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From three-dimensional reconstructions of CA1 excitatory syn-
apses in the rodent hippocampus and in culture, we have
estimated statistical distributions of active zone and postsyn-
aptic density (PSD) sizes (average area ;0.04 mm2), the num-
ber of active zones per bouton (usually one), the number of
docked vesicles per active zone (;10), and the total number of
vesicles per bouton (;200), and we have determined relation-
ships between these quantities, all of which vary from synapse

to synapse but are highly correlated. These measurements
have been related to synaptic physiology. In particular, we
propose that the distribution of active zone areas can account
for the distribution of synaptic release probabilities and that
each active zone constitutes a release site as identified in the
standard quantal theory attributable to Katz (1969).
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Since the pioneering work of Katz and his collaborators on
synaptic function (summarized in Katz, 1969) and that of the
early electron microscopists on synaptic structure (Palay and
Palade, 1955; Luse, 1956; Wyckoff and Young, 1956), a consistent
goal of neurobiologists has been to identify the structural basis for
the entities identified in Katz’s theory of synaptic transmission
(Katz, 1969). The synaptic vesicle is generally accepted as corre-
sponding to Katz’s quantum, although still without definitive
evidence. The number of release sites [Ns in Katz’s (1969)
scheme] associated with an axon has been identified with the total
number of releasable vesicles, with the number of boutons, and
with the number of active zones (Zucker, 1973; Jack et al., 1981;
Korn et al., 1981; Neale et al., 1983; Redman and Walmsley, 1983;
Walmsley et al., 1985; Pun et al., 1986; Propst and Ko, 1987;
Redman, 1990; Walmsley, 1991; Pierce and Mendell, 1993; Pierce
and Lewin, 1994). A possible anatomical counterpart of Katz’s
release probability p has been subject to less speculation, but
several authors have noted that p might be related to synaptic size
(see Pierce and Lewin, 1994).

With the development of optical techniques to study synaptic
transmission (Betz and Bewick, 1992; Betz et al., 1992) and the
extension of these techniques to hippocampal neurons in culture
(Ryan et al., 1993; Ryan and Smith, 1995; Ryan et al., 1996), many
synaptic properties can now be investigated in culture at the level
of single central synapses. Although individual hippocampal syn-
apses differ greatly from one another with respect to any one of
these properties, a variety of the properties are highly correlated
with the release probability of the synapse (Ryan et al., 1996;
Murthy et al., 1997). To relate results from physiological investi-
gations of synapse populations to synaptic structure, one must

know the statistical distribution of morphological characteristics.
Current statistical information about hippocampal synapses
comes from studies by Harris and Stevens (1989), Harris et al.
(1992), Sorra and Harris (1993), and Harris and Sultan (1995),
but this work has focused almost exclusively on the postsynaptic
side, except for a reconstruction of nine representative boutons by
Harris and Sultan (1995), and has not considered the structure of
synapses in culture. One of the main goals of the research re-
ported here is to determine the statistical distribution of presyn-
aptic properties likely to be of physiological relevance for hip-
pocampal synapses.

We have characterized rodent hippocampal excitatory synapses
both in brain and in culture.

MATERIALS AND METHODS
Terminology
We use “active zone” in the same way as Couteaux (1961) does and
reserve “release site” (sometimes used as a synonym for active zone) for
the entity described in Katz’s (1969) theory. “Morphologically docked
vesicles” (or simply “docked vesicles”) are those immediately adjacent to
the active zone membrane; we recognize that these vesicles are a super-
set of the “biochemically” and “physiologically docked vesicles.” “Syn-
apse” (sometimes called “synaptic junction”) is taken to be the unit of
active zone, docked vesicles, and postsynaptic density (PSD); with this
terminology a single bouton might make multiple synapses.

Fixation and embedding
Brain synapses. One adult mouse (strain C57 black 6) was perfused
through the heart under deep Nembutal anesthesia (80 ml /25 gm body
weight). A short perfusion with oxygenated saline [containing (in mM)
NaCl 120, KCl 3.5, NaH2PO4 1.25, NaHCO3 26, MgCl2 1.3, and glucose
10, pH 7.2] was followed by a perfusion with 4% glutaraldehyde in 100
mM phosphate buffer, pH 7.4, at room temperature (RT). The brain was
dissected and immersed in 4% glutaraldehyde in 100 mM phosphate
buffer, pH 7.4, at RT overnight. Vibratome sections (300 mm) including
the hippocampus were cut and post-fixed in 1% OsO4 at 4°C for 1 hr.
After dehydration in ethanol, the sections were contrasted en bloc in
0.5% uranyl acetate in 95% ethanol for 1 hr and flat-embedded in Epon.

