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Modeling the Effect of Glutamate Diffusion and Uptake on NMDA and
Non-NMDA Receptor Saturation

William R. Holmes
Neurobiology Program, Department of Biological Sciences and College of Osteopathic Medicine, Ohio University,
Athens, Ohio 45701-2979, USA

ABSTRACT One- and two-dimensional models of glutamate diffusion, uptake, and binding in the synaptic cleft were
developed to determine if the release of single vesicles of glutamate would saturate NMDA and non-NMDA receptors. Ranges
of parameter values were used in the simulations to determine the conditions when saturation could occur. Single vesicles
of glutamate did not saturate NMDA receptors unless diffusion was very slow and the number of glutamate molecules in a
vesicle was large. However, the release of eight vesicles at 400 Hz caused NMDA receptor saturation for all parameter values
tested. Glutamate uptake was found to reduce NMDA receptor saturation, but the effect was smaller than that of changes in
the diffusion coefficient or in the number of glutamate molecules in a vesicle. Non-NMDA receptors were not saturated unless
diffusion was very slow and the number of glutamate molecules in a vesicle was large. The release of eight vesicles at 400
Hz caused significant non-NMDA receptor desensitization. The results suggest that NMDA and non-NMDA receptors are not
saturated by single vesicles of glutamate under usual conditions, and that tetanic input, of the type typically used to induce
long-term potentiation, will increase calcium influx by increasing receptor binding as well as by reducing voltage-dependent
block of NMDA receptors.

INTRODUCTION

Calcium influx through NMDA receptor channels has been
shown to be necessary for the induction of long-term po-
tentiation (LTP) and long-term depression (LTD) (for a
review, see Baudry and Davis, 1991, 1994). It has been
proposed that whether a synapse undergoes LTP or LTD
depends on the magnitude of the calcium concentration
change at the synapse (Lisman, 1989; Holmes and Levy,
1990). High-frequency tetanic stimulation of the type used
to induce LTP may enhance calcium influx through NMDA
receptor channels by two mechanisms: 1) by relieving volt-
age-dependent magnesium block of the channels, and 2) by
having glutamate bind to additional receptors or receptor
binding sites with each pulse in the stimulus train. Although
the voltage dependence of magnesium block of the NMDA
receptor channel has been well described, it is not known if
subsequent pulses in a tetanus actually cause additional
glutamate binding to NMDA receptors.

Recent reports suggest that a single vesicle of glutamate
may saturate NMDA (Clements et al., 1992) and non-
NMDA (Tang et al., 1994) receptors at hippocampal syn-
apses. If NMDA receptors are saturated by a single vesicle
of glutamate, then subsequent pulses in a high-frequency
stimulus train would fail to increase the peak number of
open NMDA receptor channels by recruiting additional
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receptors; the only role of the tetanus would be to relieve
magnesium block. In previous modeling work (Holmes and
Levy, 1990, and unpublished calculations), we found that
predictions of the amount of calcium entry through NMDA
receptor channels were strongly influenced by whether the
peak number of bound NMDA receptors was allowed to
increase during a tetanus. If NMDA receptors are saturated
by a single vesicle of glutamate, then the increase in calcium
influx due to the tetanus would be limited, and calcium
levels that lead to LTT would be hard to distinguish from
those that lead to LTD.
The goal of this study was to determine if the release of

a single vesicle of glutamate or the tetanic release of eight
vesicles of glutamate at 400 Hz could saturate NMDA and
non-NMDA receptors. Diffusion models of the synaptic
cleft and the volume outside the cleft were constructed, and
the equations were solved for ranges of parameter values.
Percentage saturation was defined as the maximum percent-
age of receptors, at any given time during the simulation,
that had both of their binding sites occupied by glutamate.
Receptors were considered to be saturated if the percentage
saturation exceeded 90%. It was found that the extent of
NMDA receptor saturation depends strongly on assump-
tions about the number of glutamate molecules in a vesicle
and the glutamate diffusion coefficient, and on glutamate
uptake. For the parameter values thought to be most
consistent with experimental data, NMDA receptors did
not saturate with a single vesicle of glutamate, but
did saturate with the eight pulse tetanus. Non-NMDA
receptors also did not saturate with a single vesicle of
glutamate, and an eight-pulse tetanus caused significant
receptor desensitization.
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METHODS

Representation of the synaptic cleft

The synaptic cleft was modeled as a flat cylinder (Fig. 1). Vesicular release of
glutamate was assumed to occur over a radius v from the center of the top
surface of the cylinder. NMDA and non-NMDA receptors were located within
a radius n from the center of the bottom surface of the cylinder. There were two
types of glutamate uptake transporters modeled. Uptake into the presynaptic
neuron was assumed to occur between radii v and u at the top surface of the
cylinder, and uptake into glia was assumed to occur beyond radius u, also at
the top surface of the cylinder. Any glutamate that managed to diffuse as far
as the lateral surface of the cylinder was assumed to be taken up, i.e., the
concentration of glutamate at the lateral surface of the cylinder was zero.

Mathematical procedure

Two-dimensional model

The three-dimensional diffusion equation in cylindrical coordinates (r, z, 0)
was reduced to the two-dimensional equation in (r, z) by assuming sym-

metry in the angular variable 0.

'AA - 82A a2A]
= D~a- + dw + azifat rrar z2 (1)

The variable r represents the radial dimension from the center of the cleft
into the extracellular space, and the variable z represents the dimension
across the synaptic cleft from the presynaptic to the postsynaptic neuron. In
this equation A is glutamate concentration and D is the diffusion coefficient
for glutamate. A grid in r and z was constructed, and this equation was
solved using the alternating direction implicit method (ADI method) (e.g.,
Gerald and Wheatley, 1994). A grid size of 0.5 nm for Ar and Az was used
most often. The At was 0.05-0.2 ,ps for most simulations (the smaller value
was used with high uptake capacity and large numbers of glutamate
molecules in a vesicle) but was 0.01 ,us when looking at changes across the
cleft (z axis) over the first 20 p,s after release.

Uptake was incorporated by adding a Michaelis-Menten term to Eq. 1
for grid points along the top surface as follows:

aA [1 AA A + A_ Vmax(i)A 2
at irar ar az2I A + Kmi)

where the index i distinguishes between neuronal, glial, or no uptake.

