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Synaptotagmin: A Calcium Sensor on the
Synaptic Vesicle Surface

Nils Brose,* Alexander G. Petrenko, Thomas C. Sudhof,
Reinhard Jahntt

Neurons release neurotransmitters by calcium-dependent exocytosis of synaptic vesicles.
However, the molecular steps transducing the calcium signal into membrane fusion are still
an enigma. It is reported here that synaptotagmin, a highly conserved synaptic vesicle
protein, binds calcium at physiological concentrations in a complex with negatively charged
phospholipids. This binding is specific for calcium and involves the cytoplasmic domain of
synaptotagmin. Calcium binding is dependent on the intact oligomeric structure of syn-
aptotagmin (it is abolished by proteclytic cleavage at a single site). These results suggest
that synaptotagmin acts as a cooperative calcium receptor in exocytosis.

Calcium-dependent exocytosis of synaptic
vesicles is the central step in the sequence
of events from the arrival of an action
potential to the release of neurotransmit-
ters. It is generally accepted that Ca’*
enters the nerve terminal via voltage-gated
Ca?* channels in the presynaptic plasma
membrane. Intracellular recordings in mod-
el synapses such as the squid giant synapse
have shown that the latency between Ca?*
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entry and the release of transmitter is in the
range of 200 ws. This implies that a com-
plex between synaptic vesicles and the plas-
ma membrane must exist in the resting state
because the time after Ca?* entry is too
short to allow for vesicle docking before
fusion. Furthermore, the dependence of
transmitter release on the intraterminal
Ca** concentration is nonlinear and highly
cooperative (1).

The Ca?* receptor protein for exocytosis
has not been identified. However, certain
predictions about its properties can be
made. Because of the short latency between
Ca’* influx and exocytosis, it is likely that
the Ca’?™* receptor is part of the complex
formed between the plasma membrane and
the synaptic vesicle and is probably located
on one of these membrane compartments.
In addition, Ca?* must induce a change in
the properties of the receptor protein,
which ultimately causes a rearrangement of
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phospholipid microdomains at the contact
site between the two membranes, leading to
membrane fusion. It is unclear how many
proteins participate in this process. Howev-
er, the speed of the event makes it unlikely
that major protein rearrangements, such as
Ca?*-induced docking of cytosolic pro-
teins, are involved (1).

In this report, we present evidence that
the synaptic vesicle protein synaptotagmin
(also referred to as p65) exhibits properties
expected of the exocytotic Ca?* receptor.
Synaptotagmin is represented by a family
of related integral membrane proteins with
widespread distribution (2—4). It is specif-
ically localized in the membrane of synap-
tic vesicles and that of secretory granules
in endocrine cells (2). Structural analysis
of this protein family revealed the exis-

Bound Ca2* (mol/mol protein)
[3,]

Bound Ca?* (mol/imol protein)

8 7 -6 -5 -4
log Ca?*y,

Fig. 1. Binding of Ca?* to synaptotagmin in the
presence or absence of phospholipid vesicles,
determined by equilibrium dialysis (7). As con-
trol, Ca?* binding to protein-free liposomes is
shown. (A) Total Ca2* binding: (®) synaptotag-
min plus phospholipid vesicles; (O) phospho-
lipid vesicles alone; (V) synaptotagmin alone.
Note that phospholipid vesicles bind Ca2* in a
linear dependence on the Ca?* concentration.
(B) Net Ca?* binding to synaptotagmin (@)
and, as control, to synaptophysin (¥), in the
presence of phospholipids. We obtained the
values by subtracting binding to phospholipids
alone from total binding. Numbers of moles
were calculated on the basis of the molecular
weight of the monomers, respectively.
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tence of two copies of an internal repeat
that are homologous to corresponding do-
mains in protein kinase C (C, domain) (3,
4), in a cytosolic form of phospholipase
A,, and, although with less identity, in
guanosine triphosphatase—activating pro-
tein and phospholipase C (5). In protein
kinase C and phospholipase A,, this do-
main is thought to be responsible for the
Ca?*-dependent binding of these proteins
to phospholipid membranes (5). This
prompted us to investigate whether native
synaptotagmin functions as a Ca®* bind-
ing protein and whether Ca?* binding by
synaptotagmin involves interactions with
membrane phospholipids.