Culture synapses. Cells were plated at postnatal day 1 and grown for
14 d (for culture conditions, see Bekkers and Stevens, 1989). Rat hip-
pocampal cells were immersed in 2% glutaraldehyde in 100 mM phos-
phate buffer at 4°C for 1 hr, washed in phosphate buffer, and post-fixed
in 1% OsO4 at 4°C for 1 hr. Cells were dehydrated in ethanol, contrasted
en bloc in 0.5% uranyl acetate at RT for 50 min, and embedded in Epon.
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Embedded vibratome sections were trimmed to blocks including the
stratum (st.) pyramidale, the st. radiatum, and the st. lacunosum molecu-
lare. Both specimens were cut serially at silver. Three series (magnifica-
tion 14,0003) at different distances to the stratum pyramidale were
photographed from 29 consecutive sections by using a Jeol 100 CX II
electron microscope. For hippocampal neurons in cell culture, we pho-
tographed two series (magnification, 14,0003) from 20 serial sections cut
at silver.

Analysis
Electron micrographs were scanned at 600 dpi resolution and analyzed by
using the MetaMorph software (Universal Imaging Corporation, West
Chester, PA). We analyzed 79 asymmetric contacts to spines of mouse
hippocampal CA1 synapses; symmetric synapses or asymmetric shaft
synapses were excluded from our measurements. All synapses within the
selected area were included as long as the active zone was not cut
tangentially as judged from the “smearing” of membranes. In the case of
the hippocampal neurons in cell culture, we included 21 asymmetric
contacts to spines and to dendritic shafts but excluded symmetric syn-
apses from the analysis. Areas of active zones and of PSDs and volumes
of boutons and of spine heads were measured by outlining the structure
in consecutive sections using the Region Tools and the measurement
function of the MetaMorph software. The final values were calculated by
adding the product of the length or area times the section thickness (60
nm) for all of the sections in which the structure appeared. A vesicle was
counted as a docked vesicle when the vesicle membrane was immediately
adjacent to the plasma membrane of the active zone (i.e., when a
separation between the vesicular and plasma membrane was not resolv-
able). Vesicle diameters were calculated from the enface areas of vesicles
photographed at high power (72,0003). The diameter was taken as the
diameter of a circle with the same area as the vesicle. Only vesicles that
were contained completely within the 60-nm-thick section were included.

Some very small active zones had a width of #60 nm and thus might
appear in only a single section, and even large active zones that are
traced across multiple sections were reconstructed in a discrete manner
(see Fig. 5). The uncertainties in the active zone contures through a
single section thickness give rise to errors in the area estimate. By
examining upper and lower limiting sizes, we estimate that the error in
any particular area could be as high as 20–30%. We would overestimate
the active zone area in some cases and underestimate it in others, so

these errors would tend to cancel across a population of measurements
for the larger active zones. For the smallest active zones, we probably
systematically overestimated their area. However, errors for these zones
should be ,50%, because, e.g., an active zone that extended only
halfway through a section thickness would have a 50% decrease in the
electron density of the active zone membrane and we should have
detected this.

Extracellular volume around a synapse was measured by outlining the
area of the extracellular space. The outlines were contained within
circles, decreasing appropriately in consecutive sections, that corre-
sponded to a sphere with a radius of 0.5 mm that centered on a particular
reference synapse. We made no corrections for shrinkage during tissue
preparation.

Several synapses were traced with Montage (written by R. Smith,
University of Pennsylvania). Montage data were then rendered using the
Nuages software (B. Geiger), and the volume rendered reconstructions
were imported into AVS (Advanced Visual Systems, Inc.), in which the
object properties (color, viewing angle, and transparency) were edited
and printed.

RESULTS
Figure 1A illustrates a typical region from a brain section with
several synapses that were included in our study. The active zones
and postsynaptic densities are defined by electron dense material
close to the membrane. In addition, morphologically docked
vesicles, a regular synaptic cleft, and alignment of presynaptic and
postsynaptic structures mark the synaptic region. The active
zones and PSDs are indicated by arrows. Figure 1, B and C, shows
representative sections from a culture.

We reconstructed the boutons under study from 29 consecutive
sections. An example of a reconstructed bouton is illustrated in
Figure 2A for the brain and in Figure 2B for culture. In these
illustrations the active zones and docked vesicles are indicated,
but the nondocked vesicles are omitted for clarity.

