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Summary

Mice carrying a mutation in the synaptotagmin I gene
were generated by homologous recombination. Mu-
tant mice are phenotypically normal as heterozygotes,
but die within 48 hrafter birth as homozygotes. Studies
of hippocampal neurons cultured from homozygous
mutant mice reveal that synaptic transmission is se-
verely impaired. The synchronous, fast component of
Ca2+-dependent  neurotransmitter release is decreased,
whereas asynchronous release processes, including
spontaneous synaptic activity (miniature excitatory
postsynaptic current frequency) and release triggered
by hypertonic solution or a-latrotoxin, are unaffected.
Our findings demonstrate that synaptotagmin I func-
tion is required for Ca2+  triggering of synchronous neu-
rotransmitter release, but is not essential for asynchro-
nous or Ca*+-independent  release. We propose that
synaptotagmin I is the major low affinity Ca2+  sensor
mediating Ca*+  regulation of synchronous neurotrans-
mitter release in hippocampal neurons.

Introduction

Synaptic transmission is initiated by neurotransmitter re-
lease from the presynaptic nerve terminal that stores neu-
rotransmitters in synaptic vesicles and secretes them by
exocytosis. Prior to exocytosis, synaptic vesicles firmly
dock at the active zone of the presynaptic plasma mem-
brane, a region specialized for synaptic transmission.
Membrane depolarization by action potentials then causes
Cd+  influx into the nerve terminal that triggers synaptic
vesicle exocytosis. After exocytosis, empty synaptic vesi-
cles are rapidly reclaimed and recycled.

A unique feature of synaptic transmission is the tight
coupling between the increase in intracellular Ca*+,  pro-
duced by the arrival of a nerve impulse, and the activation
of the exocytotic synaptic vesicle fusion machinery. The
probability of vesicle fusion increases drastically within
less than 0.2 ms after Ca2+  influx and returns to much
lower levels within 1 ms  (Barrett and Stevens, 1972). The
speed and precision of Ca2+  regulation of synaptic neuro-
transmitter release set it apart from other membrane traf-

ficking processes and are physiologically important for
ensuring the temporal fidelity of synaptic signals. The
characterization of the molecular components of synaptic
vesicles and their interacting molecules has led to signifi-
cant progress in the identification of proteins with a func-
tion in synaptic vesicle exocytosis (reviewed by Jahn and
Siidhof,  1994; Bennett and Scheller,  1994). In spite of
these advances, however, the mechanisms of exocytosis
and its regulation by Ca2+  remain obscure.

Biochemical studies have indicated that synaptotagmin
I, an abundant and highly conserved synaptic vesicle pro-
tein (Perin  et al., 1990, 1991a,  1991b),  may have several
functions in the synaptic vesicle pathway. Synaptotagmin
I contains a single transmembrane region and two cyto-
plasmic repeats that are homologous to the Cp  domain of
CaVphospholipid-dependent  protein kinase (Perin  et al.,
$990). Purified synaptotagmin I binds Cazf  and phospho-
lipids in a ternary complex, and the first Ce  domain of sy-
naptotagmin I exhibits Ca*+/phospholipid  binding activity
with a concentration dependence and specificity for Ca2+
resembling that of the neurotransmitter release reaction
(Brose et al., 1992; Davletov and Sijdhof,  1993). These
findings led to the proposal that synaptotagmin I may rep-
resent a Ca*+  sensor in the synaptic vesicle exocytosis
reaction.

In addition to its CaVphospholipid-binding  properties,
synaptotagmin I specifically interacts with several synaptic
proteins. First, synaptotagmin I binds to syntaxin, a synap-
tic plasma membrane protein (Bennett et al., 1992). Based
on this interaction, a role for synaptotagmin in the docking
of synaptic vesicles has been proposed (Sbllner  et al.,
1993). In addition, synaptotagmin I interacts with the cyto-
p lasmic  domains  o f  the  neurex ins ,  wh ich  inc lude  the
a-latrotoxin receptor (Petrenko et al., 1991; Hata  et al.,
1993). a-latrotoxin is a potent neurotoxin that causes mas-
sive transmitter release (Rosenthal et al., 1990),  and the
interaction of synaptotagmin I with the a-latrotoxin recep-
tor again implicates synaptotagmin I in the exocytotic reac-
tion. Finally, the clathrin assembly protein complex AP-2
binds to the second Cp  domain of synaptotagmin I with
a high affinity (lo-lo  M) in a Ca*+-independent  manner
(Zhang et al., 1994). Since clathrin-coated pits may be
essential for continuous endocytotic recycling of synaptic
vesicles, synaptotagmin I could constitute an AP-2 recep-
tor that initiates clathrin assembly after exocytosis. All of
these biochemical interactions, however, are C3+  inde-
pendent, and the relation between the marked Ca2+-
binding properties of synaptotagmin I and its biochemical
interactions is unclear.

Microinjection experiments in neural cells (Bommert et
al., 1993; Elferink et al., 1993) and studies on Drosophila
and C. elegans strains that carry mutations in the synapto-
tagmin gene (DiAntonio  et al., 1993; Littleton et al., 1993;
Nonet  et al., 1993) have revealed that synaptotagmin func-
tions in neurotransmitter release. Interestingly, a marked
loss of evoked synaptic responses and an increase in the
frequency of spontaneous transmitter release were found
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Figure 1. Mutation of the Murine Synaptotagmin I Gene by Homolo-
gous Recombination