To study the properties of synaptotag-
min, we isolated the protein from Triton
X-100 extracts of rat brain by affinity chro-
matography, using a newly generated
monoclonal antibody (clone Cl 41.1) di-
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Fig. 2. Ca?*-dependent interaction of purified
synaptotagmin with phospholipid vesicles,
measured by fluorescence resonance energy
transfer between tryptophan residues of phos-
pholipids (excitation at 284 nm) and dansylated
phospholipid head groups (emission at 520
nm). Synaptotagmin was added either in micel-
lar form (A and B) or incorporated into lipo-
somes (C). (A) Ca?* causes an increase of
fluorescence resonance energy transfer, which
is reversible upon EGTA addition. The phos-
pholipid composition of the liposomes was 50%
phosphatidylserine, 40% phosphatidylethanol-
amine, and 10% dansyl-phosphatidylethanol-
amine (13). (B) Ca?*-dependent fluorescence
resonance energy transfer is saturable and

rected against synaptotagmin I as affinity
ligand (6). Synaptotagmin I was purified in
a single step, resulting in a protein of more
than 90% purity.

We studied the Ca?* binding to purified
synaptotagmin by equilibrium dialysis ei-
ther in the presence or in the absence of
phospholipids (7). As controls, Ca** bind-
ing to phospholipids alone or to purified
synaptophysin, an integral membrane pro-
tein of synaptic vesicles (8), was monitored
under identical experimental conditions.
No Ca?* binding to synaptotagmin was
observed in the absence of phospholipids
(Fig. 1). However, when liposomes con-
taining 25% phosphatidylserine and 75%
phosphatidylcholine were added, a dramat-
ic increase in Ca®* binding over that of the
phospholipid control was observed (Fig. 1).
The Ca** binding reached 4 mol per mole
of synaptotagmin subunit at a free Ca’**

B
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o
(9]

Fluorescence energy transfer
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log Ca?*y,
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depends on the phospholipid composition. Values were expressed as a percentage change in
emission intensity, [ ., = (I — |,) x 100/l,, where | is the recorded fluorescence intensity in the
experiment and /, is the reference fluorescence intensity in the absence of Ca2*. (@) Liposomes
containing 50% phosphatidylserine, 40% phosphatidylethanolamine, and 10% dansyl-phosphati-
dylethanolamine (mean values of three independent experiments); (M) liposomes containing 25%
phosphatidylserine, 65% phosphatidylethanolamine, and 10% dansyl-phosphatidylethanolamine;
(V) control, using an assay mixture as in (®) that was digested for 1 hour at 37°C with trypsin (1
ng/ml) before the experiment (74) (data shown are from a representative experiment). (C)
Ca2*-dependent fluorescence resonance energy transfer between synaptotagmin-containing do-
nor liposomes and dansylated acceptor liposomes. The donor liposomes were composed of 45%
phosphatidylcholine, 45% phosphatidylethanolamine, and 10% phosphatidylserine; the acceptor

liposomes were the same as in (A).
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concentration of 10~* M (Fig. 1). In con-
trast, no significant Ca2* binding was ob-
served up to a concentration of 1074 M
when purified synaptophysin instead of syn-
aptotagmin was used, regardless of whether
phospholipids were present (Fig. 1). This
indicates that, contrary to an earlier report
(8), synaptophysin does not bind Ca*.
Thus, the ability to bind Ca?* is a specific,
intrinsic property of synaptotagmin.

