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NMDA Channel Behavior Depends on Agonist Affinity 
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We have compared the kinetic properties of NMDA receptor 
channels activated by exogenous agonists with those acti- 
vated synaptically. Short (4 msec) applications of L-gluta- 
mate to outside-out patches from hippocampal neurons 
evoked currents that decayed with a double exponential time 
course that was controlled by both the unbinding rate of 
agonist and receptor desensitization. Lower-affinity ago- 
nists evoked NMDA receptor-activated currents that had 
faster rates of decay and recovered from desensitization 
more quickly, consistent with the idea that agonists which 
dissociate faster allow the receptor to reach a desensitized 
state less often. Both synaptic and patch responses could 
be well fitted with a simple kinetic model comprised of two 
independent but identical binding sites, one open state, one 
closed state, and one desensitized state, all doubly ligand- 
ed. Provided that the agonist has a slow unbinding rate rel- 
ative to the rates into the open and desensitized states (e.g., 
L-glutamate), this model predicts a response with two decay 
phases and can thus account for the synaptic response. 
Since the unbinding rate is the critical determinant of the 
time course, different affinity transmitters would affect such 
properties as excitatory postsynaptic current (EPSC) du- 
ration. Of the known endogenous excitatory amino acids, 
only L-glutamate has an affinity for the NMDA receptor con- 
sistent with the time course of the EPSC recorded between 
hippocampal neurons in culture. 

At many of the excitatory synapses in the vertebrate CNS, neu- 
rotransmitter, probably L-glutamate, is released from presyn- 
aptic sites and activates two types of postsynaptic receptor chan- 
nels, NMDA receptors and AMPA (or non-NMDA) receptors 
(Mayer and Westbrook, 1987; Collingridge and Lester, 1989). 
The component of the excitatory postsynaptic current (EPSC) 
mediated by NMDA receptors has a slow onset and a very long 
decay phase relative to the AMPA component (Hestrin et al., 
1990; Lester et al., 1990; Randall et al., 1990; Keller et al., 199 1) 
even though both receptor types can be colocalized (Fagg and 
Matus, 1984) and activated by the same presynaptic event, 
quantally released transmitter (Bekkers and Stevens, 1989). The 
decay times of the two synaptic components differ more than 
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1 OO-fold and can be accounted for, to a first approximation, by 
the different affinities of the receptors for L-glutamate. The AMPA 
receptor has a relatively low affinity (Tang et al., 1989; Trussell 
and Fischbach, 1989; Patneau and Mayer, 1990), and thus will 
become unbound very quickly, while the NMDA receptor has 
a much higher affinity, resulting in prolonged binding during 
which the channel can open repeatedly; rebinding of transmitter 
is not necessary for repetitive opening (Lester et al., 1990). Thus, 
both AMPA and NMDA components of the EPSC could be 
produced by a nearly instantaneous rise and a fast decay of free 
transmitter in the synaptic cleft, not unlike that of ACh at the 
neuromuscular junction (Magleby and Stevens, 1972; Katz and 
Miledi, 1973). At a more detailed level, however, the activation 
of both channel types is complicated by desensitization (Tang 
et al., 1989; Trussell and Fischbach, 1989; Patneau and Mayer, 
1990; Sather et al., 1990). Rapid desensitization of synaptic 
receptors could not only affect the time course of the synaptic 
responses but could also result in a refractory period during 
which a subpopulation of previously activated receptors would 
not be able to respond to transmitter released by subsequent 
stimuli. 

We have combined the use of rapid application techniques 
(Franke et al., 1987; Tang et al., 1989; Trussell and Fischbach, 
1989) and patch-clamp recording (Hamill et al., 198 1) to study 
the kinetics of NMDA receptor channels in outside-out patches 
on a time scale similar to that of synaptic activation. With these 
techniques we can control parameters such as receptor satura- 
tion and ligand affinity that cannot be systematically altered at 
the synapse and can thus determine how receptor desensitization 
and transmitter affinity could affect synaptic transmission. 

Materials and Methods 
Tissue culture. Experiments were performed on hippocampal neurons 
from I-3-d-old neonatal rats maintained in primary cell culture for l- 
3 weeks, as described previously (Lester et al., 1989). 

Synaptic experiments. Whole-cell patch-clamp (Warner Instruments) 
recordings from two cells were obtained using 3-5 Ma pipettes filled 
with an internal solution containing K-gluconate, 150 mM; NaCl, 10 
mM; HEPES, 10 mM; and EGTA, 10 mM; adjusted to pH 7.4 with KOH. 
The control external solution contained NaCl, 160 mM; KCl, 3 mM; 
CaCl,, 2 mM; HEPES, 10 mM; glycine, 0.02 mM; picrotoxin, 0.05 mM; 
and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), 0.005 mM; adjust- 
ed to pH 7.4 with NaOH. Both pre- and postsynaptic neurons were 
voltage clamped. A brief (l-2 msec) voltage step from a holding potential 
of -60 mV evoked an action potential in the presynaptic cell, and the 
postsynaptic current was clamped at potentials in the range of -60 to 
-90 mV. Synaptic currents were evoked at 10 set intervals, low-pass 
filtered at 1 kHz, and digitally sampled at 2 kHz. 

