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dictions must await the crystallization and structural resolution
of these membrane proteins. [
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WHEN an action potential reaches a synaptic terminal, fusion of
a transmitter-containing vesicle with the presynaptic membrane
occurs with a probability (p,) of less than one'. Despite the funda-
mental importance of this parameter, p, has not been directly
measured in the central nervous system. Here we describe a novel
approach to determine p,, monitoring the decrement of NMDA
(/V-methyl-p-aspartate)-receptor mediated synaptic currents in the
presence of the use-dependent channel blocker MK-801 (ref. 2). On
a single postsynaptic CA1 hippocampal slice neuron, two classes of
synapses with a sixfold difference in p, are resolved. Synapses with
low p, contribute to over half of transmission and are more sensitive
to drugs enhancing transmitter release. Switching between these
two classes of synapses provides the potential for large changes in
synaptic efficacy and could underlie forms of activity-dependent
plasticity.
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To determine the probability of release (p,) at a central gluta-
matergic synapse, we monitored the decrement of elicited
NMDA-mediated transmission as a function of repeated trials
in the presence of MK-801. Because MK-801 is an irreversible
NMDA-channel open channel blocker?, only those receptors on
synapses that release transmitter can be blocked, preventing their
participation in subsequent transmission. Intuitively, if p, is high,
a large fraction of available synapses will be eliminated with
each trial, and transmission will decay quickly. If p, is low, then
a small fraction of synapses will be eliminated with each trial,
and transmission will decay slowly.

The relation between the amplitude of NMDA-mediated
e.p.s.cs for consecutive trials in the presence of MK-801 is given
by

R(t+1)=R(1)x (1—F) (1)

where R(?) is the synaptic response for the tth trial; and F, the
fraction of NMDA channels blocked by MK-801 in one trial
out of all available NMDA channels, is calculated from

F=p:xp.xFB 2

where, FB=fraction of NMDA channels blocked by MK-801
at a synapse that releases transmitter; p, = probability that a
terminal receiving an action potential will release transmitter;
pr=the probability that a fibre stimulated with an extracellular
electrode fires an action potential that is conducted to a synaptic
terminal.

In MK-801, the predicted decrement in transmission is given
by solving difference equation (1):

R(t)=Roexp(—1t/7)

where 7=—1/In(1—F) and R, is the initial response in MK-
801. Thus, from equation (2)

_l—exp(=1/7) 1
pexFB  tXpxFB

Therefore if 7, pr and FB are measured, then the probability of
transmitter release, p,, can be determined.

Stable NMDA-mediated synaptic responses between Schaffer
collateral/commissural fibres and CAl neurons were recorded
in hippocampal slices in the presence of the @-amino-3-hydroxy-
5-methyl-4-isoxazolepropionate (AMPA)-receptor blocker 6-
cyano-7-nitroquinoxaline-2,3-dione (CNQX; Fig. 1). In MK-
801, individual NMDA-mediated e.p.s.cs decayed more rapidly
with little effect on the initial slope of the response (Fig. 1B; ref.
4), confirming the open-channel blocking nature of the drug.
With continued stimulation, the peak amplitude progressively
diminished (Fig. 14) without changes in response kinetics (Fig.
1C, b, ¢). This argues against an increase in MK-801 concentra-
tion at the synapse after the initial response in the drug and
against poor voltage control of NMDA-mediated currents at the
subsynaptic membrane. Halting stimulation for 10-30 min after
partial or total inhibition of transmission by MK-801 yielded
no recovery of the response (n=3; data not shown), supporting
the irreversibility of channel block.

