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The Time Course of Glutamate 
in the Synaptic Cleft 

John D. Clernents,* Robin A. J. Lester,t Gang Tong, 
Craig E. Jahr, Gary L. Westbrook 

The peak concentration and rate of clearance of neurotransmitter from the synaptic cleft 
are important determinants of synaptic function, yet the neurotransmitter concentration 
time course is unknown adsynapses in the brain. The time course of free glutamate in the 
cleft was estimated by kinetic analysis of the displacement of a rapidly dissociating com-
petitive antagonist from N-methyl-D-aspartate(NMDA) receptors during synaptic trans-
mission. Glutamate peaked at 1.1 millimolar and decayed with a time constant of 1.2 
milliseconds at cultured hippocampal synapses. This time course implies that transmitter 
saturates postsynaptic NMDA receptors. However, glutamate dissociates much more 
rapidly from a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors. 
Thus, the time course of free glutamate predicts that dissociation contributes to the decay 
of the AMPA receptor-mediated postsynaptic current. 

T h e  time course of neurotransmitter in the 
synaptic cleft has not been directly mea-
sured. A t  the frog neuromuscular junction, 
the time course of free acetylcholine (ACh) 
has been estimated from the shape of min-
iature end-plate currents ( I)  and is brief, 
principally due to rapid hydrolysis of A C h  
by acetylcholinesterase (2). Central gluta-
mate-mediated synapses differ from the neu-
romuscular junction in that transmitter 
clearance depends on  diffi~sion and re-
~ ~ p t a k erather than enzymatic breakdown 
(3). Central synapses also differ in their 
morphology (4, 5) and quanta1 characteris-
tics of transmitter release (6, 7). The time 
course of free glutamate at hippocampal 
synapses must account for both fast and slow 
excitatory postsynaptic currents (EPSCs) 
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mediated by co-localized AMPA and 
NMDA receptors (8). Although transmitter 
clearance is not the rate-limiting factor for 
the NMDA receptor-mediated EPSC (9), 
rapid desensitization of AMPA receptors 
(10)could mask the uersistence of free trans-
mitter. A detailed understanding of trans-
mission at these synapses requires knowledge 
of the tlme course of glutamate in the cleft. 

We estimated the concentration time 
course of free glutamate in the cleft by 
measuring the noneq~lilibriumreduction of 
NMDA receptor-mediated EPSCs pro-
duced by the rapidly dissociating antagonist 
D-aminoadipate (D-AA) (I I). This antag-
onist is expected to reduce transmission by 
an amount proportional to its eq~lilibrium 
occupancy of the postsynaptic receptors, 
less an amount due to glutamate displace-
ment of D-AA on some receptors. The 
longer that transmitter is present, the more 
D-AA will be replaced by glutamate. This 
process provides a means to estimate the 
peak concentration and duration of trans-
mitter at the postsynaptic membrane. T o  
determine the transmitter time course by 
this method. several Darameters must be 
known. These include the number of ago-
nist and antagonist binding sites per recep-
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tor, the equilibrium dissociation constants 
(Kd's), and binding and unbinding rates of 
glutamate and D-AA. 

Parallel experiments were conducted 
with the high-affinity NMDA-receptor an-
tagonist D-carboxypiperazin-propyl-phos-
phonic acid (D-CPP), which has relatively 
slow binding and unbinding rates (12). 
Because of these slow rates, its receptor 
occupancy should not deviate significantly 
from equilibrium, on the assumption that 
transmitter is cleared within 10 to 20 ms. In 
whole-cell recording from cultured hippo-
campal neurons (13), long pulses (5 s) of 
D-AA (100 pM) or D-CPP (1 p,M) in the 
continuous presence of NMDA (10 p,M) 
were approximately equipotent (74 k 3% 
inhibition by D-AA and 71 + 3% inhibi-
tion by D-CPP, mean + SEM, n = 4) (Fig. 
1A). The  block and recovery rates were 
much slower for D-CPP, reflecting its slow 
binding and unbinding rates. This result 
suggests that D-AA and D-CPP at the 
above concentrations should be equipotent 
in  blocking synaptic transmission only if 
transmitter is present for a period much less 
than the unbinding rate of D-AA. Howev-
er, they were not equipotent at blocking 
NMDA receptor-mediated EPSCs (Fig. 
1B) (14). Although D-CPP reduced EPSCs 
by 88 + 0.5% (n = 4), close to the block 
predicted if the transmitter pulse produced 