To study the interaction between synap-
totagmin and phospholipids in more detail,
we utilized a fluorescence resonance energy
transfer assay. Dansyl-phosphatidylethanol-
amine was incorporated into liposomes.
These liposomes were mixed with purified
synaptotagmin. Fluorescence resonance en-
ergy transfer between tryptophan residues
in synaptotagmin and the dansyl group in
the liposomes was measured as a function of
Ca?*. Energy transfer is highly dependent
on the distance between the two fluoro-
phores and is only observed on close con-
tact of the protein and the lipid fluorescent
probe. We found that Ca?* triggered fluo-
rescence resonance energy transfer in a
dose-dependent manner (Fig. 2A), suggest-
ing that Ca?* causes a close association of
synaptotagmin with the dansyl liposomes.
The signals were reversed by addition of
EGTA (Fig. 2A) and reestablished by sub-
sequent addition of excess Ca** (not
shown), demonstrating that the interaction
is reversible. Liposomes alone showed no
change in fluorescence on addition of
Ca?*. Furthermore, no energy transfer was
observed up to a Ca’* concentration of 1
mM when synaptotagmin was subjected to
mild proteolysis with trypsin before the
experiment (Fig. 2B) or when equal
amounts of purified synaptophysin or puri-
fied immunoglobulin G (IgG) were used
instead of synaptotagmin (not shown).
These controls demonstrate that this assay
measures the specific Ca?*-dependent in-
teraction of synaptotagmin with liposomes.

Energy transfer between synaptotagmin
and liposomes was specific for Ca?* (Mg?*,
BaZ*, or Sr** did not evoke a response at
concentrations up to 1 mM; these metal
ions were also unable to interfere with the
Ca’* signal). However, an increase in both
the Ca?* sensitivity and the intensity of
the signal was observed when the propor-
tion of phosphatidylserine in the acceptor
liposomes was increased to 50% (Fig. 2B).
This indicates that the acidic head groups
may participate directly in the formation
of the synaptotagmin-Ca?*-phospholipid
complex, which is in agreement with the
previously determined phospholipid bind-
ing specificity of recombinant synaptotag-
min (3).

For a given phospholipid composition
(25% acidic phospholipids), the depen-
dence of phospholipid binding on the Ca*

Fig. 3. Radiolabeled liposomes bind reversibly
to synaptotagmin immobilized to protein G-
Sepharose. Purified synaptotagmin (10 ng),
suspended in 50 pl of 20 mM tris-Cl (pH 7.2),
100 mM NaCl was incubated with 20 pg of
purified monoclonal antibody to synaptotagmin
for 1 hour at 4°C and bound to protein G-
Sepharose by further incubation for 1 hour (8-l
bed volume). Additions of Ca2* (left pair of
bars) or EGTA (middle pair of bars) were made
to give final concentrations of 1 mM. Binding
was started by the addition of 100 pl (500 pg)
of '“C-labeled liposomes, prepared from 50%
phosphatidylserine and 50% phosphatidyletha-
nolamine, and carried out for 10 min. To some
Ca?*-containing samples, EGTA was then add-
ed to give a final concentration of 1.5 mM and
the incubation was continued for 5 min (right
pair of bars). The reaction was stopped by
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removal of the assay mixture from the beads by filtration. The beads were rapidly washed twice with
incubation buffer containing 1 mM Ca2* (left pair of bars) or 1 mM EGTA (middle and right pairs of
bars) and analyzed by liquid scintillation counting. Hatched bars show background binding of
liposomes to protein G—Sepharose containing monoclonal antibody but no synaptotagmin.

concentration was -remarkably similar to
that of Ca?* binding measured by equilib-
rium dialysis, with a half-maximal response
at 107> M Ca?* (compare Figs. 1B and
2B). Although the precise phospholipid
composition of the presynaptic plasma
membrane is not known, a proportion of
25% acidic phospholipids is probably a low
estimate. Because an increase in acidic
phospholipid content drastically shifts the
Ca’* sensitivity to lower concentrations,
the response lies well within the Ca’*
concentration range expected upon excita-
tion at the contact site between synaptic

vesicles and the plasma membrane.

