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SUMMARY

1. The characteristics of the activation of the N-methyl-D-aspartate (NMDA)
response by glycine were studied using whole-cell and outside-out patch clamp
recording techniques.

2. Glycine concentration-response (C-R) curves were measured in the presence of
10 /,M-NMDA and fitted with the Hill equation modified to account for the response
to NMDA observed in the absence of added glycine. The mean value of the apparent
dissociation constant (KD) was 150 nm, and the mean value of the Hill coefficient (nH)
was 1 1. When the KD was corrected for the concentration of contaminating glycine
in nominally glycine-free solutions, estimated assuming that there is no response in
the absence of glycine, the value was 130 nM.

3. The question of how many glycine binding sites there are on each NMDA
receptor-channel complex was addressed by examining the curvature at the foot of
the glycine C-R curve. An equation that allowed estimation of both the concentration
of contaminating glycine and of the value of nH was fitted to glycine C-R data up
to 50 nm. The mean value of nH was found to be 10, consistent with the idea that
there is one glycine binding site.

4. The kinetics of the interaction of glycine with the NMDA receptor were
measured by fitting single exponential curves to the current relaxation following a
jump in glycine concentration in the presence of 10 uM-NMDA. The plot of the
inverse of the relaxation time constant as a function of glycine concentration after
the concentration jump was linear. The association rate constant was estimated from
these data as 1-2 x 107 M-1 s-1 and the dissociation rate as 1-0 s-'.

5. Experiments were devised to allow the evaluation of the KD and dissociation
rates of glycine in the absence ofNMDA. They led to a value for KD of 80 nm, slightly
but significantly lower than the value of 150 nm estimated in the presence of 10 JIM-
NMDA. The glycine dissociation rate in the absence of NMDA was found to be
0-7 s-1, not significantly different from that measured in the presence of 10 JM-
NMDA.

6. The results are consistent with a model of the NMDA receptor with a single
glycine binding site. The characteristics of glycine binding are similar in the absence
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and the presence of 10 ftM-NMDA, although NMDA binding may cause a small
increase in the glycine KD Under the recording conditions used here, the dominant
action of glycine on the NMDA response is not mediated through an effect on agonist
binding at the NMDA site.

INTRODUCTION

Ligand-gated ion channels specifically activated by N-methyl-D-aspartate (NMDA
receptors) are subject to regulation at an unusually large number of pharma-
cologically distinguishable sites (Collingridge & Lester, 1989). This paper concerns
the mechanism by which the binding of glycine to the NMDA receptor interacts with
the binding of NMDA to induce channel activation.
Much evidence has accumulated indicating that high affinity, strychnine-

insensitive glycine binding sites in the brain (DeFeudis, Fando & Orensanz Mufioz,
1977; Kishimoto, Simon & Aprison, 1981; Bristow, Bowery & Woodruff, 1986) are
responsible for the dependence of the NMDA response on glycine (Johnson & Ascher,
1987 a). The interaction appears to be mediated by the binding of glycine directly to
the NMDA receptor without need for intracellular messengers or energy sources,
since glycine action is rapid and its effects can be observed with outside-out patches.
Glycine binding is probably required for channel opening to occur (Kleckner &
Dingledine, 1988).
The presence of a glycine site on NMDA receptors has been widely documented

(see Thomson, 1990). Equilibrium binding as well as electrophysiological studies
have confirmed the high affinity of glycine for its site, with reported values of the
apparent dissociation constant varying from less than 100 nm to 700 nm, and values
for the Hill coefficient varying from 0 9 to 1P5 (DeFeudis et al. 1977; Kishimoto et al.
1981; Bristow et al. 1986; Johnson & Ascher, 1987b; Reynolds, Murphy & Miller,
1987; Fong, Davidson & Lester, 1988; Kleckner & Dingledine, 1988; Kushner,
Lerma, Zukin & Bennett, 1988; Snell, Morter & Johnson, 1988; Bonhaus, Yeh,
Skaryak & McNamara, 1989; Huettner, 1989; Kessler, Terramani, Lynch & Baudry,
1989; Vycklicky, Benveniste & Mayer, 1990). The kinetic properties ofthe interaction
of glycine with its receptor have been investigated by analysis of the current
relaxations following glycine concentration jumps (Ascher & Johnson, 1989;
Benveniste, Clements, Vycklicky & Mayer, 1990a; Benveniste, Mienville, Sernagor &
Mayer, 1990b; Benveniste & Mayer, 1991).
We describe here three groups of experiments used to evaluate the number and

apparent affinity of glycine binding sites. In equilibrium experiments, we have
measured the apparent dissociation constant of the potentiation produced by glycine
and examined the curvature of the glycine concentration-response curve at low
glycine concentrations. In kinetic experiments we have performed glycine con-
centration jumps and attempted to deduce from the analysis of the resulting current
relaxations the rates of association and dissociation of glycine. In the final group of
experiments we devised a protocol to evaluate the characteristics of glycine action in
the absence of NMDA.

Benveniste et al. (1990 a, b) and Benveniste & Mayer (1991) have proposed a model
in which each NMDA receptor-channel complex bears two identical binding sites for
glycine, and in which the occupation of both sites is necessary for channel opening.
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The results we have obtained favour a model in which glycine action is mediated by
the binding of glycine to a single site on each NMDA receptor-channel complex. The
reasons for our differing results are not clear. They may be related, however, to
another major difference between their results and ours. Under our experimental
conditions, we have observed marked desensitization following a jump into 100 /LM-
NMDA at any glycine concentration (Sather, Johnson, Henderson & Ascher, 1990;
Sather, Dieudonne, MacDonald & Ascher, 1992), while they have described a form of
desensitization that is prevented at high glycine concentrations (Vyklicky et al.
1990; Benveniste & Mayer, 1991). We wanted to minimize the possible contamination
of current relaxation measurements by glycine-insensitive desensitization. We
therefore performed experiments at an NMDA concentration of 10 tM, or else
deduced the characteristics of glycine binding in the absence of NMDA.
A preliminary version of this work has been previously reported (Johnson &

Ascher, 1987 b).

METHODS

Whole-cell and outside-out patch recordings (Hamill, Marty, Neher, Sakmann & Sigworth, 1981)
were made from cortical and diencephalic neurons from 15- to 16-day-old mouse embryos in
primary culture as previously described (Ascher, Bregestovski & Nowak, 1988). Recording pipettes
with resistances of 3 to 7 MQ were used. In most cases the pipettes were coated with Sylgard
(Rhone-Poulenc, Paris, France) and fire polished. The intracellular (pipette) solution was composed
of (mM): CsF, 120; CsCl, 20; EGTA-Cs, 10; HEPES, 10. The pH was adjusted to 7-2 with CsOH.
The extracellular solution contained (mM): NaCl. 140; KCl. 2-8; CaCl2, 1; HEPES, 10. In addition,
0-2 ,aM-TTX was added during experiments. pH was adjusted to 7-2 with NaOH. All experiments
were performed at room temperature (16-26 0C).

In all experiments a holding potential of -50 mV was used. Membrane current was measured
with a List EPC-7 patch-clamp amplifier. Data were recorded on a Racal FM tape recorder and a
Gould Brush 280 chart recorder. In order to analyse current relaxations, current records were
replayed from the tape recorder, filtered (Frequency Devices Series 900 8-pole Butterworth filter;
corner frequency as indicated in figure legends), and digitized with an Axolab 1 system (Axon
Instruments). The records were averaged and when necessary fitted with single exponentials using
Axess software (Axon Instruments). Curve fitting of concentration-response data such as in Figs
1. 2 and 6, and single exponential fits such as in Fig. 7, were performed on a Minc PDP 11/23 using
the equations described in the text and a curve fitting program based on the simplex algorithm
(Caceci & Cacheris, 1984). Best fit was defined as the set of parameter values that minimized the
sum of the squared differences between data points and fit line. In concentration-response curves,
inward currents are expressed as absolute values. Means are expressed+ standard deviation.

