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Phasic transmitter release at synapses in the mammalian CNS
is regulated by local [Ca2�] transients, which control the fusion
of readily releasable vesicles docked at active zones (AZs) in
the presynaptic membrane. The time course and amplitude of
these [Ca2�] transients critically determine the time course and
amplitude of the release and thus the frequency and amplitude
tuning of the synaptic connection. As yet, the spatiotemporal
nature of the [Ca2�] transients and the number and location of
release-controlling Ca2� channels relative to the vesicles, the
“topography” of the release sites, have remained elusive. We
used a time-dependent model to simulate Ca2� influx, three-
dimensional buffered Ca2� diffusion, and the binding of Ca2�

to the release sensor. The parameters of the model were con-
strained by recent anatomical and biophysical data of the calyx
of Held. Comparing the predictions of the model with previously

measured release probabilities under a variety of experimental
conditions, we inferred which release site topography is likely to
operate at the calyx: At each AZ one or a few clusters of Ca2�

channels control the release of the vesicles. The distance of a
vesicle to the cluster(s) varies across the multiple release sites
of a single calyx (ranging from 30 to 300 nm; average �100 nm).
Assuming this topography, vesicles in different locations are
exposed to different [Ca2�] transients, with peak amplitudes
ranging from 0.5 to 40 �M (half-width �400 �sec) during an
action potential. Consequently the vesicles have different re-
lease probabilities ranging from �0.01 to 1. We demonstrate
how this spatially heterogeneous release probability creates
functional advantages for synaptic transmission.
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During fast synaptic transmission the release of neurotransmitter
from vesicles in presynaptic terminals is controlled by calcium
ions (Ca2�) (Katz, 1969). Brief influx of Ca2� through voltage-
gated channels causes a transient rise in the intracellular concen-
tration of Ca2� ([Ca2�]). Within �1 msec this rise in [Ca2�]
causes vesicles to fuse with the presynaptic membrane, releasing
transmitter. The transient rise in [Ca2�] is less pronounced with
increasing distance from the Ca2� channels. Therefore, a vesicle
(i.e., the Ca2� sensor controlling its release) must be located
sufficiently close to one or more Ca2� channels. The exact dis-
tance between channels and vesicles critically determines the time
course and amplitude of the [Ca2�] signal at the vesicles and thus
determines the time course and amplitude of the release rate
(Augustine and Neher, 1992). Therefore, understanding the func-
tional and spatial organization of the release-controlling Ca2�

channels relative to vesicles (henceforth “topography of release
sites”) is crucial for a quantitative description of synaptic trans-
mission itself (Augustine, 2001).

Because direct measurements of the local [Ca2�] transients are

not (yet) available, our understanding of the local [Ca2�] dynam-
ics during action potentials (APs) must rely on experimental data
on release and on quantitative models (Neher, 1998a). A number
of studies have investigated the significance of channel/vesicle
location (Yamada and Zucker, 1992; Cooper et al., 1996; Gil et
al., 2000), some of them quantifying release on the basis of
measured Ca2� sensitivity of the release-controlling Ca2� sensor
(Chow et al., 1994; Klingauf and Neher, 1997; Bennett et al.,
2000). However, the considerable number of poorly known pa-
rameters in the models often has defeated attempts to derive with
certainty the topography of release sites (Neher, 1998a).

We present a time-resolved model that simulates Ca2� influx,
three-dimensional buffered Ca2� diffusion, and the binding of
Ca 2� to the release sensor for the calyx of Held (henceforth,
calyx), a giant terminal in the medial nucleus of the trapezoid
body (MNTB) of mammalian brainstem (Forsythe et al., 1995).
The model is based on recent anatomical and biophysical data,
which constrain key parameters of the simulations. We infer the
topography of release sites by comparing simulated transmitter
release with previous experimental data (effects of added exoge-
nous Ca2� buffers BAPTA and EGTA as well as effects of altered
Ca 2� channel gating). The topographic analysis indicates that the
“readily releasable” pool of vesicles is heterogeneous with respect
to its release probability. Heterogeneous release probability of
vesicles has been observed at the calyx (Wu and Borst, 1999;
Sakaba and Neher, 2001b). We show that, other than being an
intrinsic property of the release apparatus, the heterogeneity may
arise to a large extent from variability in the distances between
vesicles and release-controlling Ca2� channels at different release
sites of a single calyx.

Our model reproduces the experimental data, including previ-
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ously unexplained effects of exogenous Ca2� buffers, only if the
spatial nonuniformity is included explicitly in the calculations
(discussed in Quastel et al., 1992). To demonstrate further the
functional significance of the proposed nonuniformity, we inves-
tigated its effects on synaptic delay and on release during consec-
utive APs.

MATERIALS AND METHODS
Inferring the topography
The model simulates the time course (0–5 msec for a single AP; room
temperature) of Ca 2� influx, three-dimensional buffered Ca 2� diffusion,
and phasic transmitter release for a calyx at the developmental stage
postnatal days 8–10. Parameters in the simulations were constrained by
electrophysiological and morphological measurements of the calyx (Ta-
ble 1). The only remaining crucial but unknown parameters were the
conductance of single Ca 2� channels and the channel–vesicle topogra-
phy at release sites. We assumed a topography and then set the single
Ca 2� channel conductance such that the predicted release probability for
physiological conditions is the same as that observed in the experiments

(see Results for values). We then simulated release under nonphysiologi-
cal conditions: added exogenous Ca 2� buffers, lowered [Ca 2�] of the
extracellular solution, and reduced open probability of Ca 2� channels
(using, for each topography, the same single channel conductance as that
used for the physiological condition). The predicted effects of the non-
physiological conditions on release critically depend on the assumed
topography. Testing different hypothetical topographies, we compared
the results of the model with the experimental data (Table 2) and thus
inferred whether a particular topography is likely to be present at the
calyx or not.

Numerical simulations
In the simulations the calyx volume was split up into subcompartments
(“reaction volumes”) of identical size around active zones (AZs; see
Results for dimensions). For the periodic grid topography (see Results),
boundary conditions (to adjoining compartments) for the buffered diffu-
sion were periodic (side walls only). For all other simulations the bound-
aries were “closed,” and the location of the channel cluster and the
vesicles on the AZ, the radius of the circular AZ, as well as the stochastic
Ca 2� currents through channels were different in each subcompartment

Table 1. Experimental calyx data used to constrain model parameters

Calyx volumea 400 �m3* ‡; Helmchen et al., 1997

Calyx membrane surfacea 2400 �m2* ‡

Calyx heighta,b 400 nm* ‡

Percentage of calyx surface identified as AZa 2%* ‡

Number of AZs a,c 500-600* ‡

Diffusional separation of any AZ to its nearest
neighbora

200–1000 nm (median � 400 nm) ‡

Size of AZs (approximated as circular patches of
varying radii)a,d

0.052 � 0.024 �m2 (SD)
mean radius, 125 nm

‡; also see Rowland et al., 2000

Total Ca2� influx during single, physiological AP 0.93 pC � 12 �M in 400 �m3 Helmchen et al., 1997

Endogenous Ca2� binding ratio 40 (2.5% of ions remain free) Helmchen et al., 1997

�[Ca2�] during single AP e From 50 (resting) to 379 nM Helmchen et al., 1997 (Fig. 7B)

Whole-cell Ca2� current (ICa) Peak � 2.41 nA
half-width t0.5 � 383 �sec

Borst and Sakmann, 1998 (see Fig. 6A for time course)

Voltage-dependent gating of Ca2� channels and
channel current f

Two-gate Hodgkin–Huxley model see Borst and Sakmann (1998) for parameter values

Ca2� sensitivity of release g Five-site independent, model A Bollmann et al., 2000 (Fig. 1)

Five-site cooperative, model B Schneggenburger and Neher, 2000

Pr, calyx of undialyzed calyx h Model A: 25% (of 800 vesicles) Bollmann et al., 2000

Model B: 10% (of 2000 vesicles) Schneggenburger and Neher, 2000

*Parameters do not (directly) affect calculations of local [Ca2�] transients or Pr but volume average [Ca2�] and estimates of channel density only (see Materials and Methods,
Discussion).
‡Sätzler, Söhl, Bollmann, Borst, Frotscher, Sakmann, and Lübke, unpublished data.
aAnatomical parameters taken from an EM-based three-dimensional reconstruction of a single calyx (rat, postnatal day 9). Average anatomy during postnatal days 8–10 may
deviate from this example. Parameters for the model calyx in Table 1 are chosen such that they are internally consistent (e.g., not combining above-average whole-cell Ca 2�

current with below-average calyx volume).
b“Height” means the average distance between membrane facing the cleft and that opposite the cleft; consider calyx as a thin disk with surface 1000 �m 2 at top/bottom, height
�400 nm, and volume 400 �m 3.
cCorresponding to an average of 1.3 (Release Model A) or 3.3 (Release Model B) readily releasable vesicles docked per AZ.
dThe value is smaller than that reported by Sätzler, Söhl, Bollmann, Borst, Frotscher, Sakmann, and Lübke (unpublished data). The latter includes uneven surface of the AZs,
which does not contribute to diffusional distance.
e379 nM is the equilibrium [Ca 2�] after adding 12 �M free Ca 2� to the calyx (with ATP and endogenous fixed buffer).
fFor all simulations, single Ca 2� channel currents were predicted with a two-gate HH model calibrated to the calyx (see Materials and Methods). Only for the nonperiodic
grid topography, a third gate was added to the channel model (see Property II).
gAll conclusions presented in this paper were tested with two release models for the calyx: a kinetic release model with five independent binding sites (Release Model A) and
one with five cooperative (sequential) binding sites (Release Model B). The number of quanta released during physiological APs was the same in both studies (200). Figure
1 shows a direct comparison of the Ca 2� sensitivities of the models.
hPr, calyx denotes the release probability during single AP, defined throughout this paper as the total number of vesicles (as fraction of the readily releasable pool) that are
released in response to a single AP (phasic release only).
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(see Results). Dimensions of the compartments were chosen sufficiently
large so that reflections of Ca 2� at the walls affect only volume average
[Ca 2�] but not local [Ca 2�] near the vesicles (see below). The local
[Ca 2�] transients around individual AZs in the model were assumed to
be independent. The model was implemented as Ansi C code, running on
a Silicon Graphics Oregon 2000 computer (processor MIPS RP1200, 300
MHz). A single simulation (0–5 msec) took �45 min to complete.

Hodgkin–Huxley model for Ca2� channel gating and time
course of ICa

To simulate Ca 2� influx through individual channels in response to APs,
the model uses a two-gate Hodgkin–Huxley model with parameters that
were fit for the calyx. The gates of the channels and the resulting currents
are driven by AP waveforms (equations and parameters as in Borst and
Sakmann, 1998). For some simulations with low channel open probabil-
ity, a third gate was added (see Results). As the time course for Ca 2�

entry at each channel location [iCa(t)], the simulations used either the
“uniform iCa mode” or the “stochastic iCa mode.” In the uniform iCa
mode all channels are “open” and iCa(t) is the same for all channels, with
a time course matching that of the whole-cell Ca 2� current (predicted by
the Hodgkin–Huxley Model). In the stochastic iCa mode the model varies
iCa(t) for each channel stochastically. In this mode the individual channel
locations contribute different iCa(t), and some remain closed. Individual
iCa(t) are simulated by using Monte Carlo-type pseudo-stochastic sam-
pling to determine the open and closed times of the two gates [random
number generator, ran(2) (Press et al., 1988); time step for iCa(t), 1 �sec].
Whenever a channel is open, the current is given according to the
electrical driving force and the conductance. Single channel conductance
was varied for different topographies (see above) but was the same for all
channels. Note that values for single channel conductance given in
Results refer to open channels, whereas values for channel current iCa
[given as the peak amplitude of iCa(t), iCa, peak] refer to the average across
all open or closed channels. To simulate experiments with reduced
[Ca 2�] of the extracellular solution, we reduced the channel conductance
to match the reduction of whole-cell ICa observed in the experiments.

Buffered diffusion of Ca2�

At time 0, Ca 2� and buffers were at resting concentrations and at spatial
equilibrium. Standard equations (3.20–3.23 in Smith, 2001) for diffusion
and buffering were solved numerically (forward Euler finite difference).
We assumed unrestricted diffusion of Ca 2� and buffers around AZs (i.e.,
barriers, particularly nondocked vesicles in the vicinity of AZs, were
neglected). To validate the unrestricted diffusion assumption (Glavinovic
and Rabie, 2001) for the calyx, we analyzed the three-dimensional
reconstruction of 31 of the �600 AZs (K. Sätzler, L. Söhl, J. Bollmann,

J. Borst, M. Frotscher, B. Sakmann, and J. Lübke, unpublished data). In
a dome-like control volume around each AZ (200 nm distance from the
edge of the control volume to the nearest point on AZ), there were, on
average, 62 vesicles (not docked, i.e., not readily releasable). These
vesicles occupied �6% of the dome-like control volume. Therefore, their
effect as diffusion barriers is negligible.

Only for the simulation of consecutive APs (see Results), a linear
extrusion mechanism was used, which reduces the [Ca 2�] of each voxel
separately by ([Ca 2�] � [Ca 2�]rest)����t per time step, where [Ca 2�]rest
� 50 nM (see below), � � 400 Hz is the pump rate, and �t is the time step.