Outside-out patch recordings. Outside-out patch recordings (Axo- 
patch- lC, Axon Instruments) from hippocampal neurons were obtained 
using pipettes containing Cs-gluconate or Cs-methanesulfonate, 140 mu; 
NaC!I,lO mM; HEPES,~10 n&; and EGTA, 10 mM; adjusted to pH 7.4 
with CsOH. Control external solutions contained NaCl. 160 mM: KCl. 
3 mM; HEPES, 5 mM; glycine, 0.01 mrq and CNQX, O.Od2 mrq adjusted 
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to pH 7.4 with NaOH. External Ca*+ ranged from 0 (1 mM EGTA) to 
2 mM. In the majority of experiments, @+-free medium was used to 
help prevent slow rundown of NMDA currents. External solutions were 
gravity fed into each of the two lumens of glass B-tubing (Sutter Instm- 
ments, San Rafael, CA) pulled to an overall tip diameter of about 200 
pm. The patch was positioned within 50 Km of the tip, near the interface 
formed between the continuously flowing control and drug solutions. 
The solution exchange was made by rapidly moving the solution inter- 
face across the tip of the patch pipette using a piezoelectric translator 
(Physik Instmmente, model P245.30) attached to the O-tube. Agonist 
applications were made at lo-20 set intervals. In some experiments, 
four-barreled glass tubing (Vitro Dynamics, Inc., Rockaway, NJ) was 
used instead of &tubing so that two agonists could be compared on the 
same patch. In these experiments, the concentration of Na+ and the pH 
(Tang et al., 1990; Traynelis and Cull-Candy, 1990) of the two agonist 
solutions were carefully matched. Outside-out patches were clamped at 
-60 mV, and the currents were low-pass filtered at 0.1-1.0 kHz and 
digitally sampled at 500-2000 Hz. High-purity salts were obtained from 
Aldrich (Gold label). Other chemicals were obtained from Sigma except 
for CNQX (Cambridge Research Biochemicals and Tocris) and glycine 
(BioRad). 

The speed and completeness of solution changes were routinely tested 
at the end of a recording by “blowing out” the membrane and moni- 
toring the open tip current due to differences in liquid junction potentials 
in the control and drug solutions (usually the drug solution was diluted 
with water 5O:l). These “open tip” currents (see Fig. lA, upper trace) 
are shown above the patch responses in all figures. The speed of solution 
change at the membrane was tested by switching between an external 
solution containing 160 mM NaCl to one with 80 mM NaCl (glucose 
added to maintain constant osmolality) in the continuous presence of 
L-glutamate (1 PM) and glycine (10 PM). Averages of records in which 
the switch occurred when no channels were open were subtracted from 
averages of records during which the switch occurred when a single 
channel was open. The lower record in Figure 1A illustrates this and 
reflects the change in Na+ concentration at the membrane surface. 

All experiments were performed at room temperature (25°C). 
Data analysis. The decay phases of responses were fitted with expo- 

nentials either by eye or by a least-squares fitting routine. Fits obtained 
by both methods differed insignificantly. All data are expressed as the 
mean + SEM. Statistical analysis was performed using unpaired t tests. 
Averaged outside-out patch responses and EPSCs were fitted with the 
model described in the Results using a least-squares fitting procedure 
in the SCoPfit program from the National Biomedical Simulation Re- 
source at Duke University. 

Results 
Comparison of synaptic and outside-out patch NA4DA currents 
In the presence of 2 PM CNQX and the absence of external 
MgZ+, a 4 msec application of L-glutamate (200 MM) to an out- 
side-out patch produced prolonged periods of multiple NMDA 
channel openings (Fig. lB), as previously described (Lester et 
al., 1990). The time course of the average of many single re- 
sponses was remarkably similar to the NMDA EPSC (Fig. 1 C). 
The decay of both the patch and the NMDA EPSC could be 
fitted by the sum of two exponentials. At -60 mV, the time 
constant of the first exponential was 70.5 & 6.2 msec (n = 11) 
for the synapse and 67.9 -t 2.1 msec (n = 23) for the patch. The 
second time constant was more variable but was in the range 
of 326-884 msec for both the patch and the synapse. The relative 
amplitudes of the first components were 80.0 + 1.1% and 63.1 
k 4.0% for the patch and synaptic currents, respectively. 