no antagonist displacement (-90%), 
D-AA reduced the same EPSCs by 78 & 

1% (n = 4), much less than the predicted 
block and significantly less than D-CPP (P 
< 0.01, paired t test). Similar results were 
obtained at other D-AA and D-CPP con-
centrations (n = 12), and in every case 
D-AA was less effective at blocking synap-
tic transmission than predicted from its 
equilibrium block of NMDA current. These 
results suggest that transmitter is present in  
the synaptic cleft for a sufficiently long time 
at a sufficiently high concentration to dis-
place some of the D-AA from the NMDA 
receptors. However, it is not present long 
enough to displace the more slowly dissoci-
ating D-CPP. 

The displacement of antagonist by trans-
mitter is affected by the stoichiometry of 
antagonist binding to the NMDA receptor-
channel complex. There are two glutamate 
binding sites per NMDA channel (15, 16), 
but it has been suggested that there is only 
one "antagonist-preferring" site per chan-
nel (17). T o  confirm the presence of two 
antagonist binding sites as suggested by 
whole-cell s t ~ ~ d i e s(16), the percentage of 
channels that bind D-CPP was probed with 
a brief p~llse(4 ms) of a saturating concen-
tration of NMDA (1 mM) applied to an 
outside-out membrane patch (18) (Fig. 
1C). Because the dissociation rate, kc,,,, for 

EPSC 
w 

v Antagonist (pM) 

Fig. 1. (A) Equilibrium inhibition. A 15-s pulse of NMDA (10 pM) was applied to a cultured 
hippocampal neuron in whole-cell voltage-clamp configuration.The competitive antagonists D-CPP 
(1 pM, thin line) or D-AA (100 pM, thick line) were applied for 5 s in the continuous presence of 
NMDA. (B) Nonequilibrium inhibition. NMDA receptor-mediated EPSCs were recorded between 
pairs of cultured hippocampal neurons under control conditions and in the presence of D-CPP (1 
pM, upper thin line) or D-AA (100 pM, thick line);control, lower thin line. (C)The ensemble average 
current recorded in an outside-out patch in response to a brief pulse (5ms) of NMDA (1 mM) under 
control conditions and after preequilibration with D-CPP (400 nM, smaller amplitude response); 
control, greater amplitude response. (D) Normalized NMDA receptor-mediated EPSC amplitude as 
a function of competitive antagonist concentration. Average results are shown for D-CPP (open 
circles) and D-AA (filled circles). The dose-response curves predicted by a two-site equilibrium 
binding model that assumes the transmitter pulse produced no antagonist displacement are shown, 
with assumed K,'s of 400 nM for D-CPP and 30 pM for D-AA (lines). 

D-CPP is slow (1.1 s-') (12), a 4-ms 
NMDA pulse should displace virtually no 
D-CPP. If only one antagonist binding site 
is available per channel, then 50% of the 
channels will be occupied at the dissocia-
tion constant, Kd. However, if two sites are 
available, then antagonist will bind to 75% 
of the channels (50% with one site and 
25% with both sites occupied). Preequili-
bration with D-CPP at its Kd (400 nM) (12, 
16) reduced the response to NMDA by 72 
2 2% (n = 6) (Fig. lC) ,  a result consistent 
with two antagonist binding sites per chan-
nel. T o  measure the Kd of D-AA, we 
recorded whole-cell currents produced by 
NMDA (10 to 3000 pM) under control 
conditions and in the presence of D-AA 
(20 to 1000 p,M) (n = 16 cells). The Kd for 
D-AA estimated from dose-response curve 
fitting (12) and dose ratio analysis ranged 
from 20 to 40 p,M. Thus a Kd of 30 p M  was 
chosen for the subsequent analysis. This is 
higher than the Kd estimated from displace-
ment of [3H]D-AP5binding (13 pM) (19) 
but consistent with an estimate from inhi-
bition of NMDA-evoked responses in frog 
spinal cord (36 p,M) (20). 