At the bottom surface glutamate binds to NMDA and non-NMDA recep-
tors. Binding to NMDA receptors was modeled according to the following
kinetic scheme:

2k0. kon e
A +R=AR +A ±A2R A2R*

kogt 2kofr a

%' 4
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where A (agonist) is free glutamate, R is free receptor, and AR, A2R, A2D,
and A2R* represent the single bound, double bound, desensitized, and open
states of the receptor-agonist complex. Although most proposed kinetic
schemes allow entry into the desensitized state only from the double bound
state (Clements and Westbrook, 1991; Lester and Jahr, 1992), there is
evidence to suggest that the desensitized state can be entered from the open
state as well (Lin and Stevens, 1994).
This set of kinetic equations yields the following differential equations:

dA2R*
dt = -(a + kd2)A2R* + /3A2R + kr2A2D

dA2Dd - (krl + kr2)A2D + kdl A2R + kd2 A2R*dt

dA2R
dt =-( + kdl + 2koff)A2R + aA2R*

(3)
+ krl A2D + (kon A)AR

dAR
dt = -v(ko A + koff)AR + (2kon A)R + 2koff A2R

dA
dt = -(2kon R + konAR)A + koffAR + 2koff A2R

Binding to non-NMDA receptors was modeled with the kinetic scheme
proposed by Jonas et al. (1993). This scheme was chosen because it was
developed for hippocampal non-NMDA receptors and it allows desensiti-
zation from the single bound state as well as from the double bound and
open states. This scheme was
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B
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FIGURE 1 Representation of the synaptic cleft. (A) The radius v of the
synaptic vesicle was 0.025 ,um, the cleft was 0.02 ,um wide, and the
postsynaptic density was circular with a radius of 0.1 ,Lm. (B) More global
view showing the areas of neuronal and glial glutamate uptake. Radius u

was 0.5 ,um.
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Two other kinetic schemes were tested. One was identical to that described
above for the NMDA receptors, but it was abandoned because it did not
include the important single bound desensitized state. The other was the
scheme proposed by Raman and Trussell (1992, 1995) for embryonic chick
nucleus magnocellularis neurons. Because hippocampal receptors were of
interest for this study, the data plotted in the figures were computed with
the Jonas et al. (1993) scheme.

This non-NMDA binding reaction scheme can be modeled by a set of
seven differential equations entirely analogous to Eq. 3.

To solve Eq. 1 in conjunction with the auxiliary equations Eq. 3, it was
assumed that glutamate concentration was constant over the time step of
integration of Eq. 3. This assumption eliminated the last of the equations in
Eq. 3 and made the remaining equations linear. Being linear, they could be
solved simply with an improved Euler method. The change in glutamate at

3
p - ------------- -u7:.p - I -- .........
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the bottom surface due to binding was incorporated into Eq. 1 for the grid
points representing the bottom surface as

aA 1 dA 82A 82A
-=D~-- + +at rdrar az2 j

+ {-(2kon A)R + koffAR

- (kon A)AR + 2koff A2R }NMDA (4)

+ {-(kon, A)R + koff, AR - (kon2 A)AR

+ koff2 A2R - (kon3 A)AD + koff3 A2D }AMPA

where the subscripts NMDA and AMPA indicate terms for NMDA and
non-NMDA receptor binding, respectively.

The numerical procedure was as follows:
1. Use the glutamate concentration at time t to solve the equations for

the NMDA and non-NMDA binding reaction states at t + At/4 (i.e., for A
fixed at its value at time t, solve Eq. 3 for AR, A2R, A2D, and A2R* for the
NMDA reaction and an analogous set of equations for AR, A2R, AD, A2D,
A2D*, and A2R* for the non-NMDA reaction at t + At/4).

2. Use the receptor state values at t + At/4 to solve Eqs. 1, 2, and 4 for
glutamate concentration at t + At/2 by sweeping through the r dimension
(first half of the ADI method).

3. Use the glutamate concentration at t + At/2 to solve the equations for
the NMDA and non-NMDA binding reaction states at t + 3AtI4.

4. Use the receptor state values at t + 3Mt/4 to finish the ADI compu-
tation by sweeping through the z dimension to get glutamate concentration
at t + At.

Solving the auxiliary equations at half time steps with respect to the
partial differential equation in this manner is a procedure recommended for
use with the equations of nerve conduction (Mascagni, 1989).

One-dimensional approximation

Because the z dimension (height of the synaptic cleft) is small compared to
the radial extent of the volume being modeled, Eqs. 1, 2, and 4 above for
glutamate concentration might be approximated by eliminating the terms in
z and by appending the additional terms found in Eqs. 2 and 4 to Eq. 1.
When this was done, the resulting equation and auxiliary equations were
similar to those used by Wathey et al. (1979) in models of the neuromus-
cular junction. The one-dimensional approximation was used to check the
accuracy of the numerical procedure by comparing results with specific
cases reported by Wathey et al. (1979).

Initial conditions and boundaty conditions

T'he release of neurotransmitter was modeled as in Wathey et al. (1979).

That is, initial transmitter concentration was zero except that

A (r, 0, 0) = a[(r/v)4-2(r/v)2 + 1] O
- r < v

where v is the vesicle radius and a is a constant that converts the number

of transmitter molecules into a concentration. Initial values of all other
variables were set to 0. Boundary conditions were sealed ends at the top
and bottom (3A/az = 0) and zero glutamate concentration at the lateral
boundary.

Parameter value ranges used in the simulations

T'he model required values for numerous parameters. The ranges of values

used are given in Table 1. Simulations used the values in the middle
column of Table 1 unless stated otherwise.

TABLE I Parameter values and ranges used in the
simulations

Parameter Symbol Value Range tested

Glutamate diffusion
coeff.

PSD diameter
Glutamate molecules in

a vesicle
NMDA receptor density
Non-NMDA receptor

density
Uptake affinity (neuron)

Uptake affinity (glia)

Uptake capacity (neuron)
Uptake capacity (glia)
Non-NDMA binding

NMDA binding

D 0.25 tkm2/ms
0.2 ,um

3000
600/4m2

3000/Im2
Km 2 ,LM

Km 200 ,uM

Vm
Vma
k.n
k0ffl
k0n
k0ff
k.n
k.ff
a

a,
a1
a2

(2

a3
(3
a4
34
kon
k.f
a

kdl
kd2
krl
kIr2

80*
240*
0.00918 .M-1 ms-
8.52 ms-1
0.0568 jLM-1 ms-1
6.52 ms-1
0.00254 ,uM1 ms 1

0.0914 ms-1
1.8 ms-1
8.5 ms-1
0.0784 ms-1
5.78 ms- 1

001454 ms-1
0.344 ms-1
0.008 ms-1
0.0354 ms-1
0.3808 ms-1
0.0336 ms-1
0.005 ,uM-1 ms-1
0.0067 ms-1
0.20 ms-1
0.06 ms-1
0.01 ms-
0.01 ms-1
0.002 ms-1
0.002 ms-1

0.1-0.4

1000-10000
200-2000

1000-10000
2 ,uM (high)
20 ,uM (low)
200 p.M (high)
1 mM (low)
80, 400, 800
240, 1200, 2400

*One-dimensional model values. The two-dimensional model values vary
according to the grid size in the z direction.