We next consider briefly two features of synaptic structure that
are important for interpreting physiological experiments: the

Figure 1. Sample electron micrographs used in our study. A, Electron micrograph depicting several synapses within the stratum radiatum in CA1 in the
mouse hippocampus. The arrows indicate the borders of the active zones on the presynaptic side and of the postsynaptic densities on the spine. Examples
of vesicles that are defined as docked in our study are marked by arrowheads. B, C, Electron micrograph showing the ultrastructure of two synapses from
a hippocampal neuron grown in culture. Scale bars: A, 0.5 mm; B, C, 0.25 mm.
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distribution of the sizes of the synaptic vesicles and the diffusion
volume for the neurotransmitter.

Synaptic vesicle numbers and size distribution
For brain synapses, the total number of vesicles per bouton
averaged 270 (SD 5 176) with a range from 40 to 801 (for 17
boutons).

We measured the outer diameters of 343 synaptic vesicles that
are ( judged from an examination of serial sections) entirely
contained within the 60-nm-thick section. The outer diameters

have a Gaussian distribution (Kolmogorov–Smirnov test, p . 0.2)
with a mean of 35.2 nm, a SD of 3.4 nm, and a coefficient of
variation of 0.1. The mean inner diameter is 23 nm, calculated
from the outer diameter by subtracting 6 nm for the thickness of
the vesicular membrane.

Neurotransmitter diffusion volume
Because the width of the synaptic cleft in our material averaged
20.0 (SD 5 2.8) nm, the average volume of the synaptic cleft
calculated from active zone size (see the next section for active

Figure 2. Three-dimensional reconstructions of synapses from serial sections. A, Two views of a brain synapse that is included in our study. The spine
head (spine) is surrounded by two varicosities (axon). One of these varicosities forms a contact on the spine; the other is located beneath the spine. The
right image presents a view from the right side of the structure in the lef t image. The bouton is transparent for the visualization of the active zone (red)
and the nine docked vesicles ( gray). Nondocked vesicles are, for clarity, excluded. B, The reconstruction of two shaft synapses from cultured hippocampal
neurons. Both synapses originate from the same varicosity (axon). The two different shades of yellow represent the two different dendritic shafts (dend.
I, dend. II ). Dend. II branches at the site of the synapse. The lef t and right images depict views of the same structure rotated by ;30°. The red active zones
and their docked vesicles are visible through the transparent axon; again nondocked vesicles are excluded for clarity.
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zone and PSD areas) is 0.76 3 1023 mm3 for the brain. This
value, considered a mixing volume for the released neurotrans-
mitter, is quite arbitrary, however, because it is calculated on the
basis of active zone and PSD areas. The effective diffusion vol-
ume to which the neurotransmitter has rapid access could be very
much larger. If one defines the “near” volume as the extracellular
space within 0.5 mm of the synapse (small molecules diffuse ;0.5
mm in 0.25 msec), the diffusion volume for a single active zone in
the brain was found to be 44 3 1023 mm 3, ;50 times the volume
of the average synaptic cleft. We return to this issue of mixing
volumes and their significance in Discussion.

Brain active zones
This section presents statistical data on the subcellular structure,
the active zone, that is most intimately involved in neurotrans-
mitter release.

Of the 71 brain boutons, 64 (90%) exhibited only a single active
zone, 6 had two active zones (8%), and one had three active
zones (2%); multiple active zones at a single bouton never fo-
cused on the same postsynaptic spine. In culture, 11 of 16 (69%)
boutons possessed a single active zone, and five (31%) had double
active zones. These differences between brain and culture syn-
apses are not statistically significant, but multiple active zones
may actually be more common in culture than in brain.

In all cases, the active zone closely matches the PSD, as might
be expected. Figure 3A shows a plot of active zone area as a
function of PSD area for 79 active zones in the brain; the
correlation coefficient between these two variables is 0.97. A
corresponding plot for culture synapses is presented in Figure 3B
in which the correlation coefficient is 0.974 (for 21 active zones).

The active zone area varies over a wide range (coefficient of
variation 5 0.56), as does the number of docked vesicles (coeffi-
cient of variation 5 0.54). The histogram of active zone areas
(Fig. 4A) is broad with a mean of 0.039 mm2 and an SD of 0.022
mm2; this histogram is satisfactorily fitted by a g density function
(see Fig. 4 legend). If the average active zone were a circular disk,
its diameter would be 0.22 mm.