(A) Strategy for mutating synaptotagmin I in the mouse. The diagrams
depict the structures of the genomic clone lm65L2-1  containing part
of the wild-type murine synaptotagmin I gene (top), the targeting vector
constructed for the mutation of the synaptotagmin I gene by homolo-
gous recombination (middle), and the mutant gene resulting from ho-
mologous recombination (bottom). The positions of salient restriction
enzyme sites (H, Hindlll; N, Nsil;  S,  Sacl) and of the single identified
exon encoding amino acids 270-306  are indicated. In the targeting
vector, the 3’ part of the intron of the genomic clone and most of the
exon are replaced by a neomycin resistance cassette (Neo), with the
short arm containing almost all of the 3’ sequences of the genomic
clone followed by two copies of the HSV thymidine kinase gene (TK)  to
allow negative selection. The positions of the oligonucleotide primers
used to identify mutant alleles resulting from homologous recombina-
tion are indicated by arrows and labeled A and B.
(8) Synaptotagmin expression in wild-type and mutant mice. Brains
from newborn wild-typemice(+/+), mice heterozygousforthe mutation
in the synaptotagmin I gene (+/-),  and homozygous mice (-/-) were
analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
and immunoblotting using a monoclonal antibody that is specific for
an epitope in synaptotagmin I located approximately around residue
160-200 (Brose et al., 1992) (top panel), a polyclonal antibody raised
against a bacterially expressed part of synaptotagmin II (middle panel),
and a monoclonal antibody against rab3A.  The arrow indicates the
position of the truncated product of the mutant synaptotagmin I gene
present at levels below 5% of wild-type synaptotagmin. The asterisks
identify the proteolytic products of synaptotagmins that result from
cleavage, at the hypersensitive site of synaptotagmin (Perin  et al.,
1991 b).
(C) lmmunoblot analysis of synaptic protein expression in wild-type and
mutant mice. Brains from newborn wild-type (+/+)  and homozygous
mutant mice (-/-) were analyzed by SDS-PAGE and immunoblotting
for the indicated antigens.

in the Drosophila mutants. Some aspects of synaptic
transmission are difficult to study in invertebrate models,
however, making it impossible to determine precisely with
these mutants what stages of neurotransmission are de-
fective and to what extent. To study the function of synap-
totagmin at mammalian central synapses, we have gener-
ated knockout mice with a functional disruption of the
synaptotagmin I gene. Our results reveal an essential and
selective role of synaptotagmin I in the fast component
of Ca2+-triggered  transmitter release, while other Ca’+-
dependent components of release remain intact. This ob-
servation supports the notion that synaptotagmin I is the
Ca2+  sensor for the synchronous release of transmitters.

Generation of Mice with a Mutation
in the Synaptotagmin I Gene
A single genomic clone containing part of the murine sy-
naptotagmin I gene was isolated after extensive screen-
ing. This clone contains only a single exon encoding the
part of synaptotagmin I that corresponds to amino acids
270-306  of rat synaptotagmin I (Perin  et al., 1990). A tar-
geting vector was constructed using this genomic clone
in which the S’end  of the intron and most of the exon are
replaced by the neomycin resistance gene (Figure 1A).
After homologous recombination with the targeting vector,
a mutant gene results that lacks the intron acceptor se-
quences and most of the coding sequences of the exon
contained in the genomic clone. The linearized targeting
vector was electroporated into embryonic stem cells and
homologously recombined clones were selected, resulting
in the generation of an embryonic stem cell line that carries
the synaptotagmin I mutation and gives rise to a high de-
gree of chimerism in mice and germline  transmission.
Analysis of the resulting mouse line by Southern blotting
and immunoblotting confirmed that it carries a mutant sy-
naptotagmin I gene (Figure 16;  data not shown).

Synaptotagmin I Is an Essential Gene
Matings between mice heterozygous for the synaptotag-
min I mutation produced a normal number of offspring with
allele combinations compatible with a Mendelian distribu-
tion (+/+:+/-:-I- = 32:56:16  in 104 analyzed pups). Rela-
tively fewer homozygous mutant pups were found than
expected, probably because weak pups born at night are
often cannibalized by their mothers, a process that is fre-
quently observed with the weak homozygous synaptotag-
min mutants. When observed immediately after birth,
homozygous, heterozygous, and wild-type mice are pheno-
typically indistinguishable. Homozygous mutant mice (re-
ferred to as“mutants”)  are capable of breathing and respond
to tactile stimulation, including pain-avoidance reflexes.
Within hours, however, mutants are noticeable because
of a lack of milk in their stomachs, weakness, and rejection
by their mothers. Mutant mice become progressively
weaker and invariably die within 46 hr of birth. No abnor-
malities are observed in heterozygous mice. The inability
of the homozygous mutant mice to suckle was not due to
the heterozygosity of their mothers or sibling competition
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Figure 2. Morphological AnalysisofWild-Type
and Mutant Mouse Brains

Frozen sections from the hippocampus of new-
born wild-type and mutant mice (A and B, re-
spectively) were stained with thionin violet.

because fostering with wild-type mothers was ineffective.
Autopsies of homozygous mutant mice revealed no gross
phenotypic abnormalities, ruling out major congenital mal-
formations as a cause of death.

Biochemical and Morphological Characteristics
of Synaptotagmin l-Deficient Mice
Newborn mice from heterozygous matings were killed im-
mediately after birth and analyzed biochemically and mor-
phologically. lmmunoblotting for synaptotagmin I with sev-
eral different antibodies demonstrated that in homozygous
mutants, no full-length synaptotagmin I is detectable (Fig-
ure 16;  data not shown). However, long exposures re-
vealed the presence of a truncated form of synaptotagmin
I in the mutant mice that could be used to detect heterozy-
gous  mice by immunoblotting (arrow in Figure 1B).  The
mutation that we introduced into the synaptotagmin I gene
disrupts the coding region at amino acid 270, suggesting
that the truncated product is generated from the mutant
gene. The levels of the truncated protein were quantified,
compared with those of wild-type synaptotagmin I, using
a monoclonal  antibody that recognizes a single epitope

and synaptophysin as a loading control. This experiment
demonstrated that the truncated product is present at
4.7 + 0.7% of wild-type synaptotagmin I (n = 5). The low
levels of the truncated protein suggest that it is unstable
and rapidly degraded.

A screen by immunoblotting for a number of synaptic
and nonsynaptic proteins was performed to determine
whether the absence of synaptotagmin I in the mutant
mice results in changes in the expression of other proteins.
No abnormalities were found; in particular, no changes in
the levels of synaptotagmin II, the other major isoform of
synaptotagmin in brain (Geppert et al., 1991; Ullrich et al.,
submitted), and of proteins that may functionally interact
with synaptotagmin I (syntaxin, c&NAP,  NSF, synapto-
brevin, and SNAP-25) were detected (Figure 1C;  data not
shown). Thus, the mutation in synaptotagmin I, although
lethal, does not result in major changes in the levels of
other known synaptic proteins.

