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Previous studies revealed that synaptotagmin 1 is the major Ca2�

sensor for fast synchronous transmitter release at excitatory syn-
apses. However, the molecular identity of the Ca2� sensor at hip-
pocampal inhibitory synapses has not been determined. To address
the functional role of synaptotagmin 1 at identified inhibitory termi-
nals, we made paired recordings from synaptically connected basket
cells (BCs) and granule cells (GCs) in the dentate gyrus in organotypic
slice cultures from wild-type and synaptotagmin 1-deficient mice. As
expected, genetic elimination of synaptotagmin 1 abolished synchro-
nous transmitter release at excitatory GC–BC synapses. However,
synchronous release at inhibitory BC–GC synapses was maintained.
Quantitative analysis revealed that elimination of synaptotagmin 1
reduced release probability and depression but maintained the syn-
chrony of transmitter release at BC–GC synapses. Elimination of
synaptotagmin 1 also increased the frequency of both miniature
excitatory postsynaptic currents (measured in BCs) and miniature
inhibitory postsynaptic currents (recorded in GCs), consistent with a
clamping function of synaptotagmin 1 at both excitatory and inhib-
itory terminals. Single-cell reverse-transcription quantitative PCR
analysis revealed that single BCs coexpressed multiple synaptotag-
min isoforms, including synaptotagmin 1–5, 7, and 11–13. Our results
indicate that, in contrast to excitatory synapses, synaptotagmin 1 is
not absolutely required for synchronous release at inhibitory BC–GC
synapses. Thus, alternative fast Ca2� sensors contribute to synchro-
nous release of the inhibitory transmitter GABA in cortical circuits.

GABAergic interneurons � basket cells � hippocampus � Ca2� sensor

GABAergic interneurons of the basket cell subtype (BCs) play
a key role in neuronal network function. These interneurons

control the average activity level in principal neurons via fast
feed-forward and feedback inhibition (1) and are involved in the
generation of network oscillations in the �-frequency range (2). BCs
receive a fast excitatory synaptic input, which allows them to detect
coincident activity of principal neurons (3). Furthermore, BCs
generate rapid inhibitory output signals in their target cells (4).
Previous studies revealed that transmitter release at BC output
synapses is exclusively mediated by P/Q-type Ca2� channels (5, 6)
and that these Ca2� channels are tightly coupled to the Ca2� sensors
of exocytosis, with coupling distances of 10–20 nm (7). Tight
coupling contributes to fast signaling, increasing the speed and
temporal precision of transmitter release.

Expression of specialized Ca2� sensors of exocytosis may also
contribute to the speed and temporal precision of synaptic trans-
mission. However, the synaptic Ca2� sensors that mediate gluta-
matergic BC input and GABAergic BC output have not yet been
identified. At several synapses, synaptotagmin 1 is essential for fast
transmitter release (8–11). Genetic elimination of synaptotagmin 1
abolishes synchronous release in both glutamatergic and GABAer-
gic synapses in culture (12–16). Furthermore, mutations in the C2A
Ca2�-binding domain of synaptotagmin 1 induce parallel changes in
the affinity of Ca2� binding and the Ca2� sensitivity of transmitter
release (17, 18). Synaptotagmins represent a highly diverse protein
family, comprising 15 isoforms in rats and mice (9). The functional

role of the other synaptotagmins has remained unclear. Synapto-
tagmins are differentially expressed in central neurons (16, 19, 20)
and differ in kinetic properties (21). Thus, it is possible that
differential expression of synaptotagmins determines the time
course of transmitter release and the proportion of synchronous
and asynchronous release at different synapses (6, 22–24). How-
ever, this hypothesis has not been directly tested.

To examine the functional contribution of synaptotagmin 1 to
both excitatory input synapses and inhibitory output synapses of
interneurons, we compared synaptic transmission at excitatory
granule cell–basket cell (GC–BC) synapses and inhibitory basket
cell–granule cell (BC–GC) synapses in the dentate gyrus between
wild-type and synaptotagmin 1-deficient mice. Because the synap-
totagmin 1-deficient mice die within 48 h after birth (14), experi-
ments were performed in organotypic slice culture (25). We found
that synaptotagmin 1 is essential for fast transmitter release at
excitatory GC–BC synapses but not at inhibitory BC–GC synapses.