Equation (3) predicts that p, is inversely related to 7. We
tested this directly by examining the effect of extracellular Cd>*
(which blocks presynaptic calcium channels) on the decrement
of transmission produced by MK-801 (Fig. 1D). In MK-801,
transmission decayed more slowly in the presence of Cd** (n=
4) than in its absence (n=9; Fig. 1D, E)

To estimate p;, we used the voltage-dependent Na* channel
open-channel blocker QX-314 (ref. 5). Extracellular application
of this drug produced a use-dependent slowing of action poten-
tial conduction (n=35, Fig. 24). To estimate pr of a population
of fibres, antidromic responses were recorded simultaneously
from a single CA3 cell and from the surrounding population
(Fig. 2B). With repeated stimuli, the same fractional change in
conduction velocity was noted in the population as in the indi-
vidual cell that fired every trial (Fig. 2B, C; n=3). This indicates

ifris >5 (3)

r
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FIG.1 Decay of NMDA-mediated responses in the presence of the open-
channel blocker MK-801. A, top, Normalized peak amplitude of synaptic
NMDA currents (empty circles) measured at ~10 mV plotted versus
stimulus trials. MK-801 (40 uM) was applied where indicated followed
by interruption of stimuli for 10 min. In paraliel experiments without
MK-801, the stability of transmission was affected little by a 10 min
interruption of afferent stimulation (N=7). Least-square fit (dashed line)
of the decrement of transmission in MK-801 to the sum of 2 exponen-
tials gives time constants 7, = 5.3 trials (79%) and 7,= 59 trials (21%).
Normalized peak amplitude of responses (filled circles) to brief (2 ms)
application of glutamate (1 mM) in the presence of MK-801 (40 uM)
and CNQX (4 puM) from a different cell overlaid for comparison. Response
decrement was fitted well by a single exponential (solid line, t=5.0
trials). Inset, Expanded view of response decrement plotted on a logar-
ithmic scale. Bottom, Series resistance plotted versus stimulus number.
B, Ensemble averages of 30 (a) and 2 (b) consecutive e.p.s.cs recorded
before and after MK-801 application (epochs indicated in A). C, Ensem-
ble averages of 2 (b) and 30 (c) consecutive e.p.s.cs obtained where
indicated in A scaled to match peak amplitude. Note close kinetic
agreement of normalized traces. Experiments in which the later e.p.s.cs
decayed faster than early e.p.s.cs were not further analysed. D, Peak
amplitude of synaptic NMDA currents plotted versus stimulus trial for an
experiment with no Cd®>* (empty circles) and 2 uM Cd?* (filled circles)
included in superfusate. Cd®>* inhibited transmission by 66% (not
shown). 40 uM MK-801 produced a slower decrement of transmission
in experiment with Cd®", with greater effect on the initial fast decre-
ment. E, Plot of trials required for peak amplitude of NMDA mediated
e.p.s.c. to decay to 50% of initial value in MK-801 versus concentration
of MK-801 for experiments in 2 uM cadmium (filled triangles) and no
cadmium (empty triangles).

METHODS. Transverse hippocampal slices were prepared from 11-19-
day-old rats and whole-cell recordings were obtained as previously
described?. NMDA currents were isolated by addition of 3-10 uM CNQX
(RBI) and 100 pM picrotoxin (Sigma) to the bath. Transmission was
elicited (0.1 Hz) with a stimulating electrode placed in the CA1 stratum
radiatum. Responses to agonist were elicited by injecting (Picosprizter,
General Valve; 2 ms, 20 p.s.i.) glutamate (1 mM) through a patch pipette
placed in stratum radiatum. Input (100-300 MQ)) and series
(3.5-10 MQ) resistances were monitored throughout an experiment (A).
If series resistance deviated more than 30% during an experiment, the
experiment was removed from analysis. The decrement of transmission
as a function of trials (t) after MK-801 (RBI) application was fit (least-
squares, MicroCal Origin) to the function y(t)=Aiexp(—t/r,)+

Asexp (—t/72)+y, allowing A1, Az, 71 and 7, to vary.
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that fibres contributing to the population response also fired
with pe~1.

