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High Probability Opening of NMDA Receptor

Channels by L-Glutamate

CRAIG E. JAHR

Synaptic plasticity can be triggered by calcium flux into neurons through synaptically
activated N-methyl-D-aspartate (NMDA) receptor channels. The amplitude and time
course of the resulting intracellular calcium transient depend on the number of open
NMDA receptor channels and the kinetics of their activation. Short applications of
L-glutamate to outside-out patches from hippocampal neurons in the presence and
absence of MK-801 revealed that about 30 percent of L-glutamate—bound channels are
open at the peak of the current. This high probability of opening suggests that very few
channels are required to guarantee a large, localized postsynaptic calcium transient.

YNAPTIC ACTIVATION OF NMDA RE-
ceptor channels leads to a slowly ris-
ing, long-lasting excitatory postsynap-
tic current (EPSC) at a variety of excitatory
synapses in the vertebrate central nervous
system (1-8). The slow time course of the
NMDA receptor EPSC is caused by a slow
opening rate of NMDA channels after bind-
ing the transmitter L-glutamate and by re-
petitive opening resulting from slow un-
binding (7-9). Although the kinetics of
NMDA receptor channel openings in the
continuous presence of agonists have been
studied in detail (10-12), sudden jumps in
agonist concentrations evoke desensitizing
responses that cannot be easily predicted
from steady-state recordings (7-9, 13, 14).
These characteristics of channel gating are
also difficult to address with the use of
synaptic preparations because presynaptic
release parameters are not readily controlled.
In the experiments described here outside-
out patches from hippocampal neurons were
used as surrogate synapses to determine
opening probability while controlling varia-
bles such as receptor saturation (7-9, 15). By
using the anticonvulsant MK-801 (16),
which blocks only open NMDA receptor
channels [and in the time frame of these
experiments, blocks them irreversibly (17—
19)], the probability that a liganded channel
will open and the open probability at the
peak of the current can be estimated.
The superimposed records in Fig. 1A are
averages of responses of an outside-out
patch evoked by short, saturating applica-
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tions of L-glutamate [1 mM for 8 ms (7-9)]
in the presence of the a-amino-3-hydroxy-
5-methyl-4-isoxazole propionate (AMPA)
receptor  blocker 6-cyano-7-nitroquinox-
aline-2,3-dione (CNQX) (2 uM). The time
course of these currents is the same as that of
the NMDA receptor component of EPSCs
recorded in cultured neurons (7, 8) and
those in the hippocampal slice (4-6). If both
the control solution and the L-glutamate
solution were switched to solutions contain-
ing 20 pM MK-801, a single 8-ms applica-
tion of L-glutamate resulted in a current
attenuated in both amplitude and duration
(Fig. 1B). Ten seconds after activating this
current, the solutions were exchanged for
those without MK-801 and the patch was
washed with control solution for 30 s. Sub-

Fig. 1. L-glutamate activates NMDA receptor
channels with a high probability. (A) Superim-
posed averages of currents evoked by 8-ms appli-
cations of 1 mM L-glutamate in an outside-out
patch in the continued presence of 20 pM glycine.
The two averages represent responses recorded
before (average of 11 responses) and after expo-
sure to 20 pM MK-801 (9 responses) in the
absence of L-glutamate. (B) Single response of the
same patch as in (A) to 1 mM L-glutamate in the
continuous presence of MK-801 (20 uM). (C)
Averaged response of the same patch to L-gluta-
mate after superfusing the patch with control
solution for 30 s. (D) Superimposition of aver-
aged currents recorded before and after the single
L-glutamate response in the presence of MK-801.
The averaged current in (C) has been normalized
to the peak amplitude of the response in (A). The
similarity in time courses of the two averages

sequent L-glutamate applications evoked
currents that were reduced in amplitude
relative to pre-MK-801 trials (Fig. 1C), but
with similar time courses (Fig. 1D). Because
high concentrations of MK-801 were used,
most of the channels that were opened by
this single pulse of L-glutamate should have
been blocked by MK-801. Only the chan-
nels that were bound by agonist but never
actually opened, or opened for a short time,
would be available for subsequent activa-
tion. The percentage decrease in charge
transfer produced by a single application of
L-glutamate in the presence of MK-801 was
70 = 3.6% (mean + SE) in 20 pM MK-801
(n = 8), 65 + 2.2% in 10 pM MK-801 (n
= 7), and 46 * 5.4% in 3 pM MK-801 (n
= 5). The percent inhibition of charge
transfer at the highest concentration pro-
vides an estimate of the probability that a
channel bound by L-glutamate will open
before L-glutamate unbinds (P ioray = 0.7)
(20). This estimate depends on the assump-
tions that MK-801 only blocks channels that
are open and that the block is irreversible at
negative holding potentials over this period
of time (17-19). A plot of the charge trans-
fer evoked by each application of L-gluta-
mate versus time demonstrates these phe-
nomena (Fig. 1E). When the patch was
exposed to MK-801 but not in conjunction
with L-glutamate, responses to L-glutamate
after washing out MK-801 were not dimin-
ished (Fig. 1A). In nine trials (eight patch-
es), applications of MK-801 alone had no
effect on subsequent responses to L-gluta-
mate (P = 0.44; paired ¢ test). In addition,
after a single L-glutamate application in the
presence of MK-801, subsequent responses
to L-glutamate remained stable, indicating
that recovery from MK-801 blockade was
not significant in these conditions (Fig. 1E).

