mathematical expressions to
fit the sigmoid portion of the curve, with indistinguishable results. These
included the following: a standard sigmoid shape (C/(1 � exp(�(D �
t)/E))), where C represents amplitude; D, half-time of rise; and E, steep-
ness of rise of the sigmoid. This had the disadvantage that the sigmoid
was not constrained to start at zero. We also used an exponential raised to
a power: C*(1 � exp(�t/D))E, and a rising exponential with a delayed
start time: C*(1 � exp(�(t � D)/E)), where D represents start time of the
exponential rise (in this case, Y values were constrained to be �0). Each
technique required five variables (two for the decaying exponential and
three for the sigmoid). With the last technique, we could obtain good
results with four variables (making the time constants of both exponen-
tials the same), except that four variables could not account for the tran-
sient rise that occurred in some preparations after the initial rundown.

The iterative model calculations (see Fig. 8) were performed as follows:
a binary vector equal in size to the RRP (the number of available release
sites) (see Fig. 6 E) was created. Each site was updated after every stimulus
in terms of its occupancy (ability to release a quantum). After release
occurred from a site, it was not reoccupied until a “dead time” had
elapsed. During each run (one train of 100 stimuli), the dead time was
constant and, in Figure 8 A, was equal to the half-time of the sigmoidal
rise in EPP recruitment during a train (see Fig. 6C). For Figure 8 B, dead
time was varied systematically between runs from 0 to 10 s in increments
of 5 ms (thus, for each stimulus frequency, 2000 runs were made, each
with a different value of recruitment time). For each stimulus in a run,
the number of occupied sites n and the observed quantum content m
were used to calculate release probability p. The value of n was then
updated, being reduced by m and increased by the number of sites that
had been unoccupied for longer than the recruitment time. This iteration
was repeated for each stimulus to the end of the train, at which time the
overall (root mean square) variance in p was calculated as the difference
between the p value of the first stimulus ( p1) and every other p value, viz,
sqrt(�( p � p1) 2). It was this number that we sought to minimize by
repeating the procedure with a range of different recruitment times
(0 –10 s in increments of 5 ms). The entire procedure was then repeated
for each frequency.

Immunohistochemistry. Whole-mount dissected muscles were incu-
bated for 30 min in Ringer’s solution saturated with 95% O2/5% CO2

before fixation in 4% paraformaldehyde. Later, muscles were bathed in
0.1 M glycine in PBS for 20 min, then permeabilized with 1% (v/v) Triton
X-100 in PBS for 30 min and incubated in 5% (w/v) BSA, 1% Triton
X-100 in PBS for 2 h. Samples were incubated overnight at 4°C with the
primary antibodies of interest (see below). The following day, muscles
were rinsed for 1 h in PBS containing 1% Triton X-100, incubated for
1 h both with the corresponding secondary antibodies and 10 ng/ml
rhodamine-BTX (Invitrogen), and rinsed again with PBS for 90 min.

Finally, muscles were mounted in glycerol containing DABCO
(diazabicyclo[2.2.2]octane).

To detect the AZs, we used a mouse monoclonal antibody against
Bassoon (Stressgen) and a rabbit polyclonal against Piccolo (Synaptic
Systems). The secondary antibodies were goat anti-mouse and donkey
anti-rabbit Alexa 488, Alexa 594, and Alexa 647 (Invitrogen).

Some preparations were treated with collagenase type I (Sigma-
Aldrich; 0.1%) for 30 min followed by protease (Sigma-Aldrich; 0.01%)
for 30 min, both in the presence of curare (Sigma-Aldrich; 5 �g/ml) to
block contractions, and then prepared for immunostaining as described
above.

Image acquisition and analysis. Muscles were imaged with an upright
Olympus FV1000 confocal laser-scanning microscope, equipped with
three excitation laser lines (argon– krypton laser with 488, 561, and 633
nm excitation lines). Emission colors were detected sequentially. Images
were taken using a 63� oil-immersion objective with a numerical aper-
ture of 1.4.

