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Synapses are the key elements for signal processing and plasticity in the brain. To determine the structural factors underlying the unique
functional properties of the hippocampal mossy fiber synapse, the complete quantitative geometry was investigated, using electron
microscopy of serial ultrathin sections followed by computer-assisted three-dimensional reconstruction. In particular, parameters
relevant for transmitter release and synaptic plasticity were examined. Two membrane specializations were found: active zones (AZs),
transmitter release sites, and puncta adherentia, putative adhesion complexes. Individual boutons had, on average, 25 AZs (range, 7– 45)
that varied in shape and size (mean, 0.1 �m 2; range, 0.07– 0.17 �m 2). The mean distance between individual AZs was 0.45 �m. Mossy
fiber boutons and their target structures were mostly ensheathed by astrocytes, but fine glial processes never reached the active zones.
Two structural factors are likely to promote synaptic cross talk: the short distance between AZs and the absence of fine glial processes at
AZs. Thus, synaptic cross talk may contribute to the efficacy of hippocampal mossy fiber synapses. On average, a bouton contained 20,400
synaptic vesicles; �900 vesicles were located within 60 nm from the active zone, �4400 between 60 and 200 nm, and the remaining
beyond 200 nm, suggesting large readily releasable, recycling, and reserve pools. The organization of the different pools may be a key
structural correlate of presynaptic plasticity at this synapse. Thus, the mossy fiber bouton differs fundamentally in structure and function
from the calyx of Held and other central synapses.
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Introduction
The mossy fiber (MF) system is a morphologically highly com-
plex structure. MF axons exhibit three distinct presynaptic spe-
cializations: large “giant” mossy fiber boutons (MFBs), small en
passant boutons, and filopodial extensions emerging from the
MFBs (Amaral and Dent, 1981; Galimberti et al., 2006). Large
MFBs innervate spiny excrescences of CA3 pyramidal neurons
(Blackstad and Kjaerheim, 1961; Hamlyn, 1962) and hilar mossy
cells (Frotscher et al., 1994). In contrast, filopodial extensions
mainly contact GABAergic interneurons in the stratum lucidum
(Acsády et al., 1998), but large MFBs also directly contact the
dendritic shafts of GABAergic interneurons (for review, see
Frotscher et al., 2006). A single granule cell axon gives rise to �15
large MFBs in the CA3 region, and a single CA3 pyramidal neu-
ron receives input from �50 MF axons (Amaral et al., 1990).
Thus, the morphological properties of the MF synapse are con-

sistent with the view that it forms a powerful, but sparse,
connection.

Hippocampal MF synapses show several unique transmission
and plasticity properties. MF synapses are strong synapses, gen-
erating large postsynaptic currents and potentials in both CA3
pyramidal neurons and interneurons (Henze et al., 2002b; Law-
rence et al., 2004). MF synapses can undergo substantial changes
in synaptic strength, exhibiting marked paired pulse facilitation,
frequency facilitation, posttetanic potentiation, and long-term
potentiation (LTP) (Salin et al., 1996) (for review, see Nicoll and
Schmitz, 2005). Finally, the properties of MF transmission are
highly compartmentalized. At MF–interneuron synapses, the ex-
tent of synaptic plasticity is markedly smaller than at MF–CA3
pyramidal neuron synapses (Tóth et al., 2000). The high synaptic
efficacy and plasticity may be partially explained by the organiza-
tion of the pool of synaptic vesicles. Direct presynaptic recording
from MFBs revealed that the releasable pool is very large with
�1400 vesicles per bouton (Geiger and Jonas, 2000; Hallermann
et al., 2003). However, the structural correlates of the readily
releasable pool (RRP), the recycling pool (RP), and the reserve
pool have not yet been identified.

Several lines of evidence suggest that MF synapses play a key
role in processing, storage, and recall of spatial information in the
hippocampal network (Lisman, 1999). If granule cells fire at high
frequency, synaptic efficacy and differential synaptic dynamics
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will lead to conditions in which unitary MF synaptic events trig-
ger spikes in postsynaptic CA3 pyramidal neurons (Henze et al.,
2002b; Lawrence et al., 2004). Because of these “conditional det-
onator” properties, MF activation may induce heterosynaptic
LTP in CA3–CA3 pyramidal cell synapses (Kobayashi and Poo,
2004). Thus, the MF system may play a critical role in pattern

completion, pattern separation, and stor-
age of sequences of events (for review, see
Bischofberger et al., 2006). Therefore,
analysis of the structure of this synapse is
essential to understand both synaptic
transmission and the function of the hip-
pocampal network.

To determine the structural factors un-
derlying the unique function of the hip-
pocampal MF system, the quantitative ge-
ometry was investigated, including several
parameters relevant for transmitter release
and synaptic plasticity. We demonstrate
that several structural features of hip-
pocampal MFBs differ fundamentally
from the calyx of Held (Sätzler et al., 2002)
and other previously investigated central
presynaptic terminals (for review, see Rol-
lenhagen and Lübke, 2006).

Materials and Methods
Fixation and tissue processing. All experiments
were performed in accordance with the animal
welfare guidelines of the University of Freiburg
and the Institute of Neuroscience and Biophys-
ics INB-3, Research Centre Jülich. For the re-
construction of individual MFBs and their
postsynaptic target structures, the brains of
seven young Wistar rats at postnatal day 28
(P28) and eight adult Wistar rats (3– 4 months
of age) were used. To look for intraindividual
and interindividual differences, not only differ-
ent animals but also different tissue blocks of
the same animal were examined. The P28 rats
were investigated to enable a direct correlation
between the structural data in this paper and
previous functional studies (Geiger and Jonas,
2000; Bischofberger et al., 2002; Hallermann et
al., 2003; Engel and Jonas, 2005; Alle and Gei-
ger, 2006).

The animals were deeply anesthetized with
sodium pentobarbital (Nembutal; 60 mg/kg
body weight) and then transcardially perfused
with physiological saline followed by an ice-
cold phosphate-buffered solution (PB) (100
mM solution, pH 7.4) containing 4% parafor-
maldehyde and between 0.5 and 2.5% glutaral-
dehyde (Polyscience, Eppelheim, Germany) for
20 –25 min. After 1 h of postfixation, the brains
were removed from the skull and stored over-
night in fresh fixative at 4°C. Serial 200-�m-
thick vibratome sections (VT1000S; Leica Mi-
crosystems, Nussloch, Germany) were cut in
the frontal plane through the hippocampus.
Sections were then postfixed for 1 h in 100 mM

PB-buffered 1% osmium tetroxide, pH 7.4, at
room temperature in the dark. Thereafter, they
were stained en bloc with an aqueous solution
containing 1% uranyl acetate and 1% phospho-
tungstic acid (overnight), dehydrated in an as-
cending series of ethanol, followed by pro-

pylene oxide, and flat-embedded in Durcopan (Fluka, Neu-Ulm,
Germany). Finally, sections were polymerized at 60°C for 2–3 d.