If the probability of a bound channel

A D
1. 1.

Control Normalized

B MK-801

C Recovery
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suggests that channels with similar kinetic properties underlie both responses. (E) Charge transfer of
individual responses to L-glutamate in the same patch before and after MK-801 treatment which did
(right arrow) and did not (left arrow) coincide with an application of L-glutamate. Charge transfer was
measured from records 1024 ms long. The top records in (A) and (D) are open-tip currents (15).
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A Response in MK-801
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Fig. 2. First latency distribution of NMDA recep-
tor channel openings. (A) The current evoked by
L-glutamate in the presence of MK-801 (top;
same as in Fig. 1B) is integrated in time (lower)
and represents a cumulative history of the first
openings of channels after L-glutamate applica-
tion. The thin vertical line in the lower record
marks 20.9 ms after the beginning of the L-gluta-
mate application. (B) The time required for 60%
of the total charge transfer to occur in the pres-
ence of 3, 10, and 20 uM MK-801. Error bars for
10 and 20 pM MK-801 are within the symbols.

opening is 0.7, what is the probability that it
will be open at the peak of the response,
which is reached in about 20 ms? If the
NMDA receptor current evoked by L-gluta-
mate in the continuous presence of MK-801
is integrated in time, the resulting distribu-
tion represents the time course of charge
transfer (Fig. 2A). Sixty percent of the
charge transfer occurred in 20.9 *+ 0.9 ms
after the beginning of the L-glutamate appli-
cation in 20 pM MK-801 (n = 8). Decreas-
ing the MK-801 concentration increased the
period required to reach 60% charge trans-
fer. Because the period increased only slight-
ly from 20 to 10 pM (Fig. 2B), the time
course of the charge transfer in 20 pM

Fig. 3. Blocking rate of
NMDA receptor channels
with MK-801. (A) Open
time distribution from re-
cordings in the presence of
40 pM MK-801. The distri-
bution was fitted with a sin-
gle exponential with a time
constant of 0.8 ms; 100-pus
bin width. (B) Reciprocal of
mean open time as a func-
tion of MK-801 concentra- |
tion. The line is the least- N
squares fit by the equation HH
1/0 = r[MK-801] + o. 0

Each point is mean + SEM 0 2
from three patches.
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MK-801 should represent a cumulative first
latency distribution, that is, the time course
over which NMDA receptor channels
opened for the first time after becoming
bound by L-glutamate. Thus, of the channels
that opened, the probability of opening for
the first time by the time of the peak re-
sponse was 0.6. Burst or cluster length of
NMDA receptor channel openings is about
10 to 30 ms (10-12); thus, many of the
channels that opened during the first 20 ms
would still be open at the peak of the control
current. An upper limit of the peak open
probability is obtained if it is assumed that
all of the channels that opened in the first 20
ms were still open at the peak of the control
response. Then the peak open probability
would be 0.42 (that is, the probability of a
channel opening in the first 20 ms multi-
plied by the probability of a channel open-
ing at any time after binding L-glutamate).
An estimate of the true probability of a
channel being open at the peak of the cur-
rent can be calculated if the rate at which
MK-801 blocks the channel can be deter-
mined.

The rate of channel block by MK-801 was
determined by measuring the mean lifetime
of channel events in the presence of constant
concentrations of MK-801. Because the
mean dwell time in any state is the reciprocal
of the sum of rates for leaving that state,
then, assuming a single open state, the mean
open time O is described by

O = 1/(r[MK-801] + o) 1)

where r and a are the rate constants of
MK-801 block and of normal closing of
NMDA receptor channels, respectively.
Mean open time was estimated from the
time constants of single exponential fits of
open time distributions (Fig. 3A) and r was
determined from the slope of the least-
squares fit of the reciprocal of mean open
times at different concentrations of MK-801
(21) (Fig. 3B). This yielded a blocking rate
of 23.7 uM ™1 7L,

With this estimate of the blocking rate r,
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the probability of opening at the peak of a
response to a short, saturating application of
L-glutamate can be estimated from