The decay of the N&IDA receptor current is due to receptor 
desensitization and dissociation of agonist 
It has been argued that the rate-limiting step for termination of 
the synaptic NMDA current is channel closure rather than clear- 
ance of free transmitter from the synaptic cleft (Hestrin et al., 
1990; Lester et al., 1990). L-Glutamate remains bound to NMDA 
receptors for a prolonged period following brief applications 
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Figure 1. Comparison of the NMDA EPSC with current activated by 
short applications of L-glutamate to outside-out patches. A, Open tip 
current recorded during a 4 msec step into a solution containing 50% 
of the control NaCl concentration (upper trace) and averaged open NMDA 
channel current (lower trace) recorded from an outside-out patch during 
the same 4 msec solution change as above (see Materials and Methods). 
Amplitude calibration applies only to the outside-out patch current. B, 
Single-channel currents induced in an outside-out patch by a 4 msec 
pulse of 200 PM L-glutamate. Time of agonist application is indicated 
in this and subsequent figures by the open tip response (upper trace) 
obtained following the experiment (see Materials and Methods). C, 
Superimposition of an average of 24 responses of an outside-out patch 
to 4 msec applications of 200 PM L-glutamate and an NMDA EPSC 
recorded between a pair of neurons. 

(Lester et al., 1990), and since in the continued presence of 
agonist the NMDA receptor desensitizes rapidly (Sather et al., 
1990), it is conceivable that desensitization as well as the un- 
binding of agonist contributes to the decay time course of the 
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ms 
Figure 2. Desensitization of NMDA receptors contributes to the decay 
of currents evoked by brief pulses of L-glutamate. A, Averaged currents 
in an outside-out patch induced by 4, 8, and 12 msec pulses of 200 PM 
L-glutamate. B, Superimposed currents from the same patch as A in 
response to paired pulses (4 msec) of 200 PM L-glutamate separated by 
intervals of 80, 160, 240, and 320 msec. 

EPSC. Paired-pulse paradigms can be used to determine the 
degree of receptor desensitization, but quantitative results de- 
pend critically on the same population of receptors being ex- 
posed to agonist by both applications and on a sufficient con- 
centration of agonist reaching the receptors so that they are 
saturated. At the synapse the probability of release at each re- 
lease site is certainly less than one, and it is still unknown if 
receptor saturation occurs at those sites where release occurs. 

If outside-out patches are used to test for receptor desensi- 
tization, the question of multiple release sites is no longer an 
issue and saturation of NMDA receptors can be readily tested. 
By increasing the duration of the application of agonist and 
measuring the amplitude of the patch current, the maximum 

Table 1. Summary of decay time constants for different affinity 
NMDA ligands 

NMDA EPSC 10.5 zk 6.2 411 + 16 63.1 + 4.0 11 
L-Glutamate 67.9 ? 2.1 553 + 33 80.0 f  1.1 23 
L-Homocysteate 51.5 + 3.0 316 ? 36 88.1 f  1.9 6 
L-Aspartate 42.1 + 2.3 210 * 20 87.5 + 2.3 13 
NMDA 41.3 + 3.9 187 f  13 94.8 k 2.8 4 
L-Cysteate 31.0 f  2.1 164 + 20 95.1 & 2 10 

A 
1 L-glutamate 

B 
I L-aspartate 

Data show the first (7,) and second (TJ time constants from a double exponential 
fit of the current decay produced by synaptic stimulation and application of brief 
pulses of agonists to outside-out patches. The relative amplitude of the first ex- 
ponential (% 7,) is also shown. Data are expressed as mean + SEM in msec. 

current amplitude should reflect saturation of NMDA receptors. 
This experiment is shown in Figure 2A and demonstrates that 
saturation occurred with 4 msec applications of 200 PM L-glu- 
tamate. Shorter applications resulted in smaller responses, in- 
dicating that the concentration of L-glutamate at the receptors 
did not reach a saturating concentration. If the L-glutamate con- 
centration was increased to 3 mM, pulses as short as 0.8 msec 
produced maximal responses. After determining pulse durations 
that produced saturating responses, a second pulse of L-gluta- 
mate of the same duration was applied at increasing intervals 
after the first pulse (Fig. 2B). If unbinding of agonist alone 
determines the decay of the response, then the second pulse 
should produce a response with the same peak amplitude as the 
first. However, with L-glutamate this was not the case. Consid- 
erable desensitization of NMDA receptors occurs even following 
a brief agonist application. 

10 pA 

C 
, L-cysteate 

10pA 

10 pA 

Figure 3. The time course of the NMDA channel current elicited by short applications of agonist is determined by the affinity of the agonist. 
Single-channel (upper truces) and averaged (lower traces) currents induced in outside-out patches by 4 msec applications of 200 PM L-glutamate 
(A), 2 mM L-aspartate (B), and 20 mM L-cysteate (C). 
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Figure 4. Brief applications of lower-affinity agonists induce less desensitization than L-glutamate. A, Superimposed average currents recorded in 
outside-out patches in response to paired-pulse applications of 200 PM rglutamate, 2 mM L-aspartate, and 20 mM L-cysteate, at interpulse intervals 
of 80 and 160 msec. B. Superimposed average currents in two outside-out patches evoked by paired pulses of 200 PM L-glutamate and 20 mM 
L-cysteate applied at intervals of 320 and 640 msec. C, The time courses of recovery of the current induced by 4 msec saturating pulses of 
L-glutamate (200 PM; circles) and L-cysteate (20 mM; trimgh). The amplitude of the second response in the paired-pulse application was measured 
from the point of inflection off the first, expressed as a fraction of the control current and plotted against the paired-pulse interval. The recovery 
process from L-glutamate does not reflect a simple process since fitting the time course of recovery required a double exponential with time constants 
of 120 and 1450 msec. Error bars indicate SD. 