The brains of wild-type and mutant newborn mice were
analyzed morphologically. The overall architecture of the
brain appears to be normal in the mutant mice and is virtu-
ally indistinguishable from that of wild-type controls, as
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Figure 3. Depression of Evoked Synaptic Responses in Neurons from
Mutant Mice

The traces show representative synaptic responses recorded from
wild-type (A) and mutant neurons (8) after 11 days in culture. Synaptic
currents are shown in two scales, with (ii) being 4-fold  vertically en-
larged compared with (i). In (A), the single trace shown in (ii) is the
same as the lower trace of(i); in (B), all three traces are shown in both
magnifications. Evoked responses are greatly diminished in mutant
cells and display a large degree of fluctuation between each stimulus.
Recording solution contained 0.5 mM  Mg=  and 10 mM  Ca’+.

demonstrated for the hippocampus in Figures 2A and 26.
The developing retina, although completely lacking ex-
pression of synaptotagmin I, has a normal structure for
that developmental stage, as has the olfactory bulb, which
exhibits a typical synaptic structure with distinctive expres-
sion patterns for synaptophysin in spite of a complete ab-
sence of synaptotagmin I (data not shown). A similar lack
of changes was observed in other brain structures such
as the developing cerebral cortex or cerebellum. The ab-
sence of developmental or structural abnormalities in the
neurons from synaptotagmin I mutants was further sup-
ported by the analysis of the synapses formed by the hip-
pocampal neurons cultured in vitro that were also indistin-
guishable between wild-type and mutant mice at the level
of light microscopy (data not shown).

Synaptic Transmission Is Impaired
in Mutant Neurons
To characterize the role of synaptotagmin I in synaptic
transmission, we carried out electrophysiological studies
on cultured hippocampal neurons obtained from mouse
embryos. The overall morphology of the cultured neurons
was indistinguishable between mutant and wild-type cells,
and no major differences were observed in the numbers
of synapses formed as detected bysynapsin staining (data
not shown). However, when evoked synaptic responses
were recorded from isolated pairs of pyramidal neurons
by whole-cell patch clamping, a dramatic difference was
observed: wild-type and heterozygous hippocampal neu-
rons showed robust synaptic responses, whereas syn-
apses in homozygous mutant cultures exhibited greatly
attenuated postsynaptic responses (Figure 3).

The dramatic reduction in evoked synaptic responses
in the mutant cells could have three potential causes: a
failure to generate action potentials, a defect in the presyn-
aptic  terminal, or an alteration of the postsynaptic sensitiv-

ity to released neurotransmitters. To determine whether
action potentials are normally generated in mutant cells,
current pulses were injected into neurons while recording
in the current-clamp mode. Both the wild-type and mutant
cells responded with normal action potentials (data not
shown). To probe for possible alterations of the postsynap-
tic membrane, the levels and distribution of postsynaptic
NMDA-RI receptors in the mutant cells were studied immu-
nologically and found to be similar in wild types and mu-
tants(Figure 1C;  datanot  shown). In addition, asdescribed
below, mutant cells have normal miniature excitatory post-
synaptic currents (mEPSCs;  postsynaptical responses to
spontaneously released neurotransmitter quanta). Thus,
the postsynaptic receptor sensitivity to released transmit-
ter is unaltered in mutant neurons. The remaining alterna-
tive, then, is that the decrease in synaptic transmission
is due to a defect in presynaptic functions.

Ca2+-Independent  Neurotransmitter Release
Is Normal in Mutant Neurons
Two complementary hypotheses that are not mutually ex-
clusive have been advanced for the function of synapto-
tagmin I in exocytosis. Based on its structure and Caz+-
binding properties, synaptotagmin I has been suggested
to be the CaZ+  sensor that triggers neurotransmitter re-
lease (Perin  et al., 1990; Brose et al., 1992; Davletov and
Siidhof,  1993; Littleton et al., 1993). In addition, a docking
function for synaptotagmin I was proposed from experi-
ments demonstrating its interaction with the presynaptic
proteins syntaxin  and neurexinsla-latrobxin  receptor (Hata
et al., 1993; Sdllner  et al., 1993). The impairment of evoked
synaptic responses reported above for the synaptotagmin
I mutant is consistent with both hypotheses. Therefore,
we carried out a series of experiments to determine
whether the basic exocytotic machinery for synaptic vesi-
cles is impaired in the mutant nerve terminals, as would
be expected if synaptotagmin I is essential for vesicle
docking, or whether the mutant terminals exhibit a selec-
tive defect in the Ca*+  triggering of release, as might be
anticipated if synaptotagmin I is a Ca*+  sensor.

First, synaptic boutons from cultured neurons were ana-
lyzed by electron microscopy. The electron micrographs
demonstrate that mutant synapses show no major changes.
They contain an appreciable number of docked synaptic
vesicles and exhibit no major decrease in vesicle numbers
(Figure 4). These observations reveal that synaptotagmin
I is not required for vesicle docking as defined morphologi-
cally, although it may play a regulatory role in vesicle dock-
ing that is not apparent morphologically or have a function
in docking that is shared with other proteins.

Second, exocytotic neurotransmitter release was stimu-
lated by the focal application of hyptertonic  solution,
a procedure that causes a local increase in the rate of
mEPSCs  by an unknown mechanism (Fatt and Katz, 1952;
Bekkers and Stevens, 1989). Application of a solution
made hypertonic with 0.5 M sucrose dramatically in-
creased the frequency of mEPSCs  in both the mutant and
wild-type cells to a similar extent (Figure 5). Thus, at least
one component of the exocytotic machinery is fundamen-
tally intact in the mutant mice: their synapses are capable
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Figure 4. Structure of Synaptic Boutons from Wild-Type and Mutant
Hippocampal Neurons

The panels show electron micrographs of sections through wild-type
(+/+)  or mutant (-I-)  synapses of 1 l-day-old neuronal cultures. The
arrow points to a typical array of docked vesicles in the mutant syn-
apse. There is no qualitative difference between the wild-type and
mutant boutons. Magnification is at 30,600x.

Figure 5. Neurotransmitter Release Triggered by Hypertonic Solution
Is Normal in Mutant Neurons

U,&g  a puffer pipette, hypertonic solution (recording solution con-
taining 0.5 M sucrose) was applied to neurites close to the cell body
while monitoring mEPSCs.  The resulting increase in mEPSC  fre-
quency is indistinguishable between wild-type (A; 10 day old) and mu-
tant (B; 9 day old) neurons. Bath solutions contained 2 mM  Mg*+  and
3 mM  Ca*+.

of normal exocytotic release in response to hypertonic so-
lution.