Diffusion coefficient

The diffusion coefficient for glutamate in aqueous solution has been
estimated to be 0.76 p.m2/ms (Longsworth, 1953). It is thought that the
diffusion coefficient in the synaptic cleft should be about a factor of 3
lower because of tortuosity (Rice et al., 1985; Nicholson and Phillips,
1981; Garthwaite, 1985). A diffusion coefficient of 0.25 p.m2/ms was used
most commonly in the simulations, but results were computed with values
ranging from 0.1 to 0.4 p.m2/ms.

Binding kinetics

There have been numerous studies describing the binding kinetics of
glutamate with NMDA (Clements and Westbrook, 1991; Edmonds and
Colquhoun, 1992; Lester et al., 1990, 1993; Lester and Jahr, 1992) and
non-NMDA receptors (Jonas et al., 1993; Patneau et al., 1992; Raman and
Trussell 1992, 1995; Vyklicky et al., 1991). The NMDA parameter values
used in the simulations were chosen to lie within the range of reported
values. The non-NMDA parameter values used were those given by Jonas
et al. (1993), except that they were multiplied by 2 (to compensate for
temperature). Some simulations were done with the uncompensated values
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and still others used the kinetic scheme and values given by Raman and
Trussell (1995). Values chosen are given in Table 1.

Synaptic contact area

The total number of receptors depends on the area in which receptors are
present and the receptor density. The area occupied by receptors was
assumed to be circular, with a diameter of 0.2 ,um and a surface area of
0.0314 ,Lm2. This surface area value is near the mean of postsynaptic
density (PSD) areas measured for non-concave PSDs in dentate granule
cells (Desmond and Levy, 1986).

Glutamate molecules in a vesicle

The number of glutamate molecules in a vesicle has been estimated to be
1000-5000 (Burger et al., 1989; Riveros et al., 1986). This is smaller than
the number of acetylcholine molecules thought to be in a vesicle at the
neuromuscular junction. The range of values simulated was 1000-10,000.

Receptor density

The density of non-NMDA and NMDA receptors at a synapse has not been
measured. Rough estimates can be made based on the density of "particles"
observed in freeze fracture studies (Harris and Landis, 1986). These studies
indicate that there are 2000-4000 particles/pm2 at a synapse. Acetylcho-
line receptor density at the neuromuscular junction is thought to be about
10,000/11m2, but densities of receptors at hippocampal synapses are
thought to be lower. An additional problem was to decide how many
NMDA versus non-NMDA receptors should be modeled at a synapse.
Given the fact that the single channel conductance of NMDA receptors is
about 5 times larger than that for non-NMDA receptors, it was assumed
initially that the densities should also differ by a factor of 5. Thus the range
of densities tested was 200-2000/4Lm2 for NMDA receptors and 1000-
10,000/4Lm2 for non-NMDA receptors. (With a PSD surface area of 0.0314
tkM2, a receptor density of 1000/pUm2 means that there are approximately
31 receptors.)

Glutamate uptake
Two different glutamate uptake systems have been identified in the brain
(Balcar and Johnston, 1972a,b; Hertz et al., 1978; Hertz, 1979; Schousboe,
1981). One is a high-affinity system that is thought to mediate uptake into
the presynaptic neuron. For example, uptake is very much reduced in the
dentate following axotomy of perforant path neurons (Storm-Mathisen,
1977). The other is a lower-affinity system responsible for uptake into glia.
Reported Km values for the high- and low-affinity systems are 1-20 ,uM
and 100-1000 ,uM, respectively. In the simulations the Km value for the
high-affinity system was either 2 or 20 ,uM, and the value for the low-
affinity system was either 200 or 1000 ,uM. Reported Vm,,,: values were
difficult to translate into model parameters, but reports suggest that the
value for glial uptake is about 3 times that for neuronal uptake (Balcar and
Johnston, 1972b), and this is the ratio used here. In the simulations the Vm.
can be interpreted as being the transport rate per transporter multiplied by
the surface density of transporters multiplied by the surface-to-volume
ratio. Values assumed for Vm. in the one-dimensional model simulations
were 80, 400, and 800 for neuronal uptake and 240, 1200, and 2400 for
glial uptake. (Values in the two-dimensional model depended on the grid
size in the z direction.) With a synaptic cleft width of 0.02 Jim, a value of
80 could be interpreted to represent a transport rate of 1 glutamate mole-
cule/ms with a transporter density of 1.6/p1m2 or a transport rate of 1
glutamate molecule/10 ms and a transporter density of 16/4Lm2.

Estimating calcium influx
The number of open NMDA and non-NMDA channels as a function of

conductances for use in a model of a dentate granule cell. This model has
been fully described (Holmes and Levy, 1990). The somatic EPSPs due to
activation of single synapses were computed with both NMDA and non-

NMDA receptor mediated conductances present or with only the non-

NMDA component present. Magnesium block of the NMDA receptor
channel was included in the model with an assumed extracellular magne-
sium concentration of 1.2 mM. In this model synaptic conductances were

activated at one or 108 synapses on dendritic spines either once or eight
times at 400 Hz.

Calcium influx was computed from the calcium component of the
current through the NMDA receptor channels, as in the previous dentate
granule cell model. Comparisons of calcium influx during the 100-ms
period after stimulation were made for the different conductances com-

puted for the range of parameter values in Table 1.

RESULTS

Determining an appropriate lateral
boundary condition

It was first necessary to determine the lateral extent of the
extracellular space that should be included in the model. A
usual assumption of this type of model is that neurotrans-
mitter reaching the edge of the cleft is removed instantly
from the system by uptake mechanisms. This assumption
was not made here because uptake systems were explicitly
included in the model. The lateral distance beyond the
synaptic cleft that should be included in the model before
the boundary condition of instant uptake is applied needed
to be large enough that further increases in the lateral extent
would not affect computed results, but small enough to limit
computation time.
To determine an appropriate lateral extent for the model,

the time course of glutamate in the cleft was modeled with
the two-dimensional model, with a lateral extent of 0.1, 1.0,
4.0, and 8.0 ,um. Three thousand glutamate molecules were

released into the cleft either once at t = 0 or eight times at
400 Hz. To maximize differences among the four cases, no

glutamate uptake was included. At the lateral boundary,
uptake was instantaneous (i.e., glutamate concentration was
zero).
As shown in Fig. 2, a lateral extent of 4 ,um was appro-

priate for the model. Increasing the lateral extent to 8 ,um
produced negligible differences in glutamate decay, and
hence negligible differences in non-NMDA and NMDA
conductance time courses, whether for a single input or for
a tetanus. The appropriateness of a lateral extent of 4 or 8
,um was confirmed by comparisons with the analytic solu-
tion for diffusion from an instantaneous point source in an

infinite disk (Barbour et al., 1994). The curve computed
with the analytic solution (not shown) entirely overlaps the
curve for a lateral extent of 8 ,um after the first 0.1 ms.