NMDA receptor-mediated EPSCs were 
recorded at a series of concentrations of 
D-AA and D-CPP. The inhibition of 
EPSCs by D-AA was compared to the 
dose-response curves predicted by a two-site 
equilibrium binding model where the trans-
mitter pulse produces no antagonist dis-
placement (Fig. ID). The predicted curves 
used a Kd of 400 nM for D-CPP and a Kd of 
30 p M  for D-AA. The inhibition of the 
EPSC by D-CPP is consistent with the 
predicted eq~~ilibriumblock, but D-AA dif-
fers systematically and significantly, consis-
tent with nonequilibri~~mdisplacement of 
D-AA by glutamate after synaptic release. 
This discrepancy could not be explained by 
an inaccurate estimate of the Kd for D-AA 
because a value of -85 p,M would be 
necessary to fit the EPSC inhibition curve. 
The difference between predicted and ob-
served inhibition curves provides the basis 
for estitnation of the transmitter-concentra-
tion time course if the binding and ~lnbind-
ing rates for glutamate and D-AA are 
known. 

Binding and unbinding rates estimated 
for glutamate (15) are 5 pM-I S-I (k,,,) 
and 5 s-' (k,,,). To determine the binding 
rate of D-AA, we compared the response 
evoked by a very brief pulse (1 to 2 ms) of 
glutamate plus D-AA (both at 2 mM) to 
the response produced by glutamate alone 
(2 mM) on the same outside-out patch (Fig. 
2A). Brief pulses were used to minimize the 
opportunity for D-AA to unbind and be 
replaced by glutamate. If no replacement 
occurs and glutamate and D-AA have iden-
tical binding rates, then 50% of the recep-
tors will bind each drug and a response 
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amplitude equal to 25% of control is ex-
pected. The measured response was only 
18% of control, which implies that k,, is 
faster for D-AA than for glutamate. After 
correcting for the small amount of D-AA 
unbinding that occurs during the pulse, we 
calculated the D-AA binding rate at 8.1 & 

0.5 p,M-' s-' (n = 21). Measurement of 
the D-AA unbinding rate was conducted by 
the application of pulses (1 to 45 ms) of 
glutamate (5 mM) to outside-out patches in 
the continuous presence of saturating con-
centrations of D-AA (200 p,M) (Fig. 2B). 
As expected, increases in glutamate pulse 
length reduced the effectiveness of D-AA-
in blocking the response. Also, preequili-
bration with D-AA slowed the rise of the 
response to glutamate pulses >10 ms. The 
responses to 45-ms glutamate pulses were 
optimally fitted with a kinetic model (21, 
22). For eight patches, the D-AA unbind-
ing rate was 160 * 15 s-'.-

Having determined the necessary kinet-
ic Darameters, we used the reduction of 
synaptic transmission by D-AA to estimate 
the time course of glutamate in the synaptic 
cleft. A model incorporating binding and 
unbinding rates for D-AA (23) and gluta-
mate (Fig. 3A) was used to calculate the 
response to a simulated synaptic pulse of 
glutamate. The pulse had an instantaneous 
rise and an exponential decay. The simu-
lated resDonse was also calculated for a 
range of D-AA concentrations. The peak 
elutamate concentration and the decav-
time constant were systematically varied 
until the best fit between the simulated and 
measured synaptic dose-response curves was 
reached (24). An optimal fit was obtained 
with a glutamateconcentration that peaked at 
1.1 mM and decayed with a time constant of 
1.2 ms. Figure 3B shows the optimally fitted 
D-AA dose-responsecurve (dashed line) with 
the EPSC amplitudes from Fig. ID (circles). 
The model provides an adequate fit to the 