Third, neurotransmitter release was stimulated by a-latro
toxin, a potent neurotoxin from black widow spider venom
that stimulates synaptic vesicle exocytosis in a Ca2+-inde-
pendent  manner (Rosenthal et al., 1990). a-latrotoxin acts
by binding to a specific presynaptic receptor, belonging
to a family of cell surface proteins called neurexins, that
directly interacts with synaptotagmin in vitro. Brief perfu-
sion of 1 nM a-latrotoxin resulted in a large increase in
mEPSC  frequency from both wild-type and mutant cells
(Figure 6). Heat-denatured a-latrotoxin used as a control
had no appreciable effect on mEPSC  frequency. These
findings indicate that synaptotagmin I is not required for
the transmitter release mediated by a-latrotoxin. Together,
these three experiments demonstrate that the synaptotag-
min I mutant mice suffer from a selective impairment of
Ca’+-triggered,  synchronous neurotransmitter release on
the background of a structurally normal exocytotic appa-
ratus.

Spontaneous Transmitter Release Is Unaltered
Most Drosophila mutants lacking synaptotagmin display
an increased frequency of spontaneous mEPSCs  (DiAn-
tonio et al., 1993; Littleton et al., 1993). In our experiments,
however, we observed no striking differences between
wild-type and mutant neurons in the frequency of mEPSCs
during recordings from cell pairs(datanot shown). mEPSC
frequency varies as a function of synapse number that
can be quite different among cell pairs from the same
coverslip. Therefore, we determined the absolute rate of
mEPSCs  per synaptic bouton  by recording from isolated
neurons. A single neuron forms synapses onto itself when
grown on a small island of glia, and the resulting synaptic
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Figure 6. a-Latrotoxin-Mediated Release Is Unimpaired in Mutant
N e u r o n s

a-latrotoxin was diluted in recording solution to a final concentration
of 1 nM  and applied for 1  min (bar) to wild-type (A) or mutant(B) neurons
through a puffer pipette, resulting in similar increase in mEPSC fre-
quency in wild-type and mutant cells. As a control, heat-denatured
a-latrotoxin puffed onto a mutant cell (C) had no effect on the mEPSC
frequency except for a small increase during the puff. The recording
solution contained 2 mM  Mgz+,  3 mM Ca”,  and 0.5 pM tetrodotoxin.
The cells were 6 days old.

transmission is indistinguishable from that recorded from
ce l l  pa i rs  (Bekkers  and Stevens,  1991) .  Spontaneous
mEPSCs  were collected from isolated cells, and subse-
quent visualization of synapses by a fluorescent probe,
FM143, revealed possible synaptic sources of the mEPSCs
recorded from the cell (Betz and Bewick,  1992). Such ex-
periments demonstrated that the absolute rate of mEPSCs
is very similar between wild-type and mutant neurons (Ta-
ble 1). Hence, synaptotagmin I is not essential for mEPSC
generation, and functionally active synaptotagmin I does
not normally inhibit mEPSC generation.

Effect of the Mutation on the Two Components
of Release
Goda  and Stevens (1994) have recently characterized two
temporally distinct components of evoked neurotransmit-
ter release at hippocampal synapses: a fast component
( “synchronous”  re lease)  w i th  a  mechan ism d isp lay ing
lower Ca’+  affinity that mediates >>80%  of the release

Figure 7. Analysis of the Fast and Slow Components of Synaptic Re-
s p o n s e s  i n  M u t a n t  S y n a p s e s

Panels depict examples of evoked synaptic responses from 1 I- to
IP-day-old  wild-type (A) or mutant synapses (B) that are averaged
to estimate the neurotransmitter release rate. Synaptic currents are
integrated over IO  ms intervals and expressed as the number of quanta
released per millisecond as a function of time. The number of quanta1
release was estimated from the average charge of an mEPSC (a single
quantum), which is on the order of 100 fC.  The release rate calculated
in this way is proportional to the rate of exocytosis. Several mutant
synapses are shown to display individual variability between synapses.
The solid lines were fitted with the following double exponential equa-
tion: charge(t) = A.exp(-a.t)  + B.exp(-b.t)  + C, with the parameters
presented in Table 2. Recordings were carried out in 0.5 mM  Mg*+
and 10 mM  Ca2+.

and a slow component that employs higher Ca2+-affinity
mechanisms and is responsible for <<200/o  of the release.
Analysis of the fast and slow components of the release
reaction in mutant mice reveals that the fast component
is largely absent in mutant synapses, whereas the slow
component is unaffected (Figures 7 and 8; Table 2). The
high affinity mechanism responsible for asynchronous re-
lease would be expected to display a short period of en-
hanced release that reflects the initial rapid transient in
Ca2+  concentration after an action potential. Thus, the “re-

Table I. Comparison of Quanta1  Release Rates and mEPSC Frequency per Single Bouton

Quanta1  release rate

W i l d  T y p e Mutant

fast component (n/s) 23 f  0.5 (n = 7) 7.6 f  1.4 (n = 7)
slow component (n/z+ 1.2 + 0.6(n  = 7) 1 .I  r 0.4 (n = 7)

Peak quanta1  release (ny 0.53 f  0.16 (n = 7) 0.086 f  0.016 (n = 7)

m E P S C  f r e q u e n c y  ( p e r  m i n u t e ) 1.9 f  l.O(n  = 4) 1.4 f  0.3 (n = 6)

