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SUMMARY

1. Neurones from the ventral half of mouse embryo spinal cord were grown in
dissociated culture and voltage clamped. The current-voltage relation of responses
evoked by N-methyl-D-aspartic acid (NMDA), L-glutamic acid and kainic acid was
recorded in media of different ionic composition.

2. On removal of Mg2+ from the extracellular solution, responses to NMDA and
L-glutamate became less voltage sensitive, such that NMDA responses were no longer
associated with a region of negative slope conductance. The antagonism of NMDA
responses produced by application ofMg2+ to neurones bathed in nominally Mg2+-free
solutions shows voltage dependence and uncompetitive kinetics.

3. Voltage-jump experiments showed that the voltage-dependent action of Mg2+
occurred rapidly, and with complex kinetics.

4. Ni2+ and Cd2+, two potent blockers of calcium currents in spinal cord neurones,
had significantly different potencies as NMDA antagonists, Ni2+ being of greater
potency than Mg2+, and Cd2+ considerably weaker.

5. The voltage-dependent block of NMDA responses produced by physiological
concentrations of Mg2+ is sufficient to explain the apparent increase in membrane
resistance produced by NMDA in current-clamp experiments, and the ability of
NMDA to support repetitive firing.

6. Substitution of choline for Na+ produced a hyperpolarizing shift in the reversal
potential for responses evoked by kainic acid consistent with an increase in
permeability to Na+ and K+. In choline-substituted solutions, the reversal potential
of NMDA responses was more positive than that recorded for kainic acid, and in
addition NMDA responses showed enhanced desensitization.

INTRODUCTION

The conductance mechanism underlying the depolarizing action of excitatory
amino acids on vertebrate neurones has not been clearly defined. Recent experiments
have demonstrated the existence of several distinct excitatory amino acid receptors,
which may be distinguished by the use of selective agonists and antagonists (Watkins,
1981 a, b). The receptors appear to be linked to two separate conductance mechanisms
(Engberg, Flatman & Lambert, 1978; MacDonald & Porietis, 1982; Mayer &
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Westbrook, 1984a). N-methyl-D-aspartic acid (NMDA), a selective agonist for one
type of receptor (Watkins, 1981 a, b), activates a voltage-sensitive conductance
(Engberg et al. 1978; MacDonald, Porietis & Wojtowicz, 1982; Mayer & Westbrook,
1984 a). The inward current activated by NMDA increases as the membrane potential
is depolarized, producing a'J-shaped' agonist current-voltage plot with a negative
slope conductance at membrane potentials more negative than -30 mV (MacDonald
et at. 1982; Flatman, Schwindt,Crill & Stafstrom, 1983; Mayer & Westbrook, 1984 a).
The voltage sensitivity of the response to NMDA resembles that of regenerative
sodium or calcium currents, and it has been suggested that NMDA acts by
modulating voltage-dependent Na+ or Ca2+ conductances (MacDonald et al. 1982;
Dingledine, 1983; Flatman et at. 1983). In contrast, kainic acid and quisqualic acid,
selective agonists for other amino acid receptors (Watkins, 1981 a, b), produce
responses with a nearly linear current-voltage relation (MacDonald & Porietis, 1982;
Mayer & Westbrook, 1984a); thus, these receptors are linked to more conventional
agonist-activated conductance mechanisms.
The reversal potential of responses evoked by selective agonists acting at NMDA

or non-NMDA receptors, and measured under voltage clamp, is similar and close to
0 mV (Mayer & Westbrook, 1984a). Thus, it is unlikely that activation of these
receptors selectively increases the membrane permeability to either Na+ or Ca2+ and
a mixed ionic mechanism seems probable. Studies on frog motoneurones using
ion-selective micro-electrodes have shown that L-glutamate, a mixed agonist which
activates both NMDA and non-NMDA receptors (Mayer & Westbrook, 1984a;
Westbrook & Mayer, 1984), increases the membrane permeability to both Na+ and
Ca2+ (Buhrle & Sonnhof, 1983). In mammalian hippocampal pyramidal neurones, the
reversal potentialof L-glutamate shifts to a more negative value on reduction of the
extracellular Na+ concentration, and is consistent with an increase in permeability
to both Na+ and K+ (Hablitz & Langmoen, 1982). Since intracellular injection of Cs+
does not alter the reversal potential of excitatory amino acid responses (Mayer &
Westbrook, 1984a; Nowak, Bregestovski, Ascher, Herbet & Prochiantz, 1984), it
seems probable that both NMDA and non-NMDA receptors are linked to relatively
non-selective cation-permeable channels similar to cholinergic channels at the
end-plate, which under physiological conditions do not discriminate well between
Na+, K+ and Cs+ (Huang, Catterall & Ehrenstein, 1978; Adams, Dwyer & Hille, 1980).
Despite this apparent similarity in the permeability change evoked by agonists acting
at NMDA and non-NMDA receptors, an additional mechanism must be present to
give NMDA responses their characteristic voltage sensitivity.