To ensure that synaptotagmin can also
interact with phospholipid vesicles when
the protein itself is incorporated in a phos-
pholipid vesicle, we purified the protein
from cholate extracts and reconstituted it
into liposomes by a dialysis procedure.
When acceptor liposomes containing dan-
sylated head groups were added to these
liposomes, Ca’*-dependent fluorescence
resonance energy transfer was observed,
which was similar to that observed with the
purified protein alone (Fig. 2C). As an
independent confirmation for Ca’*-depen-
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Fig. 4. Mild proteolytic cleavage of synaptotagmin results in monomeric fragments containing the C,
domains and oligomeric NH,-terminal fragments. Intact synaptotagmin (p65) or synaptotagmin
cleaved at a single site by low doses of trypsin was solubilized from synaptic vesicles, and its
apparent size (M) was analyzed by sucrose gradient centrifugation in the presence of CHAPS (left)
or SDS (right). Fractions were immunoblotted after SDS-PAGE with an antibody either to the C,
domains or to the NH,-terminus of synaptotagmin, and immunoreactive bands were visualized with
chemoluminescence. Analysis of fractions in cholate or octylglucoside as detergents gave results

similar to those in CHAPS (not shown) (15).
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dent interaction of synaptotagmin with
phospholipid vesicles, we measured the
binding of radiolabeled liposomes to immo-
bilized synaptotagmin. Whereas in the pres-
ence of EGTA a small but significant
amount of phospholipid binding was ob-
served, Ca’* induced a four- to sixfold
increase over the basal binding, which was
abolished upon subsequent addition of
EGTA (Fig. 3).

In synaptic vesicles, synaptotagmin is
present as a homo-oligomeric complex of
probably four subunits containing eight C,
domains (9). To evaluate whether Ca?*-
phospholipid binding by synaptotagmin is
dependent on an intact oligomeric struc-
ture, we subjected the protein to limited
proteolysis. Under these conditions, cleav-
age occurs at a single site adjacent to the
membrane spanning domain, creating a
large cytoplasmic fragment that contains
both C, domains (3). This cleavage abol-
ished the ability of synaptotagmin to bind
Ca’* or phospholipids in a Ca?*-depen-
dent manner as measured with the assays
described above (Fig. 2B). To analyze the
structure of the proteolytic fragments in
more detail, we determined their size by
sucrose density gradient centrifugation in
CHAPS. For comparison, the migration of
the fragments was monitored in SDS,
which dissociates all aggregates into mono-
mers. The NH,-terminal fragment of syn-
aptotagmin comigrates with uncleaved syn-
aptotagmin in a high molecular weight
complex (Fig. 4), clearly separated from the
larger COOH-terminal fragment, which
migrates at a monomer position. These
results suggest that tetramerization of syn-
aptotagmin, mediated by its NH,-terminal
domain, is required for formation of the
complex with Ca?* and phospholipids.

Synaptotagmin is the first Ca?*-binding
protein that has been identified in secretory
organelles of the regulated pathway. The
widespread distribution of at least one of
the synaptotagmin isoforms on every synap-
tic vesicle and probably also every endo-
crine secretory granule (2—4) is in agree-
ment with a general role as putative Ca?*
receptor for exocytosis. The precise nature
of the interaction of synaptotagmin with
phospholipids and Ca?* remains to be es-
tablished. Synaptotagmin, Ca?*, and
membrane phospholipids probably form a
ternary complex or sandwich. This interde-
pendence is similar to that observed for
protein kinase C, which binds Ca?* only
when phospholipids are present (10). In the
absence of Ca’*, some phospholipid bind-
ing was observed (Fig. 3). This is in agree-
ment with our earlier observation that the
recombinant cytoplasmic fragment of syn-
aptotagmin is capable of Ca?*-independent
phospholipid binding after being subjected
to denaturing SDS-polyacrylamide gel elec-
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trophoresis (SDS-PAGE) and immunoblot-
ting (3).