Spatial resolution was as follows: (5 nm) 3 voxels for the first six layers
on the membrane (0–30 nm), (10 nm) 3 for 30–90 nm, and (20 nm) 3 for
the remainder. After 1.5 msec, when [Ca 2�] gradients have dissipated,
spatial resolution was decreased by collapsing neighboring voxels into (10
nm) 3, (20 nm) 3, and (40 nm) 3. For those voxels (of the first layer) located
“above” the presumed Ca 2� channels, �[Ca 2�] � iCa(t)��t/(V�F) per
time step was added to [Ca 2�] of the voxel (�t, time step; V, voxel
volume; F, Faraday’s constant). Time step was 10 fsec to 0.68 nsec, such
that the relative change in concentration of any substance in any voxel
during any time step did not exceed �1% (autoadaptive); dtmax �
0.15�(dx) 2/220 �m 2/sec, where dx � 5 nm for times up to 1.5 msec and 10
nm thereafter.

Unless otherwise indicated, the model solution contained (control
condition): free Ca 2� at a starting concentration of [Ca 2�]rest � 50 nM
(Helmchen et al., 1997) and diffusion coefficient DCa � 220 �m 2/sec
(Albritton et al., 1992); endogenous fixed buffer (termed EFB, unspeci-
fied identity, single Ca 2� binding site) with a binding ratio of 40 (Helm-
chen et al., 1997), total concentration [EFB]total � 80 �M, affinity KD �
2 �M (varied in sensitivity analyses between 200 nM and 200 �M; see
below), and a forward Ca 2� binding rate, kon � 5�10 8 per Msec (Klingauf
and Neher, 1997) (sensitivity analysis below); ATP with [ATP]total � 0.58
mM, KD, Ca � 200 �M, kon, Ca � 5�10 8 per Msec (Baylor and Holling-
worth, 1998) (with kon, Ca corrected for temperature; sensitivity analysis
below), DATP � 220 �m 2/sec. Kinetic parameters of ATP are for the
binding of ATP to Ca 2� only (not Mg 2�). The presence of 4 mM
Mg-ATP in the pipette during the experiments (Borst et al., 1995) was
accounted for by reducing the concentration of total ATP available for
Ca 2� binding to 0.58 mM. The remaining ATP was assumed to stay
bound to Mg 2� during the [Ca 2�] transient (KD, Mg � 100 �M) and thus
unavailable for Ca 2� buffering (slow off-rate of Mg-ATP, koff, Mg �
150–390/sec; Baylor and Hollingworth, 1998). For some simulations,
mobile exogenous buffers were added at varying concentrations: BAPTA
(kon � 4�10 8 per Msec, KD � 220 nM, DBAPTA � 220 �m 2/sec; Naraghi
and Neher, 1997) and EGTA. The binding kinetics of EGTA are strongly
pH-dependent. We thus used two sets of parameters: “EGTA” (kon �

Table 2. Experimental calyx data used to infer topography of release sites

Pr, calyx of calyx dialyzed with exogenous buffersa 0.2 mM EGTA: 25 � 2.5% (SEM) Borst and Sakmann, 1996
1 mM EGTA: 16.5 � 1.7%
10 mM EGTA: 11.3 � 2.4%
0.05 mM BAPTA: 25 � 3.8% (SEM) Borst et al., 1995
1 mM BAPTA: 8.6 � 0.9%
10 mM BAPTA: �1%b (model results: Fig. 9A)

Apparent Hill coefficient: Pr, calyx � (	ICa�dt)n,
when reducing [Ca2�]ex

c

n � 2.2–3.5 Barnes-Davies and Forsythe, 1995;
Borst and Sakmann, 1999a; Wu et
al., 1999 (model results: Fig. 9B)

Pr, calyx � (	ICa�dt)m, when reducing channel open
probability by AP waveformsd

m � 3–3.5 Borst and Sakmann, 1999a (model
results: Fig. 6B)

Pr, calyx � (	ICa�dt)m, when partially blocking P/Q-
type Ca2� channels

m � 3.7 � 0.2 (SEM) Wu et al., 1999

aIn the referenced studies, calyces dialyzed with small concentrations of exogenous buffer (0.2 mM EGTA or 0.05 mM BAPTA) had the same Pr, calyx (within errors) as before
dialyzing (control). Pr, calyx given here is for Release Model A (control: 25%). For Release Model B (control: 10%), scale Pr, calyx accordingly.
bImplied phasic release probability during APs as estimated from Borst and Sakmann (1999b).
cNote that, instead of Pr, calyx, experimental studies usually use EPSC amplitude as a measure for release. For the fast phasic component of AP-evoked release, EPSCpeak �
Pr, calyx. Some studies report n for release versus [Ca 2�] of the extracellular solution ([Ca 2�]ex ) (for either varying or adjusted [Mg 2�]ex ) or versus ICa, peak. However, 	ICa�dt
� ICa, peak � [Ca 2�]ex (approximately), when [Ca 2�]ex is reduced from 2 to 0.25 mM (Borst and Sakmann, 1996; Helmchen et al., 1997; Schneggenburger et al., 1999).
dThe nomenclature of m and n, which measure Ca 2� channel cooperativity and/or Ca 2� cooperativity, follows that in Wu et al. (1999) (n � 2.7). See Results for additional
explanation.
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10�10 6 per Msec, KD � 70 nM; Nägerl et al., 2000) or “EGTA-2” (kon �
2.5�10 6 per Msec, KD � 180 nM; Naraghi and Neher, 1997). DEGTA �
DEGTA-2 � 220 �m 2/sec.

Because the buffered diffusion algorithm uses neither the steady-state
assumption nor the rapid buffer or the linearized buffer approximation,
it correctly simulates any local /global depletion of unbound buffers
(“buffer saturation”; Naraghi and Neher, 1997). Because [Ca 2�] in the
simulations is generally low (micromolar range), mobile buffers deplete
only marginally. For example, in the simulation with added 1 mM
BAPTA (see Fig. 7D), at the time of peak Ca 2� influx and at the center
of the channel cluster (where depletion is the strongest), the concentra-
tion of unbound BAPTA is still 90% of the volume average concentra-
tion (94% for unbound ATP). In contrast, unbound endogenous fixed
buffer (EFB) is depleted locally because it binds Ca 2� without being
replenished by diffusion. As a result, unbound EFB (at the cluster center
and at the peak of the Ca 2� current) is depleted to 6% of the volume
average concentration.

Net Ca2� influx into calyx volume versus
modeled subcompartments
In the reference topography simulating physiological conditions with
Release Model A, the conductance was 14.52 pS per channel cluster,
corresponding to an average ICa, peak � 0.66 pA per cluster. (The con-
ductance for the simulations with the less Ca 2�-sensitive Release Model
B was 37.04 pS.) This corresponds to 0.26 fC or 12 �M unbuffered Ca 2�

entering each subcompartment (volume, 0.110 �m 3), thus increasing
volume average [Ca 2�] to 379 nM, as observed in experiments (see Table
1). The 600 subcompartments (for 600 AZs) contributed a total of 0.16
pC Ca 2� (per AP and assuming one cluster per AZ), which is 17% [42%
in case of Release Model B] of the whole-cell value observed in exper-
iments (see Table 1). The total modeled volume (600 subcompartments
or �17% of 400 �m 3) corresponds to this ratio. Therefore, the increase
in volume average [Ca 2�] in the subcompartments was the same as that
experimentally observed for the whole calyx. This approach indirectly
accounts for Ca 2� that enters through channels located away from
release sites, assuming that these channels do not (significantly) affect
local [Ca 2�] transients at release sites but only the volume average
[Ca 2�] (see Discussion). To comply with the experimental measurement
of volume average [Ca 2�], �[Ca 2�] was 12 �M in every simulation;
whenever Ca 2� influx for the control condition was changed (for topog-
raphies other than the reference topography and for Release Model B;
see Results), the volume of the subcompartments was adjusted accord-
ingly. [The model does not include contributions to [Ca 2�] from the
release of Ca 2� from intracellular stores. At the calyx this contribution
during a single AP is marginal at most (Helmchen et al., 1997).]

Release
We defined release probability Pr (as a percentage) as the fraction of all
readily releasable vesicles that are released during a single AP (phasic
release only; see Table 1 for size of readily releasable pool). “Release
site” is defined as the functional entity of one readily releasable vesicle
and the one or more Ca 2� channels controlling its release. At the calyx
(�600 AZs) a single AZ contains, on average, more than one release site
(Sätzler, Söhl, Bollmann, Borst, Frotscher, Sakmann, and Lübke, unpub-
lished data). Although different release sites at the same AZ may be
controlled by the same Ca 2� channels, the model assumes that release
from individual sites is stochastically independent. Under this assump-
tion more than one vesicle during a single AP may be released from a
single AZ (Auger and Marty, 2000; Sun and Wu, 2001). However, a
single release site can release at most one vesicle per AP (the model does
not include recovery of the readily releasable pool). Because it is a
relative measure, predicted Pr does not depend on the total number of
vesicles in the readily releasable pool (� number of release sites) nor on
the number of AZs or the number of release sites per AZ.

To quantify Pr in response to a transient increase in [Ca 2�], the model
uses, alternately, two kinetic schemes (Fig. 1): Release Model A (Boll-
mann et al., 2000) or Release Model B (Schneggenburger and Neher,
2000). Note that, because it is less Ca 2�-sensitive, Release Model B
predicts higher absolute [Ca 2�] transients than Release Model A. How-
ever, relative spatial profiles of the transients are almost identical (mar-
ginal depletion of mobile buffers; see above). Therefore, the conclusions
on the release site topography are valid for either release model. For
clarity, figures generally show [Ca 2�] transients and Pr of simulations
with Release Model A. Analogous results with Release Model B are
given in the text only. At time 0, the Ca 2� binding sites of the sensors

were equilibrated with [Ca 2�]rest. The readily releasable pool was “full.”
For each assumed vesicle location (location at which the membrane of the
vesicle is closest to presynaptic membrane), the time course of the local
[Ca 2�] transient predicted by the reaction–diffusion scheme (measured
in the voxel �10 nm above the presynaptic membrane) was translated
into a release rate versus time. This was done for each vesicle individu-
ally, assuming that (1) release sites are independent and (2) binding of
Ca 2� to the release-controlling Ca 2� sensor does not affect [Ca 2�]
(Yamada and Zucker, 1992). The differential equations of the model
describing the relative state occupancies were solved numerically (for-
ward Euler finite difference), using a variable time step such that, during
any time step, the absolute change of the relative occupancy of any state
was at most �0.5%. The time integral (0–5 msec) of the release rate of
an individual vesicle is Pr, vesicle. The (heterogeneous) release rates of
individual vesicles were averaged into an average release rate versus
time. The time integral of this rate (0–5 msec) is the predicted average
release probability of all vesicles in the calyx (Pr, calyx). Different release
site topographies predict different Pr, calyx because they correspond to
different distributions of channel-to-vesicle distances for the readily
releasable pool. The average release rate was converted to an EPSC, as
described by Bollmann et al. (2000) (convolution of release rate with
quantal EPSC).

Sensitivity of Pr to kinetics and concentrations of
endogenous buffers
The model includes the mobile Ca 2� buffer ATP as well as one fixed
buffer. The fixed buffer simulates the effect of one or more not further
identified fixed or poorly mobile buffers. We varied concentration and
binding kinetics of the endogenous buffers to estimate the sensitivity of
predicted Pr to these parameters. Even drastic variations in the param-
eters of endogenous buffers (two to three orders of magnitude) do not
change the predicted Pr, calyx to a degree that would compromise our
results on release site topography. The reference simulation for each
parameter variation is the simulation for the reference topography (see
Results; control condition, Pr, calyx � 25%).

Endogenous fixed buffer. We varied [EFB] between 10 and 10,000% of
the reference value (80 �M) while adjusting KD, EFB such that [EFB]/
KD, EFB (approximate binding ratio) was kept unchanged at 40. This
variation changes the predicted Pr, calyx between 41 and 18%, respec-
tively. During an AP the EFB locally depletes/equilibrates with [Ca 2�]
(see above) and thus is rendered ineffective as a local sink for Ca 2�.
Therefore, EFB has only a small effect on the direct attenuation of the
local [Ca 2�] transients that control phasic release of transmitter. This
shows that the predictions of the model of Pr are accurate even if the
concentration of EFB in the presynaptic volume were not spatially
uniform.

ATP. Two sets of parameter variations for ATP were investigated. (1)
Keeping [ATP]/KD, ATP constant, we changed both [ATP] and KD, ATP
between 10 and 1000% of their respective reference values (see above).

Figure 1. Intrinsic Ca 2� sensitivity of transmitter release. Shown is Pr
for a single vesicle when exposed to a [Ca 2�] transient with a time course
equal to that of whole-cell ICa (full width at half-maximum, 383 �sec) and
with a peak amplitude of [Ca 2�]vesicle. The thin lines indicate release
probability during APs according to Release Model A (Pr, vesicle � 25% at
[Ca 2�]vesicle � 8.8 �M; Bollmann et al., 2000) or Release Model B
(Pr, vesicle � 10% at [Ca 2�]vesicle � 35 �M; Schneggenburger and Neher,
2000).
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This changes Pr, calyx between 37 and 22%, respectively. (2) Keeping
[ATP]�kon (buffer) product constant, we changed both [ATP] and (inverse-
ly) kon, ATP, between 10 and 1000% of the reference values. This changes
Pr, calyx between 44% (low [ATP], high kon, ATP) and 12% (low kon, ATP, high
[ATP]). Complete removal of ATP from the model calyx results in
Pr, calyx � 48%. For simulations with the added exogenous buffers
EGTA or BAPTA, the presence of ATP changes the predicted Pr, calyx
even less because the effect of ATP is small compared with that of the
exogenous buffer (see Fig. 4 D).