Conversely, lateral extents of 0.1 and 1.0 ,um were clearly
inappropriate. The boundary condition of instant uptake at
the lateral boundary artificially drew glutamate out of the
cleft much faster than it would leave by diffusion alone.
With a lateral extent of 0.1 ,um, almost no glutamate was

left in the cleft after 100 ,us. With a lateral extent of 1.0 ,um,
time computed with the above model was used to determine synaptic
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FIGURE 2 Glutamate molecules in the synaptic cleft for extracellular
space extending 0.1, 1.0, 4.0, and 8.0 ,um from the center of the cleft.
Uptake was at the lateral boundary only. Although 3000 glutamate mole-
cules were released, the graphs are scaled to 40 and 100 molecules to
magnify differences in the simulations. D was 0.2 jim2/ms and NMDA and
non-NMDA receptor densities were 600 and 3000/,pm2, respectively. (A)
Single vesicle release. The asterisk indicates that when the lateral boundary
was 0.1 ,um, the decay curve largely overlapped the graph axes. (B) Tetanic
release of glutamate. The slight increase in glutamate with each pulse when
the lateral extent was 4.0 or 8.0 ,um did not occur when neuronal and glial
uptake were included in the model. Decay was extremely rapid for a lateral
boundary of 0.1 ,um.

much faster than with lateral extents of 4.0 or 8.0 ,um. This
faster decay could bias studies of receptor saturation. Con-
sequently, lateral extents of 4.0 ,um or larger were used in
the simulations. (When uptake was included in the model
with a 4.0 gm lateral extent, the glutamate decay curve fell
between those curves shown in Fig. 2 for lateral extents of
0.1 and 1.0 ,um. See Fig. 5 below.)

Differences between one- and two-dimensional
model results

Given that the lateral dimension of the model was much
larger than the cleft height, it would seem that one- and
two-dimensional models should yield identical results. If
the lateral extent were 0.1 ,um, then the lateral dimension
would be only 5 times larger than the cleft height, and one-

and two-dimensional models might produce different re-
0.1 gm sults. However, with a lateral extent of 4.0 ,um, the lateral
1.0 Am dimension was 200 times larger than the cleft height. To test
*4.0 gm whether differences between the one- and two-dimensional
8.0 im model results were negligible, the two-dimensional model

was used to analyze differences in glutamate concentration
across the height of the cleft (z dimension).

It was found, not surprisingly, that differences in gluta-
mate concentration across the height of the cleft were neg-
ligible after the first 3 ,us. This is similar to the result given
by Eccles and Jaeger (1958). Glutamate concentrations were

30 identical to three digits across the cleft by 2-3 ,us, depend-
ing on the particular lateral distance being observed, and
were identical to four digits by 9 ,ts. In models without
uptake, differences in the third and fourth digit of glutamate

0.1 jLm concentration across the cleft began to reappear after 9 ,us,
1.0 jim presumably because of glutamate binding to receptors. In
4.0 gm simulations with the highest level of glutamate uptake mod-
8.0 gm eled, an equally small reverse gradient of glutamate con-

centration developed because of glutamate uptake into the
presynaptic neuron. In all cases there was a significant
gradient of glutamate concentration in the lateral direction
(r direction), but a negligible gradient across the cleft

......... (z direction).
.r-I-r~ | Because results with one- and two-dimensional models
40 S0 were virtually identical, one-dimensional models were used

to compute many of the results in the latter half of this
paper.

Time course of glutamate in the cleft

The concentration of glutamate in the cleft will vary as a
function of time depending on the distance from the release
site, the glutamate diffusion coefficient, and the affinity and
capacity of the glutamate uptake systems.

Fig. 3 shows the time course of glutamate at the postsyn-
aptic membrane at different distances from the center of the
postsynaptic density (PSD) or release site when uptake was
included or not included in the model. Whether there was
uptake or not, glutamate concentration at the center of the
PSD was briefly at a level approaching that thought to exist
in the synaptic vesicle (Burger et al., 1989; Riveros et al.,
1986) or over 100 mM. At the edge of the cleft, or 0.1 ,um
from the center, peak glutamate concentration was 2.85
mM. Glutamate concentration above the PSD equilibrated
by about 0.3 ms. Removing uptake had little effect on the
peak concentration in the cleft, but it did affect the decay
time course (compare Fig. 3, B and C). Although peak
glutamate dropped substantially with distance (i.e., 100 ,uM
at 0.5 ,um from the center), all receptors experienced large
glutamate concentrations because of the 0.1-,im radius of
the PSD.
The diffusion coefficient of glutamate played a major role

in determining the time course of glutamate in the cleft, as
shown in Fig. 4. Here 3000 glutamate molecules were
released into the synaptic cleft and the average concentra-
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FIGURE 4 Effect of the glutamate diffusion coefficient on the time
course of glutamate in the cleft. Three thousand glutamate molecules were
released into the cleft. The concentration of glutamate averaged over the
volume of the cleft is plotted on a log scale. One molecule in the cleft
corresponds to a concentration less than 3 ,uM. (A) No uptake. (B) High
affinity and low capacity uptake.

5

FIGURE 3 Time course of glutamate in the cleft. D was 0.25 ,Lm2/ms
and the number of glutamate molecules released was 3000. Uptake affin-
ities were 2 ,uM and 200 ,uM for neuronal and glial uptake, respectively.
(A) Low uptake capacity; locations observed were in the first 0.5 ,um from
the center of the cleft. (B) Low uptake capacity, locations up to 2 ,um
from the cleft are shown. (The lines cross because of different uptake
affinity and capacity beyond 0.5 Am.) (C) No uptake.

important role in determining the time course of glutamate
in the cleft, as shown in Fig. 5. Three different uptake
capacities were modeled. As uptake capacity was increased,
the time at which glutamate virtually disappeared from the
cleft decreased from 1.5 ms to 0.6 ms to 0.35 ms. When the
affinity constants for the two transporters were raised from
2 and 200 ,uM to 20 and 1000 ,uM, the decay time courses

were not affected until the average glutamate concentration
in the cleft was less than 150 ,uM. Below that number,
decay was slowed and the times at which glutamate virtu-
ally disappeared from the cleft were > 2.0 ms, 0.9 ms, and
0.5 ms for the three different uptake capacities.

tion in the cleft is shown as a function of time for D = 0.1
to 0.4 pum2/ms. Note that the largest difference in decay
time course is seen between the D = 0.1 and D = 0.2
curves. If there were some factor besides tortuosity that
could cause the glutamate diffusion coefficient to drop
substantially, then the time course of glutamate in the syn-

aptic cleft would be much prolonged.
Maximum uptake rate and to a lesser extent the affinity of

glutamate for the glutamate transporters also played an

Extent of NMDA and non-NMDA receptor
saturation with single vesicles of glutamate

The extent of NMDA and non-NMDA saturation by single
vesicles of glutamate was explored while varying the dif-
fusion coefficient, the uptake affinity and capacity, the
number of glutamate molecules in a vesicle, and receptor
density. Percentage saturation was defined as the maximum
over time of the percentage of receptors that had two glu-

- - - - Center of PSD
Edge of PSD

. PSD + 50 nm
- ------ PSD + 100 nm
-----PSD+400nnm

I'

Ms~ ~~~--

-- -- - Center of PSD
Edge of PSD

. .PSD + 0.4 gm
----PSD+0.9 gm

. .PSD + 1.9 jim

----- Center of PSD
\~ Edge of PSD

. .PSD + 0.4 gm
----PSD+0.9 gm
.......PSD + 1.9 gm

,... '. . . .

n ---r-,ft -JI
V

laluq

_

I a

nZ| - ~~~~-----n_--

1 739Holmes

I
I



Volume 69 November 1995

A 10+04-

_ 10+03 -

S 1+02 -

13.+u _

0.0

B 1.+04

__" 10+03

0

S 10+02

1e+01

* I

0.5 1.0

Time (ms)

0.0 0.5 1.0

Time (ms)

1.5

1.5 2.0

A 100 -

c

0 80-

a-
n 60-

o: 40-
0

Z 20-

n i
. . .