To obtain a simple and direct measurement of FB, we moni-
tored the decrement of NMDA-mediated responses to pressure-
applied glutamate in the presence of MK-801 (Fig. 14). In
40 uM MK-801 the decrement was fitted well by a monoexpon-
ential function with time constant 7=4.0+0.8 (n=6), which

FIG. 2 Fibres excited with an extracellular stimulating electrode fire with
high probability. A, Plot of change in conduction time versus time for
an antidromically activated population of CA3 neurons. QX-314 (RBI) is
applied to bath where indicated. Note no increase in conduction time
in the absence of stimuli demonstrating a use-dependent block. Inset,
Average of 5 sweeps obtained at times indicated on plot. Arrow indi-
cates stimulus artefact; asterisks indicate peak of antidromic response.
B, Antidromic responses from a single CA3 cell (celi-attached patch,
top) and a nearby population of CA3 cells (field electrode, bottom)
obtained at time indicated on graph in C. Calibration bars: top 4 ms,
20 pA; bottom 4.75 ms, 1.25 mV. Note similar change in relative con-
duction time in the individual cell as in the population of cells. C, Plot
of conduction time measured in a single fibre (top) and in the population
of cells (bottom). Drug is applied where indicated. The change in con-
duction time in the single fibre versus that of the population correlate
(least squares linear regression) with slope of 1 indicating that the
population of cells is affected by QX-314 as much as a single fibre that
fires every time. Perfusate contained 10 uM CNQX, 80 uM MK-801 and
10 uM 2-chloro-adenosine (Sigma) to block synaptic transmission.
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FIG. 3 Fraction of NMDA receptors blocked by MK-801 during an
e.p.s.c. (FB) calculated with two methods. A, e.p.s.cs recorded before
(a, average of 30 traces) and during (b, average of the first 2 traces)
application of 40 pM MK-801. In the absence of MK-801, e.p.s.cs
(10%-90% rise time=12.4+1.6 ms; biexponential decay with 7,=
55.7+3.2 and 1,=225+16; N=13) resembled currents resulting
from application of saturating concentrations of glutamate to mem-
brane patches®®'*. Percentage of total charge (integrated current)
transferred during synaptic response in MK-801 (filled circles). Time for
60% of charge to be transferred (teos, =41 ms) indicated by dashed
line. In membrane patch studies® a similar teg, is observed if [MK-
801]=3-10 uM and 40-65% of patch channels are blocked. The lipo-
philicity of MK-801 may explain the apparent 4-10-fold difference
between drug concentration in the bath and that inferred to be at the
synapse. Records are from same experiment as in Fig. 1B. B, Reaction
scheme used to model opening and blocking of synaptic NMDA
receptors’® C, e.p.s.c. averages (dots) in the absence and presence
of MK-801, with least-squared fits (solid line) obtained using reaction
scheme in B. D, e.p.s.c. averages (dots) overlaid with least-square fits
(solid line) with Popen = Kpo/ (Kob + Kpo) cONstrained to 0.05. This value for
Popen, Suggested by other studies>*®, is lower than the value from our
unconstrained simulations (Popen=0.31 +£.05; N=13). Note the poor fit
to e.p.s.c. in MK-801 with such constraints. In addition a 300% increase
in receptor number was required (experiment N19T02). A heterogeneity
in FB sufficient to account for 7,/7,4 (see text) is inconsistent with several
lines of evidence. First, the time course of synaptic responses (as can
be measured by tgo0,) was similar for all trials after application of MK-
801 (Fig. 1C). For different concentrations of MK-801, tgow=
1.6 X FB+intercept (n=13). Thus, a sixfold difference in blocking rate
(necessary to explain r/741) would show up as a 10-fold increase in
tsoes Which is not seen. Second, differential binding of agonist (such
as non-homogeneous exposure of agonist to channels or homogenous
exposure to channels with different agonist affinities) is not consistent
with the data obtained with Cd”*. Addition of extracellular Cd** prim-
arily slowed the faster decrement, 3 (ro/71=2.7+1.1 in Cd**, n=4;
72/71=5.8+0.9 in no Cd?*, n=9; P<0.05; Fig. 1D). If T, corresponds
to the population of receptors with lower binding efficacy one wouid
predict a similar or greater effect of Cd®>" on this component of trans-
mission. And finally, the monoexponential decrement of responses to
exogenously applied glutamate argues against heterogeneity of receptor
binding, opening or blocking rates, although admittedly, the temporal
and spatial agonist concentration profile or receptors recruited with
such application may not faithfully reflect synaptic transmission. We
note that if a single vesicle does not saturate all NMDA receptors, our
estimate of p, may be low.