RESULTS
In the first part of Results, we infer which channel–vesicle topog-
raphy characterizes release sites at the calyx (developmental
stage postnatal days 8–10). In the second part, we simulate the
spatiotemporal pattern of AP-evoked [Ca2�] transients and of
phasic transmitter release at the calyx. In the third part, we
illustrate the functional significance of the proposed release site
topography for synaptic transmission at this fast synapse.

Topography of release sites
Overview
Because the location of Ca2� channels at the calyx is not known,
there is a multitude of conceivable topographic arrangements of
channels relative to readily releasable vesicles. We analyzed var-
ious topographies for their compatibility with measured phasic
release probabilities (Pr) under different experimental conditions
(Table 3): (1) reducing the [Ca2�] transients by dialyzing the
calyx with exogenous Ca2� buffers EGTA or BAPTA and (2)
reducing the Ca2� influx by altering the gating of the Ca2�

channels.
(1) The efficacy of Ca2� buffers in reducing the [Ca2�] tran-

sient around a Ca2� channel depends on the diffusion distance
from the channel (Neher, 1986). For the calyx it was found
previously that there is no channel-to-vesicle distance, for which
the theoretical efficacy of BAPTA versus EGTA is consistent
with experimental data (Naraghi and Neher, 1997). Although we
confirm this result, we find further that the observed buffer
efficacies can be explained by assuming that the channel-to-vesicle
distance is different for different release sites of the same calyx.

(2) When the open probability of Ca2� channels at the calyx is
reduced, Pr is reduced in a supralinear manner. On the basis of
this experimental finding, it was concluded previously that the
majority of readily releasable vesicles at the calyx is controlled by
more than one Ca2� channel per vesicle (Borst and Sakmann,
1999a). We find further that the multiple Ca2� channels control-
ling a vesicle, rather than being distributed evenly in the mem-
brane, are likely to be organized in clusters of Ca2� channels.

On the basis of these findings, we suggest that phasic transmit-
ter release at the calyx is governed by the following nonuniform
topography of release sites (henceforth “reference topography”).

Readily releasable vesicles are controlled by clusters of Ca2�

channels, with one or a few clusters per AZ. For any one release
site the distances between the vesicle and the individual channels
of a cluster are similar. However, vesicles at different release sites
are located at a broad range of distances from the channel cluster
(average distance �100 nm; coefficient of variation 
 0.5). De-
tails of the findings on topography are explained below as Prop-
erties I–III.

Property I: The distance between a vesicle and its release-
controlling Ca2� channel(s) varies across different release sites
of the same calyx
For the calyx the distance between a vesicle and the Ca2�

channel(s) controlling its release is not known. Knowing the
sensitivity of the Ca2� sensor does not solve this problem, be-
cause the conductance of Ca2� channels in the calyx is unknown.
The [Ca 2�] transient that drives vesicle release could be supplied
by a channel at distance D and with conductance C or, alterna-
tively, from a channel twice as far away but with approximately
twice the conductance (see below). This scaling behavior pre-
vents one from inferring at what distances from Ca2� channels
the vesicles are likely to be located. However, the scaling is
broken when experimental data on the effects of added exogenous
Ca2� buffers EGTA or BAPTA are taken into account.

When a calyx is loaded with EGTA or BAPTA, Pr is reduced
in a concentration-dependent manner. For example, 10 mM

EGTA reduces Pr to �0.45 of Pr in the native calyx. BAPTA (1
mM), which binds Ca2� faster than EGTA, reduces Pr to �0.35 of
Pr in the native calyx (see Table 2). The reduction of Pr by the
buffers is ascribed to the effect of the buffers on [Ca2�] transients.
EGTA and BAPTA intercept part of the Ca2� diffusing from the
inner mouth of the channels to the vesicles, thereby reducing the
peak amplitude of the [Ca2�] transients reaching the vesicles
([Ca2�]vesicle). In combination with experimental data, diffusion
calculations thus may be used to infer characteristic distances
between release-controlling Ca2� channels and vesicles. This has
been addressed previously for the calyx (Naraghi and Neher,
1997). Here we confirm the earlier result while offering a different
interpretation.

We begin by assuming that every releasable vesicle at an AZ in
the calyx is located at some fixed distance from a single Ca2�

channel that controls its release (e.g., 80 nm) (Fig. 2A). The Ca2�

current through each channel gives rise to a [Ca2�] transient,
with a peak amplitude decaying rapidly with increasing distance
from the channel. Therefore, to yield similar [Ca2�]vesicle (and
thus Pr) for different vesicle distances, we increased the single
channel conductance for increasing distance (Fig. 2B). Single
channel conductance was chosen such that the predicted release
probability for a vesicle (Pr, vesicle) was 25% under control condi-
tions (“control” means that the model calyx contained only en-
dogenous fixed buffer and ATP). For any given distance the
simulations for added buffers used the same channel conductance
as that used for the control condition. The time course of the
single channel current [iCa(t); approximately Gaussian] was cal-
culated with a Hodgkin–Huxley Model. In these simulations
iCa(t) was the same for all channels (uniform iCa mode; see
Materials and Methods). Depending on the conductance, peaks
of iCa (per channel) varied from 0.0157 pA (for distance of 5 nm)
to 0.936 (for distance of 125 nm). After the addition of exogenous
buffers, the predicted [Ca2�]vesicle is strongly dependent on dis-
tance (Fig. 2C). This is expected because, for a single Ca2�

channel domain (Neher, 1986), the reduction in [Ca2�]vesicle

Table 3. Summary of findings on topography

Single versus
multiple channels
per vesicle

Distance of
vesicle from
Ca2� source

Consistent with
effects of
BAPTA and
EGTA on Pr

Consistent with
apparent Hill
coefficient
m � n

Single channel Fixed � �

Variable � �

Channel grid Narrow grid � �

Wide grid � �

Channel cluster(s) Fixed � �

Variable � �
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relative to [Ca2�]vesicle under control conditions is stronger the
farther away from the channel the vesicle is located.

Figure 2D shows Pr, vesicle as a function of the distance from the
Ca2� channel. As expected, for distances of 10 nm or less the
efficacy of EGTA in reducing release is marginal. By comparing
the differential effect of added exogenous buffers EGTA and
BAPTA at any one distance, Figure 2D confirms a previous result
for the calyx (Naraghi and Neher, 1997). There is no distance at
which the predicted Pr, vesicle is consistent with experimental
results for both EGTA and BAPTA loading (assuming either
parameter set, EGTA or EGTA-2). For any distance at which the
predicted reduction of Pr, vesicle by 10 mM EGTA (Fig. 2D, trace 3)
is similar to that observed in the experiments (25–40 nm) (Fig.
2D, dashed box), the predicted reduction of 1 mM BAPTA is
much stronger than that observed in the experiments. At dis-
tances 
125 nm the predicted reduction of Pr, vesicle of neither
BAPTA nor EGTA is consistent with the experiments. (Fig. 2
shows simulations with Release Model A. Analogous simulations
with Release Model B yielded the same result.)

In comparing the Pr, vesicle in Figure 2D with experiments
(which measure the average release probability across all vesicles
in the calyx) we assumed implicitly that all readily releasable
vesicles in the calyx are located at the same distance from their
release-controlling channel. Under this assumption the experi-
mental observation could not be explained. We therefore propose
that the distance of individual vesicles to their release-controlling
Ca 2� channel(s) varies across different release sites. This expla-
nation indeed is suggested by the experiments. Although some
vesicles seem to be located sufficiently far from Ca2� channels to
be affected by the slowly binding buffer EGTA (10 mM), other
vesicles in the same calyx may be located closer to channels so

that even the fast binding buffer BAPTA (1 mM) reduces their
release probability only moderately.

To test this assumption, we assumed a simple distribution of
distances. Every AZ is a circular area with the same radius of 125
nm (see Table 1; for the simple distribution the variation of AZ
sizes was neglected). Every AZ has only a single Ca2� channel
controlling the release. The channel is located at the center of the
AZ. Vesicles are located at random anywhere on the AZs, with
a distance ranging between 0 and 125 nm from the center, the
average distance being 83 nm (Fig. 3A). The predicted average
Pr, vesicle across all vesicles is 25.0% for the control condition,
15.4% when adding 10 mM EGTA, and 7.7% when adding 1 mM

BAPTA (iCa, peak � 0.53 pA per channel, Release Model A).
Even for this simple distribution the predicted average Pr, vesicle is
similar to the Pr observed in experiments with added buffers (Fig.
3B). The quantitative mechanism that favors variable location of
vesicles in reproducing the experimental data will be illustrated
further below.

Property II: Release-relevant Ca2� sources are separated by
diffusion distances 
200 nm
During APs at the calyx many Ca2� channels open for every
vesicle that is released (Borst and Sakmann, 1996). The experi-
mental findings on the effects of added exogenous buffers on Pr

may be used to infer a minimum distance between the Ca2�

channels that control phasic release. For these simulations the
channels were arranged on a regular grid covering the entire
presynaptic membrane (henceforth “periodic grid topography”)
(Fig. 4A). The separation of neighboring channels (grid constant
d, 60 nm in Fig. 4A,B) was varied, adjusting the single channel
conductance such that the predicted release probability for the

Figure 2. Effect of channel-to-vesicle distance on re-
lease probability. A, Reaction volume used in the
simulation; all numbers are given in nanometers (not
drawn to scale). Height (400 nm) is equal to the
thickness of the calyx, and the width corresponds
approximately to the distance between neighboring
AZs (see Table 1). Partial 5 and 20 nm grids indicate
varying spatial resolution (see Materials and Meth-
ods). Single Ca 2� channel is located at the center in
the first voxel layer on the membrane (same for all
channel-to-vesicle distances). Readily releasable vesi-
cle is located on the membrane at 80 nm from the
channel (example only). B, Peak Ca 2� current per
channel required to yield release probability (Pr, vesicle)
of 25% for the control condition [control � endoge-
nous fixed buffer (EFB) and ATP only] if all vesicles
were located at the same distance from the Ca 2�

channel that controls their release. C, Predicted peak
[Ca 2�] at the location of the vesicle for the same
assumption as in B. Traces 1–4 represent four different
buffer conditions. Trace 1, EFB and ATP (control
condition). Trace 2, EFB, ATP, and 10 mM EGTA-2.
Trace 3, EFB, ATP, and 10 mM EGTA. Trace 4, EFB,
ATP, and 1 mM BAPTA. D, Predicted Pr, vesicle for the
same assumption as in B. Traces 1–4 for the buffer
conditions are the same as in C. The dashed box
indicates the distance range in which Pr, vesicle in the
presence of EGTA, but not BAPTA, is similar to the
experiment. Vertical dashed line indicates average ves-
icle distance (118 nm) of the reference topography
used in the second part of Results.
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control condition was 25%. Simulations used the uniform iCa

mode.
Using d � 60 nm as an example, Figure 4B illustrates how the

Ca2� domains generated by individual channels in a regular grid
combine into a net [Ca2�] transient (lef t axis), how this transient
is modified in the presence of exogenous buffers, and how this
affects the predicted release probability of vesicles at different
hypothetical locations in the grid (right axis). For d � 60 nm,
there is no location at which Pr, vesicle in the presence of 1 mM

BAPTA is similar to that measured in the experiments (i.e., 0.35
of Pr, vesicle under control conditions). In the immediate vicinity of
a channel the peak of the [Ca2�] transient in the presence of 1
mM BAPTA is approximately one-half of control. At this loca-
tion, however, Pr, vesicle is only 0.05 of that under control condi-
tions. For all other locations the release-reducing effect of 1 mM

BAPTA relative to control is even stronger. This means that
there can be no distribution of vesicles within the d � 60 nm grid
that would be in agreement with the experimentally observed Pr

(vesicles at fixed distance to the next channel, random locations,
or any other distribution).

Extending the analysis, we varied d between 5 nm (uniform
influx through the membrane) and 500 nm, thus varying the
diffusion distances for Ca2� between different Ca2� channels.
Keeping the total Ca2� influx into the model calyx constant, we

varied the single channel conductance as d2. This leaves the peak
of the average [Ca2�] transient (average across all locations in
grid) nearly constant (8–9 �M for control, 4.5–4.9 �M for 10 mM

EGTA, 1.9–2.2 �M for 1 mM BAPTA). However, the spatial
profile of the [Ca 2�] transients becomes increasingly nonuni-
form, leading to a steeper gradient between the spatial peaks of
[Ca2�] in the direct vicinity of channels and the troughs of
[Ca2�] between neighboring channels. For d � 480 nm, the peak
of the predicted [Ca2�] transient ([Ca2�]peak) in the direct
vicinity of channels is 350 �M, the peak of the average transient is
9.0 �M, and the peak at distance d/2 from two neighboring
channels is 4.1 �M (Fig. 4C).