Boutons were visualized by synapsin I staining for experiments measuring quanta1  release rates and by a fluorescent membrane probe, FMI-43,
for those monitoring mESPC  frequency (see Experimental Procedures). The indicated errors are f  SEM. Recording solution contained 0.5 mM
Mg*+  and 10 mM  Ca’+.  The average quanta1  release rate (n/s; n = number of quanta released) per bouton  for the mutant was determined as
previously described for wild-type synapses (Goda  and Stevens, 1994); the quanta1  size was estimated from the mean charge of spontaneous
synap t i c  cu r ren t s .
a  Fast component is defined in Table 2 and is an upper limit of the synchronous release (see Goda and Stevens, 1994). Depression of the fast
component in the mutant neurons is more severe under normal recording conditions than when compared per bouton  as shown, probably because
of the larger error associated with local perfusion experiments specifically in the mutants in which the signal to noise ratio is much reduced.
b Slow component is defined as the magnitude of the second (slow) exponential extrapolated tot = 0 that corresponds to B in the equation used
to fit the rate histograms shown in Figure 7.
c  Peak quanta1  release is another measure of synchronous release; the average peak current of synaptic responses per bouton  is divided by the
mean peak current of the spontaneous quanta1  release. For very small synaptic responses, as is the case for mutant neurons, the synchronous
release measured in this way is subject to less error and more reliable than in the integration method that is used for determining the “fast
component” shown above.
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Figure 8. Cumulative Histograms of the Fast and Slow Components
o f  S y n a p t i c  R e s p o n s e s

Cumulative probability distributions of the fast (A) and slow(B) compo-
nents are compared between wild-type (solid line, n = 20 cell pairs)
and mutant (dotted line, n = 34 cell pairs) synaptic responses recorded
in 0.5 mM  Mg*+  and 10 mM  Caz+.  The fast component(F) and the slow
component(B) are defined in Tables 2 and 1, respectively. The mutant
responses display a selective impairment of the fast component of
release. Mean responses ( f  SEM) for the fast component are 1.8 f
0.5 nlms  for wild-type (standard deviation [SD] = 1.9 nlms)  and 0.26 f
0.06 nlms  for mutant cells (SD = 0.35 nlms).  Mean values ( f  SEM)
of the slow component are 0.059 f  0.011 nlms  (SD = 0.047 n/ms)
and 0.064 f  0.013 nlms  (SD = 0.072 nlms)  for wild-type and mutant
r e s p o n s e s ,  r e s p e c t i v e l y .

sidual” fast component in mutant synapses may represent
the “peak” of the slow component that is normally masked
by the presence of the fast component, or it may be part of
the normal synchronous release mechanism that isgreatly

Figure 9. Caz+  Dependence of Synaptic Responses in Mutant Cells

The fast (closed triangles) and the slow (open triangles) components
of synaptic responses in mutant cells (day IO  - 11) are plotted against
Ca*+  concentration of 1 mM  (n = 2),  1.7 mM  (n = 4),  3 mM  (n = 4),
and 10 mM  (n = 6). Mg*+  concentration was kept constant at 0.5 mM.
Responses to 10 mM  and at least one additional Ca*+  concentration
were determined for each cell, and the responses were normalized
against the value obtained for 10 mM Ca*+.  The slow component is
defined in Table 1. The error bars display the SEM. The solid lines
were fitted with the Dodge-Rahamimoff equation: R(x) = (W.x/(l  +
x/K,  + 0.5/K2))“,  where W = 4.988, K, = 0.217, Kz = 0.178, and
n = 4.

attenuated. The straightforward interpretation of our ob-
servations is that the lack of synaptotagmin completely
abolishes normal synchronous release, although we can-
not exclude the alternative that some component of the
fast release mechanism remains in the mutant synapse.

The Cap+  dependence of synaptic transmission can be
described by a cooperativity of - 4 that is believed to re-
flect four cooperative Cap+-binding  sites of the transmitter-
release machinery (Dodge and Rahamimoff, 1967). Both
the fast and slow components of release can be fitted well
by a Dodge-Rahamimoff parameter (n) of - 4 (Goda  and

Table 2. Parameters Used to Fit the Double Exponential Equation in Figure 7

&ms) Frns?) (“n Vms) pm&)
CC Fd

N” (nVms) (nVms)

( A )  W i l d  T y p e

6) 2 0 2 . 2 0.17 0 . 0 6 0.01 0.013 1.45
(ii) 6 3 . 9 0.14 0.21 0.01 0.033 2 . 7

Mean” (20) 2 . 6 0.15 0 . 0 6 0 . 0 4 5 0.012 1.76
f  0.6 f  0.01 f  0.01 f  0.019 f  0.002 f  0.45

(B) Mutant
0) 2 0 0 . 1 3 0.01 0 . 0 9 0 . 0 0 9 0.027 0 . 2 6
(ii) 20 0 . 4 2 0.12 0.14 0.007 0.029 0 . 4 4
(iii) 2 0 0 . 0 8 0.04 0 . 0 3 0.01 0.032 0 . 1 6
(iv) 18 0.21 0.02 0 . 1 4 0.009 0.022 0 . 2 8

Meana ( 3 4 ) 0 . 2 7 0.08 0 . 0 6 4 0.014 0 . 0 1 1 0 . 2 6
f  0.06 f  0.01 i: 0.013 * 0.003 f  0.002 f  0.06

a  N = number of evoked responses averaged [for rows A(i) and A(ii) and B(i)-B(iv)] or total number of cell pairs analyzed (for the mean rows).
b  n = estimated number of quanta1  release (see Figure 7 legend).
c  C = a constant illustrating the basal rate of spontaneous release; this value varies as a function of the number of synapses stimulated, and
thus fluctuates considerably among the cell pairs analyzed.
d F = “fast component” is the estimated average quanta1  release rate during the first 20 ms of synaptic response.
e The mean values (f  SEM) for each parameter shown were calculated from all the wild-type and mutant cell pairs examined (in 0.5 mM  Mg2+
and 10 mM  Ca*+).  Occasionally, mutant synaptic responses displayed a pronounced fast component illustrated by a higher value of parameter
“a,” an example of which is shown in Figure 7B,  panel (ii). The size of the residual fast component in the mutant cells, when apparent, remained
significantly smaller than that observed in wild-type neurons. The fluctuations observed in the extent of residual fast component is not due to the
heterogeneity of synaptotagmin I mutation, but it most likely reflects the variability of asynchronous release (see text for a discussion on the source
of the residual fast component).
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Stevens, 1994). To determine the Ca2+  dependence of the
residual release reaction in the mutant, we studied the
size of evoked responses as a function of the Ca*+  concen-
tration (Figure 9). A normal Ca2+  dependence was found
that can also be fitted to the Dodge-Rahamimoff equation
with an n value of 4, indicating that the Ca”+  cooperativity
of the response in mutant cells is unaltered. Thus, our
results confirm that as such, the Ca*+  dependency of the
release machinery is unaffected in mutant neurons and
that the decreased synaptic response is due to a selective
change in Ca*+-triggered  synchronous release.