Serial sectioning. Serial ultrathin sections (55 � 5 nm in thickness;
silver to light gray interference contrast appearance) were cut through
the stratum lucidum of the CA3 subregion on a Leica Microsystems
Ultracut S ultramicrotome and collected on Formvar-coated slot copper
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Figure 1. Complexity of the hippocampal mossy fiber system. A, Electron microscopic image of two adjacent MFBs (MFB1,
MFB2) taken from a P28 rat. Both MFBs outlined in yellow terminate on different dendritic segments (de1, blue contour; de2,
orange contour), but preferentially on spiny excrescences (se1, black contour; se2, orange contour). AZs are given in red, PAs are
given in magenta, mitochondria are given as white contours, and individual synaptic vesicles are represented by green lines. B,
Dense and multiple innervation of individual MFBs of different shape and size (given in various colors) on a postsynaptic target
dendrite (blue) in an adult rat. Two glial fingers (gf 1 and gf 2) that were located between individual MFBs are depicted in white.
Scale bars: A, B, 1 �m. C, Here, the MF axon (black asterisk) gave rise to an end terminal located on a dendritic segment (de) in a
P28 rat. Note the large pool of synaptic vesicles throughout the entire terminal and the mitochondria (white asterisks). The spiny
excrescences (se) of the postsynaptic target dendrite were almost covered by the nerve terminal, and only here AZs at the
postsynaptic apposition zone were observed. Scale bar, 1 �m. D, En passant MFB (P28) where the nerve terminal is invaginated
by several axonal profiles (white asterisks) of unknown origin without establishing axoaxonic contacts. de, Postsynaptic dendrite;
se, spiny excrescences. Scale bar, 1 �m. E, Shape and distribution of PAs (marked by black asterisks) at the apposition zone of an
MFB and its postsynaptic target dendrite (de) in a P28 rat. Note the dense row of mitochondria near the apposition zone. Scale bar,
0.25 �m. Inset, Individual PA at high magnification. Note the typical symmetric arrangement of the electron-dense material.
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or nickel grids. Because the cross diameter of
MF boutons ranged from 2 to 5 �m, a full series
comprised 50 –150 ultrathin sections. For both
ages, serial ultrathin sections were taken from
different animals to check for interindividual
differences. Four MFBs from P28 and six MFBs
from adult rats were reconstructed and ana-
lyzed completely. Individual MFBs were
judged to be complete by the following criteria:
the main body can be unequivocally identified
from the beginning to its end in a series of ul-
trathin sections, and fine structures such as
filopodia can be followed from their place of
origin at the main body to their end.

In addition, three P28 and two adult MFBs
were partially reconstructed and analyzed in
certain aspects, such as surface and volume of
spiny excrescences, active zones (AZs), puncta
adherentia (PAs), and synaptic vesicles.

Distinction between AZs and PAs. To un-
equivocally distinguish between the two mem-
brane specializations, AZs and PAs, found at
the apposition zone between the MFBs and
their postsynaptic targets, the following three
criteria were applied: (1) the presence of syn-
aptic vesicles in close proximity to the presyn-
aptic density, (2) an asymmetry between the
presynaptic and postsynaptic density, and (3) a
characteristic widening of the synaptic cleft.
For the complete reconstructions, all mem-
brane specializations that met the three criteria
were classified as AZs. All other membrane
specializations were categorized as PAs.

To quantitatively validate criterion 3, the
cleft width of both AZs (P28 and adult, n � 25
each) and PAs (P28 and adult, n � 25 each) was
measured in the center and at two edges (at the appearance and disap-
pearance of the presynaptic and postsynaptic densities) of the two mem-
brane specializations. Measurements were directly performed at individ-
ual images taken from the series of ultrathin sections of single boutons at
both P28 and adult animals (see Table 1). The measurements for the two
edges were pooled and compared with the values taken at the center.
Only AZs and PAs that were perpendicularly cut and that showed a
clearly visible cleft were included in the sample.

Three-dimensional reconstructions. Individual MFBs were photo-

graphed from the series of ultrathin sections at a primary magnification
of 5.900� (Zeiss EM 10; Zeiss, Oberkochen, Germany) and 9.800�
(Philips 100; Philips, Eindhoven, Netherlands), respectively. The nega-
tives were scanned and stored as TIF or JPEG images with a resolution of
1.300 dpi or 2.000 dpi, resulting in a pixel size of 1.2–2 nm. The electron
microscopic images were imported into the reconstruction software
CAR (Contour Alignment Reconstruction; software developed by K. Sät-
zler), stacked, and transformed linearly such that corresponding struc-
tures were aligned along all consecutive images comprising the three-
dimensional (3-D) image stack (for details, see Sätzler et al., 2002).

Table 1. Quantitative analysis of structural elements of MFBs

Bouton Active zones Cleft width Excrescences

Volume
(�m3)

Surface
(�m2)

Contact area to
postsynaptic target
��m2 (%)� No.

Mean
area � SD (�m2)

Total area
��m2 (%)�

Distance to
neighboring
AZ � SD (�m) AZ � SD (nm) PA � SD (nm) No.

Total area
(�m2)

PSD area
��m2 (%)�

P28
1 6.02 42.00 21.14 (50.3) 19 0.11 � 0.06 2.05 (9.7) 0.44 � 0.24 30.29 � 4.10 27.68 � 2.56 2 13.00 1.77 (13.6)
2 8.16 105.70 41.22 (39.0) 37 0.09 � 0.04 3.40 (8.2) 0.42 � 0.27 31.90 � 5.13 29.12 � 1.45 7 30.00 2.85 (9.5)
3 5.05 48.40 20.68 (42.7) 18 0.13 � 0.10 2.39 (11.6) 0.42 � 0.15 30.93 � 2.82 19.78 � 2.10 5 14.90 2.36 (15.8)
4 9.15 106.00 48.33 (45.6) 45 0.12 � 0.08 5.49 (11.4) 0.33 � 0.16 30.69 � 5.27 25.63 � 2.64 9 35.90 5.07 (14.1)

Mean 7.10 75.53 32.84 (44.4) 29.75 0.12 � 0.10 3.33 (10.2) 0.40 � 0.20 30.95 � 1.13 25.55 � 0.55 23.45 3.01 (13.3)
CV 0.27 0.46 0.43 (0.1) 0.83 0.46 (0.20) 0.49 0.04 0.02 0.48 0.48 (0.20)
Adult