In doubly stained (Bassoon and Piccolo) preparations, the overlap
between the two was incomplete. This probably reflects interference be-
tween the antibodies because, for example, the number of spots in
Piccolo-only preparations was higher than in preparations stained simul-
taneously with Bassoon and Piccolo. Thus, in the quantifications re-
ported, we used mainly preparations stained only with Bassoon. We
focused in particular on those preparations that revealed crisp spots and
discarded preparations in which the staining was more diffuse. Terminals
were sought that lay on the superficial surface of surface muscle fibers,
providing a clear en face view of the entire terminal. Terminal sizes were
determined automatically (by opening, then closing) to generate the re-
gion of interest or manually (by tracing the outline) from Bassoon-
labeled terminals.

For detection and measurement of Bassoon and Piccolo spots, we used
ImageJ and custom routines written in Igor or Matlab. For Gaussian
fitting of spots, we used the following procedure: the image was heavily
smoothed (moving bin average of 11–21 pixels) and the outline mask was
determined by brightness thresholding. The original image was then
lightly smoothed (moving bin of 3–5 pixels), the mask was applied, and
the watershed function was run. The spots for additional analysis were
then selected by a combination of criteria, including spot size, threshold
brightness, and finally by manual selection or rejection (the manual pro-
cess was applied to only a few percent of the total number). Each selected
spot was then analyzed in two ways. First, a two-dimensional Gaussian
was fitted to the spot. In addition, the brightest pixel was found, and all
contiguous pixels that exceeded a certain threshold (usually 70% of the
difference between the brightest and dimmest pixels) were included in
the spot. The results of both measurements agreed well.

All statistics are given as mean � SEM, unless stated otherwise.

Results
Counting active zones in motor nerve terminals
Figure 1A shows an example of a terminal fixed and labeled with
antibodies against Bassoon, a scaffolding protein of AZs (tom
Dieck et al., 1998). The pattern of crisp fluorescent spots is similar
to that reported previously (Nishimune et al., 2004). The boxed
region is enlarged in the bottom panels, which illustrate our
method of identifying and measuring various properties of each
spot. Watershed segmentation outlined the regions (left), which
were then usually selected (blue) or deselected (magenta) automat-
ically according to several criteria (see Materials and Methods). The
selected regions were then analyzed (see Materials and Methods), the
calculations producing the spots on the right (white outline). These
spots were then best fit with a two-dimensional Gaussian, from
which measurements like those shown in Figure 1C–E are presented.
The Gaussian fits were good, with 95% of R2 values exceeding 0.8
(results not shown).

The total number of Bassoon spots per terminal varied with
the size of the terminal, averaging 850 � 252 AZs/terminal
(mean � SD) (Fig. 1B). We also measured the area of presynaptic
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terminals, which averaged 335.9 � 90.5 �m 2 (n � 9), yielding a
density of 2.37 � 0.16 AZs/�m 2, in good agreement with esti-
mates from freeze fracture results (Fukunaga et al., 1983). The
average diameter [full width half-maximum (FWHM)] (Fig. 1C)
of the spots in different preparations varied from �260 to 350
nm, and the distribution of diameters was well fit by a Gaussian,
with a small tail at larger diameters. This average diameter was
close to that observed with 200-nm-diameter (diffraction-
limited) beads (results not shown), suggesting that the Bassoon
spots were themselves diffraction limited, consistent with ultra-
structural measurements of AZ sizes (Fukuoka et al., 1987) (80 �
60 nm). The distribution of total brightness (integrated fluores-
cence) showed a more skewed distribution (Fig. 1D). The tail
may reflect the occasional AZ clusters observed in freeze fracture
EM (Fukunaga et al., 1983; Teng et al., 1999) and EM tomogra-

phy (Nagwaney et al., 2009). We examined the locations of the
Bassoon spots with the largest integrated fluorescence values and
found that they were scattered over the entire terminal (results
not shown) (see Discussion). Finally, there was no correlation
between spot size (FWHM) and maximum fluorescence (Fig.
1E). Similar results to these, and all other results with Bassoon
antibodies, were obtained using an antibody against Piccolo, an-
other AZ scaffolding protein (Cases-Langhoff et al., 1996; Fenster
et al., 2000) (results not shown).