Active zone area is linearly related to the volume of the bouton
bearing the active zone. For 17 brain synapses that spanned the
range of bouton volumes, we found that:

V 5 1.47A 1 0.018,

where V is the bouton volume (mm 3), and A is the active zone
area (nm 2); the correlation coefficient between V and A is 0.79.
The average bouton volume is 0.086 mm 3.

Number of docked vesicles per active zone
Like that of the active zone areas, the histogram of the number of
docked vesicles per active zone (Fig. 4B) is broad with a positive
skew and can also be fitted with a g density function (see Fig. 4
legend). The mean is 10.3 vesicles per active zone with a SD of
5.6. For our sample of 79 active zones, the minimum number of
docked vesicles is two, and the maximum is 27.

Although the active zone area and the number of docked
vesicles per active zone both vary greatly from synapse to syn-
apse, these two quantities are highly correlated as the scatter plot
in Figure 4C reveals. The correlation coefficient for brain active
zone area and docked vesicles per active zone is 0.927. The
average active zone area per docked vesicle is 3.8 3 1023 6
0.93 3 1023 mm2 (mean 6 SD), which corresponds to one vesicle
per 62 3 62 nm square. The density with which docked vesicles
occupy an active zone (the number of vesicles per area of active

zone), relative to the maximal density observed, is normally
distributed with a mean of 0.67 and a SD of 0.15. Thus the active
zones are, on average, filled to 67% of their observed maximal
density.

Active zone shapes
Figure 5 illustrates 26 active zones with 157 docked vesicles (an
average of 6 per active zone for this smaller sample) to indicate the
range of active zone sizes and shapes encountered. In our sample,
the largest active zone had a length of 0.8 mm and a width of 0.26
mm, whereas the smallest was 0.12 by 0.06 mm. The positions of

Figure 3. Correlation of active zone size with PSD size. A, Scatter plot
comparing the sizes of 79 active zones from mouse brain with their
corresponding PSD. The line indicates the linear regression with a corre-
lation coefficient of 0.97. B, Same comparison of 21 active zones with PSDs
from hippocampal neurons in culture. The correlation coefficient is 0.97.
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synaptic vesicles docked to the active zones are also illustrated in
Figure 5. Note that the placement of the vesicles seems to be
random, an appearance supported by the observation that the
lateral intervesicle distances are approximately exponentially dis-
tributed with a characteristic length (measured from the edge of

one vesicle to the edge of its neighbor) of 62.5 nm. Compare this
value with the overall density of one vesicle per 62 nm2.

Precisely how to identify a “functionally docked vesicle” in
electron micrographs is not known. We have used the obvious
definition above (close apposition of vesicle and plasma mem-
branes for morphological docking), but we have also examined
the effects of other definitions on our conclusions. When every
vesicle within two vesicle diameters of the active zone is taken as
docked, then the average number of docked vesicles per active
zone increases from 10.3 to 18.8 (approximately twofold, as if
vesicles are waiting in line to be released), whereas the correlation
between the active zone area and the number of docked vesicles
remains unaffected (correlation coefficient, 0.929). This positive
correlation between the vesicle number and the active zone size
persists even when we take as docked the total number of vesicles
within the terminal (correlation coefficient, 0.79). Because the
active zone area seems to predict the relative size of the docked
pool when docked is defined in various ways, we shall prefer this
measure for calculations that relate to the distribution of docked
vesicles.

Synapses in culture
Because physiological experiments use hippocampal neurons
both in slices and in culture, a comparison of synaptic structure in
these two environments is important. In this section we compare
boutons in culture with the data presented earlier for the brain.
Note that our sample size for culture (16 boutons) is much
smaller than that for the brain because of the much lower density
of synapses in culture compared with that in the brain.

The average area of 21 active zones, reconstructed from 20
consecutive sections in culture, was 0.027 mm2 with an SD of
0.019 mm2. Our culture sample consisted of 14 active zones that
were opposed to spines and 7 active zones that participated in
shaft synapses; when multiple active zones were present, they did
not oppose the same spine. The active zone areas are not signif-
icantly different from those obtained from the mouse brain. As we
found in the brain, the culture active zone area is highly corre-
lated with the PSD area (correlation coefficient 5 0.974; Fig. 3B)
and with the number of docked vesicles; the average number of
docked vesicles is 4.57 (SD 5 3.00). The total number of vesicles
per bouton averaged 195 (SD 5 154) with a range of 23 to 648.
Synapses in culture thus have fewer docked vesicles, although
their active zone area is not significantly less than that for brain
synapses.