1 13.03 82.19 31.56 (38.4) 34 0.07 � 0.05 2.26 (7.2) 0.32 � 0.09 28.11 � 3.26 19.62 � 2.63 4 20.90 2.12 (10.1)
3 5.42 50.55 21.00 (41.9) 14 0.14 � 0.13 2.01 (9.5) 0.52 � 0.14 29.46 � 5.22 20.25 � 2.58 5 14.00 1.24 (8.8)
4 12.17 68.90 24.13 (35.0) 18 0.17 � 0.10 3.06 (12.7) 0.60 � 0.27 19.74 � 0.65 20.66 � 3.20 7 20.00 2.68 (13.4)
7 2.35 32.37 11.39 (35.2) 7 0.15 � 0.08 1.07 (9.4) 0.47 � 0.27 29.81 � 3.09 20.48 � 0.44 3 9.22 0.91 (9.9)

Mean 8.24 58.50 22.07 (37.6) 18.25 0.11 � 0.07 2.10 (9.7) 0.48 � 0.19 26.78 � 1.87 20.25 � 1.21 16.03 1.74 (10.6)
CV 0.63 0.37 0.38 (0.1) 0.64 0.39 (0.20) 0.40 0.07 0.06 0.34 0.47 (0.20)

Summary of structural parameters relevant for synaptic transmission that have been extracted from the detailed 3-D reconstructions of MFBs in P28 and adult rats. The quantifications of two additional very small boutons (surface area of
8.2 and 13.9 �m2; contact area to postsynaptic target of 4.5 and 2.3 �m2; and a pool size of 2533 and 2795, respectively) were not included because they may resemble satellites (Galimberti et al., 2006) or belong to filopodia. The values
of the cleft width of AZs and PAs were taken from measurements at the center of both membrane specializations (see also text). The means and CVs given in this table are averages per bouton.
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Figure 2. Three-dimensional reconstructions of the MFBs and their postsynaptic target dendrite. A, D, Volume reconstructions
of two en passant MF boutons (depicted in yellow) and their postsynaptic target dendrite (blue) from a P28 (A) and an adult rat
(D). Note that the spiny excrescences were almost entirely covered by the nerve terminal. B, E, Distribution of the two membrane
specializations, AZs (red) and PAs (magenta), on the postsynaptic target dendrite (blue). AZs were located on the spiny excres-
cences, whereas PAs were exclusively found at the dendritic shaft. C, F, Organization of the pool of synaptic vesicles (green dots)
at the two MFBs. In both cases, the pool was distributed throughout the entire nerve terminal. Mitochondria (white) formed either
cluster-like arrangements or bands associated with the pool of synaptic vesicles.
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Ineach image series comprising a 3-D stack (six times 3-D stacks were
analyzed with a total number of 647 micrographs), all presynaptic struc-
tures of interest such as the MFB and its mitochondria as well as postsyn-
aptic structures like dendritic shafts and spiny excrescences were marked
using closed contour lines in CAR. From these polygonal cross sections,
3-D volumetric reconstructions were performed from which surface and
volume measurements were obtained. Additional surface estimates for
AZs and PAs were computed by extracting those areas from the recon-
structed presynaptic and postsynaptic membranes that were covered by
the membrane specializations. All calculations were performed off-line
using a batch version of CAR, which generates 3-D reconstructions as
well as space-delimited tables for each measurement which are readable
by standard analysis software. For additional details on 3-D reconstruc-
tions, see Sätzler et al. (2002).

Tissue shrinkage may affect the reported morphological parameters.

Shrinkage factors critically depend on the fixa-
tive used, the subsequent tissue processing, and
the embedding media for electron microscopy.
Furthermore, shrinkage factors may not be
identical for different subcellular elements.
Therefore, it is difficult to estimate a universal
shrinkage factor. Finally, shrinkage may also af-
fect the location of mobile elements, such as
synaptic vesicles with respect to the AZ. The
extent of these effects will have to be deter-
mined by detailed comparison of different fix-
ation and embedding techniques, including
high-pressure freezing (Rostaing et al., 2006).
Based on these uncertainties, the results pre-
sented here remained uncorrected for
shrinkage.

Estimating vesicle distribution and pool sizes.
To obtain estimates for synaptic vesicle size and
distance distribution, we marked each vesicle in
a bouton and measured its diameter and the
minimal distance between its center of gravity
and the closest presynaptic density of an AZ.
This distance diminished by one vesicle radius
gives an estimate of the minimal two-
dimensional (2-D) distance that a vesicle had to
bridge before it “touches” the membrane spe-
cialization. Because the minimal 2-D distance
for each vesicle to either an AZ or PA was mea-
sured, it was possible to define different pools of
synaptic vesicles for each AZ depending on the
vesicle perimeter and plot their distribution
(see Fig. 8, Table 2).

Several potential errors in vesicle counting
were considered. First, vesicle counting might
be subjective in ultrathin sections with subop-
timal quality. To address this issue, six micro-
graphs of relatively low image quality were se-
lected and vesicles were traced by different
experimenters involved in this project. We then
compared final counts, diameter, and distance
estimates and calculated the mean and SD,
which gave an upper bound for this source of
variability. The variability for the mean diame-
ters and distances reported was �5.5 nm [coef-
ficient of variation (CV), 0.18] and �4.2 nm
(CV, 0.01), respectively. Second, errors in esti-
mates of vesicle numbers may occur by double
counts of individual vesicles in adjacent sec-
tions (Abercrombie, 1946). To address the pos-
sibility of double counts of small clear vesicles,
we simulated the appearance of these vesicles in
ultrathin sections under conditions when the
vesicle diameter was comparable with the thick-
ness of the sections (�50 nm) (A. Roth and K.
Sätzler, unpublished data). These simulations

revealed that synaptic vesicles showed a clear ring-like appearance in
electron micrographs only if �50% of their volume was present in an
ultrathin section. Because only clear ring-like structures were counted as
vesicles, double counts were highly unlikely under these circumstances.
Additionally, it is possible that vesicles are missed in densely packed
regions, because ring-like traces partly overlap. This effect may counter-
act any double counts. Based on the small extent and the partially coun-
teracting nature of the effects, the numbers of small clear vesicles re-
ported in this study remained uncorrected. For large dense-core vesicles,
double counts were excluded by careful examination of adjacent images
and were only counted in the image where they appeared largest.