Fig. 2. (A) Ensemble average current i r ~re-
sponse to brief (2 ms) pulses of glutamate 
alone (left,2 mM) or glutamate plus D-AA (right, 
both 2 mM). The amplitude of the glutamate 
plus D-AA response was normalized relative to 
the amplitude of the glutamate response and 
results from 21 patches are summarized in the 
inset histogram. (8) Ensemble average current 
recorded in an outside-out patch in response to 
brief pulses (1 ms, top line; 2.5 ms, second line; 
10 ms, third line; 45 ms, bottom line) of gluta-
mate (5 mM) in the continuous presence of 
D-AA (200 pM). The response of the same 
patch to a 45-ms pulse of glutamate in the 
absence of D-AA is aiso shown (dots). Ensem-
ble averages were constructed from interleaved 
pulse lengths to obviate the effects of rundown 
that occurred in some patches. 

experimental observations at all D-AA con-
centrations. The optimal transmitter time 
course and the simulated NMDA receptor-
mediated EPSC that it produces are shown in 
Fig. 3C. The 10 to 90% rise time of the 
simulated EPSC was 7.9 ms, virtually identi-
cal to that measured for NMDA receptor-
mediated EPSCs (7.7 ms) (9). 

These results provide a direct experi-
mental estimate of the time course of glu-
tamate in the synaptic cleft. This quantita-
tive estimate relies on a kinetic model that 
incorporates several experimentally esti-
mated affinities and rate constants. The 
effect of uncertainties in these parameters 
on the derived time course was investigat-
ed. Variation of the K, of D-AA over the 
range of 20 to 40 p,M resulted in almost no 
change in the peak concentration estimate 
of 1.1 mM but produced a range of decay 
time-constant estimates from 0.95 to 1.8 
ms. We calculated confidence intervals for 
the two parameters by systematically setting 
model rate constants to upper and lower 
ends of the range of experimental uncer-
tainty and reestimating the transmitter time 
course. The decay time constant was much 
more sensitive to changes in model param-
eters than was the peak concentration. The 
confidence interval estimates had peak con-
centration at 1.0 to 1.5 mM and the decay 
time constant at 0.7 to 2.0 ms. 

In addition to kinetic analysis, upper and 
lower limits for transmitter time course pa-
rameters can be determined directly from the 
experimental data. For example, glutamate 
cannot be present in the cleft at concentra-
tions >1 mM for more than 100 to 200 ps 
because 1 mM D-AA is sufficient to block 
the synaptic response (Fig. 3B). It must be 
present at concentrations >I00 pM for 
more than 1 ms because of the deviation 
from the equilibrium dose-response curve 
(Fig. 3B). The concentration cannot be 
greater than 50 pM for more than 5 ms, 

otherwise the rise time of the synaptic cur-
rent would be slowed by several milliseconds 
in the presence of D-AA. However, the 20 
to 80% rise time was not significantlyslower 
in 100 or 200 pM D-AA (4.8 2 0.5 ms, n = 
7) compared to control (4.0 & 0.3 ms, P > 
0.05, paired t test). 

Our estimate of transmitter time course is 
compatible with the dimensions of the syn-
aptic cleft. A synaptic vesicle at an excitato-
ry synapse has an average diameter of 40 nm 
(5, 25) with an estimated glutamate concen-
tration of 60 to 2 10 mM (26), and the width 
of the cleft is -20 nm (4, 5). To dilute the 
contents of a single vesicle to 1 mM would 
require a cleft diameter of 0.4 to 0.8 pm, 
which is consistent with the observed range 
(5). The size and detailed geometry of an 
individual bouton should influence peak 
transmitter concentration and time course of 
clearance. Although we did not consider 
bouton-to-bouton variations, the estimated 