METHODS. In simulations, a brief puise of transmitter was delivered
and model parameters were adjusted to fit optimally synaptic currents
recorded with no MK-801 using a least-squares fitting procedure in the
SCoPfit program (Simulation Resources). With these parameters fixed,
blocking rate and receptor number were allowed to vary to fit optimally
e.p.s.c. in MK-801. With such a procedure, changes in receptor number

implies (from equation (3)) FB=25+6%. But spatial-temporal
agonist concentration profiles or the receptor pools activated
may differ for synaptic and exogenously applied transmitter.
Thus, two other independent methods were used to determine
FB. One method uses the observation that the fraction of
NMDA channels on isolated membrane patches blocked by
MK-801 during a single brief application of glutamate is related
to the time required for 60% of the charge to be transferred, feov
(ref. 3; Fig. 3 legend). In hippocampal slices with 40 pM MK-
801, tepe, =65+8 ms (n=6, Fig. 34) implying (from ref. 3) that
about 40-50% of channels at synapses that release transmitter
are blocked (Fig. 3 legend). For a third independent estimate of
FB, we used a kinetic model that accounts for the macroscopic
behaviour of NMDA currents from isolated patches and from
synapses of cultured neurons (Fig. 3B, refs 6-8). Least-squares
fits of this model to experimental e.p.s.cs in the absence and
presence of 40 uyM MK-801 (Fig. 3C) yielded a value of FB=
30+ 8% (rn=26), generally in agreement with the values for FB
obtained above.

To calculate 7, the decrement of peak e.p.s.c. amplitude pro-
duced by MK-801 was fitted to exponential functions (Fig. 1
legend). In general (8 of 9 experiments), the decrement over
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% charge transfer

kub kbo kobl|

DB OPEN—>BLOCKED

control

PO constrained to 0.05

(reflecting variations in transmission during the 10 min interruption)
were minimal (—7+5%; N=13) Glutamate binding rate was con-
strained to a previously estimated value (5 pM“is‘1 ref. 14), and
blocking rate, ko, was set to O in fits to currents recorded in no MK-
801. State and rate constant abbreviations along with values obtained
in no MK-801 (N=13): UB, unbound; SB, single bound; DB, double
bound; DESENS, desensitized; k.., binding rate; ky,, unbinding rate
(9.5+0.6); kno, Opening rate (25 +1.5); kop, closing rate (59 £5); kuq,
desensitization rate (16 +1.7); kgn, resensitization rate (13 +1.2); koo,

block rate. Units of k, are pM~*s ~* and of all other rates are s ™.

trials (¢) could be best fitted by the sum of two exponentials,
Ay exp (/1)) + A exp (¢/1,) with 45/(A4, + 4,)=0.54+£0.05 and
7,/7T1=6.4+0.7 (N=8; Fig. 14). This biexponential decrement
indicates heterogeneity in p;, FB and/or p,. To account for the
observed A4,/(A4;+ A4,) and t,/7, with multiple values of ps,
approximately 85% of axons must have a p¢<0.15, which is
inconsistent with the results in Fig 2. A heterogeneity of FB
would require receptors that are differentially blocked by MK-
801, those with greater FB being removed from transmission
earlier. Such heterogeneity is not supported by (1) the similar
response kinetics throughout the block (Fig. 1C and Fig. 3
legend); (2) the observation that Cd*>™ differentially affects the
two components of the biexponential decrement (Fig. 1D and
Fig. 3 legend); or (3) the monoexponential decrement of
responses to brief exogenous application of glutamate in the
presence of MK-801. Thus our data argue against heterogeneity
in p; or FB, suggesting that there are two populations of synapses
with high and low p,. For each of the eight experiments showing
a biexponential decrement of transmission in MK-801, 7, and
7, were computed together with FB (using the kinetic model)
allowing calculation of high p,=0.37+0.04 and low p,=
0.06+0.01.
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FIG. 4 Synapses with low probability of release are more sensitive to
drugs enhancing release. A, Peak NMDA synaptic currents in 4 pM
CNQX plotted versus time for two inputs onto a single neuron, normal-
ized to current amplitude at time a. After addition of MK-801, one
pathway (empty circles) was stimulated 60 times (0.1 Hz), the other
pathway (filled circles) was stimulated 3 times (0.1 Hz). Addition of SPT
(10 uM, RBI) to disinhibit transmission by blocking presynaptic adenos-
ine receptors, produces a larger enhancement in the pathway retaining
primarily low p, synapses (empty circles). B, e.p.s.c. averages obtained
where indicated on graph from two inputs (empty and filled circles).