Because Ca?*-phospholipid binding was
abolished by proteolytic cleavage at a single
site, the responsibility of the C, domains
could not be unambiguously established
although it seems likely in analogy to pro-
tein kinase C and phospholipase A,. The
observation of fluorescence resonance ener-
gy transfer between tryptophan and phos-
pholipids strongly supports an involvement
of the C, domains because these domains
contain the only tryptophan residues of the
entire structure, the single exception being
a tryptophan residue located in the mem-
brane-spanning domain, which is unlikely
to be included. However, the results indi-
cate that an intact tetrameric structure of
the protein is required for Ca?* binding.
This requirement and the presence of mul-
tiple Ca’*-binding sites may explain the
high cooperativity observed for Ca’* in
triggering transmitter release.

How does synaptotagmin function in
exocytosis? Although we have demonstrat-
ed Ca’*-dependent binding of synaptotag-
min-containing membrane vesicles to ac-
ceptor liposomes, we do not believe that
this property is solely responsible for vesicle
docking to the presynaptic plasma mem-
brane. Instead, we assume that in the rest-
ing nerve terminal where the Ca?* concen-
tration is low (1), synaptotagmin forms a
complex with a specific acceptor protein in
the plasma membrane. We have recently
reported that synaptotagmin binds specifi-
cally to the a-latrotoxin receptor in vitro
(11), suggesting that this protein serves as
the vesicle docking protein in the presyn-
aptic membrane. When such a docking
complex is exposed to increased Ca** con-
centrations, it probably results in an inter-
action of the cytoplasmic arms of synap-
totagmin with the phospholipids of the
plasma membrane, causing local rearrange-
ment of phospholipids (12). This may then
trigger fusion via interaction with addition-
al proteins that remain to be characterized.
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Sudhof, J. Biol. Chem. 265, 12679 (1990)]. Be-
cause dimers can also be observed in SDS-
PAGE, we think that two strongly bonded dimers
form a tetramer.

M. D. Bazzi and G. L. Nelsestuen, Biochemistry
29, 7624 (1990).

A. G. Petrenko et al., Nature 353, 65 (1991).
Such lateral rearrangement of phospholipids has
been demonstrated for protein kinase C (where
association of the protein with membranes in the
presence of Ca2* leads to extensive segregation
of acidic phospholipids [M. D. Bazzi and G. L.
Nelsestuen, Biochemistry 30, 7961 (1991)] and
for various other proteins and polycations [W.
Hartmann and H. J. Galla, Biochim. Biophys. Acta
509, 474 (1978); D. Carrier and M. Pezolet, Bio-
chemistry 25, 4167 (1986); G. B. Birrel and O. H.
Griffith, ibid. 15, 2925 (1976); J. M. Boggs et al.,
ibid. 15, 5420 (1976); T. |keda et al., Biochim.
Biophys. Acta 1026, 105 (1990)]. Furthermore,
Ca2+-dependent binding of synaptotagmin to cal-
modulin was reported [J. M. Trifaro, S. Fournier,
M. L. Novas, Neuroscience 29, 1 (1989)], which,
however, could not be reproduced in our labora-
tories.

Liposomes were prepared from purified phospho-
lipids (Avanti Polar Lipids) dissolved in chloro-
form:methanol, 9:1). The solvent was evaporated
under a stream of nitrogen and then further dried
under vacuum for 30 min. Then 20 mM tris-Cl (pH
7.2) and 100 mM NaCl were added to give a final
phospholipid concentration of 0.2 mg/ml. Phos-
pholipids were resuspended by vigorous vortex-
ing (glass beads). Liposomes were formed by
ultrasonication in a Branson bath-sonicator for 5