Similar to the analysis for Property I, we begin by investigating
whether there is any hypothetical location in the grid of channels
(i.e., all vesicles located at the same distance from nearest chan-
nel) for which the predicted Pr, vesicle is in agreement with the
experiments with added exogenous buffers. At d � 5 nm,
[Ca 2�]peak in the presence of 1 mM BAPTA is 0.24 of that of
control. Pr, vesicle is only 0.0024 of control, i.e., 
100 times smaller
than that observed in the experiments (implying a supralinearity
of n � 4.2 when expressing Pr, vesicle � [Ca 2�]n

peak). As seen in
Figure 4, B and C, the reduction of [Ca2�]peak in the presence of
exogenous buffers relative to [Ca2�]peak under control conditions
is weaker the closer the location to any one channel and the larger
the d. For example, if vesicles and channels were colocalized (in
a grid of d � 200 nm), then [Ca2�]peak in the presence of 1 mM

BAPTA would be 0.75 of [Ca2�]peak under control conditions,
and Pr, vesicle in the presence of 1 mM BAPTA would be �0.754 �
0.32 of Pr, vesicle under control conditions (in agreement with the
experiments). For the same assumption, however, predicted
Pr, vesicle in the presence of 10 mM EGTA would be too high (0.7
of control). Summarizing, there is no location within a grid of
Ca2� channels (for any d) at which the predicted effects of
BAPTA and EGTA are both in agreement with the experiments.

Similar to the simulations for Property I, the agreement be-
tween measured and modeled Pr improves when a distribution of
different locations of vesicles within the grid is considered. As a
simple distribution of vesicles we assumed that vesicles are lo-
cated at random anywhere within the grid of channels (exact
dimensions of AZs, for the moment, were neglected). Then the
predicted release probability of the calyx (Pr, calyx) is given by the
average Pr, vesicle across all locations in the grid. Given such a
simple distribution, Pr, calyx in the control condition is nearly
constant for all d. However, the predicted efficacy of added
exogenous buffers in reducing Pr, calyx changes by more than two
orders of magnitude (Fig. 4D). When compared with experimen-
tal data, the results for EGTA (both parameter sets) as well as for
BAPTA show that d is likely to be at least 200 nm. Otherwise, the
expected effect of either exogenous buffer would be far stronger
than that observed in the experiments. To eliminate the uncer-
tainty introduced by the role of ATP (for which the kinetic
parameters and concentration in the native calyx are uncer-
tain), we repeated the simulations without ATP and simulated
the effect of BAPTA and endogenous fixed buffer alone (50 �M

vs 1 mM BAPTA; see Materials and Methods for effect of
endogenous fixed buffer). The results also imply d 
 200 nm.
(Fig. 4 shows simulations with Release Model A. Analogous
simulations with Release Model B yielded similar results,
suggesting d 
 250 nm.)

In the simulations assuming a periodic grid of Ca2� channels,
we have, so far, used the uniform iCa mode (i.e., every channel of
the grid opens during an AP). However, because only 10–20% of

Figure 3. Measured buffer efficacies are reproduced (within �2 SEM)
when assuming variable channel-to-vesicle distance. A, Reaction volume
used in the simulation; all numbers are given in nanometers (not drawn to
scale). Partial 5 and 20 nm grids indicate varying spatial resolution (see
Materials and Methods). Single Ca 2� channel is located at the center in
the first voxel layer on the membrane. Readily releasable vesicles (three
examples shown) are located randomly anywhere on the AZ (all AZs are
a circular area with a 125 nm radius centered on the Ca 2� channel). B,
Comparison of model-predicted Pr with measured Pr. Filled columns,
Predicted average Pr, vesicle for added exogenous buffer as ratio of control
[control � endogenous fixed buffer (EFB) and ATP only]. Open columns,
Measured data for calyx. Error bars indicate � 1 SEM (see Table 2).
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all Ca2� channels may open during a single AP (Colecraft et al.,
2001), the topographic pattern of open Ca2� channels is different
from the pattern of all, i.e., open or closed channels. In particular,
the average diffusion distance of Ca2� between open channels
may be large (
200 nm), even if these open channels are part of
a periodic channel grid with d � 200 nm.

To illustrate this, we might consider, for example, the following
situation. Each vesicle is surrounded by a large uniform grid of
Ca2� channels (Yamada and Zucker, 1992). We used a grid of
10 � 10 channels, with a grid constant of 50 nm. The readily
releasable vesicle was located in the middle of the channel field, in
our example colocalized with one of the Ca2� channels (“non-
periodic grid topography”) (Fig. 5A). Time course and amplitude
of the Ca2� currents were varied across channels (stochastic iCa

mode; see Materials and Methods). To simulate low open prob-
ability of Ca2� channels during APs, we added a third gate to the
two-gate Hodgkin–Huxley Model. The third gate, for which
gating was independent of the membrane potential, either opened
for the entire course of an AP (probability popen, max) or remained
closed. Thus, the peak open probability of a single Ca2� channel
during an AP was popen � 69% � popen, max, where 69% is the
predicted peak open probability of the two-gate Hodgkin–Huxley
Model for the AP waveform (see Materials and Methods) and
popen, max was varied between 100 and 15%. To yield Pr, calyx

�25% for the control condition, we set single channel conduc-
tance to 0.40 pS for popen � 69% and scaled it as 1/popen up to 2.67
pS for popen � 10.4% (Release Model A). This left the average
total Ca2� influx per AP unchanged, independent of popen

(iCa, peak was 0.018 pA per channel, averaged across all open and
closed channels).

Figure 5B shows predicted effects of added 1 mM BAPTA on
Pr, calyx. The results demonstrate how the effective topography
(open Ca2� channels relative to vesicle) changes with decreasing
popen and how this affects whether the topography reproduces the
experimental data. For popen � 69%, the predicted release-
suppressing effect of added 1 mM BAPTA is much stronger than
that observed in the experiments (as expected from the result for
d � 50 nm in Fig. 4D). Pr, calyx with added 1 mM BAPTA is 0.04 �
0.005 of Pr, calyx under control conditions, i.e., approximately eight
times lower than measured in the experiments (all values given as
mean � SEM after 200–800 Monte Carlo simulations). This is
expected, because for high popen the diffusional distances between
open Ca2� channels are too small. In contrast, for popen � 10%,
most open Ca2� channels are separated by diffusion distances

200 nm. Thus the predicted effect of 1 mM BAPTA is consistent
with experimental data (Pr, calyx reduced to 0.26 � 0.06 of con-
trol). (As indicated in Table 3, the nonperiodic grid topography,
although it is consistent with experiments with added BAPTA, is
not consistent with experiments measuring the apparent Hill
coefficient m; see Property III.)

For diffusion distances d of several hundred nanometers, re-
quired iCa, peak per channel is on the order of 1 pA (Fig. 4D, right
axis). This current is �5–10 times higher than the usual upper
estimates for single Ca2� channels (conductance �2 pS at phys-
iological conditions; Gollasch et al., 1992; Church and Stanley,
1996). For large d, therefore, we replaced each single channel

Figure 4. Effect of Ca 2� channel spacing on
release probability. A, Reaction volume with
the periodic grid topography used in the sim-
ulation; all numbers are given in nanometers
(not drawn to scale). Partial 5 and 20 nm grids
indicate varying spatial resolution. Dashed
lines indicate repetition of volume with the
use of periodic boundary conditions (see Ma-
terials and Methods). Ca 2� channels are lo-
cated on a uniform grid with grid constant d
(example shows d � 60 nm). Readily releas-
able vesicles are located randomly anywhere
on the membrane. B, Spatial profiles of [Ca 2�]
(traces 1–3, snapshot at time of peak ICa ) and
of Pr, vesicle (traces 4–6, after 5 msec; right axis)
generated by a d � 60 nm regular grid of
channels under different buffer conditions; sin-
gle Ca 2� channel current the same as in D.
Channels are at 30 and 90 nm. Traces 1, 4,
Endogenous fixed buffer (EFB) and ATP (con-
trol condition). Traces 2, 5, EFB, ATP, and 10
mM EGTA. Traces 3, 6, EFB, ATP, and 1 mM
BAPTA. Squares at lef t axis indicate average
[Ca 2�] across the membrane (7.4, 4.3, and 1.9
�M for control, EGTA, and BAPTA, respec-
tively). Triangles at right axis indicate average
Pr, vesicle (� Pr, calyx) across the membrane (25,
2.4, and 0.13% for control, EGTA, and
BAPTA, respectively). C, Peaks of [Ca 2�]
transients for different grid constants and
buffer conditions (1, 4, and 7; 2, 5, and 8; 3, 6,
and 9 as in B; single Ca 2� channel current
same as in D). 1–3, Peak of transient at 10 nm
above a channel. 4–6, Peak of average tran-
sient across the membrane. 7–9, Peak of tran-

sient at half-grid constant from two neighboring channels. D, Predicted average Pr, vesicle across the membrane (� Pr, calyx) as a function of grid constant
d. Traces 1–6 show Pr, calyx for six different buffer conditions. Trace 1, EFB and 50 �M BAPTA. Trace 2, EFB and ATP (control condition). Trace 3, EFB,
ATP, and 10 mM EGTA-2. Trace 4, EFB, ATP, and 10 mM EGTA. Trace 5, EFB and 1 mM BAPTA. Trace 6, EFB, ATP, and 1 mM BAPTA. Trace 7,
Peak iCa per channel required to achieve Pr, calyx �25% for the control condition (right axis).
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with a cluster of 10 channels, each conducting only one-tenth of
the original channel (channel-to-channel distance within cluster,
�15 nm). Predicted effects of added exogenous buffers remained
almost unchanged (data not shown). The [Ca2�] transient pro-
vided by a single large channel is, for many quantitative argu-
ments, indistinguishable from that of a cluster of channels.
Henceforth, we will refer to either as a Ca2� source.

In summary, we conclude that, for any hypothesized location of
vesicles within a large field of channels or channel clusters, the

average distance between neighboring (open) Ca2� sources is
likely to be 
200 nm.

Buffer effects in single channel versus multiple
channel topographies
Our result, at a first glance, may seem to contradict previous
interpretations of experiments with added exogenous buffers.
Previously, a substantial effect of the kinetically slow buffer
EGTA in reducing Pr, particularly when compared with the
effects of kinetically fast BAPTA, was used to infer relatively
large diffusion distances for Ca2� between release-controlling
channels and vesicles (Borst and Sakmann, 1996). This is true
when assuming that a vesicle is triggered by a single Ca2�

channel/source. The larger the distance from a single Ca2�

source, the stronger the predicted relative reduction of phasic
release by mobile buffers (Neher, 1998b) (Fig. 2D). However, for
the case of a grid of channels, the effect is more complicated. The
larger the grid distance d, i.e., the larger the average diffusion
distance between vesicles and their nearest channels, the less
efficient the buffers are in reducing phasic release. This can be
understood by approximating [Ca2�]vesicle by adding up, for any
one location in the grid, the single domains of all other channels
(linearized steady-state approximation; Neher, 1998b). The
smaller the d, the more spatially uniform are the [Ca2�] tran-
sients (along the membrane) and thus the more generated not
only by a single nearby channel but by a large number of channels
at different locations (Fig. 4C). In addition, because Pr, vesicle is a
nonlinear function of [Ca2�]vesicle, it is not sufficient to consider
the effect of added exogenous buffers on [Ca2�]vesicle alone.
Instead, when considering distributions of vesicle distances, the
effect of the buffers on the average release probability must be
considered, too. (As seen in Fig. 4, the effect of the buffers on the
average [Ca2�]vesicle is independent of d, whereas the effect on
average Pr, vesicle changes by more than two orders of magnitude.)

The above finding relates primarily to the probable location of
Ca2� sources with respect to other Ca2� sources, not to the
location of vesicles. As shown, inferring diffusion distances be-
tween channels and vesicles from exogenous buffer experiments
depends on previous assumptions on how many Ca2� channels
contribute to the local [Ca2�] at the vesicle (single channel
domain vs multiple channels domain). Therefore, we will address
the question of how many Ca2� channels control the release of a
vesicle in a separate, independent argument.

Property III: The majority of vesicles is controlled by clusters
of �10 or more Ca2� channels
Experimental modifications of the stochastic gating of Ca2�

channels and/or their partial blockage by toxins affect phasic
transmitter release at the calyx (see Table 2). Such experiments
have been used to conclude that the majority of vesicles at this
synapse is controlled by more than one channel (Borst and
Sakmann, 1999a; Wu et al., 1999). Extending these results, we
estimate how many Ca2� channels are likely to control the
release of a single vesicle and how these channels are located.