Overall, the only statistically significant difference between the
brain and culture synapses is the average number of docked
vesicles per active zone (approximately half for culture). This
difference cannot be attributed to the inclusion of shaft synapses
in our sample from culture because the average number of docked
vesicles was the same for both shaft and spine synapses in culture.
Although not statistically significant, we note that more boutons
in culture (21%, or 3 of 14) have multiple active zones than do
boutons in brain (11%, or 7 of 64).

Summary of the quantitative presynaptic data
Table 1 gives a summary of our data both for the mouse brain
synapses and for the rat hippocampal neurons in culture.

DISCUSSION
The data reported here provide a picture of central synapses as
rather variable structures with certain consistent characteristics.
Most boutons possess only a single active zone that, as expected,

Figure 4. Comparison of active zone sizes with the number of docked
vesicles for the brain synapses. A, Frequency distribution of active zone
sizes for 79 active zones. The solid line is a g density function ( y 5 a 3
e 2bx, with a 5 3437 and b 5 53). Mean 5 0.039 mm 2; SD 5 0.022 mm 2. B,
Distribution of the number of docked vesicles for 79 active zones. The solid
line is a g density function ( y 5 a 3 e 2bx, with a 5 4.98 and b 5 0.165).
Mean 5 10.3 vesicles per active zone; SD 5 5.6. C, Scatter plot of active
zone size and corresponding number of docked vesicles. The fitted linear
regression is indicated as a solid line, and the correlation coefficient is 0.927.
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is aligned quite precisely with the PSD. Furthermore, a tight
relationship holds between the active zone size and the number of
docked vesicles. But the size and shape of the active zone, the
area of the PSD, the number of docked vesicles per active zone,
and the size of the reserve pool of nondocked vesicles all vary
greatly from synapse to synapse.

Comparison with previous anatomical studies
Although similar statistical studies of presynaptic structure have
not, as far as we are aware, included cortical synapses, our
observations are in good agreement with certain earlier findings
for noncortical synapses. For frog cardiac autonomic synapses
(Streichert and Sargent, 1989), turtle spinal cord synapses on
motoneurons (Yeow and Peterson, 1991), and 1A synapses on
mammalian spinal motoneurons (Pierce and Mendell, 1993), a
linear relationship is reported between bouton volume and both
the total number of synaptic vesicles and the active zone area.
Also, spinal synapses exhibit a skewed distribution of active zone
areas with a shape much like the one presented in Figure 4A,

although the active zone areas of the spinal synapses are two and
one-half (mammalian) to four (turtle) times those we find in
hippocampus.

Several interesting differences are evident between the hip-
pocampal boutons and others that have been characterized sta-
tistically. The great majority of hippocampal boutons have only a
single active zone, whereas multiple active zones are common for
spinal (an average of 6 active zones per bouton) (Yeow and
Peterson, 1991; Pierce and Mendell, 1993), autonomic (;1.5
active zones per bouton) (Streichert and Sargent, 1989), and
thalamic (;3–8 active zones per bouton) (Hamos et al., 1987)
synapses.

Another difference, bouton size, probably accounts for the
occurrence of multiple active zones per bouton in these noncor-
tical synapses and for the fact that hippocampal active zones are
smaller than others. The volume of the hippocampal boutons is
10–100 times less than the volumes of the other boutons that have
been characterized statistically, and all investigators find a linear

Figure 5. Depiction of 26 active zones, as viewed from within the bouton, reconstructed from serial sections. The black bars correspond to the active
zone of a single section (thus the thickness of the bar equals 60 nm), and the shaded circles indicate the position of docked vesicles. Note that because
the section is approximately twice as thick as the vesicle diameter, the location of the vesicle within the section is unknown; all vesicles have been placed
in the center of the section for illustration, but the actual vesicles would not be arranged in the neat rows as shown here. The point of representing the
vesicles here is to indicate the extent to which areas of the active zone seem to be unoccupied. Many active zones could be described as round or oval,
although distortions of these idealized forms are common. Two active zones were perforated. The occupancy of active zones by docked vesicles varies
greatly.
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relationship between total active zone area and bouton volume.
Because hippocampal synapses are small, their average active
zone size is also small. As Yeow and Peterson (1991) first noted,
active zones rarely exceed an area of 0.4 mm2 (as if larger active
zones will not function properly), so larger boutons seem to add
more active zones to conform to the linear active zone area per
bouton volume relationship without exceeding the upper limit for
active zone size. As first reported by Hamos et al. (1987) and
confirmed by the subsequent workers on various synapse types
(Streichert and Sargent, 1989; Yeow and Peterson, 1991; Pierce
and Mendell, 1993), the number of active zones is linearly related
to bouton volume. Again, because hippocampal boutons are
small, one would expect to find, as we do, only a single active zone
per bouton if the linear active zone area per bouton volume
relationship extends to cortical neurons. Although they did not
perform a formal quantitative analysis, Peters et al. (1990) also
note that the number of active zones per bouton correlates with
bouton size in neocortex so that larger inhibitory boutons often
exhibit multiple active zones whereas the smaller excitatory syn-
apses generally possess only a single active zone, as we find for the
hippocampus.