min at maximal power output. The opalescent
emulsion was centrifuged for 20 min at 20,000g to
remove aggregated material. Fluorescence reso-
nance energy transfer assays were performed as
described (10). InFig. 2, A and B, 40 pg of purified
synaptotagmin or synaptophysin were incubated
with 10 pg of liposomes in 1 ml of 20 mM tris-Cl (pH
7.2), 100 mM NaCl, 0.5 mM EGTA. The free Ca?*
concentration was increased by successive addi-
tions of 20 mM or 100 mM solutions of CaCl, to
give the free Ca2+ concentrations indicated. In Fig.
2C, synaptotagmin was purified from a membrane
extract prepared in 1% sodium cholate instead of
Triton X-100, dialyzed against 20 mM tris-Cl (pH
7.2), 100 mM NaCl, 1% sodium cholate, 2 mM
phenylmethylsulfonyl fluoride, and Pepstatin A (1
wrg/ml) and combined with 60 pg of phospholipids
per 100 pg of synaptotagmin resuspended in the
same buffer (10% phosphatidylserine, 45% phos-
phatidylcholine, 45% phosphatidylethanolamine).
Liposomes were formed by dialysis against
cholate-free buffer.

14. In all proteolysis experiments, the degree of pro-
teolysis was monitored by SDS-PAGE, followed
by fragment visualization with site-specific anti-
bodies (3). Conditions were chosen in which all
synaptotagmin was cleaved but only minor further
degradation of the fragments had occurred.

15. In the sucrose gradient centrifugations crude syn-
aptic vesicles were solubilized with 1% (w/v) SDS
or 2% (w/v) CHAPS, cholate, or B-octylglucoside
in 75 mM tris-Cl (pH 7.4), 1 mM EDTA. Solubilized
proteins were loaded on 11.8 ml of 5 to 20% (w/v)

sucrose gradients containing 0.1% of the respec-
tive detergent in the same buffer as above. For
SDS-solubilized proteins, 350 ug of total protein
were loaded in a 100-pl volume; for all other
detergents, 260 pg of total protein were loaded in
a 300-p! volume. Gradients were centrifuged for
16 hours at 4°C at 38,000 rpm in a Beckman
SW41 rotor and fractionated into 24 0.5-ml frac-
tions. For the experiments utilizing partially
trypsinized synaptotagmin, synaptic vesicles
were incubated with trypsin in a protein mass ratio
of 1:6000 before solubilization, and samples were
solubilized in CHAPS or SDS. On parallel gradi-
ents, the positions of molecular size markers were
as follows: carbonic anhydrase (29 kD), fractions
2 and 3; bovine serum albumin (67 kD), fraction 4;
alcohol dehydrogenase (155 kD), fraction 6;
B-amylase (200 kD), fraction 8; apoferritin (443
kD), fractions 14 and 15. We analyzed fractions
by SDS-PAGE and immunoblotting, using the
Amersham enhanced chemiluminescence sys-
tem according to the manufacturer's directions
with polyclonal antibodies to the NH,-terminus
and the C, domains of synaptotagmin as de-
scribed (3).

16. We thank M. D. Bazzi for advice concerning the
Ca?* equilibrium dialysis and fluorescence reso-
nance energy transfer experiments, H. Schauerte
and S. Schieback for help in some of the experi-
ments, and P. R. Maycox for critical reading of the
manuscript.
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High-Frequency Network Oscillation
in the Hippocampus

Gyorgy Buzsaki,* Zsolt Horvath, Ronald Urioste,
Jamille Hetke, Kensall Wise

Pyramidal cells in the CA1 hippocampal region displayed transient network oscillations
(200 hertz) during behavioral immobility, consummatory behaviors, and slow-wave sleep.
Simultaneous, multisite recordings revealed temporal and spatial coherence of neuronal
activity during population oscillations. Participating pyramidal cells discharged at a rate
lower than the frequency of the population oscillation, and their action potentials were
phase locked to the negative phase of the simultaneously recorded oscillatory field po-
tentials. In contrast, interneurons discharged at population frequency during the field
oscillations. Thus, synchronous output of cooperating CA1 pyramidal cells may serve to
induce synaptic enhancement in target structures of the hippocampus.