Time-independent model without diffusion. We begin with a
simple model (Yoshikami et al., 1989), which assumes the follow-
ing: (1) The release probability (Pr, vesicle) of every vesicle is
proportional to the nth power of [Ca2�]vesicle, Pr, vesicle �
[Ca2�]n

vesicle. [Ca2�]vesicle is supplied by one or more channels
controlling the release of the vesicle. (2) The total number of
channels controlling each vesicle (N), open or closed, is the same
at every release site. (3) During an AP a channel either opens

Figure 5. Effect of Ca 2� channel open probability on release probability.
A, Reaction volume with the nonperiodic grid topography (100 channels
on d � 50 nm grid) used in the simulation (height of reaction volume, 500
nm). Readily releasable vesicle is colocalized with the Ca 2� channel at
the center of the grid. B, Predicted Pr, vesicle after adding 1 mM BAPTA as
a ratio of Pr, vesicle under the control condition (control � endogenous
fixed buffer and ATP only) as a function of the open probability of Ca 2�

channels ( popen ) assumed in the three-gate channel model. For decreas-
ing popen , single channel conductance was increased as 1/popen (see Pro-
perty II for values). Results for ratios show mean � SEM after 200–1000
Monte Carlo simulations for each data point (stochastic iCa mode). The
ratio for popen � 100% is the one predicted by the uniform iCa mode (i.e.,
all channels open). Control condition: Pr, vesicle � 30% � 1.5% for popen �
10.4%; Pr, vesicle � 35% � 1.5% for popen � 69%; Pr, vesicle � 35.2% for
popen � 100%.
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(probability popen) or remains closed (no multiple opening). (4)
Each open channel contributes the same [Ca2�] to [Ca2�]vesicle.
Assuming that sites are independent, we get: Pr, calyx �
(Pr, vesicle)average � �k � 1

Np(k)�kn, where p(k) is the probability
that, at any single site, k of the N channels open during an AP
(binomial distribution). Because channel gating is stochastic, the
number of open channels at each release site varies around the
average number ( popen�N). This causes a variance of [Ca2�]vesicle

across sites. Therefore, only the average [Ca2�]vesicle of all re-
lease sites is reduced proportionally to p. If n  1, the effect on
release is nonlinear, i.e., the average release probability of all
vesicles in the calyx (Pr, calyx) is not proportional to the average
[Ca 2�]vesicle raised to the nth power. Instead, Pr, calyx � popen

m

[the notation of m vs n follows the one in Wu et al. (1999), defined
in Table 2]. Therefore, the apparent degree of supralinearity of
release versus Ca2� influx measured experimentally (m) may be
different from n and depends on how the influx is varied (Yo-
shikami et al., 1989; Quastel et al., 1992). The discrepancy of m
versus n is larger the higher the coefficient of variation (CV) of
[Ca2�]vesicle across release sites. CV, which depends on the
number of Ca2� channels per site, is largest for the case of a
single channel, for N � 1, m � 1, independent of n (Yoshikami et
al., 1989; Augustine et al., 1991). As the number of channels
controlling each site increases, the CV of [Ca 2�]vesicle decreases
and m converges to n.

N estimated with time-independent model. In presynaptic
voltage-clamp recordings at the calyx, Borst and Sakmann
(1999a) reduced popen for Ca2� channels by modifying the AP
waveform. To simulate these experiments with the time-
independent model, we calculated Pr, calyx for popen � 69% (for
the physiological AP waveform) (Fig. 6A) and for popen � 42%
(step-like AP waveform) and determined m according to Pr, calyx

� popen
m (both popen given by a two-gate Hodgkin–Huxley Model

fit to the calyx as in Borst and Sakmann, 1998). We assumed n �
3.3 (maximum possible m predicted by time-dependent diffusion
model; see below). As expected, m predicted by the time-
independent model was equal to 1 for N � 1 and converged to 3.3
for large N (Fig. 6B, solid line). On the basis of the experimental
finding that m � n, the predictions for m suggest that phasic
transmitter release for the majority of vesicles is likely to be
controlled by at least 10 Ca2� channels per vesicle. Although in
the model m is a function of popen (high vs low), the inferred
minimum number of channels N is insensitive to the exact values
for popen. We also tested popen � 75 versus 25% (yielding N 
 11)
and popen � 20 versus 10% (yielding N 
 14).

Time-dependent model with diffusion. The simplified model
above neglects time-dependent buffered diffusion of Ca2� as well
as the exact time-dependent response of vesicles to transient

Figure 6. Effect of the number of Ca 2� channels on release probability.
A, ICa predicted by Hodgkin–Huxley Model for different AP waveforms.
Trace 1, Physiological AP. Trace 2, Step AP to reduce peak channel open
probability ( popen ). Trace 3, Average ICa (used in uniform iCa mode) for
12 channel cluster (physiological AP); half-width of ICa � 383 �sec;
popen � 69%. Trace 4, Same as trace 3 but for step AP; popen � 42%. Trace
5, Example of stochastic ICa (used in stochastic iCa mode) for cluster of 12
channels (physiological AP). Trace 6, Same as trace 5 but for step AP. B,
Effects of the number of channels per cluster on apparent Hill coefficient
m (see Property III for details). Solid line, m predicted by time-
independent model. Squares, m predicted by time-dependent model with
the stochastic iCa mode (for all N the vesicle locations are as described
for the reference topography). Error bars indicate � SEM after 400

4

Monte Carlo simulations for each data point. Open circles, Apparent Hill
coefficient predicted by time-dependent model with the uniform iCa mode.
C, Number and position of Ca 2� channels in clusters of different N
(1–100) used in the simulation. Grid indicates (5 nm)3 voxels on the
membrane; the black circles indicate a voxel with a channel. The cluster
with N � 100 channels is the same as the cluster with N � 1 channel
except that the same voxel holds 100 channels instead of 1 (unrealistic
channel density). Reaction volume, as well as location of readily releas-
able vesicles and of cluster centers (indicated by the black circle in N � 1
cluster) on AZs, is as in Figure 7A. D, Coefficient of variation of the total
Ca 2� influx through a cluster [time integral of ICa( t), 0–5 msec] as a
function of the number of channels per cluster (physiological AP
waveform).
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[Ca2�]. To confirm the result on N, we implemented stochastic
channel gating into the three-dimensional time-dependent model
used to infer Properties I and II. Vesicles and clusters of Ca2�

channels were located randomly on AZs as described for the
reference topography. Time course and amplitude of the Ca2�

currents were varied across channels (stochastic iCa mode; see
Materials and Methods). Channel kinetics were driven either by
the physiological AP waveform, resulting in popen � 69%, or by
the modified step-like waveform ( popen � 42%). Total conduc-
tance per channel cluster was 4.8 pS or 4.8 pS/N per channel. [4.8
pS is 0.33 of the conductance used to simulate release under
control conditions. The lower conductance, which simulates lower
[Ca2�] of the extracellular solution, was used so that nmodel �3
(average n observed in the experiments; see Table 2).]

N estimated with time-dependent model. When channels are
gated by the step-like AP, the total influx into the calyx is 61% of
that under the physiological AP. The average release probability
Pr, calyx is reduced to 0.61m, where the value of m is strongly
dependent on N (Fig. 6B). We show results for seven cluster types
with N varying between 1 and 100 channels per cluster (Fig. 6C).
To confirm that the predicted change in m is attributable to the
change in the CV (Fig. 6D) of the total Ca2� influx per cluster
and not attributable to different channel-to-vesicle distances in-
herent in clusters of varying N, we repeated the simulations for all
seven clusters. This time we did not vary individual channel
currents stochastically but used the uniform iCa mode. As ex-
pected, the predicted Hill coefficient is �3.3 for all N (Fig. 6B,
open circles).

The time-dependent model confirms the finding on N derived
from the time-independent model. However, for N � 4–12, an
additional effect is revealed. Because the Ca2� channels in the
cluster cannot all be in the same location in the membrane, the
diffusion distance to the vesicle they control varies and thus
the [Ca 2�] that each open channel contributes to the combined
[Ca 2�]vesicle varies as well. Therefore, variable diffusion distances
of the channels controlling a particular vesicle raises the CV of
[Ca2�]vesicle (for the same N), thus increasing the discrepancy
between the measured values of m versus n. To illustrate this
further, we may consider again the nonperiodic grid topography
simulated in Property II (Fig. 5A). At high popen � 69%, the
prediction for m (2.5 � 0.1) is consistent with the experiments,
because at high popen each vesicle is controlled by a large number
of Ca2� channels at similar distances (m given as mean � SEM
after 200–800 Monte Carlo simulations). At low popen � 10%, a
vesicle still is controlled by �10 Ca 2� channels (for the grid of
100 channels). However, in the grid these channels are not located
at similar distances from the vesicle. Therefore, the predicted m
for popen � 10% is only 1.37 � 0.14, far lower than that measured
in the experiments.

In summary, we conclude that N �10 or more Ca2� channels
control the phasic release of a single vesicle at the majority of
release sites at the calyx and, further, that these channels are
located at similar distances from the vesicle they control. For the
N � 12 cluster in Figure 6B, the average vesicle, located at 118 nm
from the cluster center, is located at 90–140 nm from an individ-
ual channel.

It should be noted that the above simulations are based on the
assumption that the Hodgkin–Huxley Model is a sufficiently
accurate description for gating and current of single Ca2� chan-
nels. The model is probably not accurate for all Ca2� channel
subtypes. Just as variable distance between channels and vesicles
increases the variance of [Ca2�]vesicle (see above), different sub-

types of Ca2� channels with presumably different gating and/or
conductances would produce the same effect, thus further in-
creasing the discrepancy between m and n (for the same N).
Similarly, if popen during APs is lower than 69% assumed in the
above simulations, more channels per cluster would be needed to
achieve sufficiently low CV of the [Ca2�] reaching the vesicles.
Hence our estimate N � 10 should be viewed as a lower limit.

Property synthesis: Phasic release is controlled by one or a few
channel clusters per AZ, and vesicles are located at variable
distance from the cluster(s)
Properties I–III describe three specific “requirements” on the
topography of release sites at the calyx. Although there are many
conceivable topographies that would exhibit one or two of these
properties, very few topographies exhibit all three properties
simultaneously. Further combining these requirements with re-
cent anatomical data of the location and size of AZs in the
presynaptic membrane of the calyx, one can infer a single, prob-
able topography for the calyx.

Electron microscopic (EM) reconstruction of the calyx shows
that AZs are separated by 200–800 nm from the next closest AZ
(see Table 1). The average radius of an AZ is 125 nm. Therefore,

200 nm separation of Ca2� sources (Property II) suggests that
phasic release for the majority of AZs is controlled by a single
source of Ca 2� per AZ, a source being a single Ca 2� channel or
a group of Ca2� channels.

As for the distances between Ca2� channels and vesicles, the
simulations of the effects of added exogenous buffers (Property I)
and of reduced Ca2� channel open probability (Property III)
suggest seemingly contradicting properties. Simulations for exog-
enous buffer suggest nonuniformity (variable distances), whereas
simulations for reduced popen suggest uniformity (similar distanc-
es). However, these two properties are not mutually exclusive and
may be treated as independent requirements on the topography.
The nonuniformity relates to the distances that different releas-
able vesicles have to the Ca2� source that controls the release of
the vesicles. The uniformity relates to the distances that one
vesicle has to the several individual channels of the Ca2� source.

To satisfy both requirements in one topography, we suggest
that Ca2� channels at AZs appear in clusters, with 10 or more
channels per cluster and with a maximum distance between any
two channels in the cluster of �50 nm. Ten Ca2� channels on a
circular area with a diameter of 50 nm correspond to one channel
per 14 � 14 nm2 membrane area. This is consistent with esti-
mates of channel-to-channel distances for other synapses (Stan-
ley, 1997). For any one vesicle located, for example, 100 nm away
from the center of the cluster, the distances between the Ca2�

channels and this vesicle are “similar” (75–125 nm). As a second,
independent property of the reference topography, we suggest
that different releasable vesicles (at the same AZ or at other AZs)
are located at different distances from the Ca2� channel cluster.
Note that the simulations to reproduce the measured effects of
added exogenous buffers on Pr cannot predict the exact distribu-
tion of cluster-to-vesicle distances. However, the simulations in-
dicate that the CV of the distribution must be �0.5 or larger.

Spatiotemporal pattern of [Ca2�] transients and phasic
transmitter release
We have derived the topographic properties likely to be found at
release sites of the calyx. However specific, these properties do
not define the topography in every detail. In particular, they
cannot define the exact distances between readily releasable ves-
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icles and their Ca2� sources; different distributions of cluster-to-
vesicle distances may result in similar net Pr, calyx and thus may
reproduce the experimental data equally well. Below, we propose
a possible specific topography, which is consistent with the above
properties and the anatomic data. Using this topography in the
model, we simulate the physiological [Ca2�] transients that con-
trol phasic transmitter release at AZs.

Proposed location of Ca2� channels
At each AZ a single cluster of Ca2� channels controls phasic
release. The cluster has a diameter of �50 nm. It consists of 12
channels, with a conductance of 1.2 pS per channel. The 1.2 pS
corresponds to an average iCa, peak � 0.055 pA per channel during
APs ( popen � 69%). Ca2� channels in the cluster are located as
was shown in Figure 6C (N � 12). The cluster (center) is located
at random anywhere in each AZ (Fig. 7A). Consistent with
anatomical data, individual AZs are circular areas of variable
size, with a radius varying around raverage � 125 nm, � � 31 nm
(distribution of radius is Gaussian; see Table 1).

Proposed location of readily releasable vesicles
Readily releasable vesicles are located at random anywhere on
every AZ, except for whichever space is already occupied by
the channel cluster (Fig. 7A). The random location of vesicles
was chosen for the lack of direct evidence of a more defined
spatial organization. As a consequence of the large AZs, the
distance between a vesicle and the center of the channel cluster
ranges between 30 and 300 nm (mode � 90 nm; mean � 118
nm; � � 59 nm).