Results
Synaptotagmin 1 Is Essential for Synchronous Transmitter Release at
Excitatory GC–BC, but Not Inhibitory BC–GC, Synapses. To assess the
role of synaptotagmin 1 at identified excitatory and inhibitory
synapses, we made paired recordings between fast spiking, parval-
bumin-expressing BCs and GCs in the dentate gyrus of organotypic
slice cultures (25). BCs were identified by the fast spiking action
potential (AP) phenotype (26), the location of the axon in the
granule cell layer as revealed by biocytin staining, and, in a subset
of cells, the immunoreactivity for the Ca2�-binding protein parv-
albumin [supporting information (SI) Fig. S1]. In organotypic slice
culture from wild-type mice, the input resistances of BCs and GCs
were similar to those in acute slices (59.3 � 2.1 M� and 250 � 37
M�, respectively; 136 BCs and 10 GCs in which QX-314 was
omitted from the pipette solution; see ref. 27). Furthermore, the
basic functional properties of synaptic transmission at both excita-
tory GC–BC and inhibitory BC–GC synapses in synaptically con-
nected pairs of neurons were preserved. In particular, the short
latency, the fast 20–80% rise time, the large peak amplitude, the
small proportion of failures of synaptic transmission, and the
different decay time constants of excitatory postsynaptic currents
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(EPSCs) and inhibitory postsynaptic currents (IPSCs) were main-
tained in organotypic slices (Fig. S2 and Table S1) (3, 4).

To examine the contribution of synaptotagmin 1 to excitatory
and inhibitory synaptic transmission, we compared the functional
properties of GC–BC and BC–GC synapses in synaptotagmin
1-deficient mice with those in wild-type animals (Fig. 1). As
originally reported for excitatory synapses between dissociated
cultured neurons (14), genetic elimination of synaptotagmin 1
abolished synchronous transmitter release at excitatory GC–BC
synapses (Fig. 1 A and B). In synaptotagmin 1-deficient mice, single
APs in the presynaptic GC failed to evoke synchronous EPSCs in
the postsynaptic BC, whereas 50-Hz trains of 10 APs evoked a series
of asynchronous EPSCs, resulting in a slowly rising and decaying
average current (Fig. 1B). The synaptic connection probability
between GCs and BCs was identical in wild-type and knockout mice
(36% in both cases, 23 of 64 pairs versus 8 of 22 pairs connected),
suggesting that the lack of synchronous release was not caused by
abnormal connectivity in synaptotagmin 1-deficient mice. These
results show that synaptotagmin 1 is essential for synchronous
glutamate release at an identified principal neuron–interneuron
synapse, as reported previously for other glutamatergic synapses
(14, 28).

In contrast, genetic elimination of synaptotagmin 1 did not
abolish synchronous transmitter release at inhibitory BC–GC syn-
apses (Fig. 1 C and D). In synaptotagmin 1-deficient mice, both
single APs and 50-Hz trains of 10 APs evoked synchronous IPSCs
in the postsynaptic GC with short latency (Fig. 1 C and D). As
observed for GC–BC pairs, the synaptic connection probability was
similar in wild-type and knockout mice (59%, 22 of 37 pairs versus
48%, 28 of 58 pairs connected). These results show that synapto-
tagmin 1 is not absolutely required for synchronous transmitter
release at inhibitory BC–GC synapses.

Elimination of Synaptotagmin 1 Reduces Release Probability and
Multiple-Pulse Depression but Maintains Synchrony of Release at
Inhibitory BC–GC Synapses. We next compared the properties of
synaptic transmission at inhibitory BC–GC synapses between wild-
type and synaptotagmin 1-deficient mice (Fig. 2 A and B). The
mean amplitude of evoked IPSCs (including failures) was signifi-
cantly different between wild-type (688 � 142 pA) and knockout
synapses (455 � 92 pA; 22 and 28 pairs; P � 0.05). To assess whether
the difference was generated presynaptically, we examined the
number of failures and the coefficient of variation. The percentage