Behavior of other NMDA agonists 

Along with L-glutamate, several other naturally occurring NMDA 
agonists have been suggested as fast excitatory neurotransmit- 
ters (for review, see Collingridge and Lester, 1989). If the time 
course of the NMDA EPSC is dependent ultimately on how 
long the transmitter remains bound to the NMDA receptor, 
then its decay should be determined by the affinity of the trans- 
mitter released, as it would be expected that the affinity of the 
agonist would reflect, in part, its dissociation rate from the re- 
ceptor. Since the action of other NMDA agonists could not be 
directly tested at the synapse, their behavior was compared to 
that of L-glutamate on the outside-out patch. L-Aspartate, itself 
a transmitter candidate, and the sulfur-containing amino acid 
L-cysteate were chosen since their respective affinities for the 
NMDA receptor are about lo- and loo-fold lower than that 
of rglutamate (Olverman et al., 1988; Patneau and Mayer, 
1990). 

As predicted, the rate of decay of currents produced by brief 
applications of these agonists increased as the agonist affinity 
decreased, suggesting that the dissociation rate of the agonist 
limited the time course of the response (Fig. 3, Table 1). Al- 

though the first component of decay was faster for L-aspartate 
and L-cysteate than for L-glutamate, the change in the slower 
component was more pronounced for the lower-affinity agonists. 
In fact, for L-cysteate the second component accounted for less 
than 5% of the total current (see Table 1). The diminution of 
the slow component with decreasing affinity reflects, at least in 
part, a decreased occurrence of prolonged bursts of channel 
openings in the raw records (Fig. 3). Other NMDA agonists 
tested resulted in decay time courses in accordance with their 
affinities. Thus, the decay of the current produced by L-homo- 
cysteate, which has an affinity four to five times lower than 
L-glutamate (Olverman et al., 1988; Patneau and Mayer, 1990), 
was intermediate between that of L-glutamate and L-aspartate 
(Table 1). 

Unlike the responses to L-glutamate, 4 msec applications of 
L-cysteate (20-30 mM) did not activate currents of maximal 
amplitude even though, at these concentrations, receptor satu- 
ration must have occurred. The L-cysteate response amplitude 
increased with increases in application duration until the du- 
ration equaled the time to peak of the L-glutamate response 
(w 15 msec). This suggests that the unbinding rate of L-cysteate 
is fast enough for a significant proportion of receptors to become 
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Figure 5. The rate into desensitization due to prolonged activation of 
NMDA receptors is similar for different-affinity agonists. Ensemble av- 
erages of currents induced in outside-out patches by 400 msec pulses 
of 200 PM L-glutamate (A) and 20 mM L-cysteate (II). C, The traces in 
A and B have been normalized and superimposed and show that the 
rate into and extent of desensitization during the application of both 
agonists are similar, but the decay of the current following removal of 
agonists is much faster for L-cysteate. D, Ensemble average of currents 
activated by 400 msec applications of 20 mM quisqualate. 

unbound immediately after a short application whereas there is 
very little unbinding of L-glutamate during this period (see Fig. 
6B). 

The amount of desensitization resulting from brief activation 
of NMDA receptors decreased with decreasing agonist affinity 
as demonstrated with paired-pulse applications (Fig. 4A). Re- 
sponses to L-cysteate completely recovered at an inter-pulse in- 
terval of 320 msec, whereas after this period only 40% of the 
receptors recovered from exposure to L-glutamate (Fig. 4B). In 
order to examine the rate at which NMDA receptors become 
available for reactivation following brief activation by L-glu- 
tamate and L-cysteate, the amplitude of the second response 
(measured from the point of inflection off the decay of the first 
response) was expressed as a fraction of the first response and 
plotted against the time of the second application (Fig. 4C). 
These data support the suggestion that lower-affinity agonists 
unbind faster and that fewer desensitized receptors result from 
brief applications of lower-affinity ligands. Responses to longer 
applications of different-affinity agonists showed that the rate 
of desensitization was not agonist dependent as long as the 
concentration of agonist was high enough for the receptors to 
be saturated (Fig. 5). However, as with short pulses, the tail 