Much of what is known about the physio-
logical function of the hippocampus is
based on in vivo and in vitro studies of
sequentially analyzed single neurons (1, 2).
Although it has long been believed that the
computational power of complex neuronal
networks cannot be recognized by the prop-
erties of single cells alone (3), experimental
access to the emergent properties of coop-
erating hippocampal neurons has been dif-
ficult. Direct investigation of the time-
varying organization of neuronal popula-

G. Buzséki, Z. Horvath, R. Urioste, Center for Molec-
ular and Behavioral Neuroscience, Rutgers University,
197 University Avenue, Newark, NJ 07102.

J. Hetke and K. Wise, Center for Integrated Sensors
and Circuits, University of Michigan, Ann Arbor, Ml
48109.

*To whom correspondence should be addressed.

tions requires the simultaneous observation
of many individual neurons in the awake
animal (4). Using silicon multichannel re-
cording arrays (5), we report here the phys-
iological details of a high-frequency oscilla-
tion of the hippocampal CAl neuronal
network that is a specific product of cellular
cooperativity.

The data analyzed in this study were
recorded from 19 adult male rats. Local field
potentials and unit activity were recorded
by multichannel microprobes (5, 6) in the
rat during spontaneous behaviors and sleep
(7). The oscillatory behavior of the record-
ed cell populations and local field potentials
was determined by the periodic modulation
of the auto- and cross-correlograms (8).

Local field potentials in the CA1 strata
pyramidale and radiatum were related to cel-
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lular firing during awake immobility (Fig. 1).
Sharp waves in the stratum radiatum of the
CALl network reflect depolarization of the
apical dendrites of pyramidal cells by the
Schaffer collaterals, which is a result of the
synchronous bursting of CA3 pyramidal cells
(9, 10). In conjunction with the stratum
radiatum sharp waves, fast field oscillations
were present in the CA1 pyramidal layer (1,
9, 10). The spindle-shaped oscillatory pattern
consisted of 5 to 15 sinusoid waves with
200-Hz intraburst frequency. Neuronal dis-
charges most often occurred during the local
field oscillations. Isolated pyramidal cells usu-
ally fired a single action potential during the
field oscillations but occasionally fired a burst
of two to three spikes (11). The probability of
spike bursts (complex spikes) was three to
eight times higher during the fast field oscil-
lations than during comparable time periods
in their absence.

The laminar distribution of the fast field
oscillations was determined by advancing lin-
ear arrays of electrodes (6) perpendicular to
the CA1 pyramidal layer. Amplitude maxima
of the fast field oscillations were found in the
pyramidal layer (0.2 to 1 mV), and the
polarity of the signal reversed in phase about
100 pm below the pyramidal layer, which
suggests that the main current source of the
extracellularly recorded fast field oscillations is
the cell bodies of pyramidal cells.

Typically, less than 15% of the recorded
neurons were active during a single oscilla-
tory epoch. When discharges of all neurons

1 Hzto 10 kHz

500 Hz to 10 kHz

100 to 400 Hz

110 50 Hz

100 ms l

Fig. 1. Fast field oscillation in the CA1 region of
the dorsal hippocampus. Simultaneous record-
ings from the CA1 pyramidal layer (electrode 1)
and stratum radiatum (electrode 2). Uppermost
trace of electrode 1 is wide-band recording (1
Hz to 10 kHz). Second and third traces are
digitally filtered derivatives of the wide-band
trace (unit activity 500 Hz to 10 kHz and fast
field oscillation (100 to 400 Hz). Note simulta-
neous occurrence of fast field oscillations, unit
discharges, and sharp wave (electrode 2).
Electrode 2 was 200 pm below the pyramidal
layer. Calibrations: 0.5 mV (trace 1), 0.25 mV
(traces 2 and 3), and 1.0 mV (trace 4).
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