of failures was 1 � 1% in wild-type synapses but 5 � 1% in
synaptotagmin 1-deficient synapses (P � 0.005; Fig. 2A). Likewise,
the coefficient of variation of the IPSC peak amplitude (defined as
the standard deviation divided by the mean) was 0.29 � 0.03 in
wild-type synapses but 0.53 � 0.04 in knockout mice (P � 0.001; Fig.
2A). To distinguish between a difference in the number of release
sites and the probability of transmitter release, we further examined
the skewness of the IPSC amplitude distribution in the two condi-
tions. The skewness of the IPSC peak amplitude was �0.16 � 0.11
in wild-type cultures versus 0.28 � 0.08 in knockout cultures. This
shift from a left-skewed to a right-skewed amplitude distribution
was consistent with a reduction in release probability (P � 0.005;
Fig. 2A). Taken together, these results indicate that genetic elim-
ination of synaptotagmin 1 leads to a reduction in the probability
of synchronous transmitter release at inhibitory BC–GC synapses.

Furthermore, we examined whether the genetic elimination of
synaptotagmin 1 alters synaptic dynamics during repetitive stimu-
lation at inhibitory BC–GC synapses (Fig. 2B). In wild-type syn-
apses, a 50-Hz train of 10 APs induced robust depression with a
rapidly decaying component, followed by a more sustained com-
ponent, as shown previously in acute slices (4). On average, the ratio
of peak amplitudes of IPSC10 over IPSC1 in the train was 0.19 � 0.02
(10 pairs). In contrast, in synaptotagmin 1-deficient mice, the same
paradigm led to less profound and more variable depression; the
average ratio of IPSC10 over IPSC1 was 0.54 � 0.05 (12 pairs; P �
0.002). Thus, genetic elimination of synaptotagmin 1 significantly
reduced fast depression at inhibitory BC–GC synapses.

Finally, we made a quantitative comparison of the synchrony of
transmitter release at inhibitory BC–GC synapses between wild-
type and synaptotagmin 1-deficient mice (Fig. 2 C and D). To
accurately measure the time course of release, we reduced release
probability by reducing the Ca2�/Mg2� concentration ratio in the
bath solution. We measured the distribution of latencies to the
onset of the first IPSC in each trace and subsequently converted it
into the time course of release (see Methods). On average, the IPSC
latency was almost identical, 1.41 � 0.08 ms in wild-type mice (five
pairs) and 1.47 � 0.15 ms in synaptotagmin 1-deficient mice (four
pairs; P � 0.5). To further analyze the shape of the time course of
release, data were horizontally aligned to the peak release rate for
each cell and averaged across cells. The decay was fitted with a
single exponential function, which gave time constants of 0.33 ms
in wild-type synapses and 0.28 ms in knockout synapses (P � 0.05).
Thus, the high synchrony of transmitter release at the inhibitory

Fig. 1. Synaptotagmin 1 is required for synchronous
transmitter release at excitatory GC–BC synapses but
not inhibitory BC–GC synapses. (A) Evoked EPSCs at the
excitatory GC–BC synapse from wild-type mice. (Left)
EPSCs evoked by a single presynaptic AP. Upper trace,
presynaptic APs; lower traces, 10 consecutive EPSCs.
Average EPSC is shown in green. (Right) Average EPSCs
evoked by a 50-Hz train of 10 APs. (B) Evoked EPSCs at
the excitatory GC–BC synapse from synaptotagmin
1-deficient mice. (Left) EPSCs evoked by a single pre-
synaptic AP. Upper trace, presynaptic APs; lower traces,
10 consecutive EPSC trials. Average trace is shown in
green. (Right) Upper trace, presynaptic APs; second
trace, average EPSC from 50 individual sweeps; bottom
three traces, single trials. (C and D) Evoked IPSCs at the
inhibitory BC–GC synapse from wild-type (C) or synap-
totagmin 1-deficient (D) mice. (Left) IPSCs evoked by a
single presynaptic AP. Upper traces, presynaptic APs;
lower traces, 10 consecutive IPSCs. Average trace is
shown in green. (Right) Average IPSCs evoked by 50-Hz
trains of 10 APs.
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BC–GC synapse was preserved, or even slightly enhanced, after
genetic elimination of synaptotagmin 1.