L-cysteate 

50 pA 

- 
c n n II 

200 ms 

Figure 6. L-Cysteate and rglutamate responses can be simulated by 
a simple kinetic model. A, Superimposed averages of responses (dots) 
of the same patch to 400 msec applications of L-glutamate (200 FM) and 
L-cysteate (30 mM). Applications of the two agonists were interleaved 
at periods of 20 sec. The simulated response (thin line) to the L-cysteate 
current was produced by the same rate constants that were used to fit 
the L-glutamate response except that the unbinding rate was increased 
and the opening rate was decreased. B, Superimposed averages of re- 
sponses of a different patch to 4 msec applications of L-glutamate (200 
PM) and L-cysteate (20 mM). Interleaved applications were made every 
20 sec. The simulated responses were obtained in the same manner as 
in A. C, Averaged responses of a patch to paired applications of 
L-glutamate (200 MM). The single application and paired pulses (320 and 
640 msec) were interleaved. The simulated responses were fitted to the 
paired-pulse data at the 640 msec interval. The resulting rate constants 
were used to predict the 320 msec data. 

current at the end of the application decayed faster with the 
lower-affinity agonists (Fig. 5). 

A practical result of these observations is the ability to dis- 
tinguish definitively between responses produced by low- and 
high-affinity agonists. Thus, although quisqualate has been sug- 
gested to be a weak NMDA agonist with an affinity similar to 
L-cysteate (Grudt and Jahr, 1990) there is evidence that at least 
some of its action at the NMDA receptor may be due to con- 
tamination by L-glutamate (Cha et al., 1989). If contaminating 
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Table 2. NMDA receptor model rate constants 

Lone nulse 
L-Glutamate L-Cvsteate Paired pulse NMDA EPSC 

k or 4.1 t 0.5 62.6 2 150 3.6 t 0.6 6.1 + 1.3 

kd 8.4 f 1.2 8.9 k 0.1 14.7 + 2.3h 15.2 + 3.1 

k 1.8 + 0.4 2.2 + 0.1 1.9 + 0.5 9.4 + 1.5c 

P 46.5 + 2.8 39.1 t 5.9 19.1 dz 9.2d 83.8 + 13.1“ 

a 91.6 + 1.1 95.8 z!z 11.9 121 + 20.9 83.8 + 13.1 

?I 11 4 I 5 

The table shows the mean (?SEM) rate constants (set-I) obtained from the fitting 
of patch and synaptic data with the model (see Results). The long pulses of 
L-glutamate (200 PM) and L-cysteate (20-30 mu) ranged from 400 msec to 2 set, 
and the paired-pulse data were obtained with L-glutamate at an interpulse interval 
of 640 msec. koW, unbinding rate; k.,, desensitization rate; k, resensitization rate; 
p, opening rate; (Y, closing rate. 
u The unbinding rate, k,, for L-cysteate was significantly faster than L-glutamate 
0, < 0.0001). 
b The rate of desensitization, kd, was significantly faster for paired pulses compared 
to long pulses of L-glutamate (p < 0.035). 
c The rate of resensitization, k, for the EPSC was significantly faster than the patch 
responses (p < 0.0001). 
d The opening rates for paired pulses and synaptics are significantly faster than 
the long-pulse patch responses @ < 0.001). 

L-glutamate contributed significantly to the current, a long tail 
current should be produced by high concentrations of quis- 
qualate. This was not the case. The tail current produced by 
400 msec applications of 20 mM quisqualate was extremely fast, 
not dissimilar to that of L-cysteate (Fig. 5D). This indicates that 
quisqualate, while a much higher-affinity agonist at the AMPA 
receptor, is also an agonist at the NMDA receptor. 

Model of NMDA receptor activation 

In order to describe the differences in response time courses 
evoked by low- and high-affinity agonists, we have used a model 
with two independent binding sites (Patneau and Mayer, 1990; 
Clements and Westbrook, 1991) to fit the data using a least- 
squares fitting procedure (see Materials and Methods). The sim- 
plest model that can fit all the data reasonably is 

2A+R22A+AR 5 A,R 50, 
k O T T  =k, a 

k,llk, 

AS 

where R represents an NMDA receptor with two binding sites 
for agonist, A. 0 is the open state of the channel and A,D is the 
desensitized state. k,, and koE are the binding and unbinding 
rates, /3 and (Y are the opening and closing rates, and kd and k, 
are the rates of desensitization and resensitization, respectively. 
Responses to long applications (400 msec to 2 set) of L-gluta- 
mate (200 PM) from 11 patches were fitted assuming that 30% of 
the channels in the patch were open at the peak of the response 
(C. E. Jahr, unpublished observations). Since we used super- 
maximal concentrations of agonists, our data will not provide 
accurate information concerning the binding rate, k,,. There- 
fore, k,, was constrained to 5 PM-’ set-l as reported by Clements 
and Westbrook (199 l), but the rest of the rate constants were 
allowed to vary in these initial fits. Table 2 lists the average rate 
constants and their variability across patches. In the continued 
presence of agonist, patches displayed a large variation in the 