To test whether the remaining response in mutant cells
is similar in size to the slow component of wild-type cells,
magnitudes of responses were compared between wild-
type and mutant synapses at the level of individual bou-
tons. Synaptic activity was restricted to a small region by
local perfusion of a high [Ca*+]/low  [Mg*+]  solution, and
synaptic transmission was suppressed elsewhere by a
bath solution of low CaVhigh  Mg2+.  Synaptic responses
from the perfused area were recorded, and the region of
perfusion was determined by including a fluorescent dye
in the perfusate. The‘cells  were then fixed and stained for
synapsin I to count the number of boutons present within
the areaof  local perfusion. Such experiments demonstrate
a major decrease in synchronous release in mutant syn-
apses but no detectable decrease in the magnitudes of
the slow components (Table 1). Thus, the slow component
is unaltered in the mutant synapses.

Discussion

To study the function of synaptotagmin I, we have pro-
duced knockout mice with a functional disruption of the
synaptotagmin I gene. Mice homozygous for the synapto-
tagmin I mutation die within 2 days of birth, whereas het-
erozygous littermates are phenotypically normal. Since
synapses in many brain regions of newborn mice are not
yet mature, the short survival time of the mutant mice pres-
ents an experimental difficulty for the study of central syn-
aptic transmission. Thus, to investigate the effects of the
mutation on synaptic transmission, we took advantage of
neuronal  cultures from the hippocampi of mouse embryos
that form synapses with essentially normal properties.

Electrophysiological recordings revealed a severe im-
pairment of synaptic transmission in the mutant mice that
consists in the selective loss of the fast component of Ca’+-
triggered neurotransmitter release. Structurally, the syn-
apses from mutant mice are fundamentally normal, and
asynchronous exocytotic release mechanisms are unaf-
fected by the mutation. Together, these findings suggest
that in hippocampal neurons, synaptotagmin I has an es-
sential function as the Ca2+  sensor in triggering synchro-
nous neurotransmitter release or is a component of this
sensor but is not required for the docking and exocytosis of
synaptic vesicles. These results are consistent with earlier
invertebrate studies demonstrating that synaptotagmin
mutant animals form synapses but have severely impaired
synaptic transmission (DiAntonio  et al., 1993; Littleton et
al., 1993; Nonet  et al., 1993). However, the technical ad-
vantages of studying synaptic transmission in hippocam-

pal cultures have allowed us to determine the stage at
which the synaptotagmin I mutation impairs transmitter
release, leading to a definition of the in vivo function of
synaptotagmin I.

Two major forms of synaptotagmin are found in rodent
brains, and two additional forms are expressed at lower
levels (Geppert et al., 1991; Mizuta et al., 1994; Hilbush
and Morgan, 1994). In situ hybridization studies demon-
strated that synaptotagmin I is primarily present in higher
brain regions, including the hippocampus, which express
little synaptotagmin II (Ullrich et al., submitted). Con-
versely, synaptotagmin II is expressed in the brain stem
and spinal cord at high levels. The remaining two synapto-
tagmins are expressed in most neurons, although at vari-
able levels (Ullrich et al., submitted). It seems likely that
the mutant mice are still able to breathe and maintain basic
body functions because of intact synaptic transmission in
the spinal cord and brain stem largely mediated by synap-
totagmin II, but that they are unable to suckle because
of the disruption of synaptic transmission in higher brain
centers including the olfactory bulb (which expresses no
synaptotagmin II) and the hippocampus. Although the ex-
act cause of death in the mutant mice is uncertain, the
inability to suckle would be sufficient cause, since new-
born mice rapidly become dehydrated in the absence of
fluid intake. The postnatal lethality and the disruption of
synaptic transmission were only observed in the homozy-
gous  but not the heterozygous state, suggesting that the
low levels of truncated protein produced by the mutant
gene (Figure 16)  are not responsible but that it is the lack
of functional synaptotagmin I protein that causes the phe-
notype. In spite of the lethal impairment of synaptic trans-
mission in the mutant mice, however, synaptogenesis and
the establishment of even highly complex neuronal  con-
nections are apparently normal, demonstrating that regu-
lated synchronous neurotransmitter release typical of ma-
ture synapses is not essential for the formation of complex
brain structures during early development.

Synaptic vesicle exocytosis can be envisioned to involve
three consecutive stages: synapticvesicle docking (“dock-
ing”), acquisition of competence of docked synaptic vesi-
cles to undergo Ca’+-dependent  fusion (“competence ac-
quisition” or “cocking”), and the actual fusion reaction itself
(“fusion”). The following evidence supports the view that
synaptotagmin I functions in triggering the final stage of
the exocytotic reaction, the fusion reaction. First, in the
synaptotagmin I mutant, the fast component of synaptic
vesicle exocytosis is selectively impaired (Figures 3, 7,
and 8). Second, synaptotagmin I exhibits cooperative
Cap+-binding  properties in vitro that are comparable to
those of the in vivo release process (Davletov and Sudhof,
1993). Third, structurally, the synapses are largely normal
in the mutants (Figure 4). Fourth, synaptic vesicle exo-
cytosiscan be normally stimulated by hypertonicsolutions
and a-latrotoxin. Fifth, the frequency of mEPSCs  is normal
in the mutant. In view of the high affinity binding of AP-2
by synaptotagmin I @hang  et al., 1994),  it is tempting to
speculate that synaptotagmin I first takes the synaptic ves-
icle through the final stagesof  exocytosis and then initiates
endocytosis, which would represent a very economical
and efficient way to direct membrane traffic.
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The concept of the Ca*+  triggering of neurotransmitter
release that emerges from these”experiments  is more
complex than envisioned in previous studies of synapto-
tagmin. The existence of multiple mechanisms of evoked
release has long been demonstrated in different prepara-
tions through differential sensitivity towards Ba2+  and SF+,
two ions that effectively enter the nerve terminal in re-
sponse to depolarization, differences in kinetic properties,
or both (Barrett and Stevens, 1972; Zengel  and Magleby,
1980; Augustine and Eckert, 1984; Neher and Zucker,
1993). Using asimilar  approach, Godaand Stevens(1994)
have identified two distinct components of evoked trans-
mitter release in cultured hippocampal neurons. Based
on the “two release component” hypothesis, a relatively
simple model can account for our observations with synap-
totagmin I mutant mice, although it is impossible at this
stage to postulate detailed mechanisms. This model is as
follows. Release is governed by two Caz+-sensing  mecha-
nisms mediated by synaptotagmin I and by other as yet
unidentified molecules that we shall collectively call the
“second sensor.” Binding of four Ca*+  ions to either synap-
totagmin I or the second sensor increases the probability
of exocytosis. Synaptotagmin I is very efficient, so that
the release probability is high when synaptotagmin I is
activated. Synaptotagmin I, however, has a low Ca2+  affin-
ity, whereas the Ca*+-binding  sites of the less efficient sec-
ond sensor display a high affinity. Thus, when the nerve
terminal Ca2+  concentration increases to high levels, sy-
naptotagmin I dominates and efficiently causes the re-
lease of quanta; the second sensor produces release
events at a low rate when lower levels of Ca2+  are present.