The spatial distribution of the Bassoon spots appeared quite
regular by eye (Fig. 1A); signs of clustering, for example, were
rare, and spots sometimes could be seen to line up across the
width of the terminal (Fig. 2A). This regular spacing of AZs was
confirmed in nearest neighbor analyses performed on whole ter-
minals. Figure 2B, left, shows that the Bassoon spots (centers of
two-dimensional Gaussian fits) were regularly spaced (average
nearest neighbor separation 528 � 3 nm; mean � SEM; n � 7
terminals); similar results were obtained with Piccolo (438 � 9
nm; 2 terminals). We compared these observed distributions
with simulated ones (Fig. 2B, right panel), generated by ran-
domly placing an equal number of 250-nm-diameter spots (with-
out overlap) and measuring nearest neighbors (the simulation
was repeated 100 times, and the results averaged). The resulting
distribution peaked at the minimum separation, as expected, and
was clearly different from the observed ( p � 0.0001; � 2 test).

A ready explanation for the nonrandom spacing of the Bas-
soon spots was evident when we compared Bassoon spot
positions with the locations of postsynaptic folds, identified
by labeling acetylcholine (ACh) receptors with rhodamine-
conjugated �-bungarotoxin (BTX-Rho), as shown in Figure 2C
(central panel). Bassoon spots (left panel) were segmented as
described above; spot centers are marked with red dots in the
Bassoon image (left panel) and in the BTX-Rho image (right
panel). With few exceptions, every Bassoon spot center lay over a
postsynaptic fold, as expected for AZs (Heuser et al., 1974; Rash
and Ellisman, 1974; Nagwaney et al., 2009).

We looked for ways to disrupt the uniform Bassoon staining.
We wondered, for example, whether intense stimulation would
fragment or otherwise disrupt the spots, and tested this by stim-
ulating massive exocytosis with elevated potassium ion concen-
tration (70 mM for 1 min) before fixation. As shown in Figure 3A,
Bassoon labeling after stimulation was indistinguishable from
control (unstimulated) terminals, suggesting that at this resolu-
tion the AZs, each of which on average played host to tens of
vesicles undergoing exocytosis during the stimulation period, are
very stable. In the frog, Heuser et al. (1979) showed that AZs were
not altered by intense stimulation (4AP). Ceccarelli et al. (1979)
showed that low calcium (for 2 h, plus EGTA) disrupted AZs
severely, and it was not reversible. Treatment with proteolytic
enzymes (collagenase followed by protease), however, which has
been shown to disrupt the normal AZ pattern in freeze fracture
EM (Nystrom and Ko, 1988), disrupted the pattern of Bassoon
staining (Fig. 3B). The images after enzyme treatment were quite
variable, but in general the Bassoon staining was much dimin-
ished (left-hand panel). Matched controls (right-hand panel)
were uniformly consistent in their pattern. Thus, it is clear that
proteolytic enzymes disrupt the pattern of immunostaining.
These results support the idea that the Bassoon spots are indeed
marking locations of AZs.

Physiological correlates of docked vesicles
With �850 AZs per terminal, we expect �1700 docked and
primed vesicles at each resting synapse, and several additional
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Figure 1. Characteristics of fluorescent spots labeled with anti-Bassoon antibodies. A, Single
confocal section of a NMJ labeled with anti-Bassoon-Alexa 647. Bassoon spots are distributed
throughout the terminal. The region in the rectangle is enlarged below and illustrates the
segmentation method using a watershed function to identify spots (left panel), which are then
selected (blue) or deselected (magenta) according to spot size and brightness. Selected spots
are then further segmented (right panel; white lines) (see Materials and Methods). Scale bar, 5
�m. B, The mean number of Bassoon spots per terminal is proportional to the terminal size
(mean number of particles, 850 � 252; n � 9; mean � SD). C, Distribution of FWHMs of
Bassoon spots from terminal in A. D, Distribution of the total brightness (integrated fluores-
cence) of Bassoon spots from a Z-projection from a different terminal. E, Relationship between
maximum fluorescence values of each spot with the half-width of the spots, from terminal
shown in A, showing a poor correlation between these two parameters.