A L-glutamate 

C , epsc 

200 ms 

200 ms 

Figure 7. Prediction of time-dependent changes in patch responses to 
L-glutamate. A, Averages of currents from an outside-out patch pro- 
duced by 800 msec applications of 200 PM L-glutamate showing an 
increase in desensitization rate with recording time (dots). The early 
trace is an average of the first three records after pulling the patch. The 
lute trace is the average of eight subsequent records. B, Averages of 
currents in a patch produced by 4 msec applications of 200 PM 
L-glutamate showing an increase in decay rate of the current with re- 
cording time. Due to the rapid change in the rate of decay after patch 
excision, only the first three responses were averaged in order to obtain 
an accurate decay rate (early). The late response was recorded approx- 
imately 10 min later. The fitted late responses (thin fines) in both A and 
B were obtained by constraining all of the rate constants used in fitting 
the early responses, with the exception of the rates into (kJ and out of 
(k,) desensitization, which were allowed to vary. C, Superimposition of 
an NMDA EPSC and simulated responses with (continuous line) and 
without (broken line) a desensitized state. The EPSC was fitted with the 
model using rate constants similar to those derived from fitting patch 
responses to 4 msec applications of L-glutamate (200 I.~M). 

extent of desensitization that was reflected by a range of modeled 
rates into (3.0-16 see-I) and out of (0.65-4.47 set-I) desensiti- 
zation. Because of the patch to patch variation in desensitiza- 
tion, comparisons of the responses evoked by high- and low- 
affinity agonists were most meaningful when they were obtained 
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by interleaving applications of two agonists on the same patch. 
L-Glutamate (200 PM) and L-cysteate (30 mM) evoked currents 
from the same patch that clearly differed not only in the rate of 
decay at the end of the application but also in peak amplitude 
(Fig. 6A,B). When the L-cysteate response was scaled to match 
the amplitude of the L-glutamate response, only the unbinding 
rate constant (kotf) had to be increased (8.4 f 1.3-fold; 12 = 3) 
for the model to produce good fits of the data. In order for the 
model to account for the lower-amplitude L-cysteate response, 
the opening rate @) had to be slowed by 33.0 f 6.7% (n = 3; Fig. 
6A,B). Saturating concentrations of L-aspartate (2 mM) also 
evoked smaller responses (65.3 f 8.5%; n = 7) than L-glutamate 
(200 PM or 2 mM) in the same patches. Although the model 
could be used to fit the responses to L-aspartate and L-cysteate 
by using slower opening rates than those needed to fit L-gluta- 
mate responses, the high concentrations of agonists used in these 
experiments could theoretically result in sufficient channel block 
to account for at least some of the decreased efficacy as it does 
at the ACh receptor (Marshall et al., 199 1). Using the rate con- 
stants derived from the long applications of L-glutamate, the 
model could also fit the behavior of responses to short paired- 
pulse applications of L-glutamate (Fig. 6C), although a faster 
rate into the desensitized state was required (1.7-fold; see Table 
2). 

As well as the variation from patch to patch, many patches 
displayed a time-dependent increase in the rate of desensitiza- 
tion that became apparent when responses recorded very s4on 
after patch formation (“early”) were compared to those recorded 
after 1 or 2 min (“late”; Fig. 7A). The late responses were well 
fitted using the same rate constants used to fit the early responses, 
with the exception that the rate into the desensitized state (k,,) 
had to be increased from 3.2 f 0.4 to 6.1 f 0.7 set-I (n = 6). 
This was also reflected by an increase in the rate of decay of 
responses to short pulses of L-glutamate (Fig. 7B). Since the 
kinetics of the patch response changed very rapidly after patch 
formation, accurate data from unaltered patches were rarely 
obtained. Thus, all of the data in this article are from “late” 
patches. 

Unlike the patch responses, the time course of the NMDA 
component of EPSCs did not change systematically with re- 
cording time. The EPSC could be fitted by the same model (as- 
suming a 4 msec pulse of 200 PM transmitter) with rate constants 
that were well within the range of those generated in fitting the 
patch responses to L-glutamate (Fig. 7C, see Table 2) except for 
the rate out of the desensitized state, which required, on average, 
a fivefold increase to account for the larger amplitude of the 
late component. If the desensitized state is eliminated from the 
model, the waveform generated decays with a single exponential 
time course and does not have a slow late decay phase; thus, it 
clearly does not resemble the EPSC (Fig. 7C’). 