When specific comparisons can be made, our findings are
generally in good agreement with previously published observa-
tions on hippocampal synapses. The most comparable study (Har-
ris and Sultan, 1995) found, for the nine representative boutons
they reconstructed, an average of 15.6 vesicles per active zone
with a range of 2–36; this compares with our mean of 10.3 with a
range of 2–27 for the brain. The average bouton volume (0.11
mm3) reported by Harris and Stevens (1989) also agrees with our
value (0.086 mm3).

Physiological implications
Clef t neurotransmitter concentration
The concentration of agonist to which postsynaptic receptors are
exposed is of physiological significance, and order of magnitude
calculations are sometimes made by using the volume of a syn-
aptic cleft and the number of transmitter molecules estimated to
be contained within a single vesicle. For example, Harris and
Sultan (1995) provide estimates from 0.24 to 11 mM for the peak
glutamate concentration in the cleft using this procedure (the
range results from variations in synaptic cleft size).

As noted earlier, taking the synaptic cleft volume as the appro-
priate one for calculating the peak glutamate concentration is

rather arbitrary. An improved, but still quite approximate,
method is to determine the effective mixing volume with the aid
of the Einstein–Smoluchowski relationship (Einstein, 1926):

x 5 Î2Dt ,

where x is the root mean square distance (mm) traveled in t msec
by a molecule with diffusion constant D (mm2/msec). A typical
value for D, for a molecule the size of glutamate, would be ;0.5
mm2/msec for free diffusion (glutamate binding would slow dif-
fusion but simultaneously lower concentrations). If one can esti-
mate a characteristic mixing time, then the characteristic distance
traveled in that time can be obtained from the Einstein–Smolu-
chowski relationship; and the accessible volume, that volume
within a characteristic distance, can be determined from measur-
ing from serial electron micrographs the extracellular space con-
tinuous with the synaptic cleft.

To estimate a characteristic time for this situation, one can
consider the length of time required for glutamate to be released
from its vesicle (Almers and Tse, 1990). For serotoninergic vesi-
cles, the time constant for this release process is ;0.25 msec
(Bruns and Jahn, 1995). The diffusion distance for a characteris-
tic time of 0.25 msec (assume a diffusion constant of 0.5 3 1025

mm2/msec) would be 0.5 mm. The volume associated with this
linear distance is ;44 3 1023 mm3, or ;50 times the average
volume of a synaptic cleft, as noted earlier .

If the concentration of glutamate within a vesicle (23 nm inner
diameter, 0.64 3 1025 mm3 volume) is taken to be 100 mM

(Burger et al., 1989; Bruns and Jahn, 1995), the peak synaptic cleft
concentration would be ;0.6 mM for glutamate constrained to
remain in the average synaptic cleft itself. The peak cleft concen-
tration would be 12 mM if the effective mixing volume is taken to
be the contiguous space within 0.5 mm of the synapse. This
estimate 12 mM is much lower than Harris and Sultan’s (1995)
value (an average of 2.5 mM for a 100 mM vesicle concentration)
because they assumed a larger vesicle volume and took the mixing
volume to be that of the synaptic cleft.

We have drawn three main conclusions about presynap-
tic structure that should relate to neurotransmitter release
mechanisms.