During experiments, the extracellular solution bathing the cell or patch under study was
controlled with a multi-barrel fast perfusion system (Johnson & Ascher, 1987 a; Sather et al. 1990).
Two or three parallel glass capillary tubes with inner diameters of about 500,tm were glued
together side by side and held by a rod attached to a Leitz micromanipulator. Each barrel was
connected by capillary tubing to a reservoir of perfusion fluid. The rate of flow of fluid out of the
barrels was controlled by a peristaltic pump. During concentration jumps, the solutions were
forced out of the barrels at a rate of about 04 ml min', which corresponds to a velocity of
3 4 cm s-1 at the barrel orifice. The assembly was manipulated so that one barrel was within 100 jtm
of and facing the cell or patch under study. The exterior of the cell or patch was thus exposed only
to the solution flowing out of that barrel. In order to change solutions, the barrel assembly was
moved laterally by the Leitz manipulator a distance of one barrel diameter. The adjacent barrel
was then centred over the cell or patch, which was thus exposed exclusively to the solution flowing
out of the new barrel. In order to allow rapid and well controlled barrel movements, a stepper
motor was used to turn the appropriate axis of the micromanipulator. Under stepper motor
control, barrel movement took about 50 ms. The timing and amount of stepper motor rotation was
determined by a stepper motor controller that received movement commands from a computer.
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Thus, a rapid sequence of solution changes, or a large number of repetitive solution changes, could
easily be performed under computer control. The computer produced a trigger signal during each
barrel movement that allowed precise determination of the time of barrel movement and averaging
of responses to repeated concentration jumps.
NAIDA was obtained from Cambridge Research Biochemicals. Cambridge. U'K and glycine from

Prolabo, Paris, France.

RESULTS

Glycine concentration-response curves at equilibrium

The glycine concentration dependence of the whole-cell response to 10/,M-NMDA
was studied using glycine concentration-response (C-R) curves. The steady state
current was measured as a function of the concentration of added glycine. A modified
form of the Hill equation was fitted as described in Methods to data collected from
a single cell. The equation used was:

RG = R0 + (RM -R0) {[G]nH/([G]nH +KDnH)}, (1)
where RG is the net membrane current activated by perfusion of 10,m -NMDA plus
an added glycine concentration [G]. Ro is the response to 10 /IM-NMDA in the
absence of added glycine, RM is the maximal response at a saturating glycine
concentration, KD (the apparent dissociation constant of glycine) is the glycine
concentration at which (RM-RO) is half its maximal value, and nH is the Hill
coefficient for glycine. In these experiments [G] is the only independent variable, Ro
and each value of RG were measured response magnitudes, and the values of the free
parameters RM, KD and nH were determined by the fitting procedure. C-R data from
a cell were accepted only if responses at five or more different glycine concentrations
were measured. Because the reliability of curve fitting was increased when the data
clearly established a plateau near the maximal response. C--R data were also required
to include at least two points at glycine concentrations at or above 1 /tM.

In Fig. IB, an example of a C-R curve is shown. From fits to a total of fourteen
C-R curves, each in a different cell, we calculated a mean KD of 150+60 nm, and a
mean value of nH of i II +0 19. This value of nH is just significantly greater than 1
(0'02 < P < 005, 1-tailed Wilcoxon signed-ranks test). The mean value of the
squared correlation coefficient (r2) for the fourteen fits was 0-995.

In nearly all experiments there was a measurable response to 10 /,M-NMDA in the
absence of added glycine. This response was probably due at least in part to the
presence of contaminating glycine. The entire response in the absence of added
glycine must have depended on the presence of contaminating glycine if, as first
suggested by Kleckner & Dingledine (1988). there is no NMDA response in the
complete absence of glycine. If this is the case, then in general eqn (1) should not
accurately describe the C-R data. The values ofKD and nH estimated by fitting eqn
(1) to the data would differ from the true values that describe the relation between
response magnitude and actual glycine concentration.

In the special case where nH is equal to 1, however, eqn (1) can be expected to
accurately fit the C-R data. The presence of contaminating glycine would only alter
the estimated value of KD (shifting the C-R curve to the right) without having an
effect on nH (see Appendix 1). Assuming, as we will suggest below, that nH is equal
to 1, we corrected the value of each KD estimated from fitting eqn (1) to a C-R curve
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for the error due to contaminating glycine. The mean corrected value of KD was
found to be 130+ 60 nM (n = 14).
The equations of Appendix 1 also allow estimation of the concentration of

contaminating glycine in each experiment. In early experiments (such as that
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Fig. 1. Measurement and fitting of glycine concentration-response (C-R) curves. A,
examples of data used for C-R curves. Responses to the application of 10 1uM--NMDA plus
the indicated concentration of glycine are shown. The data are from a whole-cell
recording. Holding potential was -50 mV. Data were filtered at an effective frequency of
100 Hz by the chart recorder used to make this figure. B. C-R data from the same cell are
plotted. XWhole-cell current was measured (relative to current in the absence of NMDA)
at least 5 s after application of NMDA after having reached a steady level. Whole-cell
current in the presence of the indicated concentration of glycine (@) and whole-cell
current in the absence of added glycine (Ro; 40 pA; *) are plotted. The data were fitted
(continuous line) as described in Methods by eqn (1). The results of the fit are: maximum
response (RM). 330 pA; apparent affinity (K0), 100 nm; Hill coefficient (nH), 1-15; squared
correlation coefficient (r'), 0 994. C-R curves from fourteen different cells were measured
and fitted. Five to sixteen points were included in each C-R curves. If any measured
currents were greater than 1 nA, the experiment was not included. If any measured
currents were between 0 5 and 1 nA, current values were corrected for a series resistance
of 5 to 14 MQ, assuming a linear I-V relationship and reversal potential of 0 mV.

illustrated in Fig. 1), in order to minimize glycine contamination, solutions were
made up fresh each day from frozen stock solutions, and drug-containing stock
solutions were diluted at least 100-fold into the perfusion solution immediately
before application to the cell under study. Double glass-distilled water was used for
all solutions. For experiments in which no further precautions were taken, the mean
concentration of contaminating glycine was calculated to be 22 + 20 nm (n = 11). In
some later experiments, all glassware was in addition soaked in distilled water for
several hours before use. In these experiments, the mean calculated concentration of
contaminating glycine was 2-7 + 1 6 nm (n = 3). The calculated concentration of
contaminating glycine was significantly decreased by soaking the glassware (P <
0 01; one-tailed Mann-Whitney test), indicating that the glassware was a significant
source of glycine contamination. The small magnitude of the response in the absence
of added glycine, and the low level of the glycine contamination calculated assuming
that glycine binding is necessary for NMDA receptor activation, support the idea
(Kleckner & Dingledine, 1988) that there is very little or no NMDA response in the
true absence of glycine.
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The value of nH estimated from C-R curves (1411) suggests that the response to
glycine exhibits little co-operativity. However, fitting of entire concentration-
response curves provides a relatively insensitive measure of co-operativity. In
addition, the presence of a 'slow' desensitization process (- > 1 s) that is thought to
depend at least in part on Ca2" influx (Mayer & Westbrook, 1985; Mayer,
MacDermott, Westbrook, Smith & Barker, 1987; Clark, Clifford & Zorumski, 1990;
Vyklick4 et al. 1990) and thus on current magnitude could bias estimates of nu based
on entire C-R curves. A further problem with the use ofeqn (1) to estimate the degree
of co-operativity is that the data should only be well fitted if nH is equal to 1.

These limitations can be minimized or eliminated by estimating the degree of co-
operativity from the curvature at the foot of the C-R curves. This method for
estimating nH is superior to the fitting of the entire C-R curve for several reasons:
(1) the estimated value of nH will be a more sensitive measure of co-operativity, and
should correspond better with the number of binding sites under a far wider variety
of binding schemes; (2) interference from any desensitization-like process that
depends on current magnitude should be minimized by using only the smaller
responses measured at low glycine concentrations; and (3) the measurement of co-
operativity can be made despite the presence of an unknown background glycine
contamination (see below).
The measurement of nH from the foot of C-R curves is typically made from a

log-log plot. However, such a plot cannot be validly used here because of the
unknown background glycine contamination. Instead, the following equation was
fitted to the untransformed data:

RG=M ([G]A +[G]B)nH (2)
where RG is the net membrane current activated by perfusion of 10 ,tM-NMDA plus
an added glycine concentration of [G]A, [G]B is the background glycine con-
tamination, nH is the Hill coefficient, andM is a parameter that depends on response
magnitude. In these experiments [G]A is the only independent variable and RG is the
only dependent variable. The equation was fitted to the data as described in Methods
to determine the values of the free parameters M, [G]B, and nH that gave the best fit.
The parameter nH corresponds to the Hill coefficient determined traditionally from
the slope of a log-log plot. Because the background glycine contamination is
estimated and accounted for, its presence should not interfere with the estimate of
nH (point (3), above).
Only data up to a maximum added glycine concentration of 50 nm, about 1/3 of

the previously estimated KD, was used. This maximum concentration was chosen
because the inclusion of points at higher concentrations tended to decrease the
estimated nH, but deletion of points at 50 nm or lower had no consistent effect on the
estimated nH. Because a small amount of 'fast' desensitization (-r < 200 ms; see
Benveniste et al. 1990a; Sather et al. 1990, 1992; Shirasaki, Nakagawa, Wakamori,
Tateishi, Fukuda, Murase & Akaike, 1990) was observed even at an NMDA
concentration of 10 /M, measurements of both the peak and steady state responses
were made. An example of the results of one such experiment is shown in Fig. 2. From
three such experiments, the mean value of nH, estimated using eqn (2), was: peak
response, 1-03 + 0-18; steady state response, 0-96+ 0-15. The mean value of [G]B, the

344



ACTION OF GLYCINE ON THE NMDA RECEPTOR

background glycine contamination estimated from eqn (2) was (nm): peak response,
6 5 + 6 6; steady state response, 4-8 + 3-8. The mean value of r2 for the fit of eqn (2)
to the data was: peak response, 0 996; steady state response, 0-994. In all three
experiments, the glassware was soaked as previously described to reduce background

A B
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Fig. 2. Estimation of co-operativity of glycine binding from the foot of the C-R curve. A,
examples of data used to plot the foot of the C-R curve. Responses to the application of
10 IuM-NMDA plus the indicated concentration of glycine are superimposed. Data from a
single whole-cell recording. Each trace is the average of two to six records. Data were
filtered at 80 Hz and sampled at 200 Hz. B. C-R data from the same cell. Whole-cell
current at its peak (@) and at steady-state (A) are plotted as a function of added glycine
concentration. The data were fitted (continuous line) as described in Methods by eqn (2).
The values of n estimated from the fits are: peak response, 0-89; steady state response,
0-85. The background glycine concentrations ([GIB) estimated from the fits are (mM): peak
response, 1 0; steady state response, 0-8. The values of r2 for the fits are: peak response,
0 995; steady state response, 0-998. The foot of the C-R curve from two other cells was
similarly measured and fitted. The maximum glycine concentration used for the fits was
50 nM. Six to ten points were included in each fit.

glycine contamination. These data suggest that the response to glycine does not
exhibit positive co-operativity.

Kinetics of glycine binding
When the solution perfusing a cell is quickly changed from control solution to one

containing NMDA plus glycine at a concentration well below the glycine apparent
dissociation constant, the response magnitude reached its steady state level slowly
(see, e.g., the current response in Fig. 1A at 30 nM-glycine). This slow increase
probably does not reflect the speed of solution change: jumps into higher
concentrations of glycine (see, e.g., the current response in Fig. 1A at 1 ,aM-glycine)
or into NMDA (see Fig. 3A) resulted in much faster current relaxations. One possible
explanation for the slow response is that the binding kinetics of low concentrations
of glycine with its receptor limit the rate at which the NMDA response increases. If
this is so, it should be possible to measure the rate constants of glycine association
and dissociation from current relaxations following glycine concentration jumps.

In the experiment of Fig. 1, both the glycine and NMDA concentrations were
12-2

345



J. W. JOHNSON AND P. ASCHER

changed simultaneously. The response kinetics can be expected to be complex in this
situation, as they appear to be. In the experiments described in Figs 3B to 5, 10 fM-
NMDA was included in the solutions flowing out of both barrels 1 and 2 of the
multiple-barrel fast perfusion system, and glycine was added to only one of the two
solutions. Thus jumps into and out of various glycine concentrations were made in
the presence of a constant NMDA concentration.

In order to interpret the results of such experiments, it is instructive to examine
the predictions of the simplest plausible model of the interaction of glycine with its
receptor site. If there is only one glycine binding site on the NMDA receptor (as
suggested by the C-R data), then the model can be written:

R+G=RG, (3)
k-

where G is a glycine molecule, R is the NMDA receptor with no glycine bound, RG
is the NMDA receptor with glycine bound, k+ is the glycine association rate constant,
and k1 is the glycine dissociation rate constant. The apparent dissociation constant
is

KD = k-1k,. (4)
The relaxation following a jump in glycine concentration should follow a time course
described by

l(t) = If + (Ii-If) exp (-t/r), (5)

where I(t) is the measured whole-cell current at time t, Ii is the current just before the
jump in glycine concentration, If is the steady state response following the glycine
concentration jump, and r is the time constant of the current relaxation following the
jump. In this model, the value of X can be calculated from the equation

r = I/(k+[G] + k4), (6)

where [G] is the glycine concentration following the jump.
This model is clearly an oversimplification. The current measured following a jump

in glycine concentration depends on the interaction ofNMDA with its receptor site(s)
and channel opening and closing, as well as on glycine binding. Equation (3) ignores
these other processes. However, if the kinetics of NMDA binding and of channel
transitions are much faster than the time constant of the relaxation in glycine
binding, then the current relaxation will approximate the relaxation of glycine
binding (see Appendix 2).

It is important to establish approximately how slow current relaxations must be
in order for them to exhibit little dependence on channel transition or NMDA
binding kinetics. The arithmetic mean open time of NMDA channels has been
measured in the 4-10 ms range (Nowak, Bregestovski, Ascher, Herbet & Prochiantz,
1984; Ascher et al. 1988; Howe, Colquhoun & Cull-Candy, 1988), suggesting
relaxation kinetics must be much faster than those that will be examined here.
However, this conclusion may not be valid because the mean open time histogram
generally cannot be characterized by a single open time (Howe, Cull-Candy &
Colquhoun, 1991), and very long openings are sometimes observed (Jahr & Stevens,
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1987). A safer manner for establishing a limit on how slow channel kinetics could be
is to look at macroscopic NMDA current relaxations. Relaxation time constants of
less than 30 ms have been measured following concentration jumps between 0 and
100 /tM-NMDA, jumps into high glycine concentrations, and jumps in the
concentration of low affinity glycine agonists (Benveniste et al. 1990 b; J. W. Johnson
& P. Ascher, unpublished observations). Because these relaxations cannot be faster
than the limits imposed by channel kinetics, they indicate that channel and NMDA
binding kinetics must be much faster than the relaxations examined here.
A further concern is whether or not the speed of solution change is fast enough to

allow measurement of current relaxations limited by glycine binding kinetics. As
long as current measurements are not begun until after the solution change is
complete, the remaining decay should not be influenced by the speed of the preceding
solution change. However, if the change is slow relative to binding kinetics, the decay
due to glycine binding cannot be practically measured in isolation.

In order to establish the fastest relaxation that could be used to determine glycine
binding kinetics under our experimental conditions, jumps were made between 0 and
10 JLM-NMDA while holding glycine concentration constant at 10 /tM. The resulting
current decay must depend on the combined effects of the kinetics ofNMDA binding,
of channel transitions, and of solution changes (which may be slowed by diffusion in
the extracellular space), and cannot be faster than the slowest of them. Time
constants were estimated from single exponential fits made to averages oftwo to four
current relaxations following NMDA concentration jumps in each cell. From five
experiments, the mean decay time constant for the current decay following jumps
into 10 /LM-NMDA was 54+11Ims, and for jumps from 10 ,M-NMDA to 0 NMDA it
was 77+5 ms (Fig. 3A).
The relaxation following a jump of NMDA concentration as measured here

probably does not provide an accurate estimate of either the speed of the solution
change or the time constants that characterize NMDA binding kinetics. It is likely
that the speed of both processes is underestimated because both (and possibly also
channel kinetics) contribute to the relaxation. However, this measurement is
particularly useful as a conservative estimate of how quickly a concentration change
can be made at NMDA receptors. First, a concentration of NMDA below its
dissociation constant was used, so the current relaxation could not be complete
before the concentration change was complete. Second, the relaxation depends on the
concentration change at regions where NMDA receptors are located. Because some
receptors may be on cell processes apposed to glial cell membrane, approaches for
estimating speed of solution change that do not depend on a concentration change
of a molecule that binds to the NMDA receptor might provide an overestimate. In
some experiments, particularly on neurons from older (2 or 6 weeks) cultures, much
slower current relaxations were observed. Such cells were not used for relaxation
experiments. The possibility remains that these measurements provide an over-
estimate of the speed of glycine concentration changes because diffusion of glycine
may be more strongly buffered than diffusion of NMDA. This possible source of error
will be addressed below with relaxation measurements from outside-out patches.