Effects of Synaptotagmin 1 Elimination on Synchronous and Asyn-
chronous Release at Excitatory and Inhibitory Terminals. Synaptotag-
mins have been proposed to act either as triggers (14) or synchro-
nizers (28, 29) of transmitter release. To distinguish between these
possibilities, we quantified the amount of synchronous and asyn-
chronous release during and after 50-Hz trains of 10 APs by
deconvolution (6, 30, 31) (Fig. 3).

For excitatory GC–BC synapses in wild-type mice, the quantal
content for synchronous release for a 50-Hz train of 10 APs was
10.7 � 1.9, whereas the quantal content for asynchronous release

was 4.2 � 2.3 during the train and 4.4 � 3.0 after the train (10 pairs).
For excitatory GC–BC synapses in synaptotagmin 1-deficient mice,
the number of synchronously released quanta for the AP train was
�0 (�0.3 � 0.4), whereas the number of asynchronously released
quanta was 6.8 � 2.3 during the train and 10.0 � 3.6 after the train
(eight pairs; Fig. 3 A–C). Thus, elimination of synaptotagmin 1
abolished synchronous release at excitatory GC–BC synapses (P �

A B

C D

am
pl

itu
de

 (
pA

) *

**

C
V

sk
ew

ne
ss

pr
op

or
tio

n
of

 e
ve

nt
s

latency (ms)

pr
op

or
tio

n
of

 e
ve

nt
s

latency (ms)

nu
m

be
r 

of
ev

en
ts

time (ms)

nu
m

be
r 

of
ev

en
ts

time (ms)

**

**

BC-GCGC
BC

IPSC number

******** ******
**

**

N
or

m
al

iz
ed

 
am

pl
itu

de

pr
op

or
tio

n
of

 f
ai

lu
re

s

100 pA
50 ms

40 mV

40 mV

100 pA
50 ms

200 pA

100 ms

IPSC2

exponential
fit to IPSC1

IPSC1 
removed

+/+

-/-

+/+
-/-

  0 

  0 

  0 

Fig. 2. Reduction in release probability and depression but maintenance of
synchronous transmitter release at inhibitory BC–GC synapses in synaptotagmin
1-deficient mice. (A) Summary bar graphs of the unitary IPSC amplitude (includ-
ing failures), percentage of failures, coefficient of variation (CV), and skewness of
IPSC peak amplitudes in wild-type (left bar, open circles) and synaptotagmin
1-deficient mice (right bar, filled circles). Bars represent mean values, circles show
data from individual experiments. Data are from 22 and 28 pairs, respectively. (B)
Onsetofmultiple-pulsedepressionof IPSCsduringa50-Hztrainof10APs. (Upper)
Representative average IPSC traces from a wild-type and a knockout synapse.
(Lower) Plot of normalized IPSC amplitude (IPSCn/IPSC1) against IPSC number for
wild-type (open circles) and knockout (filled circles) synapses. Inset shows mea-
surement of peak amplitude of second and subsequent IPSCs after iterative
subtraction of fitted decay phases of preceding IPSCs. Data are from 10 and 12
pairs. (C) (Left) BC–GC IPSCs in reduced Ca2� to Mg2� concentration ratio in the
bath. Upper traces, presynaptic APs; lower traces, 10 consecutive IPSCs. Average
trace is shown in green. (Right) Histogram of first quantal latency (open bars) and
corresponding time course of release (filled bars), calculated by using the method
of Barrett and Stevens (see SI Text). Data from two pairs (wild-type, Upper;
knockout, Lower). Number of events was 151 and 228, respectively; [Ca2�] � 0.5
mM/[Mg2�] � 2.5 mM in wild-type synapses and [Ca2�] � 1 mM/[Mg2�] � 2 mM
in knockout synapses to obtain a similar proportion of failures (24% in both
cases). (D) Average time course of release. Data were horizontally aligned to the
peakreleaserateforeachcell,normalizedvertically,andaveraged.Dataarefrom
five and four pairs. Red curve, single exponential function fitted to the decay.