According to this model, the two phases of transmitter
release are produced by two separate molecular mecha-
nisms. The first phase, triggered by the relatively high in-
traterminal Ca*+  concentrations that follow the arrival of
a nerve impulse, would be mediated by synaptotagmin I.
The later phase, owing to a persistent residual increase
in intraterminal Ca2+  concentration, would reflect the less
efficient action of the high Ca*+  affinity second sensor;
throughout this second phase, Ca*+  concentrations would
be too low to activate synaptotagmin I. According to this
model, the release by hypertonicsolutions and a-latrotoxin
are mediated by the second sensor or by stimulation of
a constitutive mode of exocytosis that is independent of
Ca2+  sensors.

This model is consistent with all of our data, but should
beconsidered a working hypothesison which futureexper-
iments can be based. It raises several questions. What is
the nature of the second Ca*+  sensor? The second Ca’+
sensor could act at the release sites similar to synaptotag-
min I, or it could act at a step in the synaptic vesicle path-
way preceding exocytosis and facilitate release by in-
creasing the number of vesicles at the release site that
could then undergo spontaneous exocytosis. Several can-
didate molecules have been described, rabphilin-3A (Shir-
ataki et al., 1993),  uric-73 (Maruyama and Brenner, 1991)
and synaptotagmin Ill, which has properties consistent
with a role as a second Ca2+  sensor (Ullrich et al., submit-
ted). How does synaptotagmin I trigger release? In mice,
the mutation in the synaptotagmin I gene has no effect
on mEPSC  frequency (Table 1) in contrast with the synap-

totagmin mutations in Drosophila that cause an increase
in the mEPSC  frequency(Littleton et al., 1993). This differ-
ence may be due to the differences in organism and syn-
apse type. However, the lack of change in spontaneous
synaptic activity in the mutant mice argues against an
ob l iga to ry func t iono fsynap to tagmin  lasa  passive“clamp”
and demonstrates an active role in Ca*+-triggered  release.
Preliminary studies indicate that synaptotagmin I under-
goes a major conformational change as a function of Ca2+
binding (Davletov and Siidhof,  1994). The next challenges
will be to elucidate the molecular mechanisms by which
synaptotagmin I mediates synchronous release and to
identify the molecular components of asynchronous re-
lease.

Exper imenta l  Procedures

C l o n i n g  o f  t h e  M u r i n e  S y n a p t o t a g m i n  I  G e n e ,  C o n s t r u c t i o n
o f  a  K n o c k o u t  V e c t o r ,  H o m o l o g o u s  R e c o m b i n a t i o n
E x p e r i m e n t s ,  a n d  M o u s e  H u s b a n d r y
A ?.%ASHII  library of genomic DNA from Sv/129  mice was screened
with a probe from the coding region of rat synaptotagmin I (Perin  et
al., 1990; Sambrook et al., 1969). Only a single clone (lm65L2-1)  was
identified as encoding synaptotagmin I, whereas the other clones iso-
lated were either rearranged or encoded other synaptotagmins. Only a
single exon was found in the 20.5 kb genomic clone encoding residues
270-30601 ratsynaptotagmin I (Perin et al., 1990). The targetingvector
was constructed by subcloning the interior 10.5 kb Sacl fragment from
the genomic clone hm65L2-1  as the long arm into pBluescript.  The
shortarmwasobtained byPCRusingtwooligonucleotides(sequences
AGGCTTCGAA[C,T]CT[C,T,G]AA[A,G]AA[A,G]ATGGA  and CGCGT-
CGACGCTGGGGTGGAGTTCA [redundant positions in brackets])
and subcloning the resulting fragment by the restriction sites incorpo-
rated into the oligonucleotide primers. The short arm was cloned into
a vector containing a neomycin resistance gene under the control of
the RNA polymerase II promoter (gift of P. Soriano) and two copies of
HSV thymidine kinase gene. The two plasmids were then combined
into a single targeting vector (Figure 1) that was confirmed by restric-
tion enzyme mapping. The vector was linearized by digestion with Notl
and electroporated intoembryonicstem cells(giftof  Dr. J. Herz, Dallas,
TX), and colonies were selected for neomycin resistance (to select for
transfected  cells) and FIAU  resistance (to select for cells lacking the
HSV thymidine kinase gene) as described (Thomas and Capecchi,
1987; Soriano et al., 1991; Rosahl  et al., 1993; Geppert et al., 1994).
Double resistant clones were analyzed by PCR to identify homologous
recombination events, using a primer from the neomycin resistance
gene cassette and a primer from the synaptotagmin I gene just outside
of the short arm of the vector (labeled A and B in Figure 1; sequences
GAGCGCGCGCGGCGGAGTTGTTGAC and CCATGGTGATGGGA-
AGTCCATCCTAT). Four positive clones from 96 analyzed were ob-
tained, two clones injected into mouse blastocysts, and one clone
generated highly chimeric mice that transmitted the mutation through
the germline. The mutation was confirmed by Southern blotting and
immunoblotting (Figure 2; data not shown). Mice were bred and main-
tained using standard mouse husbandry procedures.