The above topography was used for all further simulations
(henceforth reference topography). All numbers given in the
following text apply to simulations that use Release Model A,
unless indicated otherwise. For the reference topography, uni-
form iCa mode and stochastic iCa mode predict almost the same
[Ca 2�] transients and time course of release. Small differences in
predicted Pr, calyx between the two simulation modes are indi-
cated in the corresponding figures.

Heterogeneous release probability and physiological
Ca2� signaling
In the simulations for the reference topography, vesicles located
at different distances from Ca2� channels are exposed to pre-
dicted [Ca2�] transients of different amplitude and time course
(Fig. 7B). For single APs under physiological conditions,
[Ca2�]vesicle varies between 40 �M for vesicles closest to the
channels (30 nm from cluster center) and 0.5 �M for the very few
vesicles furthest away (300 nm from cluster center) [between 110

Figure 7. Heterogeneity of AP-evoked [Ca 2�] transients and their ef-
fects on release probability. A, Reaction volume with the reference
topography used in the simulation; all numbers are given in nanometers
(not drawn to scale). Partial 5 and 20 nm grids indicate varying spatial
resolution (see Materials and Methods). Shown is a Ca 2� channel cluster
(12 channels; in first voxel layer on membrane) and readily releasable
vesicles (three examples shown) on the AZ; AZs have variable size. The
illustration shows one example of random placement of a cluster and
vesicles at a single AZ. B, Time course of [Ca 2�] for vesicles at different
distances from the channel cluster. Trace 1, 30 nm from the center of the
cluster. Trace 2, 60 nm from the center of the cluster. Trace 3, Average
over all vesicles; peak, 8.2 �M, half-width, 391 �sec. Trace 4, 120 nm

4

from the center of the cluster. Trace 5, Volume average [Ca 2�] (right
axis). Vertical dashed line indicates time of peak ICa. C, Time course of
cumulative release probability for single vesicle [Pr, vesicle( t)] at different
distances (same simulation as in B). 1, 2, 4, Same distances as in A. 3,
Average of Pr, vesicle across all vesicles (Pr, 5 msec � 25%). 5, Release rate of
calyx (assuming pool size of 800; right axis). D, Spatial profiles of [Ca 2�]
(1–3, snapshot at time of peak ICa ) and of Pr, vesicle (4–6, after 5 msec;
right axis) under different buffer conditions [channel cluster centered at
distance 0 nm, extending to distance 25 nm (vertical dashed line)]. 1, 4,
Endogenous fixed buffer (EFB) and ATP (control condition). 2, 5, EFB,
ATP, and 10 mM EGTA. 3, 6, EFB, ATP, and 1 mM BAPTA. Squares at
lef t axis indicate average [Ca 2�] across all vesicles (8.1, 5.4, and 2.5 �M for
control, EGTA, and BAPTA, respectively). Triangles at right axis indicate
average Pr, vesicle across all vesicles (equaling Pr, calyx; 25, 16, and 7.1% for
control, EGTA, and BAPTA, respectively).
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and 1.5 �M when using Release Model B]. The peak of the
average transient (across all vesicle locations) is 8.2 �M [23 �M].
It has a half-width (full width at half-maximum) of 391 �sec [384
�sec] (Fig. 7B). As a result of the variation in [Ca2�]vesicle,
Pr, vesicle varies as well, between 100 and 0.006% [85 and 0.0003%]
(Fig. 7C).

In essence, the consideration of variable distance between
Ca 2� channels and vesicles constitutes a departure from the
concept of a single or average physiological [Ca2�] transient
driving phasic transmitter release. Likewise, by definition of the
nonlinear response of Pr, vesicle versus [Ca2�]vesicle, the definition
of an average distance of vesicles to channels is rendered some-
what futile. For the reference topography, the average distance of
a vesicle to the center of the channel cluster is 118 nm (across all
vesicles and AZs in the calyx). However, a vesicle actually located
at 118 nm from a cluster does not have the average release
probability of all vesicles in the calyx Pr, calyx � 25%, but only
Pr, vesicle � 2% (Fig. 7C). Neither can one define an effective or
typical distance. To yield Pr, vesicle � Pr, calyx � 25%, a vesicle
must be located at 80 nm from the channel cluster (vesicle at
medium distance in Fig. 8). Here, the simulation predicts an
approximately bell-shaped transient, peaking at [Ca2�]vesicle �
8.7 �M (Fig. 8 D, as estimated by Bollmann et al., 2000).
However, focusing on the distance of 80 nm yields misleading
results when the effects of added exogenous buffers are inter-
preted. In the presence of 1 mM BAPTA the predicted Pr, vesicle

for the vesicle at 80 nm does not exhibit the reduction of the
predicted average release probability to Pr, calyx � 7%, but to
Pr, vesicle � 0.02%.

Heterogeneity and effects of added exogenous buffers
As shown in Figure 9A, the simulation reproduces well (i.e.,
within � 2 SEM confidence interval) the experimentally mea-
sured concentration-dependent effects of both BAPTA and
EGTA on Pr. (The only exception is Pr, calyx predicted for 1 mM

EGTA. Possibly, the proportion of vesicles located away from the
channel cluster is larger than that inherent in the random distri-
bution on active zones as used for the reference topography. At

80 nm from the cluster, for example, Pr, vesicle under control
conditions is 25%, but Pr, vesicle under 1 mM EGTA is 20%, i.e.,
within a � 2 SEM confidence interval of the experimental result.)

We will now illustrate why variable location of vesicles
predicts Pr, calyx as observed in the experiments, whereas other,
more spatially uniform organizations do not. Variable diffu-
sion distances between release-controlling channel clusters
and vesicles create a pool of vesicles with a broad distribution
of Pr, vesicle. By the same token, Ca 2� buffers affect each
Pr, vesicle differently, again depending on the diffusion distance
for Ca 2� from channels to the particular vesicle. Experiments,
however, only measure Pr, calyx, the average of all Pr, vesicle. The
overall net effect of added buffers on Pr, calyx, therefore, de-
pends on the distribution of distances between channel clusters
and vesicles.

To illustrate the differential efficacy of added buffers, let us
consider the vesicles as three separate groups according to dis-
tance: close (30–40 nm from cluster center), medium (40–70 nm),
and far (
70 nm). As was shown in Figure 7D, the release
probability of close vesicles is Pr, vesicle � 100% in response to a
single AP (control, i.e., no added exogenous buffers). At 30–40
nm the exogenous buffers (1 mM BAPTA as well as 10 mM

EGTA) reduce [Ca2�]vesicle to �0.5 of that under control condi-
tions. However, Pr, vesicle of the close vesicles remains unaffected,
because release already is saturated. This is different for vesicles
at medium distance. Again in a comparison of buffer versus
control condition, BAPTA reduces [Ca2�]vesicle to 0.5 of that
under control condition, enough to reduce the release probability
strongly. However, EGTA at this distance reduces [Ca2�]vesicle

less, and Pr, vesicle stays high. For far vesicles, finally, both buffers
strongly reduce [Ca2�]vesicle. Pr, vesicle is reduced even more
strongly because the release-controlling Ca2� sensor, which at
this distance is not saturated, responds steeply to changes in
[Ca2�]vesicle. Because different vesicles are affected to different
degrees, the overall effects of the buffers on Pr, calyx are in agree-
ment with the experiments, although no single vesicle alone
reflects the changes to Pr, calyx. The above reference topography is

Figure 8. Visualization of reference topography and
Ca 2� diffusion at calyx. A, Presynaptic membrane
with one AZ, one Ca 2� channel cluster, and three
readily releasable vesicles. Positioning of cluster and
vesicles as well as the number of vesicles on AZ
represents one example of random placement at 600
AZs. Vesicles have a diameter of 50 nm (same in
A–D); drawings are to scale. In the example the vesi-
cles are located at 50, 80, and 150 nm from the center
of the channel cluster. B, Same as A but viewed from
the top and with superimposed false color coding of
[Ca 2�] on the membrane around the channel cluster.
Concentrations reflect predicted AP-evoked [Ca 2�]
transients under physiological conditions (same simu-
lation as in Fig. 7B; time, 0.60 msec). For optical
clarity AZ has been replaced by a dotted circle. Orange/
red codes show [Ca 2�] domain around the open chan-
nels. C, Same as B but viewed from the side, with an
additional vertical panel to show [Ca 2�] in the plane
perpendicular to the membrane (time, 1.15 msec).
Dashed circle indicates that the vesicle has fused al-
ready. D, Variable channel-to-vesicle distances result
in variable peaks of [Ca 2�] transients and thus heter-
ogeneous Pr, vesicle.
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in contrast to the more homogenous periodic grid topography
used to infer Property II. While the reduction of the average
[Ca2�]vesicle by added exogenous buffers in the grid topography is
similar to that in the reference topography, the predicted reduc-

tion of Pr, calyx in the grid topography is much too strong (Figs.
4B, 7D). In essence, the nonuniformity of vesicle distances inher-
ent in the reference topography creates a safe harbor for some of
the vesicles (independent of which release model is used), such
that they are released even if the Ca2� transients are reduced by
exogenous buffers.

Heterogeneity and effects of reduced Ca2� influx
As described in Property III, the number and location of Ca2�

channels relative to vesicles affect the measured steepness (m, n)
at which Pr, calyx responds to changes in Ca2� influx. Figure 9B
shows the predicted reduction in Pr, calyx when the Ca2� influx is
reduced by reducing the single channel conductance (1.2 to 0.12
pS, reflecting a reduction from 2 to �0.2 mM Ca2� in the
extracellular solution). Predicted Pr, calyx depends supralinearly
on the total Ca2� influx. The predicted slope in the double
logarithmic plot increases with decreasing conductance. The av-
erage predicted slope is n � 2.8 (in agreement with the experi-
ments; see Table 2). When Ca2� influx is reduced by reducing the
channel open probability, Pr, calyx is reduced supralinearly with
m � 2.3 � 0.1 (mean � SEM after 400 Monte Carlo simulations,
as was shown for N � 12 channels in Fig. 6B). Note that the
prediction for m, as well as that for n at large conductance, is
somewhat lower than that observed in the experiments. The
reason is that Pr, vesicle of some vesicles is almost saturated and,
therefore, less sensitive to changes in [Ca2�]vesicle. For compari-
son, the predicted n for the periodic grid topography (d � 60 nm)
is 4.4, i.e., outside the range observed in the experiments (Fig. 9B).

Functional significance of proposed topography for
high-frequency transmission
Contribution of Ca2� diffusion to synaptic delay
The time of Ca2� diffusion from channels to vesicles is believed
to constitute only a small part of synaptic delay times (Adler et al.,
1991; Yamada and Zucker, 1992; Borst and Sakmann, 1996). Our
simulations confirm this view for the calyx, albeit with some
qualifications (simulations used Release Model A; analogous
simulations that used Release Model B yielded similar results;
data not shown).

Once Ca2� channels have opened, Ca2� needs to diffuse to
the vesicle (i.e., to its presumably colocalized release-controlling
Ca2� sensor). This process is not instantaneous and thus con-
tributes to synaptic delay. To quantify the effect, Figure 10A
shows the time course of Ca2� influx through channels, superim-
posed with the predicted time course of [Ca2�] transients at
various distances. As shown for the case of a nonphysiological
pulse-like whole-cell Ca2� current (ICa, pulse), the local transient
at the channel cluster (30 nm from center) reaches nearly steady
state within �100 �sec after onset of the Ca2� current. In
contrast, the average transient (average across all vesicles) as well
as the transient at 200 nm has not yet reached its steady-state
level. In other words, because of buffered diffusion of Ca2� the
time course of [Ca2�] transients controlling the vesicles would be
delayed against ICa if it were pulse-like.

This is different in the case of a physiological, approximately
bell-shaped ICa (ICa, physiol) as generated by a cluster of Ca2�

channels that open and close stochastically (Fig. 10B; time inte-
grals of ICa, pulse and ICa, physiol are the same). The local [Ca2�]
transient at the channel cluster follows ICa, physiol almost perfectly
(data not shown in Fig. 10B). Even at 200 nm, the peak of [Ca2�]
is reached only �150 �sec later than the peak of ICa, physiol itself.
The average [Ca2�] transient follows the time course of ICa, physiol

Figure 9. Predicted effects of added exogenous buffers and lowered extra-
cellular [Ca 2�] on Pr, calyx. A, Predicted effect of exogenous buffers on
Pr, calyx for two topographies (reference topography versus periodic grid
topography, with d � 60 nm) compared with experimental data. Filled
squares, EGTA (experimental); filled triangles, BAPTA (experimental;
mean � SEM as shown in Table 2). Trace 1, EGTA (reference topography);
Trace 2, BAPTA (reference topography); Trace 3, EGTA (grid topogra-
phy); Trace 4, BAPTA (grid topography). Reaction volume and location of
channels/vesicles are as in Figure 7A (reference topography) or Figure 4A
(grid topography). The same simulations with the stochastic iCa mode (data
not shown) yielded the same results as the uniform iCa mode: EGTA (1 mM,
24.3% � 0.5%; 10 mM, 16.0% � 0.3%) and BAPTA (1 mM, 7.5.% � 0.3%;
10 mM, 0.1% � 0.01%; mean � SEM after 100–200 Monte Carlo simula-
tions). B, Predicted Pr, calyx as a function of Ca 2� influx for the same
topographies as in A compared with experimental data (see Table 2). Influx
was reduced by reducing the single channel conductance from 1.2 pS
(control; vertical dashed line) to 0.12 pS. Squares (uniform iCa mode) and
circles (mean of stochastic iCa mode) indicate the reference topography
(circles are not plotted where indistinguishable from squares; SEMs, after
200 Monte Carlo simulations, are smaller than the dimension of the circles).
Triangles (uniform iCa mode) indicate the grid topography (predicted slope,
n � 4.4). Solid thin line indicates slope, n � 2.7; shaded area indicates range
of slopes in experimental studies (n � 2.2–3.5). Each data set is normalized
to (1, 1). Reaction volume and location of channels/vesicles are as in Figure
7A (reference topography) or Figure 4A (grid topography). Pr, calyx at
control conditions is 25%.
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well, with a small lag of �50 �sec (see also Schneggenburger and
Neher, 2000). Thus we estimate that during APs at the calyx the
direct contribution of Ca2� diffusion time to synaptic delay is
only �50 �sec. This is aided by the time course of the physiolog-
ical Ca 2� current. Its rise and decay [approximately bell-shaped,
half-width (full width at half-maximum), 383 �sec] are slow
enough to be followed easily by the buffered diffusion system that
governs the [Ca2�] transients.