If measurements can be made under conditions in which the current decay reflects
glycine binding kinetics, and the single site model is correct, then several predictions
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Fig. 3. Whole-cell recordings of current relaxations following concentration jumps. A, the
concentration of NMDA was jumped from 0 to 10/M (left) and then from 10/tM to 0
(right) while maintaining a constant glycine concentration of 10 /IM. Both traces are the
average of four current relaxations in the same cell. Data were filtered at 200 Hz and
sampled at 500 Hz, and a single exponential was fitted between 80 and 380 ms after fast
perfusion barrel movement. Averaged data are shown as dots, fit as a continuous line. The
time constants estimated from the fits are shown. Similar measurements were made from
four other cells. B, unaveraged responses to concentration jumps between 0 added glycine
and the indicated concentration in a constant NMDA concentration of 10/tM. Single
exponential fits are shown as continuous lines. Single exponential fits to unaveraged data
were not used for further analysis. C, jumps were made between 0 and 0 3 #M added
glycine in the constant presence of 10 4aM-NMDA. Each trace is the average of twelve
jumps. Single exponential fits (continuous lines) were made between 0-2 and 1-2 s (left)
and between 0-2 and 4-2 s (right) after fast perfusion barrel movement. Time constants of
single exponential fits are shown. Data were filtered at 20 Hz and sampled at 50 Hz. Nine
relaxation time constants following jumps into glycine and twenty relaxation time
constants following jumps into 0 added glycine were measured similarly in twelve
different whole-cell experiments. Fits of whole-cell data were always begun 0-2 s after fast
perfusion barrel movement to ensure that the solution change was complete.
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about the data can be made: (1) the relaxations should follow a single exponential
time course (see eqn (5)); (2) the time constant of the relaxation should not depend
on the glycine concentration before the jump; (3) the time constant of the relaxation
should depend on the glycine concentration after the jump as described by eqn (6);
and (4) the value of KD for glycine derived from eqn (4) using the values of k, and
k_ derived from relaxation measurements should approximate theKD value measured
from C-R curves.
Unaveraged data from jumps between 0 added glycine and 0 I or 10 /m-glycine

are shown in Fig. 3B. As predicted by eqns (5) and (6), the relaxations appear to take
place more quickly following jumps into higher glycine concentrations, and to be
slowest following jumps into 0 added glycine. The single exponential nature of the
relaxations can be better judged from averages of the current decay following
concentrations jumps (Fig. 3C). The decays were consistently well fitted by a single
exponential, as predicted by eqn (5).
The data shown in Fig. 3A suggests that the speed of solution changes could not

cause the slow relaxations observed following glycine concentration jumps. However,
it is conceivable that repetitive binding of glycine to a population of glycine binding
sites in a region of restricted diffusion could act specifically to slow both the rise and
the decay time of the glycine concentration. Regions of restricted diffusion might
exist, for example, due to the close apposition of dendritic and glial cell membrane.
In order to assure that the recorded relaxations were not artifactually slowed by any
process involving regions of restricted diffusion, the relaxation measurements were
repeated on isolated outside-out patches. Because such patches are held well above
the cells on the bottom of the dish, and the perfusion stream is directed onto the
patch, there should be no regions of restricted diffusion. As can be seen in Fig. 4A,
relaxation time constants could not be estimated from single jumps in glycine
concentration because of the relative infrequency of channel transitions. However,
following the averaging of current records of 21 to 170 glycine concentration jumps,
it was possible to fit a single exponential to the relaxations. The time constants
measured in outside-out experiments were consistent with those measured in whole-
cell experiments following the same jump in glycine concentration (see Fig. 5).

In -order to evaluate the consistency of these relaxation measurements with the
hypothesis that they reflect the kinetics of glycine binding, and to derive information
about binding rate constants, the relation between the relaxation time constant and
glycine concentration was studied. Both the time constant of the current decay
following a concentration jump into 0 added glycine (Toff) and the time constant of
the current decay following a concentration jump from 0 added glycine into a higher
glycine concentration (Ton) were measured as a function of glycine concentration. In
Fig. 5A, 1/roff is plotted as a function of the glycine concentration before the jump.
If there were any dependence of roff on the glycine concentration before a jump, it
would suggest that the perfusion system does not make complete and rapid solution
changes. As shown in Fig. 5A, Trff remained independent of glycine concentration
before the jump over a 100-fold concentration range.

In Fig. 5B, both 1/Trff and 1/r0n are plotted as a function of the glycine
concentration following the concentration jump. Equation (6) predicts a straight line
relation, with the slope equal to k, and the y-intercept equal to k1. The plotted values
appear consistent with a linear relationship, with k+ = 1i2 x 107 M s-' andkl = 1 0 s51.
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Although the y-intercept of the linear fit to both 1/roff and 1/orn plotted in Fig. 5B
should provide the best estimates of k+ and k_, k_ can be estimated in twq
independent ways. First, the average of all values of 1/roff can be used. These
data provide a value of 1-0 + 04 s-1 (n = 27) for k1. Second, the linear fit shown in

A
10iM -NMDA

i-= 116s

0-8 pA

Fig. 4. Current relaxations following glycine concentration jumps measured from an
outside-out patch. A, single (unaveraged) record of patch current following jumps
between 0 added glycine and 0-7 #M added glycine. The NMDA concentration was
maintained at 10,uM throughout the experiment. Data were filtered at 0-5 kHz and
sampled at 1 kHz. B, averaged relaxations from the same cell. Average of twenty-five
jumps (left) or twenty-three jumps (right). Before averaging data were filtered at 0 5 kHz
and sampled at 1 kHz (left) or filtered at 20 Hz and sampled at 200 Hz (right). Smooth
lines are single exponential fits to the averaged data. Fits were made to data between 01
to 0 5 s after barrel movement (left) or 0-1 to 4-1 s after barrel movement (right). Time
constants of fits are shown in the figure. Note in both A and B that the time scale used
on the left is not the same as that used on the right. Six relaxation time constants
following jumps into glycine and seven relaxation time constants following jumps into 0
added glycine were similarly measured in four different outside-out patch experiments.
Fits of patch data were always begun 0 1 s after fast perfusion barrel movement to ensure
that the solution change was complete.

Fig. 5B can be made only to the twelve values of 1/ron and the line extrapolated to
the y-intercept. This approach provides a value of 0-8 s'1. The similarity of these two
values is consistent with the simple model of glycine binding described above.
The final prediction that was made from the hypothesis that these relaxations are

a reflection of glycine binding kinetics was that the ratio k1/k+ derived from
relaxation measurements should approximate the KD measured from C-R curves.
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k_/k+ is 90 nM, in reasonable agreement with the value of 150+ 60 nM for the KD
estimated independently from C-R curves. These data support the idea that the
relaxation measurements do indeed reflect the kinetics of interaction of glycine with
its receptor site on the NMDA receptor.

A B

2 1315

0~~~~~~~~~~~0 10 1 D
-' 8 -~~~~~5 13

0 0
0 5 10 00 0.5 10

[Gly] before jump (1sM) [Gly] after jump (uM)

Fig. 5. Plots of 1/r as a function of glycine concentration. A, relaxations following jumps
into 0 added glycine. On the abscissa is plotted the glycine concentration before the
concentration jump. In each case a concentration jump was made from the indicated
glycine concentration (0-1, 03, 0 5, 0-7, 0-8, 1-0 or 10-0 /sM) to a solution with no added
glycine. Time constants were measured as shown in Figs 3 and 4. Each point is from a
separate whole-cell (0) or outside-out patch (a) experiment. The line is a least-squares
fit to the data. The slope of the line is - 2-53 x 103 M-1 s'1, which is not significantly
different from 0 (P > 0 5). The value of r2 for the fit is 9-4 x 10-4. B, relaxations following
all glycine concentration jumps. On the abscissa is plotted the glycine concentration
following the concentration jump. Each point is from a single measurement made either
with a whole-cell (O and A) or an outside-out patch (El and *) recording, except the
point at 0 added glycine (A), which shows the mean value of 1/,r0f (standard deviation
indicated on plot; n = 27). These are the same twenty-seven values of 1/i- that are plotted
in Fig. 5A against the glycine concentration before the concentration jump. The
continuous line is a least-squares fit to a total of thirty-nine points: twenty-seven points
at 0 glycine (summarized by A), and twelve points (O and LI) at other glycine
concentrations. Relaxations measured following jumps into 1 4aM-glycine (whole-cell, A;
outside-out patch, *) were not used to calculate the least-squares fit because the time
constants were considered too close to the fastest relaxation that could be reliably
measured. However, the points are plotted to show that they are not inconsistent with the
other data. The slope of the fit line is 1-16 x 107 M-1 sol. The value of r2 for the line is 0 977.
In all experiments, the NMDA concentration was maintained at 10 gM throughout the
concentration jumps.