l m m u n o b l o t t i n g  a n d  M o r p h o l o g i c a l  A n a l y s e s  o f  W i l d - T y p e
a n d  M u t a n t  M i c e
The brains of newborn wild-type and mutant mice were dissolved in
SDS sample buffer (Laemmli, 1970) and analyzed by SDS-PAGE and
immunoblotting using a panel of antibodies to synaptic proteins as
described (Johnston et al., 1969; Geppert et al., 1994). Quantification
of immunoblots was performed by using iodinated secondary antibod-
ies and a phosphoimager with synaptophysin as a load control. Linear-
ity of the signal was assessed by dilution curves. For morphology,
brains from newborn wild-type and mutant mice were fixed by immer-
sion in 4% paraformaldehyde in PBS and sectioned on a cryostat,
Sections of different brain regions were analyzed using standard histo-
chemical stains and by immunocytochemistry with a variety of antibod-
ies to synaptic vesicles and other synaptic antigens (Geppert et al.,
1994).
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H i p p o c a m p a l  C e l l  C u l t u r e
Dissociated cell cultures of hippocampal pyramidal neurons were pre-
p a r e d  f r o m  E15-El7  m o u s e  e m b r y o s  ( B e k k e r s  a n d  S t e v e n s ,  1 9 9 1 ) .
Hippocampi were dissected from the embryos and incubated sepa-
rately in EBSS (GIBCO BRL, Grand Island, NY) containing 20 U/ml
papain (Worthington) to digest the tissue gently. The remaining brain
tissue and liver from each of the embryos were saved for genotyping.
Cells were dissociated by trituration and plated on coated coverslips
at a density of 7 x IO4  cells/ml; coverslips were first coated with a
thin layer of agarose, then a mixture of collagen and poly-o-lysine was
sprayed with an atomizer to create small islands of the substrate.
Culture medium was BME (GIBCO BRL) containing 10% fetal calf
serum, 1 mM  sodium pyruvate, 20 mM  D-glucose, Mite+ serum ex-
tender (Collaborative Biomedical Products, Bedford, MA), and penicil-
lin/streptomycin. These conditions resulted in coculture of glial and
neuronal cell populations. Cells were used for recording 9-13 days
after plating.

E l e c t r o p h y s i o l o g y
Whole-cell patch clamp recordings from isolated neurons or pairs of
neurons were carried out with standard procedures using Axopatch
200 (Axon Instruments, Burlingame, CA). The membrane potential of
cells was held at -70 mV,  and synaptic responses were evoked by
injecting a 1 ms step pulse to +20 mV  into the presynaptic cell. Subse-
quent generation of an action potential in the unclamped axon pro-
duced a synaptic current in the adjacent postsynaptic cell. Signals
were filtered at 2 kHz,  digitized at 5 kHz,  and analyzed with programs
written in AXOBASIC or C. External bath solution consisted of 137
mM  NaCI,  5 mM  KCI, 10 mM  CaC12,  0.5 mM  MgCI,,  10 mM  o-glucose,
5 mM  HEPES-NaOH  (pH  7.3),  and 0.1 mM  picrotoxin. Concentrations
of CaC12  and MgC12 were altered in some experiments as indicated.
When monitoring mEPSC  frequency, 0.5 PM  tetrodotoxin was included
in the bath solution to prevent spontaneous firing of neurons. The tips
of patch electrodes were first filled with the following solution: 150 mM
potassium methyl sulfate, 5 mM  KCI, IO  mM  EGTA, 10 mM  HEPES-
KOH (pH  7.2). The electrodes were then backfilled with the same solu-
tion plus 2 mM  ATP, IO mM  creatine phosphate, 25 U/ml rabbit skeletal
muscle creatine phosphokinase (Calbiochem, La Jolla, CA), 0.5 mM
GTP, and 2 mM  MgC12.

Two procedures were used for visualizing boutons. First, for experi-
ments involving autapses to compare absolute rate of mEPSCs  be-
tween wild-type and mutant synapses, the boutons were labeled with
a fluorescent styryl dye, FMI-43 (5 PM),  in a solution containing 150
mM  KCI, 10 mM  CaC&,  and 5 mM HEPES-KOH (pH  7.3) for 2 min.
Subsequently, all fluorescently stained boutons present on the autap-
tic neuron were counted. Second, for experiments monitoring evoked
responses from a defined region, local perfusate contained 5 PM  car-
boxyfluorescein in a standard recording solution (0.5 mM  MgClz  and
IO mM  CaCl&  while elsewhere the bath solution contained IO mM
MgClz  and 0.4 mM  CaC12  to suppress synaptic transmission. During
recording differential interference, contrast and fluorescent images of
the perfused region were stored using an optical memory disc recorder
(Panasonic model TQ-2028F). The coverslips were then fixed for 20
min in 4% paraformaldehyde in PBS and stained for boutons using
a polyclonal antibody against synpasin I (Rosahl et al., 1993),  following
standard immunohistochemistry procedures. The pair of neurons from
which the recording was performed was identified, and boutons pres-
ent in the area that received the local perfusate were counted.

E l e c t r o n  M i c r o s c o p y
Cells on coverslips were fixed for 1 hr in 2% glutaraldehyde in a buffer
containing 0.1 M sodium cacodylate (pH  7.4),  1 mM  CaC&,  and 0.5
mM  MgC&.  The cells were rinsed in buffer, postfixed in 1% OsOa  in
buffer, rinsed in buffer, and dehydrated through a graded series of
ethanol/H20.  The samples were stained en bloc for 1 hr in 0.5% uranyl
acetate in 95% ethanol, further dehydrated in 100% ethanol and pro-
pyleneoxide, and embedded in EMbed 612. The coverslips weresepa-
rated from the polymerized epon blocks by alternately plunging them
into water at 60°C and liquid nitrogen. Thin sections (60 nm) cut from
these blocks were mounted on formvar-coated slot grids, stained with
uranyl acetate and lead citrate, ano examined in a JEOL 100 CXII
electron microscope at 80 kV.
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Note Added in Proof

The text cited as Ullrich et al., submitted is now Ullrich, B., Li, C.,
Zhang, J. Z., McMahon, H., Anderson, R.  G. W., Geppert, M., and
Sijdhof,  T. C. (1994). Functional properties of multiple synaptotagmins
in brain. Neuron 73, in press.