2.0

B 100
C

o 80

Z 60

o: 40

Z 20
e

FIGURE 5 Effect of uptake affinity and capacity on the time course of
glutamate in the cleft. D was 0.25 gm2/ms. (A) Uptake Km values were 2
and 200 ,uM for neuronal and glial uptake. (B) Uptake Km values were

increased to 20 and 1000 ,uM.

tamate molecules bound, including those in the open chan-
nel and desensitized states.

Single vesicles of glutamate did not saturate NMDA
receptors unless the diffusion coefficient was small and the
amount of transmitter released from a vesicle was large. Fig.
6 A shows that even when D was 0.1 jLm2/ms, NMDA
receptors did not become 90% saturated until the number of
glutamate molecules in a vesicle was 3000. When D was 0.2
gm2/ms, 5000 glutamate molecules were needed to get 90%
NMDA receptor saturation. When 10,000 glutamate mole-
cules were in a vesicle, NMDA receptors were more than
90% saturated regardless of the value of the diffusion co-

efficient used in the model. For the range of glutamate
molecules thought to exist in a vesicle (1000-4000) and the
value of D considered most likely (D = 0.25 lim2/ms),
NMDA receptor saturation ranged from 16% to 81%, im-
plying that NMDA receptors are not saturated by a single
vesicle of glutamate.
The extent of NMDA receptor saturation was not depen-

dent on receptor density because in all cases modeled the
number of receptors was much smaller than the number of
transmitter molecules released. The results in Fig. 6 A
varied by up to 2% for the different receptor densities
modeled.
The extent of NMDA receptor saturation was dependent

on uptake capacity, but only a small effect was found by
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FIGURE 6 Percentage saturation of NMDA receptors by single vesicles
of glutamate. Saturation was measured as the number of receptors in the
double bound state + the number double bound desensitized + the number
in the open state with the sum divided by the total number of receptors.
Plotted is the maximum saturation value reached over time, expressed as a

percentage. (A) Percentage NMDA receptor saturation for different diffu-
sion coefficient values. (B) Percentage saturation for different uptake
capacity values. Km values were 2 and 200 ,tM for neuronal and glial
uptake, respectively. As noted in the text, increasing these values to 20 and
1000 ,uM had little effect on the plotted values. The filled circles are for
D = 0.25 Am2/ms and low uptake capacity in both plots.

reducing uptake affinity. Fig. 6 B compares percentage
saturation for no uptake and three different levels of uptake
when D was 0.25 ,gm2/ms. Uptake capacity had its largest
effect on saturation when the number of transmitter mole-
cules released was 2000-4000. Increasing the uptake affin-
ity Km values from 2 and 200 ,uM to 20 and 1000 ,uM
increased saturation levels slightly, but differences were

hard to distinguish from those shown in Fig. 6 B and are not
shown.
Non-NMDA receptors also were not saturated unless D

was small and the amount of transmitter in a vesicle was

large. As shown in Fig. 7, percentage saturation was similar
to that found for NMDA receptors except that the slope of
the increase with increasing numbers of glutamate mole-
cules in a vesicle was less steep. Non-NMDA receptor
saturation was much smaller in simulations that used the
Raman and Trussell (1995) kinetic scheme and parameter
values or the Jonas et al. (1993) parameter values without
compensation for temperature. For the assumed usual case

------- no uptake
low uptake

... -- - - mid uptake
- - - - high uptake

% .,.--
\ I-I',:.

/X/2JZF I D=0.2

/,zP/ *-9 D=0.25
/y0 ~ ~~~-X D=0.3
t/ °~~~D=0.4

-
I

Biophysical Journal1 740

ewl0



Modeling NMDA Receptor Saturation

0

0*..co

(IL

0.o

100

80

0 2000 4000 6000 8000 10000

# Glutamate

FIGURE 7 Percentage saturation of non-NMDA receptors by single
vesicles of glutamate for different diffusion coefficient values.

ofD = 0.25 ,um2/ms, 3000 glutamate molecules in a vesicle
and low uptake capacity, percentage saturation was 69%
with the temperature-compensated Jonas et al. (1993) val-
ues, 49% without the temperature compensation, and 20%
with the Raman and Trussell (1995) kinetic scheme and
parameter values.

Unlike NMDA receptor saturation, non-NMDA receptor
saturation was not significantly affected by different mod-
eled uptake capacity values. This was also true when the
parameter values without temperature compensation were

used. However, in simulations with the Raman and Trussell
(1995) kinetics, percentage saturation was reduced in the
low uptake capacity case compared to the no uptake case,

but further increases in uptake capacity produced only mi-
nor changes. Reducing uptake affinity Km values to 200 and
1000 ,uM had a negligible effect on the percentage satura-
tion values for all of the kinetic schemes and parameter
values tested.

The role of glutamate uptake in shaping the
amplitude and decay of the NMDA and
non-NMDA response

Glutamate uptake played a significant role in determining
the amplitude of the NMDA response. Fig. 8 A shows the
peak number of channels in the open state for three uptake
capacities as a percentage of the peak number when there
was no uptake. For the low uptake capacity, the peak
number of open NMDA receptor channels was reduced by
10-50%, depending on the number of glutamate molecules
in a vesicle. This large effect on amplitude occurred because
uptake removed a significant amount of glutamate before
the binding reaction kinetics would allow the peak number
of open channels to be reached.
The time course of the decay of the NMDA response was

the same for all uptake capacities tested, but decay was

slightly longer when there was no uptake. Fig. 8 B shows
the decay of the log of the number of open NMDA channels
over time when there was no uptake or three different
uptake capacities. The slopes of the curves for the three
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FIGURE 8 Effect of uptake on the amplitude and time course of the
NMDA response. (A) Peak response amplitude (peak number of open
channels) is given as a percentage of the peak response amplitude when
there was no uptake. (B) Time course of the response is shown as the loge
of the number of open NMDA channels.

uptake capacities were the same, but the slope for the no
uptake curve was less steep for the first 50-60 ms. Beyond
60 ms the decay was identical for all of the curves. When
uptake was present, glutamate concentration dropped below
1 ,uM by 2.0 ms, and consequently, the decay rate depended
only on unbinding kinetics. However, when there was no
uptake, glutamate concentration was still 5-10 ,uM at 10 ms
and binding of glutamate to NMDA receptors could still
occur; only after 60 ms did the decay depend only on
unbinding kinetics.