The data presented thus far were obtained in the presence of 10 jtM-NMDA. We
were interested in observing the interaction of glycine with the NMDA receptor over
a range of NMDA concentrations. If glycine modifies the affinity of NMDA, the
converse should be true and the apparent glycine affinity would be different when
measured at NMDA concentrations higher or lower than 10 /IM. Interpretation of the
data measured at higher NMDA concentrations would be complicated, however, at



J. W. JOHNSON AND P. ASCHER

least in part because the various processes of desensitization (Mayer & Westbrook,
1985; Mayer et al. 1987; Benveniste et al. 1990 a; Clark et al. 1990; Sather et al. 1990,
1992; Shirasaki et al. 1990; Vyklicky et al. 1990), which are imperfectly understood,
would be exaggerated. Desensitization is in some cases already visible at 10 UM-
NMDA (see, e.g., Fig. 2A).

Despite these difficulties, several attempts were made to measure the kinetics of
glycine binding at NMDA concentrations of 50 to 500 ftM. The current relaxations
following glycine concentration jumps were often found to be better fitted by double
than single exponential, which we provisionally attributed to the complications
arising from desensitization. However, the main component of Toff had a slow time
constant (close to 1 s) similar to that found at 10 ,tM-NMDA.

Glycine binding in the absence ofNMDA
Because of their complexity, we did not further analyse data collected in the

presence ofNMDA concentrations higher than 10 /IM. However, the measurement of
glycine binding in the absence of NMDA, if feasible, would provide the advantage of
allowing investigation of NMDA-dependent changes in glycine binding while
minimizing the complications resulting from desensitization. Comparison of glycine
binding characteristics at 0 and 10 /uM-NMDA would not reveal interactions between
NMDA and glycine binding as sensitively as a comparison made at NMDA
concentrations well below and above the KD for NMDA. However, ifNMDA binding
has a large effect on glycine binding, then measurements made in the absence of
NMDA should differ from those described above. An extreme case, such as a
requirement that NMDA be bound before glycine could bind, would be obvious.

In order to study the apparent dissociation constant of glycine from NMDA
receptors in the absence of NMDA, a 3 barrel fast perfusion system was used. In
barrel 1 was the concentration of glycine to be tested, in barrel 2 was control solution
with no drugs added, and in barrel 3 was 10 ,tM-NMDA with no added glycine The
cell was first perfused with the solution flowing out of barrel 1 for at least 10 s to
allow equilibrium binding of the glycine in the barrel to the NMDA receptor. The
barrels were then moved so that the cell was exposed to the solution in barrel 2 for
0 5 s to completely wash away unbound glycine. The barrels were then moved again
so that the cell was exposed to the solution in barrel 3, and the response to NMDA
recorded. In the extreme case that no glycine binding to the NMDA receptor could
occur in the absence of NMDA, the response to barrel 3 should not be influenced by
the previous exposure to glycine, but rather should depend only on the concentration
of contaminating glycine and ofNMDA in the barrel 3 solution. However, if glycine
did bind during the exposure to barrel 1, it should only partly dissociate during the
wash with barrel 2. The fraction remaining during the exposure to barrel 3 should
then transiently augment the response to NMDA above the level activated by the
contaminating glycine in barrel 3. Regardless of the glycine concentration in barrel
1, the fraction of previously bound glycine still remaining at any time after glycine
removal should in all cases be the same if a measurement is made at a constant time
following the wash with barrel 2. That fraction will depend on the dissociation rate
of glycine in the absence ofNMDA (see below) and on the delay from glycine removal
to time of measurement. The magnitude of the augmentation of the NMDA response
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Fig. 6. Dissociation constant of glycine in the absence of NMDA. A, averaged whole-cell
currents used to estimate how much glycine was bound before the application of NMDA.
The cell was fast perfused with the indicated concentration of glycine (barrel 1) for at least
10 s. the solution perfusing the cell was changed to control solution (barrel 2), and after
a 0 5 s wash the solution was changed to 10 /tM-NMDA with no added glycine (barrel 3).
Examples of responses to four different glycine concentrations are superimposed. Each
trace is the average of four to eight recordings. Data were filtered at 100 Hz and sampled
at 250 Hz. B. C-R curve for glycine in the absence of NMDA. Data are from the same cell
as used for A. and were measured using the same protocol. On the abscissa is the
concentration of glycine present in barrel 1. On the ordinate is response magnitude
measured after the exposure to 10/M-NNIDA in barrel 3. Response magnitude was
measured as the average current during a 50 ms period centred 0 5 s following the change
to NMDA (barrel 3). The current baseline was measured as the average current during the
0 5 s wash with control solution (barrel 2). The data are fitted as described in Methods by
eqn (1). The response magnitude in the absence of added glycine (RO) was 7-2 pA (A on
the y-axis); (*) other response magnitudes. The fit parameter values are: RM, 89 pA; KD,
61 mM: na, 1-07. The value of r2 for the fit was 0989. Similar measurements were
performed in two other whole-cell experiments. Measurements at eight or nine different
glycine concentrations were made in each cell. C, unaveraged data from the same cell as
in A and B. On the left. the cell was first exposed to 100 ,uM-NMDA (barrel 1), then to
control solution (barrel 2) for 0 5 s, and then to 10 /LM-glycine (barrel 3). The absence of
a response to 10 ,aM-glycine indicates that the NMDA from barrel 1 fully dissociated and
was completely washed away during the 0 5 s wash. In order to gauge the sensitivity of
this measurement to any NMDA that had not been washed away, the response to a jump
from 10 ym-glycine (barrel 3) directly into 100 ,aM-NMDA (barrel 1; barrel 2 briefly
washed the cell in transit) is shown on the right. Note the difference in current scales. Data
were filtered at 100 Hz and sampled at 250 Hz.

during perfusion by barrel 3 can thus be used as an index of the glycine site
occupancy during perfusion by barrel 1.

It was found that the response to the 10 ,uM-NMDA in barrel 3 was augmented in
a glycine concentration-dependent manner by the previous exposure to glycine in
barrel 1 (Fig. 6A). A C-R curve for the binding of glycine to functional NMDA
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receptors in the absence of an NMDA agonist was constructed by plotting the
response magnitude measured after exposure to 10/4aM-NMDA (in barrel 3) as a
function of the glycine concentration to which the cell was previously exposed (in
barrel 1). The data were fitted as described earlier for C-R curves (Fig. 6B). From
three experiments, the glycine apparent dissociation constant was 80 +10 nm and the
Hill coefficient was1P22 + 0-13. The KD measured in the absence of NMDA is
significantly different from the KD of 150 nm measured in the presence of 10ZM-
NMDA (P < 0005, two-tailed Mann-Whitney test). The value ofnH measured in the
absence of NMDA is not significantly different from the nH of111 measured from
complete C-R curves in the presence of 10,tM-NMDA (P> 0-2, two-tailed Mann-
Whitney test). The value ofnH measured in the absence of NMDA is greater than
1 with marginal significance (0'02 <P <0 05, Student's one-tailed t test). The mean
value of r2 for the three fits was 0'991.
The glycine KD estimated in these experiments can be corrected for glycine

contamination (Appendix 1) in the same manner as was the KD estimated from
glycine C-R curves measured in 10 ,tM-NMDA. The corrected value ofKD was found
to be 70+10nM (n=3).
The validity of these data depends on whether or not the removal of unbound