2002 • J. Neurosci., February 9, 2011 • 31(6):2000 –2008 Ruiz et al. • Active Zones and the RRP



vesicles tethered nearby (Nagwaney et al., 2009). We looked for
functional signs of these morphologically defined populations of
vesicles, expecting that the primary docked vesicles would be the first
ones to be released with repetitive nerve stimulation, thereby defin-
ing the RRP functionally. A typical recording of EPPs during 100 Hz
stimulation is shown in Figure 4A. Recordings were obtained with-
out blocking postsynaptic ACh receptors (muscle twitches were
blocked by �-conotoxin). We calculated quantum content (m) for
each EPP by correcting its observed peak amplitude for nonlinear
summation of voltage (McLachlan and Martin, 1981) and dividing
by the mean amplitude of mEPPs; typical results are illustrated in
Figure 4B (average of three trains, from a total of 40 control fibers
from seven muscles) and show that quantum contents fell progres-
sively from an initial value to a plateau that was approximately one-
half the initial amplitude, as has been observed many times
(Elmqvist and Quastel, 1965; Zucker and Regehr, 2002).

To estimate the size of the RRP, two different techniques have
been used. In one (Fig. 4C), the cumulative quantum content is
plotted against time, and a back extrapolation of the linear part of
the curve to the y-axis (straight line), corresponding to the pla-
teau phase of the recording, gives a measure that is sometimes
taken as the RRP (Schneggenburger et al., 1999; Millar et al.,
2002; Stevens and Williams, 2007; Pan and Zucker, 2009), in this
case �500 quanta, less than one-third of the prediction from
morphology. However, a problem exists with this technique if
EPP amplitudes during the plateau do not decline to zero (i.e., the
cumulative quantum content trace fails to become flat). This is
because the method assumes that release from the pool respon-
sible for the plateau is present from the beginning of the train.
The back extrapolation then gives the size only of the initial com-
ponent that rides on top of the plateau. In other words, this
method assumes a “parallel model” for vesicle release, with re-
lease even on the first shock coming from two pools, one that
declines quickly to zero (taken as the RRP), and one that is con-
stant throughout the train. In a recent comprehensive model of
transmitter release (Pan and Zucker, 2009), it was not possible to
identify a specific vesicular pool with this technique. Because EPP
amplitudes in our experiments never fell to zero during the pla-
teau, we rejected this approach.

A second procedure (Fig. 4D) assumes
a “sequential model,” namely that initially
all of the vesicles come from one pool (the
RRP) and that as this pool is depleted (ex-
ponentially, ignoring the initial facilita-
tion), a process of recruitment begins,
increases, and eventually maintains the
plateau at a reasonably steady level
(Elmqvist and Quastel, 1965). The RRP
size can be estimated by plotting quantum
content ( y-axis) against accumulated
quantum content (Fig. 4D) and drawing a
straight line through the declining phase;
its x-axis intercept (�2000) gives an esti-
mate of the RRP size. As expected, when
we used this method we obtained signifi-
cantly higher values than given by the
back-extrapolation technique of Figure
4C, values within the range determined
from the morphological estimation of the
number of release sites.

As illustrated in Figure 4E, we devised
a simple variation of the second tech-
nique, which includes also a quantitative

estimate of the kinetic properties of the recruitment process. Spe-
cifically, we fit the entire observed curve of quantal content run-
down (except for the initial facilitation, which lasted 0 – 4 shocks,
and led to an overestimate of RRP size by 0 –3%) with two func-
tions: a declining exponential (the contribution to each EPP from
vesicles docked at the start of the train) plus a rising sigmoid,
representing the contribution to each EPP from recruited vesi-
cles. We explored several different functions to describe the sig-
moid (see Materials and Methods), which were equally capable in
fitting results, for example, m(t) � A*exp(�t/B) � C/(1 �
exp(�(t � D)/E)), where m represents quantum content; A, ini-
tial m; B, time constant of RRP depletion; C, mean amplitude of
the plateau; D, half-time of refilling; and E, steepness of the refill-
ing time course. The integration of the first exponential gives the
size of the RRP.

The average size of the RRP calculated in this way was 1730 �
55 quanta, in satisfying agreement with our morphological ob-
servations (1700 primary docked vesicles). According to this se-
quential model, during the first �200 ms of a 100 Hz train, �90%
of the quanta come from the RRP, and after 40 –50 stimuli at 100
Hz virtually all the quanta from the RRP have been released.