CR ACR a R d  

42417 

C2R 

Fig. 3. (A) The reaction scheme used to model 
the chemical kinetic properties of the binding 
and unbinding of glutamate and D-AA on the 
NMDA receptor. Abbreviations: R, NMDA re-
ceptor; A, molecule of agonist; C, molecule of 
competitive antagonist; R * ,  open state; R,, de-
sensitized state; r,, opening rate; r,, closing 
rate; r,, desensitization rate; and r,, resensitiza-
tion rate. The binding rates (p,M-' s-') and 
unbinding rates (s-') for glutamate and D-AA 
are shown. (B) Normalized EPSC amplitude as 
af function of D-AA concentration (filled cir-
cles). The dose-response curves were predict-
ed by a two-site equilibrium binding model for a 
transmitter pulse that displaces no antagonist 
(solid line) and for an exponentially decaying 
pulse of transmitter [ I  .ImM peak, 1.2-msde-
cay time constant (dashed line)]. The K, for 
D-AA was set at 30 pM. (C) The estimated 
transmitter concentration transient (thick line), 
and the simulated NMDA receptor-mediated 
synaptic current produced by this transient 
(thin line). 
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time course represents the average for a 
synapse composed of many boutons. 

A simple diffusion model predicts that, 
after vesicle fusion, transmitter will reach the 
postsynaptic membrane in < 10 |JLS and then 
spread through the cleft in 50 to 100 |JLS (4). 
Almost no D-AA will dissociate in the first 
100 |xs, so our technique is insensitive to 
variations in transmitter concentration during 
this early phase. A small region of postsynap
tic receptors directly beneath the vesicle re
lease site will be exposed to a 10- to 50-juts 
pulse of transmitter with a peak concentration 
much greater than 1 mM. However, the 
majority of the receptors will experience a 
concentration time course similar to the one 
estimated above. A two-dimensional infinite 
disk diffusion model with no diffusion barriers 
and negligible uptake predicts that clearance 
should be roughly twice as fast as the 1.2-ms 
time constant estimated in the present study 
(4). This difference suggests that diffusion 
away from the cleft may be restricted by 
neighboring structures and makes it plausible 
that plasmalemmal glutamate transporters 
could alter the transmitter time course de
pending on their location and density. 

For both the end plate nicotinic acetyl
choline receptor and the NMDA receptor, 
the synaptic current decay reflects channel 
kinetics and is much longer than the dura
tion of free transmitter (9, 27), It has been 
suggested that rapid desensitization (time 
constant ~ 5 ms) of the AMP A channel 
determines the decay time course of fast 
synaptic currents mediated by AM PA recep
tors (10), For this suggestion to be true, 
either transmitter must remain present at 
concentrations >Kd (—250 |xM) for more 
than 5 ms or dissociation of transmitter from 
the AMPA receptor must be slow (> 10 ms). 
The results presented above suggest that 
transmitter concentration falls below 250 
|ULM in <2 ms. The low affinity of the 
AMPA receptor for glutamate and the rapid 
current decay after a brief pulse of glutamate 
to an outside-out patch (28) suggest a disso
ciation rate in the range of 1 to 5 ms. 
Together, these results suggest that transmit
ter dissociation as well as desensitization 
determines the decay of the fast EPSC. 

The receptor occupancy (degree of satu
ration) for postsynaptic NMDA receptors 
after synaptic release can be estimated from 
knowledge of transmitter time course and 
rates of binding and unbinding. Our results 
imply that 97% of NMDA channels bind 
two molecules of glutamate after release from 
a single vesicle. The glutamate binding rate 
and stoichiometry at AMPA receptors are 
not known, but their Kd at 250 |xM (29) is 
much higher than that for NMDA recep
tors. Only 60% of AMPA channels would 
bind two molecules of glutamate after syn
aptic release, with an assumed similar bind
ing rate and stoichiometry to NMDA recep

tors. Thus, variations in vesicle size, multi
vesicular release, or changes in transmitter 
clearance could alter receptor occupancy, 
leading to changes in synaptic efficacy. Such 
behavior has been observed at the neuro
muscular junction, particularly when the 
transmitter time course is prolonged by in
hibition of acetylcholinesterase (30). 
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