Statistical analysis. From the numerous 3-D reconstructions and
spreadsheets computed by CAR, statistical summaries and graphs were
generated automatically using special purpose functions written for the

L K J 

I H G 

F E D 

C B A

Figure 3. Number, shape, and location of AZs. Representative examples of AZs (red areas) found on simple and complex spiny
excrescences (blue) taken from different P28 (A–F ) and adult (G–L) rats. All spines are shown at the same scale. The surface of the
spine was made transparent to visualize AZs located on the opposite side of the spine. Simple spines had only a single (A, B, G) or
at most two AZs (C, H, L), whereas complex spines had up to eight AZs (D). Note also the different shape and size of individual AZs
that formed ring-like structures (E, F, L), or patch-like (A, C, I, J ) or band-like arrangements (D, E, F, H ). Scale bar, 1 �m.
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freely available statistics package R (R Develop-
ment Core Team, 2005) (http://www.R-
project.org). To assess differences in the distri-
butions of various measurements, in particular
the pool sizes of synaptic vesicles, the nonpara-
metric Kolmogorov–Smirnov test was used.
For assessing differences in the mean of approx-
imately normally distributed measurements
like vesicle diameters and cleft widths, the two-
tailed Student’s t test was used. Results were
considered significant if p � 0.05. Where ap-
propriate, p values were explicitly specified.

Glutamine synthetase preembedding immuno-
histochemistry. To examine the topography of
the glial coverage at the MFB–CA3 pyramidal
cell synapse (Derouiche and Frotscher, 1991),
two P28 and two adult rats were transcardially
perfused with 100 mM PB-buffered 4% parafor-
maldehyde and 0.5% glutaraldehyde. After
postfixation, 100 �m vibratome sections were
cut in the frontal plane. The hippocampus was
dissected from the sections and then cryopro-
tected in 100 mM 10% PB-buffered (30 min)
and 20% sucrose overnight. Sections were then
freeze-thawed in liquid nitrogen, rinsed in 100
mM PB, blocked in 100 mM PBS containing
0.5% goat serum albumin (1.5 h), and finally
incubated in monoclonal mouse anti-
glutamine synthetase antibody (1:1000; Chemi-
con, Hampshire, UK) overnight at 4°C. After
several rinses in 100 mM PBS, sections were in-
cubated in biotinylated anti-mouse secondary
antibody for 2 h (1:100; Vector; Linaris, Wer-
theim, Germany). This was followed after sev-
eral washing steps in 100 mM PBS by incubation
in 100 mM PBS-buffered ABC-Elite solution for
2 h (1:100; Vector; Linaris). Sections were then
reacted in 50 mM Tris-buffered 3,3�-
diaminobenzidine for 10 min. After several rinses
in 100 mM PBS, they were postfixed in 100 mM

sucrose–PBS-buffered 0.5% osmium tetroxide
(30 min), dehydrated through an ascending series of ethanol, propylene
oxide, and finally flat-embedded in Durcopan (Fluka). After polymerization
(at 60°C for 2–3 d), sections containing immunoreactive astrocytic profiles
in the stratum lucidum were selected and serial ultrathin sections were taken
at �55 nm thickness. After counterstaining with uranylacetate and lead ci-
trate, they were examined and photographed with a Zeiss Libra 120 electron
microscope using the SIS Analysis software (Soft Imaging System, Münster,
Germany). The ultrathin sections provided the basis for the serial recon-
structions of astrocytic processes around individual MFBs as described
above.

Results
General description of the structure of the MFB
The axons of granule cells in the dentate gyrus constitute a mas-
sive fiber bundle, the MFs that establish large, highly specialized
en passant boutons (Fig. 1A,D; supplemental movie, available at
www.jneurosci.org as supplemental material) or end terminals
(Fig. 1C) with proximal dendritic segments predominantly on
spiny (thorny) excrescences (Figs. 1A,C, 6A–D,F,G) of excita-
tory CA3 pyramidal cells. These dendrites receive dense synaptic
input from multiple MFBs (Fig. 1B); in turn, individual MFBs
contact several dendritic segments of the same (Chicurel and
Harris, 1992) or different pyramidal neurons (Galimberti et al.,
2006). In both P28 and adult rats (between 3 and 4 months of
age), the density of MFBs in the stratum lucidum was remarkably
high. At the dendritic segment shown in Figure 1B, which is �10
�m in length, 10 MFBs of variable shape and size were found.

In both P28 and adult rats, MFBs were highly variable in shape
and size (Figs. 1A–D, 6A–D) ranging from 2 to 5 �m in cross
diameter, from 40 to 110 �m 2 in surface area, and from 2 to 13
�m 3 in volume (Table 1). In addition, small caliber boutons
ranging from 8.2 and 13.9 �m 2 in surface area and with a volume
of �1 �m 3 were observed (Fig. 1B, MFB1). However, these small
boutons may either resemble those described as satellites (Galim-
berti et al., 2006) or could emerge from filopodia (Acsády et al.,
1998) (Table 1). On average, two to four filopodial extensions of
various shapes and lengths (1–5 �m) emerged from the main
body of the nerve terminal, sometimes terminating abruptly or in an
endbulb-like structure (supplemental movie, available at www.jneuro-
sci.org as supplemental material). In our sample, these endbulbs often
contained a single AZ.

The larger MFBs contained numerous mitochondria of
various size (P28, 21– 42; adult, 33–57) that either formed
cluster-like arrangements (Figs. 1 A, C, 2C,F; supplemental
movie, available at www.jneurosci.org as supplemental mate-
rial) or constituted row-like assemblies (Fig. 1C,E). Mito-
chondria contributed between 4 and 12% to the total volume
of individual boutons. Mitochondria not only act as internal
calcium stores (Rizzuto et al., 2000) but may also regulate
internal Ca 2	 levels in the terminal. Furthermore, mitochon-
dria may be involved in the mobilization of synaptic vesicles
from the reserve pool (Verstreken et al., 2005). In MFBs, mi-
tochondria were seen to be associated with the pool of synaptic
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Figure 4. Area and distance distribution of AZs. A, Histogram (left) of the distribution of surface areas of all AZs for P28 (black
hollow bars) and adult (gray solid bars) MFBs and their corresponding cumulative histogram (right). Bin width is 0.01 �m 2. The
two distributions are not significantly different ( p 
 0.1, Kolmogorov–Smirnov test). B, Histogram of the distribution of nearest-
neighbor distances between centers of gravity of all AZs for P28 boutons given in black and adult boutons outlined in gray. The
right panel shows the corresponding cumulative histogram (same color code). Bin width is 0.02 �m. The two distributions are
significantly different ( p � 0.05, Kolmogorov–Smirnov test).
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vesicles (Figs. 1 A, C, 2, 6 A–D). However, they were not orga-
nized in mitochondria-associated complexes (Rowland et al.,
2000) or donut-like assemblies (Wimmer et al., 2006) as de-
scribed for the calyx of Held nerve terminal. Interestingly,
most of the MFBs investigated were penetrated and crossed by
other axons of different caliber and of undefined origin (Fig.
1 D), a phenomenon that has not been reported yet for the
MFB and other large central synapses. However, these axons
never established axoaxonic contacts with the MFBs.