With five unconstrained variables, the good quality of the fit
to the observed data is perhaps not surprising, but an additional
observation lent further support to the model. In some, but not
all trains, the EPP amplitudes did not decay to the plateau mono-
tonically. Instead, the curve declined for �50 ms, then rose again
transiently, before settling down to the plateau level (see Fig. 7B).
Such biphasic behavior is readily explained by a recruitment pro-
cess that, although often exquisitely matched to the loss of the
RRP, sometimes produces a small rebound, or extra refilling of
the vacated AZ sites. This behavior was especially noticeable in
human muscle (Elmqvist and Quastel, 1965).

Recovery of the RRP
To study the refilling of the RRP, we gave pairs of trains, with a
delay of �0.1– 6 s between the first and second train (pairs were
separated by 1 min). We then fitted each curve as described above
and determined the size of the RRP. RRP sizes in response to the
first (control) train of each pair, on average, decreased slightly
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over time (�14% after the tenth pair of trains) (data not shown).
The ratio of the RRP of the second train divided by the RRP of the
first train in each pair is plotted against intertrain interval in
Figure 5. The best fit exponential time constant is 823 ms. This is

somewhat slower than the half-time of recruitment during a train
(�280 ms) and likely reflects the rapid fall in intracellular cal-
cium concentration that occurs immediately after the train
(David and Barrett, 2000). The average recovery is to 87% of the
control level, which suggests that a small component of the re-
covery is slower than several seconds. Also shown in Figure 5 is
the effect of phorbol ester (described below).

Effect of stimulus frequency
We used this model to examine the effects of several experimental
manipulations. Figure 6A shows EPP amplitudes (normalized)
during trains of 100 shocks at frequencies of 1, 5, 10, 20, 50, and
100 Hz (average results from four fibers). At all frequencies, the
EPP amplitudes declined to a flat plateau, which was lower with
higher frequencies. The plateau level (relative to the initial level)
is plotted in Figure 6B, which shows a steep decline in the plateau
as the frequency rose to 10 Hz, but then a leveling off at higher
frequencies. Figure 6C shows three of the trains and their associ-
ated best fits to the model of RRP depletion and refilling de-
scribed above. The tight coupling between RRP depletion and
recruitment over this 100-fold range of frequencies is evident
from the fitted curves, and Figure 6D shows the close agreement
between the two. Finally, Figure 6E shows that the apparent size
of the RRP (the integral of the fitted exponential) was not con-
stant with frequency of stimulation, but more than doubled as the
frequency increased from 1 to 100 Hz. One interpretation of this
result is that not all AZs are functional at low stimulus frequen-
cies, but all are recruited during high-frequency stimulation.
Thus, the first shock in any train at any frequency will draw from
a small subset of AZs, and then, if the frequency is high, subse-
quent stimuli will awaken the other AZs, presumably because of
the rise in global calcium, the rate of which is rapid (David and
Barrett, 2000). Our estimates of RRP size, for example, are deter-
mined primarily by the first 150 –200 ms of a train at 100 Hz (Fig.
6A). Perhaps the facilitation that can be seen during the first few
shocks with high-frequency stimulation reflects in part this awak-
ening of sleepy AZs.

Altering the coupling between RRP depletion
and recruitment
We used our model to examine the effects of several experimental
manipulations. Temperature had a clear effect. We compared
RRP rundowns at 23 and 37°C (Fig. 7A). The initial amplitude of
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EPPs was not significantly altered by changing the temperature,
nor was the initial rate of EPP decline during 100 Hz stimulation,
which meant that the RRP size was unaltered. The plateau level,
however, was higher at 37°C, which the model interprets as an
acceleration of recruitment, consistent with the observation that
synaptic vesicle mobility increases steeply with temperature (Gaf-
field and Betz, 2007), despite the observation that global calcium
concentration is lower at 32 than at 18°C (David and Barrett,
2000).

PE, which directly activates protein kinase C (Shapira et al.,
1987; Waters and Smith, 2000) and Munc-13 (Betz et al., 1998;
Rhee et al., 2002), has been shown to potentiate neurotransmis-
sion in different synapses, including the NMJ (Ruiz et al., 2008)
and the calyx of Held (Hori et al., 1999). We tested the effects of
4-�-phorbol-12,13-dibutyrate (1 �M) at the mouse NMJ and
found that it increased quantum content during low-frequency
stimulation but, as shown in Figure 7B, did not significantly alter
RRP size. The EPP plateau was significantly higher, and a clear
transient “bump” appeared at the beginning of the plateau, re-
flecting an increase in recruitment rate. In addition, as shown in
Figure 5, the RRP recovery rate after the end of the train was
accelerated.