Fig. 3. Genetic elimination of synaptotagmin 1 preferentially decreases syn-
chronous release but has little effect on asynchronous release. (A) Release rate
from a GC–BC pair in a wild-type (Left) and a synaptotagmin 1-deficient (Right)
mouse. Black and blue curves represent release rate obtained by deconvolution
(filtereddigitallyat0.4kHz);histogramis releaserateobtainedbydirectcounting
of EPSCs. (B) Average cumulative release in GC–BC pairs (black curve, wild-type;
red curve, knockout; stepwise increases in wild-type corresponding to synchro-
nous release components). (C) Total amount of synchronous release, asynchro-
nous release during the train, and asynchronous release after the train at exci-
tatory GC–BC synapses in wild-type (open circles) and synaptotagmin 1-deficient
(filled circles) mice; 10 and 8 pairs, respectively. (D) Release rate obtained by
deconvolution (filtered digitally at 4 kHz) from a BC–GC pair in a wild-type (Left)
and a synaptotagmin 1-deficient (Right) mouse. (E) Average cumulative release
in BC–GC pairs (black curve, wild-type; red curve, knockout). (F) Total amount of
synchronous release, asynchronous release during the train, and asynchronous
release after the train at inhibitory BC–GC synapses in wild-type (open circles) and
synaptotagmin 1-deficient (filled circles) mice (9 pairs per condition). Insets sche-
matically illustrate the quantification of synchronous release (red), asynchronous
release during train (light gray; interval for quantification indicated by points),
and asynchronous release after train (dark gray). Fifty–Hertz trains of 10 presyn-
aptic APs were used in all experiments (traces on top in A and D, horizontal bars
in B and E).
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0.001), whereas asynchronous release during and after the train
were not significantly changed (P � 0.4 and P � 0.1, respectively).

For inhibitory BC–GC synapses in wild-type mice, the quantal
content for synchronous release for a 50-Hz train of 10 APs was
51.0 � 13.8, whereas the quantal content for asynchronous release
was 18.8 � 6.3 during the train and 4.5 � 2.0 after the train (nine
pairs). For inhibitory BC–GC synapses in synaptotagmin 1-defi-
cient mice, the number of synchronously released quanta for the AP
train was 21.9 � 4.1, whereas the number of asynchronously
released quanta was 11.7 � 2.4 during the train and 6.9 � 1.9 after
the train (nine pairs; Fig. 3 D–F). Asynchronous release both during
and after the train was not significantly affected at knockout
synapses (P � 0.5). These results may argue against a synchronizing
function and are more consistent with a trigger function of synap-
totagmin 1.

Increase in Miniature EPSC and IPSC Frequency in Synaptotagmin
1-Deficient Mice. Synaptotagmins have been proposed to act as
‘‘fusion clamps,’’ providing inhibitory control of spontaneous trans-
mitter release (32). To address this possibility at identified synapses,
we examined the amplitude and frequency of miniature EPSCs
(mEPSCs) in BCs and miniature IPSCs (mIPSCs) in GCs after
blocking APs with 1 �M tetrodotoxin (TTX) (Fig. 4). For both
mEPSCs and mIPSCs, the kinetic parameters of the template used
for detection were chosen to mimic the kinetics of evoked synaptic
events to maximize the likelihood that evoked and miniature
postsynaptic currents (PSCs) were generated at the same synapses.
Whereas the mean peak amplitude of mEPSCs and mIPSC was not
significantly different between wild type and knockout (150.4 �
10.9 pA versus 161.4 � 12.3 pA for mEPSCs; 108.8 � 8.1 pA versus
133.2 � 8.3 pA for mIPSCs; P � 0.5), the frequency of both types
of events was markedly altered. The frequency of mEPSCs in BCs
was �3.1-fold larger in synaptotagmin 1-deficient than in wild-type
mice (3.43 � 0.76 Hz in wild type versus 10.57 � 0.91 Hz in
knockout; 6 and 10 cells, respectively; P � 0.005; Fig. 4 A–C).
Furthermore, the frequency of mIPSCs in GCs was �12.3-fold
larger (0.73 � 0.25 Hz in wild type versus 8.99 � 0.67 Hz in

knockout; 7 and 8 cells, respectively; P � 0.005; Fig. 4 D–F). Thus,
genetic elimination of synaptotagmin 1 markedly increased the
frequency of miniature PSCs at both excitatory and inhibitory
synapses, consistent with the hypothesis that synaptotagmin 1 acts
as a clamp for spontaneous fusion.