As described for other large central synapses, two membrane spe-
cializations were found at the presynaptic and postsynaptic apposi-
tion zone: AZ, the sites of transmitter release, and puncta adherentia
(PA), which are thought to function as adhesion complexes.

Membrane specializations at the presynaptic and
postsynaptic apposition zone

AZs
By definition, an AZ is characterized by the dense accumulation
of synaptic vesicles located in close proximity to the presynaptic

density, the asymmetric presynaptic and
postsynaptic densities, and the character-
istic widening of the synaptic cleft (see Fig.
6E–G). The presynaptic and postsynaptic
densities formed bands of electron-dense
fuzzy material. At individual MFBs, two
types of AZs were found: the majority
(�80%) had presynaptic and postsynaptic
densities that were frequently interrupted,
appearing as perforated structures (see Fig.
6E), whereas the remaining AZs showed
perforations in either the presynaptic or
postsynaptic densities (see Fig. 6F) or were
nonperforated. The average cleft width,
measured under the presynaptic and
postsynaptic densities was 30.95 � 1.13
nm and 20.52 � 3.08 at the edges (P28). In
adults rats, the cleft width was 26.78 �
1.87 nm in the center and 17.59 � 2.93 at
the edges (Table 1). The difference in the
means between center and the edges of
AZs was significantly different ( p � 0.001)
in both P28 and adult rats. Interestingly,
the cleft widths of AZs was also signifi-
cantly different ( p � 0.05) between both
age groups (Table 1).

The distribution of AZs and PAs is
illustrated in Figure 2, B and E; AZs are
depicted in red and PAs in magenta. In
both ages, AZs were located on the spiny
excrescences, whereas PAs were exclusively
found on dendritic shafts (supplemental
movie, available at www.jneurosci.org as
supplemental material). Two types of spiny
excrescences could be distinguished on the
postsynaptic target dendrites: the so-called
simple spines were contacted only by a sin-
gle, but often very large, AZ (Fig. 3A,B,G) or
at most two AZs (Fig. 3C,H,I). In contrast,
complex spines were contacted by up to
eight AZs that were predominantly located
opposite to spine heads (Fig. 3D–F,J–L). The
AZs varied substantially in shape and size,

forming patches (Fig. 3A,C,I,J), bands (Fig. 3D–F), or ring-like
structures (Fig. 3B,E,F,L), and covered on average 13.3% (P28) or
10.6% (adult) of the total surface area of the spiny excrescences (Ta-
ble 1).

Number and size of AZs
The mean number of AZs was 29.80 (range, 18 – 45) in MFBs
from P28 and 18.30 (7–34) in adult rats (Table 1). Individual AZs
varied substantially in shape and size; both very large (0.17 �m 2)
and very small (0.07 �m 2) AZs were found. The mean surface
area of AZs was 0.12 � 0.10 �m 2 in P28 and 0.11 � 0.07 �m 2 in
adult rats. In both ages, the distribution in size was characterized
by a large variability as indicated by the CV ranging between 0.83
(P28) and 0.64 (adult), respectively (Fig. 4A, Table 1). No signif-
icant difference in surface area was found between both ages ( p 

0.1).

Distance between individual AZs
Another critical structural determinant for synaptic transmission
is the spacing (nearest-neighbor distance) between individual

A

MFB

se

se
se

*

B

*
se

se

se

de
MFB

de

C

MFB

se

de

D

MFB
se

Figure 5. Glial coverage of individual MFBs. A, Low-power electron micrograph showing the distribution of astrocytic pro-
cesses (highlighted in green) as revealed by glutamine synthetase preembedding immunohistochemistry. The surface of an
individual MFB (in light yellow), its postsynaptic target dendrite (de), and its spiny excrescences (se) (in light blue) was surrounded
by several astrocytic processes. The black asterisk indicates another MFB that was clearly separated from the MFB given in light
yellow. Scale bar, 1 �m. B, Three-dimensional reconstruction showing the astrocytic processes that surround the complex of the
MFB, the postsynaptic dendrite, and the spiny excrescences shown in A. Note that the fine astrocytic fingers covered the presyn-
aptic and postsynaptic apposition zone of the synaptic complex, but did not reach as far as the AZs (red) located on the spiny
excrescences. The white asterisk indicates the location of another adjacent MFB and its postsynaptic target, which were not
reconstructed. C, D, Two high-power electron micrographs showing the distribution of astrocytic processes (highlighted in green).
The surface of the two individual MFBs (in light yellow), their postsynaptic target dendrite (de), and the spiny excrescences (se) (in
light blue) were surrounded by several astrocytic processes. Note that fine astrocytic processes were never seen at the spiny
excrescences and never reached as far as the active zones (highlighted in red). Scale bar: C, D, 0.5 �m.
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AZs. Release sites that are close to each other suggest that gluta-
mate spillover and as a consequence synaptic cross talk may occur
at these synapses (Barbour and Häusser, 1997). The average dis-
tance between AZs was measured as Euclidian distance in 3-D
space between the centers of gravity of neighboring AZs at the
same or different spiny excrescences. For P28, the average dis-
tance was 0.40 � 0.20 �m, 0.48 � 0.19 �m in adult, and was not
significantly different between both ages. However, the nearest-
neighbor distances varied widely (0.20 – 0.60 �m), as also indi-
cated by the large SD and CV (Fig. 4B, Table 1).

PAs
The second type of membrane specializations were PAs (Fig. 1E)
(Hamlyn, 1962; Honda et al., 2006). These were characterized by
two parallel bands of electron-dense material of approximately
the same width at the presynaptic and postsynaptic membranes,
but lacking synaptic vesicles and the characteristic broadening of

the cleft typical for AZs (compare Figs. 1E, inset, 6E,F). For PAs,
the average cleft width was 25.55 � 0.55 nm in the center and
22.85 � 4.81 nm at the edges of the two densities in P28 rats and
20.25 � 1.21 nm in the center and 19.93 � 0.97 at the edges of the
two densities in adult rats (Table 1). In contrast to AZs, the dif-
ference in the means between the center and the edges at the two
densities was not significantly different at P28 ( p 
 0.1) and adult
rats ( p 
 0.3). Interestingly, as for AZs, the cleft width of PAs was
significantly different ( p � 0.05) between both age groups (Table
1). Our analysis of PAs is in good agreement with quantitative
data reported previously (Hamlyn, 1962).