Global calcium has been implicated in recruitment rate, and
application of 30 �M EGTA-AM for 30 min reduced both initial
EPP amplitude and the plateau level during 100 Hz stimulation
(Fig. 7C, left panel). The plateau reduction was relatively greater,

however (Fig. 7C, right panel), and the model fitting suggested
that the recruitment rate had been reduced by the EGTA.

Iterative model of recruitment during stimulation
The good agreement between the morphological and physiolog-
ical estimates of RRP size encouraged us to examine the kinetic
model in more detail. The model divides release into two com-
ponents for each EPP: quanta that arise from vesicles that were
docked at the membrane when the train started (the decaying
exponential), and quanta that arise from vesicles that were re-
cruited to release sites after the train started (the rising sigmoid).
We wondered whether the shape of the rising sigmoid could in-
form us about underlying rates of vesicle recruitment. In partic-
ular, we would like to know how much time elapses after
exocytosis of a vesicle before that site is refilled. We refer to this as
the dead time that follows exocytosis. If we knew the dead time,
we could calculate the number of release-ready sites at any time,
and therefore we could calculate release probability p. Unfortu-
nately, we know neither the dead time or p, and the sigmoid shape
is of no help, for it informs us only of quanta released, not release-
ready vesicles. In other words, for any EPP (except the first), site
occupancy might be high (short dead times) and p low, or vice
versa. Nevertheless, we examined the model in two additional
scenarios. In each case, we assumed that the dead time is constant.
In the first test, we assumed that the dead time was equal to the
sigmoid half-time obtained from fitting the quantum content
curve. Knowing the initial RRP size (Fig. 6E), the quantum con-
tent m for each EPP, and the recruitment time, we could then
iteratively calculate release probability p and number of occupied
sites n for each shock (see Materials and Methods), using the
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binomial relationship m � n � p (Del Castillo and Katz, 1954).
The results (Fig. 8A) were not satisfying, as calculated p values
rose to improbable (and in some cases impossible) levels. As an
alternative, we determined the dead time for each stimulus fre-
quency that gave the smallest variation in p during the train,
reasoning that release probability is determined mainly by nan-
odomain calcium concentration, which is determined mostly by
calcium currents through voltage-gated calcium channels (and is
therefore relatively constant), with a modest contribution from
global calcium concentration (Zucker and Regehr, 2002; Neher
and Sakaba, 2008), which is also constant during the train (David
and Barrett, 2000). Figure 8B shows the resulting p values, which
are quite constant for each frequency. Figure 8C shows that these
recruitment times (filled circles) were similar to, but faster than
the sigmoid half-times (open circles). Part of this difference could
reflect the time needed to wake up the sleepy AZs during the
beginning of a high-frequency train. Finally, values of n (the total
number of occupied release sites) are shown in Figure 8D; they
were calculated using the p values from Figure 8B. At no fre-
quency was depletion �50%, which seems like a large reserve,
although if recruitment were to fail, n would fall to zero in �1 s at
stimulus frequencies of 10 Hz and higher.

Discussion
We have combined two relatively simple observations—the mor-
phological estimate of the total number of synaptic vesicles
docked at AZs in resting motor nerve terminals of the adult
mouse levator auris muscle, and electrophysiological measure-
ments of the number of quanta of ACh released during repetitive
stimulation—in a model of sequential depletion and refilling of
the RRP of synaptic vesicles. The morphology was based on flu-
orescence imaging of fixed terminals labeled with antibodies to
Bassoon or Piccolo, two molecules identified as AZ components

(Cases-Langhoff et al., 1996; tom Dieck et al., 1998; Fenster et al.,
2000). The staining revealed crisp, round, diffraction-limited
spots, localized over postsynaptic folds, as has been described in
other synapses, with a density characteristic of AZs (Fukunaga et
al., 1983). This pattern was not altered by intense stimulation but
was severely disrupted by treatment with proteolytic enzymes.
Together, these observations make it reasonable to conclude that
the spots mark AZs.