Active zone and release site correspondence
First, we find that the majority of hippocampal boutons in the
brain and in culture exhibit only a single active zone. Thus the
study of single boutons, with minimal stimulation or optical
methods, for example, reduces in effect to the study of single
active zones. Because a single hippocampal bouton normally
releases at most a single quantum of neurotransmitter (Stevens
and Wang, 1994, 1995), Katz’s (1969) Ns , the number of release
sites, would correspond to the number of active zones (and to the
number of boutons). This conclusion is in agreement with earlier
proposals (see Zucker, 1989; Redman, 1990; Korn and Faber,
1991; and Walmsley, 1991). Although an old idea dating from
Zucker (1973), the release site and active zone identification has
not been widely accepted. The main reasons for this lack of
acceptance are uncertainties about the accuracy with which
Katz’s Ns could be determined by the quantal analysis used in the
earlier studies. Several recent investigations (Walmsley, 1991;
Pierce and Mendell, 1993; Rosenmund et al., 1993; Murthy et al.,
1997) have confirmed earlier speculations that release probabili-
ties for a single central axon vary considerably from site to site,
and these studies find that most synapses have very low release

Table 1. Summary of quantitative presynaptic data

Presynaptic data Brain Cell culture

Active zone 0.039 6 0.022 mm2 0.027 6 0.019 mm2

PSD 0.043 6 0.031 mm2 0.028 6 0.020 mm2

Docked vesicle
number

10.3 6 5.6 4.6 6 3.0

Area per
docked vesicle

62 3 62 nm 77 3 77 nm

Bouton volume 0.086 6 0.049 mm3 0.122 6 0.106 mm3

Spine volume 0.038 6 0.036 mm3

Total number
of vesicles

270 6 176 195 6 154

Outer vesicle
diameter

35.2 6 3.4 nm

The left column summarizes values for mouse brain synapses as given in the text.
The right column gives corresponding values for rat hippocampal neurons in culture;
some entries do not appear in the text but are included here for completeness.
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probabilities. Under these circumstances, quantal analysis is very
inaccurate for estimating Ns because the smallest sampling or
systematic errors are disastrous for determinations of Ns because
the Poisson limit is approached for a significant fraction of the
synapses. The present identification of active zones with release
sites is on firmer ground because quantal analysis was not re-
quired for counting release sites physiologically and because
errors arising from the method of minimal stimulation would
overestimate the quantal content as release probability changes
(Stevens and Wang, 1994, 1995).

Docked vesicle pool and releasable pool correspondence
Second, the pool of morphologically docked vesicles averages ;10
and ranges from 2 to 27 in the brain (the range is 1–13 for
cultured synapses), and we propose that these docked vesicles
correspond approximately to the readily releasable pool deter-
mined physiologically, an idea put forward recently by Von Gers-
dorff et al. (1996) for a ribbon synapse. Although a direct test of
this proposal is required before it can be accepted, the available
data support the identification of the docked vesicles as the
releasable pool (Südhof, 1995). The number of morphologically
docked vesicles is in approximate agreement with the estimates of
Stevens and Tsujimoto (1995), who found a releasable pool size
that varied from 8 to 24 quanta for a small sample of cultured
hippocampal synapses. L. Dobrunz and C. F. Stevens (unpub-
lished observations) report an average pool size of 8.1 6 0.8 for
CA1 neurons in slices, in good agreement with the morphological
estimates here.

The discrepancy between physiological (8–24) and morpholog-
ical (1–13) estimates of the releasable pool size in culture could
arise in at least two ways. First, the methods used by Stevens and
Tsujimoto (1995) would tend to undercount boutons and there-
fore would overestimate the pool size; the physiological estimate
might be too large. Second, the docked vesicle pool size deter-
mined morphologically might underestimate the actual size of the
physiologically docked vesicle pool because of fixation artifacts;
the morphological pool might be too small. Although one can
never be certain about the relationship between electron micro-
graph images and the situation that holds for the living cell, we do
not favor the fixation artifact alternative. Smith and Reese (1980)
have reported that gluteraldehyde produces release at the frog
neuromuscular junction, so that fixation might deplete the releas-
able pool. But we find that all neurotransmitter release is blocked
with a time constant of ;1 sec in hippocampal cultures without
significant “spontaneous” release produced by the fixative (C.
Rosenmund and C. F. Stevens, unpublished observations). Re-
lease during fixation should have been detected because the
postsynaptic glutamate receptors are fixed more slowly than is the
release machinery; the postsynaptic responses to kainate decline
approximately four times more slowly than does evoked release.
We therefore have no evidence to suggest that the releasable pool
is significantly depleted by fixation, although we cannot exclude
this possibility.

Docked vesicle pool and release probability correspondence
Third, our determination of the distribution of active zone areas
(and the number of docked vesicles) permits us to test the hy-
pothesis that release probability is proportional to the number of
docked vesicles (which is proportional to the active zone area).
Murthy et al. (1997) have measured the distribution of release
probabilities for a population of hippocampal boutons, and we can
compare this distribution with the one obtained here if we make

the simplest assumption of a proportionality between active zone
area and release probability (see Appendix for a justification of
this assumption). In Figure 6 we have plotted, in cumulative form,
the experimentally derived release probability distribution (Mur-
thy et al., 1997, their Fig. 2B) and the one predicted from the
distribution of active zone areas (Fig. 4A). The two distributions
(Fig. 6) are not significantly different (Kolmogorov–Smirnov test,
p . 0.2). A single scale factor relating active zone area to release
probability was required for this match: active zone area (mm2) 3
5.75 gives release probability. This value would correspond to a
release probability of ;0.03 per docked vesicle.