glycine during the 05 s wash with barrel 2 was complete. If a fraction of glycine not
bound to the NMDA receptor was washed out very slowly, then the barrel 3 response
could have been due to augmentation of the response by that remaining glycine.
Figure 3A argues that the change of the solution surrounding a cell is nearly
complete in much less than 0 5 s, but the experiment was not very sensitive to the
possibility that a small fraction of the surrounding drug washes out slowly. A
different protocol was used to determine if the 0 5 s wash with the barrel 2 solution
was sufficient to completely remove the barrel 1 solution from around the cell before
exposure to the barrel 3 solution. The cell was first exposed to NMDA in barrel 1,
then a 0 5 s wash was performed with barrel 2, and then the cell was exposed to
glycine with barrel 3. Because the dissociation rate of NMDA is much faster than
that of glycine, the wash period should allow for the complete removal of bound as
well as unbound NMDA. However, if the wash with barrel 2 did not wash away all
of the NMDA in barrel 1, then an NMDA response would be visible during exposure
to the glycine in barrel 3. In order to reveal more sensitively an incomplete wash of
the barrel 1 solution, a high NMDA concentration (100 ftM) was used in barrel 1. In
Fig. 6C, the above protocol can be seen to result in no response to the application of
10,um-glycine with barrel 3, indicating that the barrel 1 solution was effectively
removed by the wash with barrel 2.
The kinetics of the interaction of glycine with functional NMDA receptors in the

absence of NMDA agonists were also investigated. The dissociation rate of glycine
was measured with 1 ftM-glycine in barrel 1, control solution in barrel 2, and 10 FM-
NMDA in barrel 3. Following perfusion of the cell for at least 10 s with barrel 1, the
cell was perfused with barrel 2 for a length of time that was varied, and then was
perfused with barrel 3. The glycine bound to the NMDA receptor during perfusion
with barrel 1 dissociated in the absence of NMDA agonists during perfusion with
barrel 2. The relative amount of glycine that remained bound following the barrel 2
wash was measured as the current induced by perfusion of NMDA by barrel 3 (Fig.
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7A). The time course of dissociation was measured by plotting the current magnitude
measured after exposure to 10 /tm-NMDA (in barrel 3) as a function of the barrel 2
wash time (Fig. 7B). The decay time constant was measured by fitting (as described
in Methods) a single exponential to the data with response at time 0, steady state

A B
1 /lM-
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_ , 60
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Fig. 7. Dissociation rate of glycine in the absence of NMDA. A, averaged whole-cell
current used to estimate how much glycine was still bound after a wash of variable
duration with solution containing no added glycine or NMDA. The cell was fast perfused
with 1 /zM-glycine (barrel 1) for at least 10 s, the solution perfusing the cell was changed
to control solution (barrel 2), and after a wash of the duration indicated in the figure, the
solution was changed to 10 /tM-NMDA with no added glycine (barrel 3). Examples of
responses after six different wash durations (0-2, 0-6, 1V1, 1t5, 2-2 and 4-0 s) are
superimposed. Note that, following each jump into NMDA following a wash of longer
than 0-2 s wash time, the peak current rises above the current traces from jumps following
shorter wash times. The higher peak is probably in part due to desensitization of previous
responses, but may also reflect a tendency for glycine to dissociate slightly more slowly
in the absence of NMDA. Each trace is the average of three recordings. Data were filtered
at 100 Hz and sampled at 250 Hz. B, data from the cell used for A. On the abscissa is the
duration of the wash with control solution (barrel 2). On the ordinate is the response
magnitude measured after the exposure to 10 ,uM-NMDA in barrel 3. Response magnitude
was measured as the average current during a 50 ms period centred 0-5 s following the
change to NMDA (barrel 3). The current baseline was measured as the average current
during the last 0-5 s before the jump to 10 ,pM-NMDA. The data are fitted as described in
Methods by a single exponential decay (see Results). The fit parameter values are:
response at time 0, 83 pA; time constant of decay, 1-59 s; steady state response, 8-6 pA.
The value of r2 for the fit is 0 997. Similar fits were performed in two other whole-cell
experiments. These data can be used to make a gross estimate of the expected magnitude
of the response to a jump from 1 4uM-glycine to 1 #m-glycine plus 10 ,/M-NMDA, assuming
that glycine can bind to the same number ofNMDA receptors in the absence and presence
of NMDA. If the response at t = 0 is extrapolated back 0 5 s (necessary because the
response was measured at 0-5 s after the jump to NMDA, and glycine continued to
dissociate from its receptor during this 0 5 s), the predicted response magnitude is 110 pA.
This correlates well with the measured peak response of 120 pA observed following a
concentration jump from 1 ftM-glycine to 1 /ZM-glycine plus 10 ,pM-NMDA. The similarity
of these values suggests that glycine was able to bind to all functional NMDA receptors
in the absence of NMDA.
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response, and time constant as free parameters. Because the decay took place in the
absence of NMDA or added glycine, the inverse of the time constant should
approximate the dissociation rate constant in 0 NMDA. From three experiments, the
glycine dissociation rate constant in the absence of NMDA was 0 70+0-22 s- . The
mean value of r2 for the three fits was 0 987. The dissociation rate measured in the
absence of NMDA is not significantly different from the dissociation rate measured
from jumps into 0 glycine measured in the presence of 10/tm-NMDA (P > 041, two-
tailed Mann-Whitney test). In two additional experiments, this protocol was
repeated with 100 nm instead of 1 pm-glycine in barrel 1. The mean value of the
dissociation rate constant (0 70 s-1) was consistent with the rate constants measured
with 1 ,tm-glycine.

DISCUSSION

Glycine affinity and its possible modulation by ONEIDA
We have measured the apparent dissociation constant (KD) of glycine using three

different approaches. It was deduced from concentration-response curves in two
series of experiments, one performed in the presence of 10 /um-NMDA, and the other
designed to evaluate the KD in the absence of NMDA. The first group of experiments
gave a value for the KD of 150 nM, while the second gave a value of 80 nm. The KD
was also independently estimated as the ratio of the rate of dissociation (k-) to the
rate of association (k+). This ratio (ki/k+) was found to be 90 nm. All three values
appear to be in reasonable agreement, considering the variability often encountered
in estimates of apparent dissociation constants.

All three values are likely to be overestimated due to the presence of contaminating
glycine. The values estimated from C-R curves can be corrected for the glycine
contamination if, as suggested by Kleckner & Dingledine (1988), glycine binding is
necessary for the NMDA response. This idea was supported by the observation that
when extensive efforts were made to minimize glycine contamination, the response
to 10 ,tM-NMDA in the absence of added glycine became very small (in some cases
less than 2% of the response to 10 ,aM-NMDA plus a saturating concentration of
glycine). We present here no direct evidence that the relative large NMDA responses
sometimes observed in the absence of added glycine were due exclusively to glycine
contamination. However, the complete block of the NMDA response by some
inhibitory drugs that bind at the glycine site (e.g., Kemp, Foster, Leeson, Priestley,
Tridgett, Iversen & Woodruff, 1988; Foster & Kemp, 1989), and the kinetics of this
block (Benveniste et al. 1990b; Henderson, Johnson & Ascher, 1990), suggest that all
of the NMDA responses in the absence of added glycine that we observed depend
almost entirely on contaminating glycine. This may not be a property of NMDA
responses in all cell types (Sekiguchi, Okamoto & Sakai, 1990).
We therefore corrected the value of the glycine KD for the error due to

contaminating glycine as described in Appendix 1. The corrected value of the KD
measured in the absence of glycine was 70 nm, and the corrected KD measured in
10 /,M-NMDA was 130 nm.
KD values in the range of 100 nm are at the low end of the numerous published

values (see Thomson, 1990) which are mostly in the 100 to 700 nm range. However,
it is worth noting that the earliest binding data suggested KD'S Close to 100 nM
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(DeFeudis et al. 1977; Kishimoto et al. 1981; Bristow et al. 1986) and that some recent
electrophysiological studies also report values in this range (see, e.g., Huettner,
1989).
One possible explanation for the variability of KD estimates is variation in the