Discussion 
Channel kinetics and NA4DA synaptic decay 
Previous studies have suggested that free transmitter need only 
be present in the synaptic cleft for at most a few milliseconds 
(Hestrin et al., 1990; Lester et al., 1990). If this is true, then the 
kinetics of the unbinding of transmitter from the receptors will 
become the overriding factor in determining the decay time 
course of the EPSC just as at the neuromuscular junction (Mag- 
leby and Stevens, 1972; Colquhoun et al., 1977). The evidence 
presented in this article indicates that the decay of the patch 
response does not simply reflect closure of the NMDA channel 

and subsequent unbinding of agonist since this would predict a 
single exponential decay, but instead a substantial number of 
receptors become desensitized with short applications of high- 
affinity agonists like L-glutamate. One explanation for the two- 
component decay is that following a burst of openings there is 
a high probability that the channel will burst again or enter a 
desensitized state rather than becoming unbound. This is con- 
sistent with the slow recovery seen with L-glutamate in the paired- 
pulse experiments. From this desensitized state the channel can 
reenter the open state many times before the agonist finally 
dissociates and thus could account for the slow second com- 
ponent of the response. Such a scheme, as formalized by the 
model in the Results, can also account for the two-component 
NMDA EPSC. 

We derive support for the kinetic scheme from the actions of 
lower-affinity NMDA receptor ligands. Brief applications of ag- 
onists with lower affinities evoked responses that had more rapid 
initial decays and could be fitted with the model if a faster 
unbinding rate (k,,J was assumed. According to the kinetic 
scheme, faster agonist dissociation would result in fewer recep- 
tors remaining in the desensitized state and therefore fewer late 
openings and a smaller slow component. For agonists like L-cys- 
teate, the slow component is almost absent because unbinding 
rather than reopening is much more likely to occur when exiting 
from either the open or the desensitized state. Unlike nicotinic 
ACh receptors at the neuromuscular junction where the time 
course of recovery from desensitization is not agonist dependent 
(Katz and Thesleff, 1957; Feltz and Trautmann, 1982; Boyd, 
1987), NMDA receptor recovery was much faster with lower- 
affinity agonists. For the ACh receptor, agonist-independent re- 
covery indicates that the rates between desensitized and acti- 
vatible states (including the unliganded species of these states) 
are slower than the rates of agonist binding and unbinding and 
thus rate limiting (Katz and Thesleff, 1957; Feltz and Traut- 
mann, 1982; Boyd, 1987). As recovery of NMDA receptors was 
clearly dependent on the affinity of the agonist (see Fig. 4), we 
suggest that the unbinding rate of agonist is rate limiting in the 
recovery process and that ifan unbound desensitized state exists, 
it either is in relatively rapid equilibrium with the unbound 
activatible state or is reached infrequently. Furthermore, the 
prolonged second component of the current parallels the time 
course of recovery from L-glutamate, indicating that channel 
opening and thus liganded receptors can exist for prolonged 
periods. These data are consistent with the major component 
of NMDA receptor desensitization being due to a long-lived or 
repeatedly accessed liganded state. 

Comparison to steady-state single-channel recordings 
Gibb and Colquhoun (199 1) have reported that in recordings 
of NMDA channel activity from outside-out patches in the con- 
tinuous presence of very low concentrations of L-glutamate, 
clusters of openings occur that are on average 21.6 msec long 
(range, 1 l-43 msec from patch to patch). This is similar to the 
decay time constant of the patch response to a short application 
of L-cysteate (3 1 msec; range, 20-40 msec) and suggests that the 
cluster length may determine the decay rate of responses to 
L-cysteate. In our model, the open state (0) could be construed 
as an oversimplification of a series of closed and open states 
that account for the cluster. Since the unbinding rate of L-cys- 
teate is fast, when the channel closes to the A,R state, it will 
more frequently unbind than reopen or desensitize. This would 
result in a nearly single exponential decay of a response to a 
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short application of L-cysteate that would reflect the cluster 
length (Gibb and Colquhoun, 199 1). In their experiments (Gibb 
and Colquhoun, 199 l), the closures between clusters activated 
by L-glutamate were not concentration dependent, indicating 
that L-glutamate usually does not unbind between clusters but 
rather that the end of a cluster is usually followed by a new 
cluster. In our model, the unbinding rate of L-glutamate is slower 
than the reopening rate and the rate into the desensitized state. 
Thus, once the A,R closed state is reached, the receptor is more 
likely to reopen, or become desensitized and then reopen. This 
could account, at least qualitatively, for the long bursts or “su- 
perclusters” of openings seen in steady-state recordings (Jahr 
and Stevens, 1987; Howe et al., 1988, 1991; Gibb and 
Colquhoun, 199 1) and the prolonged decay times of currents 
evoked by short pulses of L-glutamate. As the kinetics of the 
bursts of openings in single-channel recordings are the same 
whether or not they occur in clusters (Howe et al., 1988, 1991; 
Gibb and Colquhoun, 199 l), it is not necessary to postulate the 
existence of a separate population of kinetically distinct channels 
to account for either the “superclusters” or the prolonged second 
component of the L-glutamate current. Although there is no 
direct evidence for discrete subpopulations, it is possible that 
distinct channel types occur and could be responsible for the 
two-component decay of the NMDA EPSC. In other systems, 
for example, colocalization of two kinetically distinct popula- 
tions of channels has been proposed to account for the two- 
component decay of nicotinic EPSCs on parasympathetic neu- 
rons (Rang, 198 l), developing neuromuscular junctions (Sak- 
mann and Brenner, 1978; Fischbach and Schuetze, 1980; Hen- 
derson and Brehm, 1989), and GABAergic inhibitory 
postsynaptic currents (Edwards et al., 1990). 