To test further for synapses with differing p,, we designed an
experiment to isolate these two populations and examined the
effect of drugs that act presynaptically. We reasoned that syn-
apses with a lower p, should be affected more by manipulations
that increase release”''. Synapses with a low p, were partiaily
isolated by stimulating afferent inputs repeatedly (more than 40
times at 0.1 Hz) in the presence of MK-801 (Fig. 44). This
would be expected to remove predominantly synapses with a
higher p.. Another input to the cell, stimulated for only a few
trials in MK-801, would be expected to retain both high and low
p. synapses. Bath application of agents acting presynaptically
produced a greater enhancement in the pathway that had been
repeatedly stimulated in MK-801 (Fig. 44, B). The enhancement
was 37+4% greater with 8-(p-sulphophenyl)theophylline
(10-20 pM, n=4, P<0.05, paired ¢-test), and 90+ 10% greater
with 4-amino-pyridine (60 uM, n=3, P<0.05 paired z-test).
These results provide additional support to the view that there
are separable populations of synapses with high and low prob-
ability of release'®’.

We have found evidence for two classes of central excitatory

synapses with a sixfold difference in the probability of release.
Because they contribute about equally to transmission, if the
quantal size of the two classes is similar then 85% of these syn-
apses have a low p,. Although it is surprising that most synapses
appear to be virtually silent, such synapses may transmit prim-
arily in physiological conditions increasing release such as during
bursts of presynaptic activity (as occurs with sensory stimuli) or
after local secretion of modulators. Conversion of synapses from
low to high p, (as possibly by induction of long-term potentia-
tion) may render these synapses capable of recreating sensory
traces in the absence of externally driven bursts.
Note added in proof: A preliminary report'® published after this
study was initiated and a more complete report™ published since
its completion used similar techniques to investigate cultured
hippocampal autapses and reached conclusions generally in
agreement with those presented here.
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ELucDATION of the reactions responsible for the calcium-regulated
fusion of secretory granules with the plasma membrane in secretory
cells would be facilitated by the identification of participant pro-
teins having known biochemical activities. The successful charac-
terization of cytosolic' and vesicle*” proteins that may function
in calcium-regulated secretion has not yet revealed the molecular
events underlying this process. Regulated secretion consists of
sequential priming and triggering steps which depend on ATP and
Ca’", respectively, and require distinct cytosolic proteins®. Char-
acterization of priming-specific factors (PEP proteins) should
enable the ATP-requiring reactions to be identified. Here we show
that one of the mammalian priming factors (PEP3) is identical to
phosphatidylinositol transfer protein (PITP)’. The physiological
role of PITP was previously unknown. We also find that SEC14p,
the yeast phosphatidylinositol transfer protein which is essential
for constitutive secretion®'®, can substitute for PEP3/PITP in
priming. Our results indicate that a role for phospholipid transfer
proteins is conserved in the constitutive and regulated secretory
pathways.

The ATP-dependent priming of Ca®* -activated noradrenaline
secretion from permeable PC12 cells was previously found to
require proteins present in rat brain cytosol®. Gel filtration of rat
brain cytosol revealed three size classes of factors with priming
activity (ref. 6, and Fig. 15). These PEP factors (for priming in
exocytosis proteins) had apparent molecular masses of
~ 500,000 (500K) (PEP1), ~120K (PEP2), and ~20K (PEP3).
In cytosol from rat liver, only the smallest factor, PEP3, was
detectable (not shown); we used this cytosol to purify PEP3 as
a 32K protein (Fig. 2b and d). The amino-terminal sequence
of the purified PEP3 was VLLKEYRVILPVSVDEYQVG-
QLYSVA, which is identical to residues 2-27 of the 32K protein
predicted from a rat brain complementary DNA encoding
PITP''. PITP was originally identified by its ability to transfer

1 To whom correspondence should be addressed.
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