In contrast, glutamate uptake had only a small effect on
the amplitude of the non-NMDA response. As shown in Fig.
9 A, the low uptake capacity that caused a 10-50% reduc-
tion in the NMDA response amplitude compared to the no
uptake case caused less than a 5% reduction in the peak
number of open non-NMDA receptor channels. The reason
for this was that the peak number of open non-NMDA
channels occurred at about 0.3 ms, but as shown in Fig. 5 A,
uptake did not even begin to affect the concentration of
glutamate in the cleft until about 0.2 ms. Consequently, the
effect on the response amplitude was small. These results
suggest that glutamate uptake blockers should selectively
affect the amplitude of the NMDA receptor mediated re-
sponse to stimuli while having almost no effect on the
amplitude of the non-NMDA receptor mediated response.
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FIGURE 9 Effect of uptake on the amplitude and time course of the
non-NMDA response. (A) Peak response amplitude (peak number of open
channels) is given as a percentage of the peak response amplitude when
there was no uptake. Note that the scale is different from that in Fig. 8 A.
(B) Time course of the response is shown as the loge of the number of open
channels.

As with the NMDA response, the time course of the
decay of the non-NMDA response was the same for all
uptake capacities tested, but was increased when there was
no uptake (Fig. 9 B). When uptake was present, glutamate
disappeared from the cleft shortly after the peak of the
non-NMDA response, and there was no rebinding of
transmitter to receptors to slow the rate of decay. How-
ever, when uptake was eliminated, enough glutamate was

present in the cleft to allow further binding to non-

NMDA receptors (i.e., glutamate concentration was still
40 ,iM at 2.0 ms).

Receptor saturation with tetanic stimulation

When glutamate release was modeled to occur as a 400-Hz,
8-pulse tetanus (assuming a release probability of 1.0),
NMDA receptors were >90% saturated for all parameter
combinations tested (a 200-Hz, 4-pulse tetanus also caused
>90% NMDA receptor saturation). The tetanus signifi-
cantly increased the peak number of open NMDA receptor
channels, as shown in Fig. 10 A. As expected, the in-
crease in the number of open NMDA channels was small-
est in those cases where single inputs caused >90%

0 5 10 15 20

Time (ms)
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FIGURE 10 Effect of a tetanus on the number of non-NMDA
and NMDA channels reaching the open state (no magnesium block).
(A) NMDA. (B) Non-NMDA.

saturation of NMDA receptors (i.e., D = 0.1 ,um2/ms and
large numbers of glutamate molecules in a vesicle) and
largest in those cases where single pulses caused the least
saturation.

Although the 400-Hz, 8-pulse tetanus increased the per-

centage saturation of non-NMDA receptors compared to
release of a single vesicle, the percentage saturation did not
exceed 90% for all conditions tested, as it did for NMDA
receptors. After release of the first vesicle, many receptors
entered the single bound desensitized state, and although
some moved to the double bound desensitized state with the
tetanus, the number was not usually enough to bring the
saturation percentage above 90% (except for those cases

when saturation was close to or above 90% after release of
the first vesicle).
More significant is the fact that the peak number of open

non-NMDA receptor channels fell precipitously with sub-
sequent pulses in the tetanus because of receptor desensiti-
zation (Fig. 10 B). In simulations with the Jonas et al. (1993)
parameter values without temperature compensation or with
the Raman and Trussell (1995) non-NMDA reaction
scheme and parameter values, the last pulse in the tetanus
also caused a response whose amplitude was less than 25%
of that for the first pulse.
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Response in a model of a dentate granule cell

Synaptic conductances were determined by multiplying the
number of open NMDA and non-NMDA channels com-
puted with the model by a single channel conductance (8 pS
for non-NMDA, 50 pS for NMDA). These conductances
were used in a model of a dentate granule cell that included
complete morphology obtained from serial reconstructions
(Holmes and Levy, 1990). Responses to single input and
tetanic input at either 1 or 108 medial perforant path syn-
apses were computed.

In these simulations the number of glutamate molecules
in a vesicle was 2000 and the non-NMDA receptor density
was 2000/4tm2. The use of 3000 for both of these parame-
ters caused EPSPs that were much larger than the 100-
200-,V amplitude estimated for unitary EPSPs in dentate
granule cells (McNaughton et al., 1981) or CAl pyramidal
cells (Sayer et al., 1990). (The same was true when the
Jonas et al. (1993) non-NMDA kinetic parameter values
without temperature compensation were used).

Fig. 11 shows the voltage response at the soma due to
input at a single medial perforant path synapse (located in
the middle of the dendritic tree). The NMDA and non-
NMDA receptor mediated components of the EPSP are
shown. The NMDA receptor mediated component was a
much larger part of the EPSP than is typically reported, even
though 1.2 mM extracellular magnesium was included in
the model and the voltage change at the synapse was less
than 2 mV. One possible explanation is that the number of
NMDA receptors was so small that channel openings at a
single synapse should be computed stochastically rather
than deterministically. Because of magnesium block, the
peak NMDA conductance that produced the voltage re-
sponse in Fig. 11 was 2 pS, or less than 5% of the single
channel conductance! With a stochastic simulation, the con-
ductance would bounce between 0 and 50 pS, and this could

0.15-
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f-----~ non-NMDA only

0.001., ,
...... NMD (subracIon)
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FIGURE 11 EPSP observed at the soma due to activation of a single
medial perforant path synapse in a dentate granule cell model. Components
due to NMDA and non-NMDA receptor activation are shown. Magnesium
concentration was 1.2 mM. Parameter values used were D = 0.25 kkm2/ms,
2000 glutamate molecules in a vesicle, NMDA and non-NMDA densities
of 600 and 2,000/,Lm2, respectively, and high-affinity, low-capacity
uptake.