amount of contaminating glycine, for which corrections have rarely been attempted
(see Vyklicky et al. 1990). Another possibility is that glycine affinity is modulated by
the binding of NMDA. The data on this point are in conflict; some binding
experiments suggest a positive co-operative interaction between the binding of
glycine and the binding ofNMDA (Reynolds et al. 1987; Fadda, Danysz, Wroblewski
& Costa, 1988; Monaghan, Olverman, Nguyen, Watkins & Cotman, 1988; Kessler
et al. 1989; Hood, Compton & Monahan, 1990; but see Bonhaus et al. 1989), while
some physiological experiments suggest either that NMDA binding decreases the
affinity of glycine (Benveniste et al. 1990a) or that the effects ofNMDA and glycine
exhibit neither positive nor negative co-operativity (Lerma, Kushner, Zukin &
Bennett, 1989; McBain, Kleckner, Wyrick & Dingledine, 1989).
The difference between the KD's observed in 10 #m and 0 NMDA is statistically

significant but small. We hesitate to draw any firm conclusions from this small
change, considering the difference in measurement techniques used. It is
nevertheless consistent with the suggestion of Benveniste et al. (1990a) that NMDA
binding decreases glycine affinity. In the experiments of Benveniste et al. (1990a) the
negative co-operativity between NMDA binding and glycine binding was associated
with glycine-dependent desensitization, a process that we in general observed only
when using relatively old neurons (see Sather et al. 1990). It is therefore possible that
the small difference we observed between glycine affinity in 0 and 10 ,tM-NMDA
would have been amplified if we had used larger neurons and shorter periods of
intracellular perfusion, conditions that appear to favour the expression glycine-
sensitive desensitization. It should be noted that 10 /tM is below the KD for NMDA
(see, e.g., Patneau & Mayer, 1990). If NMDA binding does change the glycine KD,
then we would have measured, in 10 ,tM-NMDA, a glycine KD between the
dissociation constant with the NMDA site unoccupied and the dissociation constant
with the site occupied. It would have been instructive to have made a comparison of
the above data with measurements of the glycine KD at saturating concentrations of
NMDA. However, we felt that the complications introduced by desensitization made
interpretation of such experiments too tentative to be useful.
The possible effect of NMDA on glycine affinity highlights an advantage of the

measurements made in the absence of NMDA; the measured KD should be equal to
the glycine dissociation constant with the NMDA site unoccupied, regardless of any
effects that NMDA binding may have on the glycine dissociation constant (see
Appendix 2). An additional advantage is that in the absence ofNMDA, the receptors
should be minimally desensitized, so the measured KD should have minimal
interference from any affinity changes induced by desensitization.

The association and dissociation rates of glycine
Measurement of the time constants of current relaxations following glycine

concentration jumps allowed evaluation of the rate constants of association (k+) and
dissociation (k_) of glycine. The value found for k+, 1-2 x 107 M-1 s-1, is in the same
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range as the k, for the binding of other small ligands to receptor molecules, such as
the binding of acetylcholine (ACh) to the nicotinic ACh receptor (10'-108 M-1 s-';
Boyd & Cohen, 1980; Sine & Steinbach, 1987; Colquhoun & Ogden, 1988). It agrees
very well with the value estimated by Benveniste et al. (1990 a) of 1 x 107 M-1 s-1 in
experiments similar to ours but performed at an NMDA concentration of 100 /tM.
The dissociation rate constant for glycine, k-, was evaluated with three separate

approaches: (1) in the presence of 10 IUM-NMDA, a line fitted to a plot of /Tson vs.
[glycine] was extrapolated to the y-intercept and gave ki = 08 s-1; (2) the mean
value of 1/Toff in the presence of 10 aM-NMDA gave ki = 1 0 so1; and (3) the mean
value of 1/Toff in the absence of NMDA (Fig. 7) gave k = 07 s-1. The value of 1/Toff
that we measured at 10 /aM-NMDA (10 s-1) is higher than that measured in the
absence of NMDA (0 7 s-1). Although the difference is not significant, it is in the
direction expected if NMDA binding decreases the affinity of glycine in part by
increasing the dissociation rate. In an attempt to better evaluate this hypothesis, we
performed a few experiments in higher NMDA concentrations (50 to 500 /tM). In
these experiments the relaxations following a jump to 0 added glycine were
sometimes multiexponential, but their main component had a slow time constant
(around 1 s). This observation suggests that the glycine dissociation constant is not
greatly increased by NMDA binding, unless there is another process such as
desensitization that has an offsetting effect.
The value of k- for glycine has also been measured by Benveniste et al. (1990 a), but

in the presence of 100 rather than 10 or 0 /tM-NMDA. These authors found for the
extrapolated y-intercept of l/Ton Vs. [glycine] a value of 1l1 s-1, in good agreement
with our measurements, but found a much larger value of 3 1 s-1 for the mean value
of 1/Toff. These measurements present two discrepancies: first, between their and our
value of 1/Toff, and second, between their two estimates of k . Our experiments at
higher NMDA concentrations suggest that the first discrepancy is not due to the
difference in the NMDA concentration used. An alternative possibility is that the
change from glycine-dependent desensitization, as usually observed in their
experiments (Vyklicky et al. 1990), to glycine-independent desensitization, as usually
observed in ours (see Sather et al. 1990) reflects a change in cellular properties that
extends to the kinetics of glycine binding. Another difference in experimental
conditions that could influence glycine dissociation rate is extracellular Ca2"
concentration; Benveniste et al. (1990a) used 0-2 mM-Ca2+ while we used 10 mM-
Ca2 . Increasing extracellular Ca2+ concentration has been reported to decrease the
apparent dissociation constant of glycine (Gu & Huang, 1991); this could be due
to, at least in part, a decrease in the dissociation rate. Benveniste et al. (1990a)
suggest that the second discrepancy, between their two estimates of k , can be
explained by the presence of two glycine binding sites, a hypothesis not required by
our data.

One or two glycine bindings sites?
The hypothesis that each NMDA receptor-channel complex bears two glycine

binding sites was first made on the basis of binding data indicating that there are
twice as many binding sites for glycine as for TCP, a ligand that is believed to bind
to the NMDA channel (Thedinga, Benedict & Fagg, 1989; Yeh, Bonhaus, Nadler &
McNamara, 1989; Yeh, Bonhaus & McNamara, 1990). More recently, Benveniste
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et al. (1990a) and Benveniste & Mayer (1991) have found that a model using two
binding sites was superior to a model with a single site in fitting the current
relaxations observed after a glycine concentration jump. In contrast, a model with
a single functional glycine binding site for each receptor molecule appears consistent
with the following aspects of our data: (1) the Hill coefficient measured at the foot
of the glycine C-R curve was found to be close to 1 under conditions in which we
believe that we have excluded the possibility of an artifact due to glycine
contamination; (2) the plot of I/To. versus glycine concentration was linear; (3) the
value of k1 estimated independently from measurements Of T., and measurements of
Toff were in agreement; and (4) the ratio k1/k, of rate constants calculated assuming
no co-operativity was similar to the KD measured from C-R curves.
These data are not compatible with a model in which the opening of the channel

requires the occupation of two glycine binding sites, whether or not there is positive
binding co-operativity between the two sites. The data are not inconsistent, however,
with all models involving multiple glycine binding sites. For example, a two site
model in which the occupancy of either site is sufficient to permit channel activation
cannot be excluded. Such a model would allow reconciliation of our data and the
binding data. However, it would not account for the functional co-operativity
suggested by Benveniste et al. (1990a) and Benveniste & Mayer (1991).
The question of how many functional glycine sites there are may be resolved in one

of three ways. First, it may be that activation of the NMDA receptor can require the
binding of either one or two glycine molecules, depending on experimental conditions.
It is possible, for example, that the disappearance of glycine sensitive desensitization
is associated with the loss of a second functional glycine binding site. Second, glycine
binding at more than one site may be necessary for channel activation, in which case
evidence for co-operativity has somehow been masked in our experiments. One
possibility is that movement into or out of the glycine-insensitive desensitized state
altered the relaxations following glycine concentration jumps in a manner that
artifactually hid evidence for co-operativity. Because plausible kinetic models tend
to contain many adjustable parameters, it is often not difficult to fit a variety of
different models to a set of kinetic data. However, it does appear difficult to reconcile
with a two-site model, our steady state data showing no evidence for co-operativity
at the foot of the C-R curve. We therefore prefer the third possibility, that glycine
binding at a single site is sufficient for channel activation, and the kinetic data of
Benveniste et al. (1990a) and of Benveniste & Mayer (1991) could be well fitted by
a modified model with a single glycine binding site. For example, the inclusion of an
additional step in the transition from the closed to the open state, as suggested by
Lester, Clements, Westbrook & Jahr (1990), might remove the need for a second
glycine binding site in the model.
The results presented in this and related studies allow some firm conclusions.