Reverse-Transcription Quantitative PCR (RT-qPCR) Analysis Reveals
That Multiple Synaptotagmin Isoforms Are Coexpressed in Single BCs.
Our results indicate that synaptotagmin 1 is essential for synchro-
nous transmitter release at excitatory GC–BC synapses but is not at
inhibitory BC–GC synapses, where another Ca2� sensor appears to
be involved. To identify molecular candidates for such an alterna-
tive Ca2� sensor, we analyzed the expression of several synapto-
tagmins in parvalbumin-expressing BCs in acute slices by single-cell
RT-qPCR analysis (Fig. 5). RT-qPCR analysis revealed that single
BCs coexpressed multiple synaptotagmins. In addition to synapto-
tagmin 1, subpopulations of BCs expressed synaptotagmins 2, 3, 4,
5, 7, 11, 12, and 13 (16 cells; Fig. 5 A and B). To link the analysis
of expression pattern and synaptic function more directly, we also
tested the expression of selected synaptotagmin isoforms in orga-
notypic cultures from wild-type and knockout animals. RT-qPCR
analysis confirmed that synaptotagmin 1 was present in both BCs
and GCs from wild-type cultures (five and nine cells, respectively)
but was missing from knockout cultures (five BCs and seven GCs).
The expression level of the other synaptotagmins was similar
between wild type and knockout, except for synaptotagmin 2, which
was detected in all BCs of the knockout but only in a fraction of
wild-type BCs. In contrast, neither wild-type nor knockout GCs
were found to express synaptotagmin 2. Thus, our results suggest
that BCs coexpress multiple synaptotagmins that may act as alter-
native Ca2� sensors at inhibitory BC–GC synapses. For further
details, see Tables S3 and S4.

Discussion
Here, we examined the functional role of synaptotagmin 1 in
transmitter release from identified excitatory and inhibitory
synapses in the hippocampus. Analysis of identified synapses is

Fig. 4. Increase of mEPSC and mIPSC frequency in synaptotagmin 1-deficient mice. (A) Overlay of 20 consecutive original traces of mEPSCs recorded in a BC at �70
mVundercontrolconditions inawild-type(uppertraces)andasynaptotagmin1-deficientmouse(lowertraces). Inset showssinglerepresentativemEPSCfromwild-type
culture (Scale bars: 50 pA, 5 ms.) (B) Cumulative histograms of mEPSC interevent interval (black curve, wild-type; red curve, knockout). Data in A and B were obtained
from the same cells. (C) Summary bar graph for mean frequency and peak amplitude of mEPSCs in wild-type (open circles) and knockout (filled circles) mice. Data are
from 6 and 10 BCs, respectively. Bars represent mean values, circles show data from individual experiments. In all experiments, 1 �M TTX and 10 �M bicuculline were
added to the bath solution. (D–F) Original traces of mIPSCs recorded in a GC at �80 mV (D), histogram of interevent interval and peak amplitude (E), and summary bar
graphs for mean frequency and peak amplitude of mIPSCs (F). Data from 7 and 8 GCs, respectively. Inset in D shows single representative mIPSC from wild-type culture
(Scale bars: 50 pA, 20 ms). In all experiments, 1 �M TTX, 10 �M CNQX, and 20 �M D-AP5 were added to the bath solution.
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particularly important for inhibitory synapses, which markedly
differ in functional properties, depending on the presynaptic
interneuron subtype (6). The main finding is that the excitatory
input and the inhibitory output of BCs depend differentially on
synaptotagmin 1 (Table S1 and Fig. S3).

Our results show that synaptotagmin 1 is not absolutely required
for fast transmitter release at GABAergic synapses. However,
deletion of synaptotagmin 1 increased the proportion of failures,
increased the coefficient of variation, and increased the skewness of
BC–GC IPSCs, consistent with a reduction in release probability
(Fig. 2A). Thus, synaptotagmin 1 is involved in fast transmitter
release, although it is not the only Ca2� sensor at this synapse.