With �850 AZs per terminal, each with 2 primary docked
vesicles (Nagwaney et al., 2009), there should be in a resting
terminal �1700 primed vesicles, docked at AZs, presumably
composing the RRP. During stimulation at 100 Hz, EPP ampli-
tudes decay exponentially to a plateau. We modeled this (ignor-
ing the initial facilitation) as depletion of the original population,
followed after a delay of �200 ms by vesicle recruitment, which
arrests (and sometimes transiently reverses) the decline of EPP
amplitudes. When the train ends, the empty sites are refilled, but
not as quickly as during the train; the time constant of recovery
after the train was �800 ms (vs �250 ms during a 100 Hz train).
Because vesicle recruitment has been shown to be calcium depen-
dent (Neher and Sakaba, 2008), the slowdown in refilling after
the train ends probably reflects the rapid fall in global calcium
that occurs after the train (David and Barrett, 2000). More spe-
cifically, in the calyx of Held, which is approximately the same
size as the NMJ, the recruitment rate for intracellular calcium
concentrations in the range of 0.5–1 �M is 0.5–2 vesicles/ms. At
the NMJ, with an RRP of 1700 vesicles and assuming 50% deple-
tion during the plateau, 850 vesicles must be recruited. At a rate of
1 vesicle/ms (Neher and Sakaba, 2008), the refilling would re-
quire 800 ms, in good agreement with the recovery time constant
(823 ms).

Stimulation with trains of different frequencies revealed addi-
tional features of the RRP. In particular, we were surprised to find
that estimated RRP size varied with stimulus frequency. At 1 Hz
stimulation, the calculated RRP size was less than one-half the
calculated RRP size at 100 Hz. The simplest explanation of this
effect is that at 1 Hz exocytosis came only from a subset of AZs,
with the others not participating at all. This idea of “sleepy” AZs
has been proposed before, based on the observation that trial-to-
trial fluctuations in synaptic signals (low-frequency stimulation)
are significantly smaller than expected (Wang et al., 2010), yield-
ing estimates of release probability in excess of 0.5, much higher
than expected if all AZs were to behave the same. We have con-
firmed this observation in the mouse levator auris preparation
(results not shown). A possible explanation can be found in freeze
fracture EMs, which reveal that although most AZs are unitary
structures 60 � 80 nm in diameter, tight clusters comprising
multiple copies of the unitary structures are sometimes observed
(Fukunaga et al., 1983; Teng et al., 1999). The closely spaced
calcium channels in these multimeric AZs might increase nan-
odomain calcium selectively at these regions. If so, it would sug-
gest that release probability p is lower in single AZs compared
with multimeric AZs. In previous studies (Tabares et al., 2007;
Gaffield et al., 2009a,b), we mapped sites of exocytosis in the spH
transgenic mouse. At low stimulus rates, fluorescence increases
arose from sites spread all over the terminal, which suggests that
the subset of AZs that are active at low stimulus rates are not
clustered in any particular region of the terminal. As a check, we
measured the locations of the largest Bassoon spots and found
that they also are scattered over the entire terminal.

During 100 Hz stimulation, the sleepy active zones are re-
cruited rapidly, judging by the observation that EPP amplitudes
decline exponentially after the first two to five stimuli. During
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this early time, EPP amplitudes usually increase (facilitation),
and the idea of awakening active zones suggests that the facilita-
tion is at least in part attributable to the recruitment of additional
AZs and their attendant vesicle populations.

Rates of release and recruitment, calculated by fitting the ki-
netic model to observed EPP rundown during repetitive stimu-
lation, were tightly coupled. As stimulus frequency increased
over a 100-fold range the rate of depletion of the RRP increased
by �10-fold, and the rate of recruitment increased by almost
exactly the same amount, so that, especially for frequencies �10
Hz, the plateau level of release was quite constant. This is in good
agreement with the prediction made from observations at the
calyx, in which an approximately linear rise in recruitment rate
with calcium concentration balances the increased release attrib-
utable to the increased frequency of stimulation (Neher and
Sakaba, 2008). Raising the temperature or adding phorbol ester
selectively increased the quantum content during the EPP train
plateau phase, which, fitted by the kinetic model, is interpreted as
a selective increase in vesicle recruitment rate. EGTA had the
opposite effect (selectively reducing plateau quantum content),
as if recruitment rate were slowed.