Under the conditions of our experiments, the interaction of glycine with the NMDA
receptor is not subject to powerful regulation by NMDA binding. The most extreme
case in which glycine binding cannot take place in the absence of NMDA can be
rejected. Furthermore, while glycine binding may influence NMDA affinity, the
dominant mechanism by which glycine binding regulates NMDA response magnitude
is not through an indirect effect on NMDA binding or desensitization. The simplest
plausible idea appears to be that the primary allosteric effect of glycine binding is on
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channel gating, analogous to the action of NMDA on gating of the NMDA channel
or of ACh on gating of the nicotinic ACh channel.

APPENDIX 1

Because of the presence of an unknown but significant concentration of glycine
contaminating our solutions, our glycine C-R data represented the response as a
function of added rather than true (added plus contaminating) glycine concentration.
The procedure used to derive information from C-R data was to find the best fit of
eqn (1) (the Hill equation modified to fit data with a response at 0 added agonist
concentration) to these data. The question to be addressed in this appendix is: if the
Hill equation describes the true glycine C-R curve, can the parameters derived from
fitting eqn (1) to our C-R data be related to the true parameters that describe the
interaction of glycine with the NMDA receptor? The premise of this question implies
that there is no response to NMDA in the complete absence of glycine. If this is the
case, and the response measured in the absence of added glycine is due to a
background glycine contamination, then the Hill equation can be written:

RG Rm([G]-+[G])nH
([G]B + [G])nH + (KDT) H (Aln)

where [G]B is the background (contaminating) glycine concentration, KDT is the true
apparent dissociation constant (the dissociation constant that would be measured if
actual rather than added glycine concentrations were used in the fitting of C-R
curves), and the meaning of the other symbols is the same as for eqn (1).

This equation cannot be manipulated into the form of eqn (1). We could have
derived the desired information by fitting eqn (Al) to the data, leaving RM, [G]B,
KDT, and nHas free parameters. However, after noting that the C-R curves exhibit
relatively little co-operativity, we decided to take advantage of the fact that in the
special case that nH= 1, eqn (Al) can be manipulated into the form of eqn (1)
without requiring the addition of another free parameter. If nH= 1, then eqn (Al)
can be rewritten:

RG = Rm[G]B + RM[G] (2
[G]B + [G] +KDT [G]B+[G]±KD (A2)

The first term of the right-hand side of eqn (A2) can be broken into a part dependent
on, and another independent of, [G]:

RM[G]B ([G]B+KDT) RM[G]B([G]B+ [G]+KDT)-RM[G]B[G]
([G]B+[G] +KDT) ([G]B+KDT) ([G]B + [G] +KDT) ([G]B+KDT)

RM[G]B (1 [G]
[G]B+KDT \.[G]B+[G]+KDJTA3

Substituting eqn (A3) back into eqn (A2) and rearranging gives:

RG RM[G]B +R-_ RM[G]B ( G] . (A4)[G]B+KDT V [G]B+KDT ([G]B +[G] +KDT)
Recognizing that (RM[G]B)/([G]B+KDT) must equal RO (the response in the absence
of added glycine; see eqn (1)), and defining KD= [G]B+KDT, eqn (A4) can be
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rewritten as eqn (1) with nH = 1. The dissociation constant measured by fitting eqn
(1) to data is larger than KDT by an amount equal to [G]B. This information can be
used to estimate the background glycine concentration from the results of fitting eqn
(1) to the data:

R RM[G]B RM[G]B
[G]B+KDT KD

ROKD[GIB DRM

APPENDIX 2

The question to be addressed in this appendix is: how do the rate constants that
characterize glycine binding relate to the time constant of macroscopic current
relaxations following glycine concentrations jumps? In order to derive a simple
formula for the relaxation time constant, the following assumptions will be made: (1)
there is a single NMDA binding site (general consideration of two NMDA binding
sites will be made at the end of the appendix); (2) the time constant characteristic
of NMDA binding is much faster than that of glycine binding (see Results), so that
any states separated only by an NMDA binding step can be considered in equilibrium
during relaxations and only the dissociation constant (not rate constants) for NMDA
binding needs to be used; (4) the time constant characteristic of channel transitions
is much faster than that of glycine binding (see Results), so that similarly only the
fraction of time that the fully liganded channel spends open needs to be used. The
reaction scheme can then be written:

KNI
N+R+G NR+G

k+1JTk_1 k_2tJk±+2
N+RG NRG -+NRG*, (A5)

KN2 KO

where N is a molecule of NMDA. R is the NMDA receptor-channel complex, G is a
molecule of glycine, NR is the complex with only NMDA bound, RG is the complex
with only glycine bound, NRG is the complex with both NMDA and glycine bound,
and NRG* is the fully liganded complex with the channel open (this is the only state
with an open channel). KN1 and KN2 are dissociation constants, Ko is equal to
[NRG]/[NRG*], and k+1, k_ , k+2, and k-2, are rate constants.

If R can be considered in equilibrium with NR during relaxations, then R and NR
can be treated as a single state (combined state 1). Likewise, RG, NRG, and NRG*
can be considered a single state (combined state 2). If k+1' and k+2' are the rate
constants for the left-hand and the right-hand paths (scheme A5), respectively, from
combined states 1 to 2, then:

k [R]k+l _ KNlk+l
+1 [R]+ [NR] KN,+[N]]

- [NR]k+2 _ [N]k+2
[R]+[NR] KN+L[N]
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If k1' and k2 are the rate constants for the left-hand and right-hand paths (scheme
(A5)), respectively, from combined states 2 to 1, then:

-'= [RG]k1= KN2k_1[RG] + [NRG] + [NRG*] KN2+[N] + ([N]/KO)'

k'- [NRG]k-2 [N]k-2
[RG] + [NRG] + [NRG*] KN2+[N] + ([N]/KO)

When there is more than one path interconnecting two states, the reciprocal of the
relaxation time constant is simply the sum of the rate constant terms (Bernasconi,
1976). Because the same relaxation time constants) must apply to all states of a
reaction scheme, the time constant for relaxations between combined states 1 and 2
must also apply to relaxations of NRG*. Thus, since current is proportional to
[NRG*], the reciprocal relaxation time constant ofmeasured current ofthis system is:

1/= ( +1 +k2')[G]+kk' +k 2 - (KNlk+l + [N]k+2)[G] KN2kj+ [N]k-2+2 -2 ~~(KN1+ [N]) (KN2 +[N] + ([N]/K0))'
The relative contribution of the two glycine binding paths to the relaxation time
constant depends on NMDA concentration. At low NMDA concentrations, the left-
hand path of scheme (A5) will dominate, while at high NMDA concentrations the
right-hand path will dominate. Note that, in the absence of NMDA, 1/T =
k+1[G] + k1. Even at intermediate NMDA concentrations, a single exponential is
predicted. In the special case in which glycine binding is unaffected by NMDA
binding (k+1 = k+2 and k_1 = k12), and the fully liganded receptor-channel complex
spends most of its time in the closed state (K0> 1, as suggested by Huettner & Bean,
1988, but see Jahr, 1992), then at any NMDA concentration 1/T= k+1[G] + k11.

If there are two NMDA binding sites (see Patneau & Mayer, 1990; Benveniste &
Mayer, 1991; Clements & Westbrook, 1991), then the same approach can be applied
to a model that can be written:

R NR

RG'NRG

NRNG*

RNG NRNG

RN*NRN

All transitions around the outer square, all transitions around the inner square,
and the transition to the open channel would be fast. Only the transitions between
the outer and the inner square (all transitions involving glycine binding) would be
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rate limiting. Single exponential relaxations would still be predicted to follow glycine
concentration jumps. If the binding ofNMDA did not affect glycine binding, and the
fully liganded channel spent the great majority of its time closed, then the reciprocal
of the relaxation time constant could still be calculated as k+,[G] + k-1.

It should be remembered that NMDA binding and channel transition steps do not
take place instantaneously, as would have to be the case for these equations to apply
exactly. These additional steps should make the current relaxations sigmoid.
Analysis of the initial sigmoid portion of the relaxation would require more rapid
solution changes and more precise knowledge of the moment of solution change than
was possible in the whole-cell experiments reported here (but see Clements &
Westbrook, 1991).
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