At individual MFBs, the majority of PAs were organized in
rows of up to 15 PAs that were exclusively found at the apposition
zone of the presynaptic terminal and the dendritic shaft (Figs. 1E,
2B,E; supplemental movie, available at www.jneurosci.org as
supplemental material). Their numbers ranged between 12 and
24 in P28 and between 2 and 13 in adult rats. The surface area of
individual PAs was, on average, 0.07 �m 2, approximately one-
half of the size of individual AZs. Their size distribution showed a
similar degree of variability (CV, 0.8).

Both membrane specializations were spatially separated from
each other; PAs were exclusively found at the apposition zone
between the bouton and the dendritic shaft, whereas AZs were
located on the spiny excrescences (Fig. 2B,E). This segregation is
in marked contrast to the calyx of Held (Sätzler et al., 2002) (see
Discussion).

Glial coverage of MFBs
Glial cells, in particular astrocytes and their fine processes, play an
important role in synaptic function, acting as physical barriers to
glutamate diffusion and mediating transmitter uptake by gluta-
mate transporters. Preembedding immunohistochemistry
against glutamine synthetase, a key enzyme in astrocytes, was
performed to examine the structural relationship between indi-
vidual MFBs and astrocytes. Three MFBs, their postsynaptic den-
drites, and the astrocytic processes were three-dimensionally re-
constructed. A large fraction of the surface area of individual
boutons was surrounded by astrocytic processes (Fig. 5A). Thus,
the synaptic complex consisting of an MFB and its postsynaptic
target dendrite was physically isolated not only from the sur-
rounding neuropil but also from neighboring synaptic complexes
(Figs. 1B, 5B). In contrast to other synapses (for review, see Rol-
lenhagen and Lübke, 2006), glial fingers were never observed to
reach as far as to individual AZs located at the spiny excrescences
or even the synaptic cleft (Fig. 5C,D); instead spiny excrescences
were almost completely covered by the boutons (Fig. 2A,D; sup-
plemental movie, available at www.jneurosci.org as supplemental
material).

Organization of the pool of synaptic vesicles
Another key determinant for synaptic efficacy and plasticity is the
organization of the pool of synaptic vesicles, in particular, the size
of the RRP, the RP, and the reserve pool as measured by imaging,
capacitance measurements, and quantal analysis studies
(Schneggenburger et al., 1999; Sahara and Takahashi, 2001; Sun
and Wu, 2001; Hallermann et al., 2003; Saviane and Silver, 2006)
(for review, see Schneggenburger et al., 2002; Rizzoli and Betz,
2004, 2005).

Synaptic vesicles in individual MFBs were distributed
throughout the entire terminal (Figs. 1A,C,D, 6A–D) and com-
prised an average volume of 0.49 �m 3 for P28 and 0.26 �m 3 in
adult rats, corresponding to 6.4 and 4.2% of the total volume of
the boutons. However, we found a marked difference in the or-
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Figure 6. Organization of the pool of synaptic vesicles. A, Representative example of the
organization of the pool of synaptic vesicles within a MFB of a P28 rat. Here, the synaptic vesicles
were distributed throughout the entire terminal. No cluster-like arrangement of individual
pools of synaptic vesicles around AZs at spiny excrescences (se) was observed. B, Distribution of
individual pools of synaptic vesicles in a MFB of an adult rat. In contrast to the bouton shown in
A, cluster-like arrangements of individual pools of synaptic vesicles at AZs at spiny excrescences
(se) were clearly visible. Scale bar: A, B, 0.5 �m. C, D, Organization of synaptic vesicle pools in
MFBs taken from two different P28 rats. Although both MFBs were of comparable size, the pool
of synaptic vesicles in C seems to be larger and more condensed than that in D. de, Postsynaptic
dendrite; se, spiny excrescences. Scale bar: C, D, 0.5 �m. E, AZ with a perforated presynaptic and
postsynaptic density. Here, the characteristic widening of the synaptic cleft (between the ar-
rowheads) is clearly visible. Note the large clear vesicles (black asterisks) and a single dense-core
vesicle (white asterisk). F, AZ with a nonperforated postsynaptic density (arrowheads) on a
spine-like excrescence (se). Within the pool of synaptic vesicles, several large clear vesicles
(black asterisks) were observed. At the presynaptic density also, several docked vesicles can be
identified. G, Row of three AZs (white asterisks) located at an individual spiny excrescence (se).
Here, the pool of synaptic vesicles is shared by all three AZs. Scale bar: E–G, 0.25 �m.
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ganization of the pool of synaptic vesicles between MFBs in P28
and adult rats. Synaptic vesicles in young rats (P28) were evenly
distributed throughout the terminal, thereby completely sur-
rounding the spiny excrescences (Figs. 6A,C,D, 7A). This distri-
bution pattern may correspond to the functionally described
“maxipool” of synaptic vesicles described by capacitance mea-
surements of individual MFBs (Hallermann et al., 2003). In con-
trast, in the adult, synaptic vesicles were organized more in clus-
ters of various sizes at individual AZs (Figs. 6B, 7B; supplemental
movie, available at www.jneurosci.org as supplemental material)
and/or a row of several AZs (Fig. 6G). In both ages, three different
types of vesicles were found in MFBs: (1) small clear synaptic
vesicles with a mean diameter of 31.70 � 6.00 nm for P28 and
31.20 � 5.20 nm for adult rats, ranging between 19.60 and 41.20
nm for individual boutons, (2) large clear vesicles (Henze et al.,
2002a) (�70 nm) that constituted �1% of the total pool and
were intermingled with the population of smaller synaptic vesi-
cles, and (3) large dense-core vesicles. The mean number of large
dense-core vesicles per bouton was 153.00 � 87.51 (range, 43–
245) for P28 and 176.25 � 112.86 (range, 65–331) in adult rats,
with an average diameter of 70.17 � 12.63 and 61.50 � 4.35 nm,
respectively.

We attempted to identify subsets of synaptic vesicles as ana-
tomical correlates for the three functional pools of releasable
quanta of transmitter postulated from measurements of release
rates. To define the RRP, the RP, and the reserve pool morpho-
logically, the number of synaptic vesicles within a perimeter of 60
nm (�2 vesicle diameters), 200 nm (�5 vesicle diameters), and
500 nm (�15 vesicle diameters) was estimated (Fig. 8B, Table 2)
(for criteria, see also Rizzoli and Betz, 2004, 2005). The number of
synaptic vesicles in each of the pools was clearly correlated with
the size of individual AZs (Fig. 8A). Assuming a linear relation-
ship between both measures, we can define a mean vesicle density
for a given perimeter. The density of vesicles located within a

distance of 100 nm from the active zone
was 834 �m�2 for P28 and 665 �m�2 for
adult MFBs. Thus, the density of synaptic
vesicles at active zones in MFBs was about
twofold higher than in the calyx of Held
(Fig. 8A, dashed line).