We will now consider another effect of Ca2� diffusion on
synaptic delay. We define synaptic delay as the time between the
onset (5% of peak) of ICa and the onset of the predicted EPSC.
The delay time in the model does not represent synaptic delay as
it is measured in experiments. This is because the model does not
account for additional delays caused by steps after the response of
the release-controlling Ca2� sensor. Therefore, the experimen-
tally measured EPSC in Figure 10C (dashed curve) was shifted in
time (�400 �sec toward earlier times) to allow for comparison of
the time course (Bollmann et al., 2000). [Note, however, that the
EPSC time course predicted by the model cannot be expected to
match perfectly that of measured EPSCs. First, the postsynaptic
response to transmitter deviates from a linear superposition of
quantal EPSCs (Sakaba and Neher, 2001b), a fact not yet in-
cluded in the model. Second, additional steps in the transmission
process after fusion of a vesicle may contribute to the variation in
the time of onset of quantal EPSCs.]

In the following analysis we will focus on differences in synaptic
delay predicted for different [Ca2�] transients rather than on
delay times in absolute terms. The onset of the EPSC for the
pulse-like ICa is at 65 �sec after the onset of ICa (20–80% rise
time of EPSC is 230 �sec; peak is 7.1 nA; data not shown). The
short delay is expected from the high [Ca2�] transients and the
fast forward binding rates of the Ca2� sensor, although the Ca2�

does not reach all vesicles immediately. For the physiological ICa,
the onset of the EPSC (Fig. 10C, trace 1; rise time, 310 �sec; peak,
5.3 nA) is �400 �sec after the onset of ICa (onset of ICa, physiol is
at the peak of the AP, at 540 �sec). The peak of the average
release rate underlying the EPSC (data not shown) is at 1030 �sec
or 100 �sec later than the peak of ICa, physiol (Fig. 10C, first vertical
dashed line from the lef t). For the calyx this time interval has been
measured to be approximately five times larger (�500 �sec; Borst
and Sakmann, 1996). This confirms that a large part of the
physiological delay is caused by steps after the kinetic response of
the release-controlling Ca2� sensor.

Bollmann et al. (2000) and Schneggenburger and Neher (2000)
have shown that EPSCs at the calyx, when evoked by [Ca2�]
uncaged from photosensitive chelators, have synaptic delays
which are shorter, the higher the [Ca2�]vesicle. In the model,
phasic release comprises release from vesicles that are located at
different distances to channel clusters and thus are exposed to
[Ca 2�] transients of different amplitude (maximum of �40 vs �8
�M for the average). Therefore, the vesicles in close proximity to
channel clusters release neurotransmitter earlier than the average
vesicle and thus shorten the synaptic delay. To quantify the effect,
we calculated the EPSC that would be predicted if all vesicles
were controlled by a single virtual [Ca2�] transient; i.e., if all
vesicles were located at the same distance from Ca2� channel
clusters. As the virtual transient, we chose the average [Ca2�](t)
predicted by the diffusion model (average across all vesicles) (Fig.
10B). This simulation essentially removes effects of heteroge-
neous [Ca2�]vesicle from the predicted EPSC. The resulting EPSC
(EPSCvirtual) (Fig. 10C, trace 3) has a peak amplitude of 4.5 nA
(rise time, 410 �sec), similar to that of EPSCphysiol predicted by

Figure 10. Functional significance of variable channel-to-vesicle dis-
tance: synaptic delay. A, Pulse-like ICa (dashed line) generates [Ca 2�]
transients with different time courses and amplitudes at different distances
from channel cluster (solid lines, right axis; each normalized to the same
amplitude). Reaction volume and topography are the same as in Figure
7A. See Results for further details. Trace 1, Rectangular pulse-like ICa of
100 �sec duration. Trace 2, Distance 30 nm [Ca 2�]peak � 167 �M. Trace
3, Average across vesicles, [Ca 2�]peak � 32 �M. Trace 4, Distance 200 nm
[Ca 2�]peak � 3.6 �M. B, Physiological ICa (heavy line) generates [Ca 2�]
transients with different time courses and amplitudes at different distances
from channel cluster (thin lines, right axis; each normalized to the same
amplitude). Reaction volume and topography are the same as in Figure
7A. Trace 1, AP (time course only; same as trace 1 in Fig. 6A). First dashed
line from the lef t indicates the time of peak of AP (0.54 msec). Trace 2,
Physiological whole-cell ICa. Second dashed line indicates the time of peak
of ICa (0.92 msec). Trace 3, Average across vesicles, [Ca 2�]peak � 8.2 �M.
Trace 4, Distance 200 nm [Ca 2�]peak � 1.6 �M. C, For same simulations
as in B, trace 1 predicted EPSC for physiological ICa. First vertical dashed
line from the lef t indicates the time of peak of release rate predicted for
physiological ICa (1.03 msec). Trace 2, Measured single EPSC from
Bollmann et al. (2000) (shifted by �400 �sec to the lef t). Trace 3, EPSC
for virtual [Ca 2�] transient (transient as trace 3 in B). Second vertical
dashed line from the lef t indicates the time of peak of release rate
predicted for virtual transient (1.18 msec). Note that C uses the same time
scale as B.
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the full diffusion model. However, the onset of EPSCvirtual is
�150 �sec later than that of EPSCphysiol. The peak of the vesicle
release rate generating EPSCvirtual is at 1182 �sec (Fig. 10C,
second vertical dashed line from the lef t).

In summary, the diffusion time of Ca2� contributes only �50
�sec to the synpatic delay. However, a direct contribution of only
�50 �sec does not imply that buffered Ca2� diffusion is insig-
nificant for determining the onset of EPSCs. Instead, the time of
onset of physiological EPSCs depends on the amplitude of
[Ca2�] transients and thus on where the vesicles are located with
respect to Ca2� channels.

Invariance of release time course
The time course of phasic transmitter release has been shown to
be remarkably stable, even when the rate of release is reduced by
several orders of magnitude, for example by lowering [Ca2�] of
the extracellular solution from 2 mM (control) to 0.25 mM (Van
der Kloot, 1988; Isaacson and Walmsley, 1995; Borst and Sak-
mann, 1996). To test the compliance of the model with this
finding, we reduced the single channel conductance in the above
simulation to 0.15 pS per channel, a value eight times lower than
that used for the above EPSCphysiol. The predicted Pr, calyx is
0.11%, which corresponds to less than one vesicle per AP (uni-
form iCa mode). The simulated EPSC (EPSClow Ca; data not
shown) thus represents the average of evoked, quantal miniature
EPSCs.

The predicted relative time course of EPSClow Ca is similar to
that of EPSCphysiol [Release Model A, rise time 415 �sec (low
Ca 2�) vs 310 �sec (physiol); Release Model B, rise time 310 �sec
(low Ca 2�) vs 295 �sec (physiol)]. The onset of EPSClow Ca is
later than that of EPSCphysiol (Release Model A, �135 �sec;
Release Model B, �80 �sec), a prediction consistent with a
measured increase in delays after a reduction of Ca2� influx at
the calyx (Taschenberger and von Gersdorff, 2000).

The small increase in the predicted delay of EPSClow Ca versus
EPSCphysiol does not (primarily) stem from the lower [Ca2�]
transients reaching the vesicles any later. The (nonuniform)
[Ca 2�] transients for the low Ca2� condition have amplitudes
approximately eight times smaller, but their time courses differ by
at most � 20 �sec from those under control conditions (data not
shown). Rather, the increase stems from the kinetic response of
the molecular release model itself. Both models (A and B) predict
slower responses to the [Ca2�] transients of the low Ca2� con-
dition. Still, the overall changes in EPSC time course are small.
This is because, under the low Ca2� condition, the EPSC is
generated almost exclusively by release from vesicles located close
to the channel clusters (30 nm from cluster center). Here, pre-
dicted [Ca2�] transients are still as high as 5 �M (Release Model
B, 14 �M), a concentration in which the kinetic response of both
release models is similar to that under control conditions (Boll-
mann et al., 2000; Schneggenburger and Neher, 2000).

In summary, the predicted invariance of the (relative) release
time course for reduced Ca2� influx depends not only on the
release model but on the release site topography as well.

Synaptic reliability during consecutive APs
Part of a structure involved in the location of sound, the calyx is
capable of sustained high-frequency transmission with high tem-
poral fidelity between presynaptic and postsynaptic AP (Oertel,
1999). Possible functional advantages of heterogeneous release
probability with respect to this function have been discussed by
Wu and Borst (1999) and Sakaba and Neher (2001b). Briefly, one

concept proposes that vesicles that, by whatever mechanism, have
a low probability to be released by a single AP may have a higher
release probability in subsequent, consecutive APs (�100 Hz or
more). The increase in release probability is thought to be attrib-
utable to the Ca2� (bound or unbound) that remains in the calyx
from the influx generated by one or more previous APs. The exact
mechanism of this facilitation is not crucial to the concept (for an
overview, see Fisher et al., 1997).

In the model calyx the release probability is heterogeneous
because of a nonuniform location of vesicles across different
release sites of the same calyx. We will show how this leads to a
gradual increase in release probability during consecutive APs,
simulated as a 100 Hz train of 10 APs. Two situations are
compared: (1) release predicted for the native calyx, i.e., with
only endogenous buffers in the presynaptic solution (henceforth
“native calyx”) and (2) release predicted for a calyx dialyzed with
0.5 mM EGTA (“EGTA calyx”). To include the effect of Ca2�

removal, we added to the model a linear extrusion mechanism
with a rate � � 400/sec (Helmchen et al., 1997) (see Materials and
Methods). ICa during individual APs remained unchanged. This
is in line with the above concept, which assumes that changes in ICa

during consecutive APs are not the main factor for increasing Pr.
Because the model simulates the Ca2� dynamics of the entire

calyx, it predicts a rise in the volume average [Ca2�] during each
AP (Fig. 11A). Figure 11B shows the predicted phasic transmitter
release. In the following, Pr(i)cumu denotes the cumulative num-
ber of vesicles released up to the ith AP [AP(i)] divided by the
total number of readily releasable vesicles at the start of the train.
Comparing the incremental release from AP to AP, we extract
the release probability per single AP [Pr(i)single], which denotes
the number of vesicles released by AP(i) divided by the total
number of vesicles available for release before AP(i). Pr(i)single is
thus the average release probability of those vesicles that have
remained in the calyx after all APs before AP(i). Note that the
EPSCs in Figure 11C are calculated by assuming a linear super-
position of quantal EPSCs (see Materials and Methods). This
leads to a deviation from experimental EPSCs, particularly dur-
ing the decay phase of single EPSCs and during trains (Sakaba
and Neher, 2001b). Therefore, we focus our analysis on predicted
release probabilities but nevertheless include the EPSCs for illus-
tration of the concept.

For the EGTA calyx the fraction of released vesicles increases
to Pr(10)cumu � 49.3%, meaning that after the 10th AP approx-
imately one-half of the readily releasable vesicles in the original
calyx have been released. The predicted Pr(i)single decreases for
consecutive APs because the release probability is heteroge-
neous. During each AP the vesicles located closer to the channel
cluster are released preferentially, whereas the vesicles further
away tend to be left behind. Such a decrease in Pr(i)single during
the first few stimuli of a train has been observed at the calyx
(Sakaba and Neher, 2001b). The predicted volume-averaged
[Ca2�] rises only moderately during the course of 10 APs: from
0.18 �M after the first AP (near spatial equilibrium) to 0.40 �M

after the tenth AP. Therefore, in line with the above concept,
facilitation is kept to a minimum and the increase in Pr(i)single

during the train of APs does not occur in the EGTA calyx.
For the native calyx the situation is quite different. Pr(i)cumu

increases to Pr(10)cumu � 98.9%. In contrast to the EGTA calyx,
the volume-averaged [Ca2�] rises significantly from 0.34 �M after
the first AP to 2.4 �M after the tenth AP. Pr(i)single decreases from
the first to the third AP. However, after the third AP the release
probability increases again, to Pr(10)single � 62.1%. The gradual
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increase in Pr(i)single allows the model synapse to gradually make
use of the vesicles not released during the first APs (because of
disadvantageous location). The EPSC amplitude decreases for
APs 8, 9, and 10. This is because the original pool of vesicles is
almost exhausted. Pr(10)cumu � 98.9% implies that the calyx
could not maintain transmission beyond 100 msec (10 APs).
However, within the first 100 msec, experiments for the calyx
have measured significant recruitment of new vesicles, i.e., vesi-
cles that were not yet included in the original count of readily
releasable vesicles (Wu and Borst, 1999). Even if these vesicles
had a rather low response to single isolated APs (because of
either intrinsic properties or their disadvantageous location), they
could be facilitated in the above manner (see discussion in Wu
and Borst, 1999). Therefore, in a real calyx such rapidly recruited
new vesicles will be available to maintain the release of neuro-

transmitter during consecutive APs (Wang and Kaczmarek,
1998).