Single-cell RT-qPCR analysis revealed multiple candidates for
alternative Ca2� sensors in BCs. In addition to synaptotagmin 1,
BCs expressed synaptotagmin 2, 3, 4, 5, 7, 11, 12, and 13 (Fig. 5).
Several results may be consistent with the hypothesis that synap-
totagmin 2 is the alternative Ca2� sensor at the BC–GC synapse.
First, synaptotagmin 2 mRNA was detected in 30/40% of BCs in
wild-type animals (rats and mice, respectively) and in 100% of BCs
in synaptotagmin 1-deficient mice. Second, recombinant expression
of synaptotagmin revealed that synaptotagmin 2 can act as a fast
Ca2� sensor and functionally replace synaptotagmin 1 (16). Finally,
expression of synaptotagmin 2 mRNA and protein was previously
demonstrated in scattered neurons in the hilus (20, 33) and immu-
nolabeling with the antibody znp-1 (presumably recognizing syn-
aptotagmin 2) was found in presynaptic terminals located on
somata of CA1 hippocampal pyramidal neurons (34).

However, it is possible that other synaptotagmins form the
alternative Ca2� sensor in BCs. As a single synaptic vesicle contains
�15 synaptotagmin molecules (35), the formation of heterooligo-
meric assemblies may be an additional complication. Finally, we
cannot exclude that an entirely different protein triggers release at
the BC–GC synapse in knockout mice, as recently suggested for
auditory hair cells (36) and the calyx of Held (37).

Genetic elimination of synaptotagmin 1 markedly reduced syn-
aptic depression at the inhibitory BC–GC synapse (Fig. 2B). One
possible explanation is that this effect on depression was indirect,
arising as a consequence of the reduction in release probability.
However, this is unlikely, because reduction of release probability
by change of the extracellular Ca2� concentration has only subtle
effects on depression at this synapse (4). Another possibility is that
the marked increase in the frequency of mIPSCs from �1 Hz to �9
Hz leads to a partial depression of transmitter release, such that the

depression of evoked release became partially occluded. However,
this hypothesis is incompatible with divergence and convergence in
BC–GC microcircuits (38). If the dentate gyrus contains �20,000
BCs and �1,000,000 GCs, and if a BC contacts �2,500 GCs, a GC
would receive convergent input from �50 BCs. Thus, the mIPSC
frequency of �10 Hz observed in the synaptotagmin 1-deficient
mice would correspond to only �0.2 Hz per synaptic connection.
With a time constant of recovery from depression of �2 s (at 34°C)
(4), this provides sufficient time for recovery from depression.

An alternative explanation for the reduced synaptic depression in
the synaptotagmin 1 knockout mouse is that the readily releasable
pools of synaptic vesicles in BC terminals consist of two subpools,
which correspond to the two phases of synaptic depression (4). In
this scenario, the first pool depresses rapidly and depends on
synaptotagmin 1. In contrast, the second pool depresses slowly and
is independent of synaptotagmin 1, but depends on another Ca2�

sensor. A similar scenario was reported in chromaffin cells, in which
genetic elimination of synaptotagmin 1 eliminated release from the
readily releasable pool of dense-core vesicles but left release from
the slowly releasable pool unaffected (39). Likewise, in the calyx of
Held, a fast and a slow vesicular pool can be distinguished. Both
positional heterogeneity [i.e., heterogeneity in the distance between
Ca2� source and Ca2� sensor (40)] and intrinsic heterogeneity [i.e.,
heterogeneity in the sensitivity of the Ca2� sensor (41)] may
contribute to the distinct properties of the two pools. Whether fast
and slow pools at the calyx of Held depend on different synapto-
tagmin isoforms, however, remains to be determined.

How synaptotagmins contribute to synchronous transmitter re-
lease has remained enigmatic. According to one view, synaptotag-
mins are positive regulators of exocytosis, acting as triggers for
vesicle fusion. This view is supported by the original observation
that genetic elimination of synaptotagmin 1 selectively abolished
synchronous release, but left asynchronous release unchanged (14,
15). This would be consistent with a model in which synaptotagmin
1 triggers synchronous release, whereas another Ca2� sensor trig-
gers asynchronous release. However, other studies suggested that
synaptotagmin synchronizes release rather than controlling the
total amount of release, leading to a redistribution between early
and late release phases after an AP (28, 29). We found that the
amount of asynchronous release at excitatory GC–BC synapses was
only slightly increased, whereas the amount of asynchronous release
at inhibitory BC–GC synapses was slightly reduced in synaptotag-
min 1-deficient mice, with none of the differences being statistically
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significant with the nonparametric tests used (Fig. 3). Thus, our
results may be more consistent with a trigger than with a synchro-
nizing function.