The total pool of synaptic vesicles
within individual large MFBs was on aver-
age �25,000 (range, 11,000 – 49,000) in
P28 and �16,000 (range, 7600 –25,000) in
adult rats (Table 1). In contrast, the num-
ber of synaptic vesicles in small filopodia
was �200 –700, two orders of magnitude
smaller than in the large boutons.

If the RRP is defined by �2 vesicle di-
ameters (60 nm), then the total RRP per
large bouton was �1200 vesicles (range,
�350 –2800) in P28 and �600 vesicles
(range, 370 –1000) in adult rats, corre-
sponding to �4% of the total pool of syn-
aptic vesicles (Table 2). This corresponds
to 36.66 � 18.17 (P28, n � 119 AZs) and
41.34 � 20.03 (adult, n � 73 AZs) vesicles
per single AZs.

If the RP is defined by �5 vesicle diam-
eters, then the mean of the RP at individual
MFBs is �5700 (range, 1800 –13,100) ves-
icles (�21% of the total pool) in P28 and
�3700 (range, 1500 – 4700) vesicles

(�20% of the total pool) in the adult. The relative size of the RP
in the MFB is in good agreement with RP estimates reported for
other synapses (Rizzoli and Betz, 2004, 2005). In both ages, the
RRP and the RP showed a large variability, as indicated by the
large SD and a consistently large CV of �1.0. Despite the large
CV, the frequency distributions of the counts of synaptic vesicles
were significantly different between P28 and adult in the range of
20 –270 nm distance from the AZ ( p � 0.05, Kolmogorov–Smir-
nov test) (Fig. 8B). Furthermore, the RP of P28 or adult MFBs
was fourfold to fivefold larger than at the calyx of Held (Fig. 8B,
dashed line).

Discussion
Here, we describe for the first time the complete quantitative
morphology and three-dimensional geometry of the hippocam-
pal MFB. Our results suggest that the comparatively large size of
RRP, RP, and reserve pool underlie the unique extent of synaptic
efficacy and presynaptic plasticity of the hippocampal MF syn-
apse. The quantitative structural data reported here also provide
a basis for realistic models and numerical simulations of MF
transmission, which may help to constrain functional parameters
that are, at present, inaccessible experimentally.

Size, number, and distribution of AZs
The average surface area of an AZ in MFBs was 0.11 �m 2 (P28)
and 0.13 �m 2 (adult), but a large variability in size and a skew
toward small AZs was found (Fig. 4A, Table 1). The size of the AZ
in MFBs was comparable with that in the calyx of Held in young
rats (0.10 �m 2) (Sätzler et al., 2002) and adult deaf cats (0.14
�m 2) (Ryugo et al., 1997), and with that in climbing fiber syn-
apses (0.14 �m 2) (Xu-Friedman et al., 2001) and parallel fiber
synapses of rat cerebellum (0.13 �m 2) (Xu-Friedman et al.,
2001). However, AZs in MFBs were larger than those in the end-
bulb of Held in rats (0.06 �m 2) (Nicol and Walmsley, 2002), the

adult 

B 

P28 

A 

Figure 7. Comparison of the organization of the pool of synaptic vesicles between MFBs in P28 and adult rats. A, B, Organiza-
tion of the pool of synaptic vesicles (green dots). Here, two representative examples with a similar total pool size are given (P28,
25,683; adult, 25,028, respectively). In MFBs of P28 rats, no cluster-like arrangements of individual pools of synaptic vesicles
around active zones (red) was observed. In contrast, individual pools of synaptic vesicles around a single or rows of AZs at spiny
excrescences were frequently seen.
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calyx of Held in cats (0.07 �m 2) (Rowland et al., 2000), and
glutamatergic synapses in the hippocampal CA1 region (0.06
�m 2) (Harris and Stevens, 1989; Schikorski and Stevens, 2001;
Marrone et al., 2005).

Whereas the size of the AZ in MFBs was similar to that in other
central synapses, the number and density of AZs were substan-
tially different. In our sample, the average number of AZs was 30
for P28 and 18 for adult MFBs, and the largest number of AZs
found was 45. Thus, the MFBs contained a large number of AZs
(Chicurel and Harris, 1992), which covered on average �10% of
the total surface area in which the postsynaptic target apposed the
presynaptic terminal. In contrast, in the calyx of Held, �550 AZs
contributed only �5% to the apposition area between the pre-
synaptic and postsynaptic membranes (Sätzler et al., 2002). Thus,
AZs in MFBs covered a much larger fraction of the presynaptic
surface area than in the calyx of Held. The density of AZs per
bouton area in MFBs will be important for both synaptic strength
of individual MFBs and input of multiple MFBs on the same
postsynaptic CA3 pyramidal neuron (Fig. 1B), allowing conver-
gence of �50 MFBs on a single CA3 pyramidal neuron (Amaral
and Dent, 1981).

Another functionally relevant structural factor is the spacing
(nearest-neighbor relationship) of individual AZs, which is one
possible determinant for spillover of transmitter and hence syn-
aptic cross talk (Barbour and Häusser, 1997). In MFBs, the
nearest-neighbor distance was on average 0.40 �m (P28) and
0.48 �m (adult), comparable with values estimated for the cere-
bellar MF synapse (0.46 �m) (Xu-Friedman and Regehr, 2003),
but different from the endbulb of Held (0.15 �m) (Nicol and
Walmsley, 2002) and the calyx of Held (0.59 �m) (Sätzler et al.,
2002) ( p � 0.05, Kolmogorov–Smirnov test). Because 80% of the
distances between neighboring AZs were in the range between
0.20 and 0.60 �m (Fig. 4B), our results indicate that cross talk
may occur both presynaptically via diffusion of Ca 2	 and
postsynaptically via spillover of glutamate within the synaptic
cleft, as proposed for the cerebellar MF synapses (DiGregorio et
al., 2002).

Location of PAs and glial coverage of individual MFBs
An important structural difference between MFB and the calyx of
Held was the arrangement of the two membrane specializations,
AZs and PAs. In the MFB, AZs and PAs were clearly separated,
with AZs located on the spiny excrescences and PAs exclusively
found on the dendritic shafts (Fig. 2). In contrast, in the calyx of
Held, PAs formed cluster-like arrangements between individual
AZs that may isolate individual AZs from each other, thereby
presumably preventing glutamate spillover and synaptic cross
talk.