Facilitation
In the native calyx, Pr(2)single � 10.8%, whereas this probability is
lower (8.5%) in the EGTA calyx. A lower Pr(2)single in the
presence of buffers, i.e., a more pronounced heterogeneity, has in
fact been observed for the calyx (Sakaba and Neher, 2001b). The
10.8 versus 8.5% implies a facilitation of Pr of �27% (comparing
the native vs the EGTA calyx). In the model the facilitation of
vesicles during consecutive APs is caused by several effects: (1)
Ca2� still bound to binding sites of release-controlling Ca2�

sensor after the first AP (marginal contribution, off-rates are
fast); (2) pre-equilibration of the release-controlling Ca2� sensor
to a higher volume average [Ca2�]vol (marginal contribution;
on-rates are fast); (3) partial depletion (local and global) of
endogenous buffers (fixed and ATP) and therefore less effective
attenuation of the local [Ca2�]vesicle for the second AP [moderate
contribution because attenuation of [Ca2�]vesicle by endogenous
buffers is weak (see Materials and Methods); but see Bennett et
al. (2000) and discussion in Neher (1998b)]; (4) higher
[Ca2�]vesicle during the second AP because transients induced by
ICa are added (approximately) to the higher volume-averaged
[Ca 2�] at the beginning of the second AP (main contribution).
Note that the above effects may not describe facilitation of phys-
iological release probabilities in a more than qualitative way, and
our analysis does not preclude the possibility of additional mech-
anisms mediating short-term facilitation at the calyx. In experi-
ments with trains of APs, the second EPSC and thus the implied
Pr(2)single is higher than that predicted by our model (Barnes-
Davies and Forsythe, 1995; Borst et al., 1995; Schneggenburger et
al., 1999).

DISCUSSION
Release site topography
The main result is the topography of release sites at the calyx
(postnatal days 8–10). The majority of Ca2� channels controlling
phasic release is organized in clusters (10 or more channels per
cluster; cluster diameter �50 nm or less). Readily releasable
vesicles are located at a variable distance from the cluster con-
trolling their release (30–300 nm; average �100 nm). Using this
nonuniform topography, the model reproduces Pr in agreement
with experiments. This does not exclude possible other distribu-
tions of cluster-to-vesicle distances (provided they are not equi-
distant) because these may yield similar net Pr across the multiple
release sites of the calyx. For example, we cannot rule out the
possible existence of colocalized subclasses of vesicles for which
the distance from channels might be controlled by anatomical
links (Rozov et al., 2001; Sakaba and Neher, 2001a).

Robustness of findings on topography
The findings on the topography are robust; they are based on
large quantitative effects and are insensitive to imperfectly known
parameters. For example, reproduction of the effects of the buff-
ers on Pr does not depend on the exact distribution of channel-
to-vesicle distances (see Property I), nor does it depend on the
assumed time course of single channel currents [a pulse-like
current of 100 �sec duration (Fig. 10A) predicts 33% Pr for the
control condition, 21% for 10 mM EGTA, and 11% for 1 mM

BAPTA]. The requirement that neighboring Ca2� sources be
separated by at least �200 nm is valid for two parameter sets for
EGTA and is independent of ATP (see Property II). The require-

Figure 11. Functional significance of variable channel-to-vesicle dis-
tance: consecutive APs. A, Volume average [Ca 2�] in calyx during 10
consecutive APs at 100 Hz (reaction volume as in Fig. 7A, reference
topography; Ca 2� extrusion included; for details, see Results). Trace 1
shows native calyx (endogenous fixed buffer and ATP only). Trace 2 shows
EGTA calyx (with added 0.5 mM EDTA). B, Same simulation as in A.
Filled squares, Cumulative number of vesicles released after each pulse in
the native calyx as a fraction of the number of vesicles in the readily
releasable pool at the start of the train [Pr( i)cumu]. Filled triangles, Same as
squares but for EGTA calyx. Open squares, Same as filled squares but
showing release probability per single AP [Pr( i)single]. Open triangles,
Same as open squares but for EGTA calyx. C, Same simulation as in A.
Trace 1, EPSC for native calyx; trace 2, EPSC for EGTA calyx. Note that
A–C use the same time scale (1 AP � 10 msec).
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ment that multiple Ca2� channels control individual vesicles can
be derived independently of Ca2� diffusion (see Property III).
Furthermore, predicted Pr, the basis for the findings on topogra-
phy, shows only weak sensitivity to any reasonable variation of
endogenous buffer parameters (see Materials and Methods). Fi-
nally, two release models yield the same findings on the topog-
raphy (see Properties I–III).

Alternative, but less likely, topographies
Having focused our analysis on required topographic properties
rather than on specific fixed topographies, we can evaluate a large
parameter space of alternative topographies without testing them
in time-consuming simulations. Although conceivable anatomi-
cally, alternative topographies satisfy only one or two of the
required properties and, therefore, are consistent with only parts
of the experimental data.

For example, a vesicle located inside a ring of Ca2� channels
(Bertram et al., 1999) is consistent with the requirement that a
vesicle be controlled by multiple Ca2� channels at similar dis-
tance. However, because the channel-to-vesicle distance does not
vary across release sites, such a topography is inconsistent with
the measured buffer effects.

As another example, it appears unlikely that the majority of
AZs is controlled by more than a few Ca 2� channel clusters.
More than one cluster per AZ would decrease the nonuniformity
of cluster-to-vesicle distances (CV of distances across release
sites too low) while also decreasing the uniformity of distances of
an individual vesicle to its release-controlling Ca2� channels.

Ca2� transients at room temperature
Because the two release models ascribe different intrinsic Ca2�

sensitivities to a releasable vesicle, predicting exact amplitudes of
AP-evoked [Ca2�] transients depends on which model is used in
the simulation (see Results). As for the time course, the simula-
tions suggest that it follows the time course of ICa (half-width
�380 �sec) with only a small lag of �50 �sec (except for the few
vesicles located further than �150 nm away). Note that, at phys-
iological temperatures, [Ca2�] transients reaching vesicles pre-
sumably will be briefer and higher, as judged from the changes in
Ca2� influx (Borst and Sakmann, 1998) and APs/EPSCs
(Taschenberger and von Gersdorff, 2000).

Release-relevant Ca2� channels and channel subtypes
For the reference topography, 83% [Release Model B, 58%] of
whole-cell ICa is mediated by Ca2� channels that are located such
that they do not control phasic release directly (see Materials and
Methods). This is supported by experiments that show that most
P/Q-type Ca2� channels appear to be located near release sites,
whereas part of the N-type and R-type channels appear to be
located several hundreds of nanometers away from AZs (Wu et
al., 1999). During development of the calyx (postnatal days 7–13)
the contribution of N-type and R-type channels decreases, leav-
ing the P/Q-type as the predominant Ca2� channel subtype
triggering phasic release (Iwasaki and Takahashi, 1998). We
therefore assume that the channel clusters in the model, which
mediate the local [Ca2�] signal for phasic release, represent
P/Q-type channels.

While channels confined to AZs contribute 17% [42%] of the
total Ca2� influx, AZs cover only 2% of the total presynaptic
membrane surface (see Table 1). Assuming similar conductance
and popen for all Ca2� channels, this implies that the density of
channels in AZs is �10 times higher than that in the unspecial-
ized membrane [Release Model B, 36 times]. This complies with

experiments showing regions of locally elevated [Ca2�] at pre-
synaptic release sites (Llinãs et al., 1992; DiGregorio et al., 1999).

Overlap of Ca2� channel domains and
buffer saturation
Whether phasic transmitter release is controlled by one or by
several Ca2� channel domains per vesicle has been much debated
(Augustine, 2001).

Regarding experiments that reduced the open probability of
Ca2� channels, the reference topography reproduces the effects
of overlapping domains, as discussed in Borst and Sakmann
(1999a). Regarding the effects of added exogenous buffers, vesi-
cles essentially behave as if controlled by a single Ca2� channel
domain. Although the Ca2� current used in the simulations
(ICa, peak � 0.66 pA per cluster) is likely too large to be supplied
by a single channel, the combined domain of �10 clustered
channels resembles that of a single large channel. Still, as ex-
pected from the relatively low [Ca2�] transients (micromolar
range), mobile buffers in the simulation deplete only marginally
(see Materials and Methods; also see discussion in Naraghi and
Neher, 1997).

Possible other causes for heterogeneous Pr

Heterogeneous release probability of vesicles has been observed
at several CNS synapses (Dobrunz and Stevens, 1997; Markram
et al., 1997; Silver et al., 1998), including the calyx (Sakaba and
Neher, 2001b). Even in a readily releasable/fully recovered vesicle
pool, a multitude of mechanisms can cause individual vesicles of
the pool to have different probabilities of being released during an
AP (discussed in Sakaba and Neher, 2001b). We suggest that the
observed heterogeneity to a large extent may be caused by the
variability in the distance between a vesicle and its release-
controlling Ca2� channels; other intrinsic properties of the re-
lease apparatus, in particular its sensitivity to local [Ca2�] tran-
sients, contribute only partially to the heterogeneity. Two
arguments support this. (1) Pr in response to spatially uniform
[Ca 2�] signals measured over a wide range of [Ca2�] could be
well explained by a single kinetic model for all vesicles in the
readily releasable pool (Bollmann et al., 2000; Schneggenburger
and Neher, 2000). This suggests that, at the calyx, possible intrin-
sic heterogeneities of the response of the vesicles to [Ca2�] are
not strongly pronounced (in comparison, see Blank et al., 1998).
(2) Although usually not measurable during single APs, the
heterogeneity of Pr becomes apparent when the calyx is dialyzed
with BAPTA versus EGTA. These Ca2� buffers differentially
modify the [Ca2�] transients during APs, the main difference
being at what distance from the Ca2� channels they are most
potent in attenuating the [Ca2�] transient. Thus it seems likely
that the observed heterogeneity of Pr to a large extent is caused
by the variability in the distance between vesicles and Ca2�

channels. This assumption accurately predicts the experimental
results. Note, however, that these arguments do not preclude
possible, additional, intrinsic heterogeneity of Pr.

Because other mammalian CNS synapses have similar differ-
ential efficacies of BAPTA versus EGTA in suppressing release
(Ohana and Sakmann, 1998; Rozov et al., 2001), nonuniform
distance between vesicle and Ca2� source may be found at these
synapses as well.

Functional significance of topography and
synaptic development
The rather loose, nonuniform spatial organization of vesicles and
Ca2� channels we propose for the calyx (development stage
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postnatal days 8–10) is in contrast to the spatially more organized
release sites of the neuromuscular junction of crayfish (Msghina
et al., 1999) and frog (Harlow et al., 2001). However “nonorga-
nized” they may seem, the topographic characteristics we have
inferred appear to offer several functional advantages, some of
which coincide with synaptic development.

Channel clusters
The clustering of Ca 2� channels ensures that stochastically gated
Ca2� channels generate a nevertheless reliable and low-noise
[Ca2�] transient controlling the release of transmitter (discussed
in Stanley, 1997). Recent studies at the calyx have found that a
further increase in its maximum transmission rate during devel-
opment (postnatal days 5–14) coincides with a faster time course
of the presynaptic AP (Taschenberger and von Gersdorff, 2000).
A faster AP, however, only results in a faster [Ca2�] transient for
all vesicles if the Ca2� channels are clustered. The clustering of
Ca2� channels (probably P/Q-type; see above) thus ensures max-
imum benefit of faster APs for synaptic transmission.

Synaptic delay
Synaptic delay times at the calyx shorten during early develop-
ment (Taschenberger and von Gersdorff, 2000). The delays de-
pend, among other factors such as AP time course, on the location
of vesicles (see Results). Therefore, the shortening of delays may
be attributable partly to a possible spatial reorganization of ves-
icles around release-controlling channels during development.

Heterogeneous Pr

The multitude of channel-to-vesicle distances (in our model,
random) serves to create an “immediate back-up pool” of vesicles.
Vesicles in this pool, which is defined only by the location of the
vesicles, are readily releasable with respect to the intrinsic Ca2�

sensitivity. Their release probability in response to single AP-
evoked [Ca2�] transients is negligible but increases gradually
during consecutive APs (see Results).

In conclusion, we find that the developmental specialization of
the calyx toward high-fidelity, high-frequency transmission may
be aided by a spatial reorganization of its release sites toward the
proposed nonuniform topography.
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