It was also suggested that synaptotagmins are negative regulators
of exocytosis, acting as ‘‘clamps’’ that prevent the spontaneous
fusion of primed vesicles. Our results clearly show a marked
increase in the frequency of both mEPSCs and mIPSCs in knockout
mice (Fig. 4). Because the synaptic connection probability was
comparable between wild-type and synaptotagmin 1-deficient mice,
it is unlikely that this increase in miniature PSC frequency is caused
by a change in synaptic connectivity. The origin of the miniature
PSCs is unknown. However, it is likely that a large subset of events
were generated at GC–BC and BC–GC synapses, respectively,
because templates with kinetic parameters that mimicked those of
evoked PSCs were used for detection. Thus, our results suggest that
at both excitatory GC–BC synapses and inhibitory BC–GC syn-
apses, synaptotagmin 1 has both a trigger function for evoked
release and a clamp function for spontaneous release. The clamp
function of synaptotagmin could be direct or indirect. For example,
synaptotagmin may alter binding of complexins to the SNARE
complex (32).

Our results suggest that the effects of synaptotagmin 1 elimina-
tion on evoked and spontaneous transmitter release are not strictly
parallel. At excitatory GC–BC synapses, elimination of synapto-
tagmin 1 may have more dramatic effects on synchronous evoked
release than on miniature release. In contrast, at inhibitory BC–GC
synapses, deletion of synaptotagmin 1 may have stronger effects on
miniature release than on synchronous evoked release. This would
imply that the remaining non-synaptotagmin-1 sensors have a
weaker clamping efficacy than synaptotagmin 1 itself (Fig. S3).

Previous studies revealed that several molecular specializations
converge on rapid signaling in BC output synapses. First, BCs
exclusively use P/Q-type Ca2� channels to initiate transmitter
release (6). Because P/Q-type Ca2� channels activate and deacti-
vate very rapidly (42), this specialization will contribute to the high
speed of synaptic transmission. Second, Ca2� channels and Ca2�

sensors of exocytosis are tightly coupled at BC output synapses,
leading to a fast and temporally precise local Ca2� transient at the
sensor (7). Finally, as shown in the present article, BC output
synapses use alternative Ca2� sensors in addition to synaptotagmin
1. Measurements of synaptotagmin–liposome disassembly kinetics
with fluorescence resonance energy transfer indicated that among
all synaptotagmins, synaptotagmin 1, 2, and 3 have fast Ca2�-
unbinding rates (21). Furthermore, experiments on transfected
neurons in culture revealed that synaptotagmin 1, 2, and 5 can
support fast transmitter release, with synaptotagmin 2 generating
the fastest time course (16). Because synaptotagmin 2, 3, and 5 are
expressed in BCs, these results are consistent with the idea that
alternative, non-synaptotagmin-1 Ca2� sensors may contribute to
the high speed of transmission at BC output synapses and, hence,
to the rapid time course of feed-forward and feedback inhibition in
the hippocampus (1).

Methods
Details of the methods are specified in SI Text. In brief, Stoppini-type interface
organotypic slice cultures (25) were prepared from the brains of wild-type or
synaptotagmin 1 knockout newborn mice (14) and examined after 16–29 days
in vitro. Evoked PSCs were studied by using paired recordings from BCs and
GCs in the dentate gyrus (3, 4). Miniature PSCs were recorded in BCs and GCs
in the presence of 1 �M TTX. The recording temperature was �24°C. Single-
cell expression analysis was performed by using reverse transcription, fol-
lowed by a multiplex PCR and quantitative PCR (RT-qPCR) (27). Evoked PSCs
were analyzed as described previously for synapses in acute slices (3, 4, 6). Data
are given as mean � SEM. Statistical significance was assessed using nonpara-
metric tests.
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