Murthy et al. (1997) find that the lower release probability
boutons exhibited the largest amount of paired pulse facilitation.
This observation is in agreement with the finding of Bower and
Haberly (1986) that a class of smaller boutons have greater
facilitation. Although the relationship between the number of
docked vesicles and release probability remains to be established
at individual synapses, the data in Figure 6 indicate that the
hypothesis is a tenable one.

APPENDIX
To compare our distribution of the active zone sizes (or the
number of docked vesicles) with the physiological data on the
distribution of release probabilities (see Fig. 6), we need a math-
ematical relationship that connects these two quantities. We made
the simplest assumption: release probability is proportional to
active zone area. The purpose of this Appendix is to justify this
assumption. Rosenmund and Stevens (1996) proposed that, for
the hippocampal synapses studied here, release probability is
related to the number of docked vesicles; decreasing the pool of
docked vesicles decreases release probability. Note that here
“release probability” is defined as the probability that a bouton
will release neurotransmitter and is, as will be seen below, distinct
from the conditional probability that an individual vesicle will

Figure 6. Comparison of the distribution of the active zone areas with
the release probability. The solid line represents the release probability of
hippocampal CA1 synapses as measured by Murthy et al. (1997). The
dashed line gives the distribution of release probabilities predicted from
the distribution of active zone areas (Fig. 4 A) as described in Appendix.
The theoretical and observed distributions are not significantly different
(Kolmogorov–Smirnov test, P . 0.2).
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undergo an exocytotic event if no other vesicle does so (we call
this the “exocytotic probability”).

Stevens and Wang (1994, 1995) find that at most a single vesicle
is released ordinarily by one bouton. This observation, together
with the findings of Stevens and Tsujimoto (1995) and of Rosen-
mund and Stevens (1996) who reported that the rate of exocytosis
is directly related to the releasable pool size, is consistent with
the following simple mechanism: when the exocytotic probability
is increased, the overall probability that transmitter will be re-
leased is, for short times, proportional to the number of vesicles
available for release; but as soon as one of the vesicles is success-
ful, this first exocytosis raises the energy barrier for other vesicles
enough that a second exocytotic event hardly ever takes place.
Before the first exocytotic event, then, release probability de-
pends on all of the docked and cocked vesicles, but a winner-take-
all mechanism limits release to at most one vesicle.

This view can be formalized as follows: We suppose that a
nerve impulse has arrived at the terminal at time t 5 0. Let f(t) be
the probability that no exocytotic event has occurred up to time t,
and call a(t) the individual vesicle exocytotic rate, the Poisson
probability per second for each vesicle to undergo an exocytotic
event. Each vesicle is assumed to be identical, and we have
supposed that release occurs according to a Poisson process
(Barrett and Stevens, 1972). The equation for the failure proba-
bility then is:

df~t!dt 5 2na~t! f~t!,

where n is the number of vesicles in the readily releasable pool.
The probabilistic exocytotic rate a(t) increases rapidly just after a
nerve impulse arrives and then returns to low levels over several
hundred microseconds. The solution to the above equation is:

f~t! 5 e2n *0
t a~t9!dt9.

We take the period of evoked release from t 5 0 to t 5 T so that
the probability that no release occurs in response to an arriving
nerve impulse is f(t). The value of the integral is, for a release
period of fixed duration, just a constant a:

E
0

T

a~t9!dt9 ; a.

The failure probability thus depends exponentially on the number
of vesicles in the releasable pool

f(T) 5 e2na,

and the release probability p is:

p 5 1 2 f~T!
5 1 2 e2na.

For small values of p this last relationship is approximately:

p 5 na,

so release probability is proportional just to the releasable pool
size. In this derivation we assumed that all vesicles had the same
exocytotic probability and that they behaved independently up to
the time that the winner-take-all mechanism operates. Both of
these assumption can be relaxed, and the same exponential rela-
tionship between failure probability and pool size results. The
value of a might, under more complicated assumptions, differ

from synapse to synapse and can change as the readily releasable
pool is depleted.
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