While estimated recruitment time fell sharply with increased
stimulation frequency, the curve flattened at high frequencies at a
value of �300 ms, suggesting a minimum time limit for recruit-
ment. In the calyx, it has been suggested that recruitment can be
divided into two distinct phases, “site clearing,” which concerns
removing a spent vesicle from the AZ, and reoccupancy, which
involves the movement of a replacement vesicle into the core of
the AZ. Perhaps at the NMJ one of these events (probably reoc-
cupancy) shows steep calcium dependence, whereas the other
cannot occur in less than �300 ms.

At the mouse NMJ, the number of quanta released by a 100 Hz
train 1 s in duration is �3000, equal to all of the vesicles that we
estimate are tethered to AZ material at rest (primary docked ves-
icles, secondary docked vesicles, and nondocked vesicles attached
to AZ material) (Nagwaney et al., 2009). Using longer trains, we
looked for kinetic signs of a switch in recruitment from these
populations to others, such as untethered vesicles moving to the
AZs from regions deeper in the cytoplasm, or from recycled ves-
icles that had been part of the original population. However, the
plateau values of quantum contents during longer trains showed
no evident inflection suggestive of such a shift in recruitment
population. Instead, there was usually just a slow linear decline (a
few percent per second) in EPP quantum content during longer
periods of 100 Hz stimulation.

We do not know the fate of the vesicles after exocytosis. EM
tomography reveals that the membrane adjacent to the AZ,
where the secondary vesicles are located, is irregularly folded,
unlike vast regions farther from the AZ, which are almost
perfectly flat. Nagwaney et al. (2009) suggested that the folded
membrane might mark sites of endocytosis and therefore that
the secondary docked vesicles might be the products of recent
endocytosis. This is consistent with results at snake motor
nerve terminals, which possess specialized endocytic sites
(“endocytic active zones”) observed after light-to-moderate
stimulation and distributed in a pattern similar to exocytic
AZs viewed by freeze fracture EM (Teng et al., 1999). At the
frog NMJ, the situation appears to be different, in that re-
trieved vesicles move away from the membrane, yet remain
readily releasable (Richards et al., 2000, 2003; Rizzoli and Betz,
2004). Likewise, vesicles endocytosed by cultured hippocam-
pal neurons move immediately away from the membrane
(Hoopmann et al., 2010).

In the past, most optical studies of vesicle recycling at the NMJ
have involved intense (unphysiological) stimulation, which
evokes massive exocytosis that leads to a process of bulk endocy-
tosis and the formation of prominent cisternae. The normal sit-
uation in vivo may be different, involving local recovery of single
vesicles via a fast process of limited capacity. In this regard, it may
be more appropriate to think of a motor nerve terminal working
normally through the operation of hundreds of independent exo-
endocytic machines, each centered on an AZ. Recycling and ves-
icle reuse might then be fast, with vesicles retrieved directly
adjacent to AZs, raising their probability of recapture by the AZ
filaments, rather than dissociating and moving deeper into the
cytoplasm. One could even imagine that the tethers could persist
even after exocytosis, and thus the vesicle would remain attached
to the AZ throughout its entire cycle.
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H, Smalla KH, Kämpf U, Fränzer JT, Stumm M, Garner CC, Gundelfinger
ED (1998) Bassoon, a novel zinc-finger CAG/glutamine-repeat protein se-
lectively localized at the active zone of presynaptic nerve terminals. J Cell Biol
142:499–509.

Wadel K, Neher E, Sakaba T (2007) The coupling between synaptic vesicles
and Ca 2� channels determines fast neurotransmitter release. Neuron
53:563–575.

Wang X, Pinter MJ, Rich MM (2010) Ca 2� dependence of the binomial
parameters p and n at the mouse neuromuscular junction. J Neurophysiol
103:659 – 666.

Waters J, Smith SJ (2000) Phorbol esters potentiate evoked and spontaneous
release by different presynaptic mechanisms. J Neurosci 20:7863–7870.

Zhai RG, Bellen HJ (2004) The architecture of the active zone in the presyn-
aptic nerve terminal. Physiology (Bethesda) 19:262–270.

Zucker RS, Regehr WG (2002) Short-term synaptic plasticity. Annu Rev
Physiol 64:355– 405.

2008 • J. Neurosci., February 9, 2011 • 31(6):2000 –2008 Ruiz et al. • Active Zones and the RRP