Popeak) = (Ippo(total))/(QMK’[MK'SOI])(Z)

where I, is the peak amplitude of the re-
sponse, P, i8 the probability of a bound
channel opening before unbinding, and
Quk Is the charge transfer in the presence of
MK-801 (22). Using Eq. 2, Pypeary Was
calculated to be 0.27 * 0.017 in 10 pM
MK-801 and 0.28 = 0.028 in 20 pM
MK-801 (n = 7 and 8, respectively). Thus,
at the peak of the current evoked by L-glu-
tamate, about 30% of all NMDA receptor
channels in the patch are open (23). This is
a surprisingly high number because Huett-
ner and Bean (17) estimated the probability
of opening in steady-state conditions to be
at most 0.002. The difference can be ac-
counted for by the saturating concentrations
of L-glutamate and glycine used in the pre-
sent study, by receptor desensitization,
which is dramatic with prolonged agonist
applications to outside-out patches (8, 13,
17), and by rundown of channel activity that
is usually observed in patches exposed to
millimolar extracellular calcium in the pres-
ence of agonist for prolonged periods (24).

The results show that, once NMDA re-
ceptor channels become bound by L-gluta-
mate and glycine, 70% of them will open
before L-glutamate unbinds. Of those chan-
nels that do open, 60% open for the first
time by the time of the peak of the response,
or within about 20 ms after binding L-glu-
tamate. This indicates that the prolonged
currents activated by short applications of
L-glutamate are mainly due to repetitive
bursts and clusters of openings of channels
(7-12, 25) that first opened soon after L-glu-
tamate binding.

Spontaneous transmitter release at syn-
apses between hippocampal neurons acti-
vates few NMDA receptor channels (3).
This suggests that if synaptic NMDA recep-
tors behave the same as extrasynaptic recep-
tors (2, 7, 8, 26), the number of channels
that become bound by spontaneously re-
leased L-glutamate is small. Recent reports
have suggested that evoked transmitter re-
lease may saturate postsynaptic receptors at
central synapses (27, 28). If spontaneous
release saturates postsynaptic NMDA recep-
tors, then it follows that few NMDA recep-
tors even exist in the postsynaptic membrane
adjacent to each release site. The apparent
role of NMDA receptors in the induction of
long-term potentiation is to mediate a tran-
sient increase in intracellular calcium (29,
30) by providing a highly calcium-perme-
able conductance in the plasma membrane
(2, 25, 31, 32). Once synaptic NMDA re-
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ceptors are bound by transmitter, a high
probability of opening would guarantee
large, localized postsynaptic calcium tran-
sients and thus facilitate the activation of
calcium-dependent processes such as long-
term potentiation (29, 30).
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Axon Guidance by Gradients of a

Target-Derived Component

HEerRWIG BAIER* AND FRIEDRICH BONHOEFFER

Spatial gradients of axon guiding molecules have long been suspected to provide
positional and directional cues for retinal ganglion cell axons growing within the optic
tectum. With the identification of a guiding activity from tectal cell membranes, it has
become possible to investigate the potential physiological significance of molecular
gradients for retinal growth cone behavior in vitro. A subset of retinal growth cones,
those from the temporal half, were highly sensitive to small concentration changes of
the guiding component. The degree of response was correlated with the strength of the
gradient. These findings demonstrate that the neural growth cone can read gradients

of surface-associated information.

URING NERVOUS SYSTEM DEVEL-

opment elongating axons can be

guided to their respective targets by
chemical cues (1). Concentration gradients
of specific molecules have been recognized
as a plausible means to generate directional
information for axonal pathfinding. Chemo-
tropic factors, for example, could be secreted
by the target region to form a diffusion
gradient within which the motile tips of the
axons, the growth cones, may orient (2).
Alternatively, local positional cues could be
differentially distributed along axonal path-
ways (3). The retinotectal map could also be
generated by a similar mechanism (4). Ret-
inal ganglion cells project their axons to the
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optic tectum so that their terminations form
a reversed image of the retina. The temporal
half of the retina projects to the anterior part
of the tectum, the nasal retina to the poste-
rior tectum. Precise mapping also occurs
along the dorsoventral axes.

Although it is now widely accepted that
retinotectal specificity is based on “chemoaf-
finity” (5) between retinal growth cones and
their target cells, the cellular mechanisms
governing this process are unknown. Ana-
tomical data suggest that there is a long-
range guidance of growth cones within the
tectum that could well be achieved by chem-
ical gradients (6). Theoretically, a small set
of graded cues in the tectum could specify
both direction and target position, provided
that the retinal growth cones carry differen-
tial sets of corresponding receptors (7).
Growth cone steering may depend on the
functional equivalents of attractive (pulling)
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