produce much different voltage responses. Fig. 11 can be
interpreted as an average of many such stochastic simula-
tions. One would expect the variability among individual
stochastic simulations to be extremely large.
When the stimulation was strong (108 synapses activat-

ed), the NMDA conductance was much larger with tetanic
stimulation than with single stimulation (Fig. 12 A). The
strong input caused the cell to fire action potentials, which
propagated back up the dendrites and produced spikes in the
conductance plots. With the parameter values used in these
simulations, single vesicles of glutamate caused 45% satu-
ration of NMDA receptors, but tetanic input caused more
than 98% saturation. Thus, part of the increase in conduc-
tance with the tetanus was due to increased binding of
glutamate to NMDA receptors and part was due to relief of
voltage-dependent magnesium block of NMDA receptor
channels.
To get a rough estimate of how much of the increased

conductance was due to increased glutamate binding to
NMDA receptors, the simulations leading to Fig. 12 A were
repeated, but with the number of glutamate molecules in a
vesicle set to 10,000 to cause saturation ofNMDA receptors
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FIGURE 12 NMDA conductance at a synapse for single or tetanic
co-activation of 108 synapses. Tetanus was 8 pulses at 400 Hz. (A)
Conductances computed with D = 0.25 jim2/ms, 2000 glutamate in a
vesicle, NMDA and non-NMDA densities of 600 and 2,000/p.m2, and
high-affinity, low-capacity uptake. (B) Conductances computed with
the same parameters except that 10,000 glutamate molecules were in the
vesicle.
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with single vesicle release. In this case (Fig. 12 B) the
tetanus could not effect much additional binding to NMDA
receptors, and most of the increase in conductance was due
to relief of voltage dependent magnesium block of NMDA
receptors.

If it can be assumed that the increase in conductance due
to increased glutamate binding can be approximated by the
difference between the lower curves in Fig. 12, A and B, and
the increase in conductance due to relief of magnesium
block can be approximated by the difference between the
lower curve in Fig. 12 B and either of the upper curves, then
it is possible to estimate the relative size of the increase in
calcium influx due to increased glutamate binding. Calcium
influx was computed from the calcium component of the
current through NMDA receptor channels at a synapse for
the four cases given in Fig. 12. With the above assumptions,
it was found that about two-thirds of the increase in calcium
influx with a tetanus came from increased glutamate bind-
ing to NMDA receptors and about one-third came from the
relief of voltage-dependent magnesium block. The NMDA
conductance for the non-tetanic input when vesicle content
was 10,000 generated approximately 2.8 times as much
calcium influx as when vesicle content was 2000. Calcium
influx for tetanic input was approximately 1.3 times that
found for non-tetanic input when vesicle content was
10,000. (Calcium influx differed by only 10% for a tetanus
whether vesicle content was 2000 or 10,000, as might be
expected, because receptors were saturated in both cases.)
This method of separating the effects of increased glutamate
binding and relief of voltage-dependent channel block on
calcium influx is far from exact, but it does suggest that both
factors play significant roles.

DISCUSSION

Time course of glutamate in the cleft

The simulation results, in agreement with previous theoret-
ical and experimental studies (Eccles and Jaeger, 1958;
Barbour et al., 1994; Clements et al., 1992), indicate that the
time course of glutamate in the cleft is brief. How brief
depends on diffusion and uptake. Clements et al. (1992)
suggest that peak glutamate concentration is 1.1 mM and
that glutamate concentration is >1 mM for <100-200 ,ts,
>100 ,M for >1 ms, and >50 ,uM for less than 5 ms. The
results here are in close quantitative agreement with the
Clements et al. (1992) results when uptake is excluded from
the model. However, when a low level of uptake was
modeled, glutamate concentration was >1 mM for < 100
,us, >100 ,uM for 600 ,s, and >50 ,uM for only 0.9 ms.
This difference might be explained if the "low" uptake level
used in the simulations actually represents a level much
higher than is actually present-we do not know the density
of transporters in neuronal or glial membrane. This "low"
uptake level may be much higher than that present in the
Clements et al. (1992) preparation. A smaller diffusion

cleft, but even when D was 0.1 pim2/ms uptake still caused
glutamate concentration to drop below 50 ,uM by 1.5 ms.

Single vesicles of glutamate do not saturate
NMDA and non-NMDA receptors

The calculations given here suggest that NMDA receptors
are only 60-70% saturated by single vesicles of glutamate.
This is far less than the 97% computed by Clements et al.
(1992). Percentage saturation is sensitive to the glutamate
diffusion coefficient, the amount of transmitter released by
a vesicle, and to a lesser extent, the degree of uptake.
NMDA receptors do not become saturated unless the diffu-
sion coefficient is small and the number of transmitter
molecules released in a vesicle is large. It seems that the
synapse operates in a range where a change in the ability of
glutamate to diffuse or a change in the number of transmit-
ter molecules released in a vesicle can have a large effect on
the extent of receptor saturation. The results here suggest
that if two or more vesicles of glutamate are released at a
synapse, then saturation of NMDA receptors would be
highly likely. High-frequency tetanic input always saturated
NMDA receptors.
Non-NMDA receptors were less than 90% saturated by

single vesicles of glutamate in almost all of the simulations,
and with the parameter values most consistent with exper-
imental data, non-NMDA receptors were 69% saturated.
This number is consistent with some of the calculations
made by Jonas et al. (1993). Much lower saturation levels
were obtained with the Raman and Trussell (1992, 1995)
AMPA kinetic scheme and parameter values or the Jonas
et al. (1993) parameter values (as given, without the tem-
perature compensation factor).

These results are in contrast to those of Tong and Jahr
(1994a) and Tang et al. (1994), who suggest that AMPA
receptors are saturated by single vesicles of glutamate. The
Tong and Jahr (1994a) saturation result was based on stud-
ies that used a 0.9 ms pulse of 1 mM glutamate, but they
also showed that a 0.3 ms pulse did not cause saturation.
The time course of glutamate in the cleft computed here is
much closer to that of a 0.3-ms glutamate pulse than a
0.9-ms pulse. The Tang et al. (1994) result was based on the
fact that when desensitization is blocked by cyclothiazide,
temporal summation of mEPSCs is nonlinear and the abso-
lute amplitude of the second mEPSC is not much higher
than that of the first mEPSC. However, this is not a very
sensitive measure of saturation. If desensitization is re-
moved from the present model, temporal summation of
mEPSCs is nonlinear even with 50% saturation and the
absolute amplitude of the second mEPSC is only 10-15%
higher than the first.
Non-NMDA receptor saturation did increase with a teta-

nus, but the number of channels becoming open did not
increase with each pulse of the tetanus because of the
receptor binding kinetics and desensitization (Trussell et al.,

coefficient would also prolong the time of glutamate in the
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sharply during the tetanus to the point where the last of the
eight pulses produced a response that was less than 20% of
that for the first pulse. It is not likely that the probability of
release will be 1.0 for each of the eight pulses, but even
when the probability of release was 0.5, the desensitization
caused a major reduction in the response amplitude with
successive pulses in the train.

Choices of parameter values

Although the parameter values used in this study were
chosen to be consistent with experimental data, actual val-
ues for some parameters might be different. The range of
values for the diffusion coefficient used here covers well the
expected value ofD given its value in aqueous solution and
the expected reduction due to tortuosity (Rice et al., 1985;
Nicholson and Phillips, 1981). However, it was recently
suggested that the extracellular volume around dendritic
spines might limit diffusion more than currently believed
and cause glutamate to remain at high concentrations in the
synaptic cleft (Barbour et al., 1994). IfD were to be reduced
much below 0.1 ,um2/ms then NMDA and non-NMDA
receptors could be saturated with the release of single
vesicles.