Microscopic afinity constants 
The microscopic affinity (k,,r/k,,) of L-glutamate for the NMDA 
receptor from our experiments (assuming a k,,” of 5 PM-‘; see 
Clements and Westbrook, 199 1) is 0.9 MM, which is consistent 
with its affinity measured at equilibrium in binding (Olverman 
et al., 1988) and physiological studies (Patneau and Mayer, 1990). 
In order for the model to fit the tail currents evoked by 
L-cysteate, the unbinding rate had to be increased to about 13 
times that of L-glutamate (Table 2). If the binding rates of these 
two amino acids are the same, the microscopic affinity for 
L-cysteate would be lower by about lo-fold than that reported 
previously (Olverman et al., 1988; Patneau and Mayer, 1990). 
This discrepancy could be resolved if L-cysteate bound more 
slowly than L-glutamate. Although there is no direct evidence 
for differences in the binding rates of agonists, competitive 
NMDA receptor antagonists can have binding rates that vary 
26-fold (Benveniste and Mayer, 199 1). 

Role of dlxerent NMDA agonists as transmitters 
Of the agonists tested, we favor L-glutamate as the transmitter 
at the hippocampal synapse in culture because of the close sim- 
ilarity in its time course with the response of outside-out patches 
to L-glutamate. The NMDA EPSCs recorded in hippocampal 
slice also have two-component decays (Hestrin et al., 1990; 
Randall et al., 1990) with time constants (Keller et al., 199 1) 
similar to those in culture, suggesting that L-glutamate is the 
transmitter in these pathways. If lower-affinity agonists such as 
L-aspartate were transmitters, the EPSC would be expected to 
have a faster decay and a much less pronounced slower phase. 
Responses to L-homocysteate have a time course only somewhat 

faster than that of L-glutamate, and on this criterion, L-homo- 
cysteate could be considered a transmitter candidate (Do et al., 
1986). However, like most NMDA agonists, except L-glutamate, 
L-homocysteate is a weak non-NMDA ligand (Patneau and 
Mayer, 1990), and since most synapses studied thus far have a 
dual-receptor synaptic response (Dale and Roberts, 1985; Wig- 
Strom et al., 1985; Collingridge et al., 1988; Forsythe and West- 
brook, 1988) a transmitter role for this compound seems less 
likely. The present study does not, however, rule out other ami- 
no acids as neurotransmitters but suggests that if they were used 
they would result in EPSCs with faster time courses. 

Functional implications of the kinetic properties of NMDA 
receptors 
In our model of the synaptic NMDA response, the transmitter 
dissociation rate and the rates in and out of a desensitized state 
would determine the longevity of the synaptic NMDA response. 
If receptors at a single release site are saturated, such a model 
may serve to limit excessive NMDA receptor activation, and 
perhaps regulate Ca*+ entry through NMDA channels by de- 
creasing their reactivation for some time following stimulation. 
Conversely, the fact that NMDA receptors are bound for such 
a long time implies that if release occurs only every few seconds 
there will always be a proportion of NMDA receptors in the 
bound state; such activation may be necessary for proper syn- 
aptogenesis in development (Cline et al., 1987) and for the long- 
term maintenance of synaptic efficacy (Bear et al., 1987; Artola 
et al., 1990). 

Some alteration in NMDA channel function clearly occurs 
soon after pulling a patch that results in an increased rate of 
desensitization. Whole-cell NMDA receptor desensitization is 
reduced by high concentrations of glycine (Mayer et al., 1989) 
and low levels of external Ca*+ (Zorumski et al., 1989; Vyklicky 
et al., 1990), whereas desensitization of NMDA currents in out- 
side-out patches is reported to be independent of these agents 
(Sather et al., 1990), suggesting that the act of pulling an outside- 
out patch alters the properties of NMDA channels. Perhaps a 
biochemical change such as phosphorylation (see MacDonald 
et al., 1989), known to affect desensitization in a number of 
receptor systems (Huganir and Greengard, 1990), underlies this 
change. Alternatively, some other process may be responsible 
as suggested for nicotinic ACh channels (Covarrubias and Stein- 
bath, 1990). The similarity in the time courses of the NMDA 
EPSC and the patch response to L-glutamate suggests that NMDA 
receptors at synapses may be in the same altered state as those 
in the patch. At present the data are insufficient to confirm this 
suggestion, although they raise the possibility of modulation of 
synaptic NMDA receptors by an alteration in desensitization. 
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