Another major difference to other central synapses was the
glial ensheathment. In the MFB, astrocytes and their fine pro-
cesses surrounded individual MFBs and their postsynaptic target
dendrites, thereby isolating these synaptic complexes from adja-
cent MFBs and their targets (Figs. 1B, 5). In contrast, in other
central synapses, fine glial processes were observed at the presyn-
aptic and postsynaptic apposition zone (Xu-Friedman and Re-
gehr, 2003) or even reached the synaptic cleft (Xu-Friedman et
al., 2001) (for review, see Rollenhagen and Lübke, 2006). Because
astrocytes act as physical barriers to glutamate diffusion and me-
diate transmitter uptake (e.g., by the glutamate transporters
EAAT1 and EAAT2) (for review, see Danbolt, 2001; Oliet et al.,
2004), the remote location of fine glial processes in the MFB may
further enhance postsynaptic cross talk at hippocampal MF syn-
apses (Barbour and Häusser, 1997).
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Figure 8. Number of synaptic vesicles per AZ. A, Scatter plot showing the relationship be-
tween the number of synaptic vesicles located within a perimeter of 100 nm from the AZ and the
area of individual AZs for P28 MFBs (crosses), adult MFBs (gray circles), and the calyx of Held
(open diamonds; included for comparison) (Sätzler et al., 2002). Data points were fitted by
linear regression. The slope, corresponding to the average vesicle density, is slightly higher for
P28 MFBs (834 �m �2) (black crosses and black solid line) than for the adult (665 �m �2) (gray
squares and gray solid line). For both P28 and adult MFBs, the slope is much larger than for the
calyx (349 �m �2) (open squares and black dashed line). Corresponding squares of correlation
coefficients (R 2) were 0.59, 0.82, and 0.51 for P28 MFB, adult MFB, and the calyx of Held,
respectively. B, The graph shows the correlation for the mean number of synaptic vesicles as a
function of distance from an AZ (averaged over all AZs) for P28 MFBs (black line), adult MFBs
(gray line), and the calyx of Held (dashed line) (Sätzler et al., 2002). The arrows indicate the
borders between the RRP, the RP, and the reserve pool of synaptic vesicles. Note that the slope
is markedly higher in the MFBs than the calyx, although the spacing between AZs is comparable
at both synapses. This difference is significant for values beyond 50 nm ( p � 0.05 with the
Kolmogorov–Smirnov test comparing the distance distributions for each perimeter; step size,
10 nm). There is also a significant difference in the number of synaptic vesicles in MFBs of P28
versus adult rats within a perimeter of 20 –270 nm ( p � 0.05).
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Thus, two structural factors are likely to promote cross talk at
the MFB–CA3 pyramidal neuron synapse: (1) the short distance
between adjacent AZs at spiny excrescences and (2) the absence
of fine glial processes at and between AZs. Synaptic cross talk may
prolong and amplify the synaptic current, contributing to the
efficacy of hippocampal MF synapses.

Size and organization of the vesicular pools
Capacitance measurements at hippocampal MFBs revealed a
large size of the releasable pool (maxipool) with �1400 vesicles
released during a 30 ms pulse (Hallermann et al., 2003). The
present results show that the structural correlate of the releasable
pool, although large, comprises only a small fraction of the total
pool. Here, the total pool of synaptic vesicles was �25,000 for P28
and �16,000 vesicles for adult MFBs, distributed over 30 and 18
AZs, respectively. Thus, the total pool size of synaptic vesicles per
AZ is �850 in both ages. A very different scenario was found in
the calyx of Held, in which �70,000 vesicles were distributed over
�550 release sites with �125 synaptic vesicles per AZ. In cerebel-
lar MF synapses, fluctuation analysis of synaptic currents recently
suggested a total pool size of 200,000 synaptic vesicles distributed
over �330 release sites (Saviane and Silver, 2006). Thus, the
number of synaptic vesicles per AZ would be �600 at cerebellar
MF synapses. Interestingly, the total pool per AZ in the large MFB
(�900) appears to be larger than the pool in the endbulbs that
emerge from filopodial extensions of the same terminal (200 –700
vesicles per AZ). This may contribute to target cell-specific dif-
ferences in synaptic dynamics (Tóth et al., 2000).

We subdivided the total pool of synaptic vesicles into three
pools of vesicles located at a distance of �60, 60 –200, and 
200
nm from the AZ, which may correspond to the RRP, the RP, and
the reserve pool (Rosenmund and Stevens, 1996) (for review, see
Rizzoli and Betz, 2004, 2005). The putative RRP size per MFB
estimated with this criterion was �1200 vesicles for P28 and
�600 vesicles for adult MFBs. Thus, the corresponding average
RRP per release site (AZ) was �41 (P28) and �33 in adult rats,
respectively. A very different situation is found in the calyx of
Held. Taking the 60 nm criterion, the total RRP at the calyx of
Held was �10,000 distributed over �550 AZs, equivalent to �18
synaptic vesicles per AZ. Similarly, the putative RP was �5700

vesicles for P28 MFBs, �3200 vesicles for adult MFBs, and
�25,000 for the calyx of Held. If estimated for individual AZs, the
RP was fourfold larger in MFBs than in the calyx of Held. Finally,
the putative reserve pool was �18,000 vesicles for P28 MFBs,
�12,000 for adult MFBs, and �25,000 for the calyx of Held. If
estimated for individual AZs, the reserve pool was 10-fold larger
in MFBs than in the calyx of Held (Fig. 8B). The large size of the
RRP, RP, and reserve pool in each AZ may be a key structural
correlate of presynaptic efficacy and plasticity at hippocampal
MFBs (Salin et al., 1996; Geiger and Jonas, 2000).

Functional significance
Both the large number of release sites and the large size of RRP,
RP, and reserve pool will have important functional implications.
The large number of release sites (AZs) together with the large
RRP and RP will contribute to the high efficacy of the hippocam-
pal MF synapse in vitro (Geiger and Jonas, 2000) and in vivo
(Henze et al., 2002b) (for review, see Bischofberger et al., 2006).
The high density of AZs at the presynaptic and postsynaptic ap-
position zone at the spiny excrescences is important to accom-
modate convergent input of multiple MFBs on the same postsyn-
aptic CA3 pyramidal neuron (Amaral et al., 1990). The large RRP
may prevent depletion during repetitive stimulation (e.g., if the
animal is located in the center of the place field of a granule cell or
during odor-guided behavioral tasks) (for review, see Bischof-
berger et al., 2006). However, even more importantly, the large
size of RP and reserve pool could be used to rapidly refill the
releasable pool if it has been depleted by long-lasting repetitive
stimulation. If the refilling rates in MFBs were activity dependent,
the large size of the RP could explain MF plasticity (e.g., the nearly
10-fold increase in synaptic strength during frequency facilita-
tion and posttetanic potentiation) (Salin et al., 1996). Thus, mul-
tiple structural determinants converge on the generation of a
conditional detonator synapse.
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