Only one set of NMDA receptor kinetic data was used in
the present model, and this set of parameter values was a
hybrid of values reported in the literature. It is possible that
faster kinetics, taking into account temperature effects,
would have been more appropriate. Although faster kinetics
might lead to greater saturation with single vesicles of
glutamate, this does not mean that a tetanus would be unable
to recruit more receptors to the open state. Without a tetanus
the faster unbinding rate could take receptors away from the
double bound state before channel opening could occur.
With a tetanus, the time near saturation would be increased,
thereby increasing the probability of moving to the open
state.
The non-NMDA receptor kinetic scheme used here was

that given by Jonas et al. (1993), with the rate constants
doubled as a first approximation to compensate for temper-
ature. Without this compensation, the peak number of open
channels due to activation of a single synapse was about
half as large, but the slower time course gave an EPSP that
was again similar to that which single synapses are thought
to produce (McNaughton et al., 1981; Sayer et al., 1990).
Conversely, use of the Raman and Trussell (1992, 1995)
kinetic scheme gave EPSPs that were too small.

Effect of uptake on the NMDA and
non-NMDA response

The effect of glutamate uptake on the amplitude and time
course of NMDA and non-NMDA receptor mediated re-
sponses has been studied experimentally with mixed results.
Uptake blockers have been found to reduce (Mennerick and

to affect (Isaacson and Nicoll, 1993; Sarantis et al. 1993)
(Mennerick and Zorumski, 1994) non-NMDA synaptic cur-
rent amplitude while either prolonging or having no effect
on the decay time course. Uptake blockers have been found
to reduce (Sarantis et al., 1993) or have no effect on NMDA
synaptic current amplitude. Also, different results have been
obtained at different temperatures (Tong and Jahr, 1994b).
It is not clear why the experimental results have been so
different, but one explanation could be the different meth-
ods of applying and clearing glutamate.

In the present simulations uptake blockers had a negligi-
ble effect on non-NMDA receptor mediated response am-
plitude and caused a small but significant prolongation of
the decay time course. The amplitude is determined by the
transmitter concentration in the first 300-400 ,s after re-
lease because of the binding kinetics. During this time,
transmitter concentration is falling rapidly because of dif-
fusion, and uptake blockers do not appreciably affect the
concentration before 200 its. Uptake blockers do affect
glutamate concentration after the first 500 ,us, but by then
the peak amplitude of the non-NMDA response has passed.
The decay time course of the non-NMDA response is
slowed slightly when uptake is blocked, but the effect is
small because after the first 500 ,us glutamate concentration
is below the equilibrium constant for non-NMDA receptor
binding. This small difference might disappear altogether
with larger diffusion coefficient values such as those near
the value in aqueous solution.
The simulations suggest that uptake blockers should in-

crease the amplitude of the NMDA response by 10-50%
while having little or no effect on the decay time course.
Because the peak NMDA response occurs so much later and
the equilibrium constant is so much smaller than for non-
NMDA receptors, the increased glutamate concentration in
the cleft after the first 500 ,us due to uptake blockers can
have a strong effect on the response amplitude. The decay
time course was not affected because of the slow binding
and unbinding kinetics ofNMDA receptors and the fact that
glutamate concentration in the cleft drops to very low levels
shortly after the peak of the NMDA response, even when
uptake is blocked.

The large NMDA response in the dentate
cell model

The NMDA conductance predicted with this model gave an
NMDA component of the EPSP (voltage measured at the
soma; synapse in the middle of the dendritic tree) that was
far larger than that observed experimentally (Lambert and
Jones, 1989) and a calcium influx through NMDA receptor
channels that was nearly double that in our previous model
(Holmes and Levy, 1990). The large response occurred
despite the fact that only 2-4 NMDA channels were open at
a synapse at the peak of the response, and these were largely
blocked by magnesium. Four open NMDA channels at the
peak of the response is consistent with estimates of Silver
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et al. (1992) and Bekkers and Stevens (1989). The response
could be made smaller if the simulated receptor density
were smaller, but the density used most often was the
equivalent of having only 19 NMDA channels at the syn-
apse. To reduce the response three- to fourfold would mean
that there are fewer than six NMDA channels at a synapse
with only one open at the peak of the response. This number
seems much too small, although single NMDA receptor
channel openings have been observed as part of an EPSC
(Silver et al., 1992).

There are a number of possible ways to explain the large
response. First, if kinetics were faster (because of a higher
temperature) the NMDA conductance time course would be
faster and the NMDA response would be smaller. This
possibility cannot be ruled out. Second, given the small
numbers of channels involved, a stochastic simulation
might be more appropriate (Faber et al., 1992; Bartol et al.,
1991). However, the results here would still represent an
average of a large number of stochastic simulations. A small
NMDA response would occur in many simulations, but a
large response would also be found. Such large NMDA
responses have not been reported to date. Third, a signifi-
cant number of channels may be in a long-lasting desensi-
tized state. The number of channels that could become open
would be reduced significantly if 50% of the receptors were
desensitized. Finally, it is possible that the NMDA binding
reaction may exhibit a glycine dependence that is more
restrictive than currently believed. These are considerations
that await further study.

Implications for long-term potentiation

The lack of saturation of NMDA receptors by single vesi-
cles of glutamate means that tetanic input will increase
calcium influx through NMDA receptor channels by two
mechanisms: the recruitment of new receptors to the double
bound state and the relief of voltage-dependent magnesium
block. If single vesicles of glutamate saturated NMDA
receptors, then subsequent pulses of a tetanus would bring
no more NMDA receptors to the double bound state. An
important source of nonlinearity of calcium influx through
NMDA receptor channels would be lost, as the sole effect of
a tetanus on calcium influx would be through relief of
magnesium block. The calculations here suggest that a
significant amount of the increase in calcium influx through
NMDA receptor channels is due to the recruitment of new
receptors to the double bound state. Whether or not NMDA
receptors are saturated by single vesicles of glutamate
makes only a small difference on the calcium influx caused
by a tetanus. However, for non-tetanic input (single pulse),
calcium influx is much higher when NMDA receptors are
saturated by single vesicles of glutamate than when they are
not.
The lack of saturation of NMDA and non-NMDA recep-

tors has some implications for the use of quantal analysis to
determine the mechanism involved in LTP. There has been

some debate as to whether the change with LTP is due to an
increase in quantal content or quantal size. The results
shown here suggest that an increase in quantal content, by
increasing the fraction of receptors that are activated, might
look very much like an increase in quantal size. Thus, if the
change with LTP is due to an increase in the likelihood of
multivesicular release (Tong and Jahr, 1994a), the percent-
age receptor saturation would increase, and the result would
be similar to that expected for an increase in quantal size.
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