In the present paper, we have used voltage-clamp recording from mouse spinal
neurones in dissociated culture to investigate the mechanism of the voltage sensitivity
of the NMDA response, and the ionic mechanism of responses evoked by NMDA,
L-glutamate and kainate. Our results suggest that Mg2+ selectively bind to and block
the ion channels linked to NMDA receptors, and that the affinity of Mg2+ depends
on the membrane electric field. Preliminary reports of our findings have been
published previously (Mayer & Westbrook, 1984b; Mayer, Westbrook & Guthrie,
1984). A paper describing voltage-dependent block by Mg2+ of current flow through
single channels linked to NMDA receptors and activated by L-glutamate has
appeared recently (Nowak et al. 1984).
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METHODS

Details of the preparation, spinal neurones in dissociated cultures prepared from the ventral half
of mouse embryo spinal cord, and the techniques for two-micro-electrode, voltage-clamp recording
and data acquisition have been published previously (Mayer & Westbrook, 1983, 1984a). In the
present study, we used micro-electrodes filled with 1 M-CsCl to reduce time- and voltage-dependent
potassium currents activated on membrane potential depolarization. In a few experiments we used
a giga-ohm seal, patch-clamp technique to record whole-cell currents with a single-micro-electrode,
discontinuous, voltage-clamp amplifier (Axon Instruments). The patch electrodes were filled with
a solution containing (mM): 140, CsCl; 2, MgCl2; 1 1, EGTA (pCa 8); 10, HEPES titrated to pH
7-2 with KOH. Sucrose was added to adjust the osmolarity to 310 mosmol. In a few experiments,
KCl or KMeSO4 was substituted for CsCl. The results obtained using whole-cell recording were
comparable to those recorded using a two-micro-electrode voltage clamp. Experiments were
performed at 27-28 'C.

Composition of media
The normal recording medium used for two-electrode, voltage-clamp experiments contained

(mM): 143, NaCl; 4-8, KCI; 1, MgCl2; 5, CaCl2; 10, glucose; 10, HEPES; 0-01 mg Phenol Red/ml
and was titrated to pH 7-3. In a few experiments, the concentration of CaCl2 was lowered to 2-5 mM
and the concentration of MgCl2 raised to 10 mm. Sucrose was added to match the osmolarity of
the growth medium (325 mosmol). Tetrodotoxin (TTX) (0-6 #M) was added to block spontaneous
activity and action potential generation. In one series of experiments performed in 'Mg2+-free'
medium, the tissue culture plates were washed 3 times with 'Mg2+-free' medium before recording,
to reduce, as far as possible, contamination from residual Mg2+ in the growth medium (0-8 mMMg2+).
Since Mg2+ is an effective NMDA antagonist at micromolar concentrations (Nowak et al. 1984), we
used atomic absorption spectroscopy to measure the concentration of Mg2+ in the recording medium
after the washing procedure. We estimate that our ' Mg2+-free' recording medium used for
two-electrode, voltage-clamp experiments contains 8-10 /tMMg2+; this is in part due to contami-
nation of analar grade CaCl2 with Mg2+ (1 /tMMg2+/mM Ca2+) and such Mg2+ contamination may
contribute to the residual voltage sensitivity of NMDA responses recorded in this medium (see
Fig. 2).
Low-Na+ medium was prepared by substituting choline chloride for NaCl; when this medium

was used, plates were again carefully washed 3 times to reduce contamination from the growth
medium which contains physiological levels of Na+. Media containing divalent cations, for
application to individual neurones by pressure (see below), were prepared by isosmotic addition
of the required cation to the recording medium. In those experiments used to study calcium
currents, tetraethylammonium chloride (10 mM) was added to the recording medium to further
reduce potassium currents.

Extracellular perfu8ion technique
Excitatory amino acids and divalent cations were dissolved in recording medium, or in some

experiments a medium in which the MgCl2 concentration was different from that in the recording
chamber, and applied to individual neurones by pressure ejection from extracellular micropipettes.
These were fashioned on a two-stage puller, and were similar to those used for patch recording.
Drug solutions were ejected using pressure pulses of 10-1000 ms duration, 1-5 lbf/in2, applied to
pipettes positioned 10-50 ,um from the soma to evoke single responses of rapid rise time and brief
duration. This method of drug application gave consistent levels of inward current, but the actual
concentration of excitatory amino acid reaching the membrane surface was unknown. In some
experiments it was convenient to evoke sustained responses, of constant amplitude, for periods of
20-60 s. To achieve this, drug pipettes were positioned close to the soma, and pressure pulses applied
at 0-2-1 Hz to evoke amino acid responses which rose to a stable plateau value which was
subsequently maintained by varying the duration of the pressure pulse.
The following amino acids, purchased from Sigma, were used in this study: N-methyl-D-aspartic

acid (01-1 mM); kainic acid (0-2 mM); L-glutamic acid (1 mM). The divalent cations MgCl2
(0 5-5 mM), CdCl2 (1-5 mM), and NiCl2 (0-1-0-5 mM) were of analar grade.

3-2
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Conductance measurement
In this paper (and in Mayer & Westbrook, 1984a) the 'steady-state' chord conductance-

membrane potential relation of responses to various amino acids was measured by applying a given
dose of agonist repetitively and recording the ionic current at different values of membrane
potential (Figs. 2 and 12). The agonist-activated chord conductance is equal to the current divided
by the driving force for ionic current (Jack, Noble & Tsien, 1983). For highly non-linear responses,
this method is only valid if the peak current evoked by the agonist application remains stable for
a much longer period than the time constant required for the ionic current to relax to its new
equilibrium value on changing the membrane potential. In our experiments, the NMDA current
reaches a new equilibrium with a time constant of a few milliseconds over the voltage range -100
to -25 mV, while the agonist-activated current in response to brief pressure applications of
excitatory amino acid remains stable for several hundred milliseconds (see Fig. 1, Mayer &
Westbrook, 1984b). This method has the advantage of not requiring subtraction to separate
membrane current (i.e. membrane leakage conductance, and other, voltage-sensitive conductances
activated during voltage jumps) from the agonist-activated current, and in addition avoids the
possibility of desensitization during prolonged agonist application. The alternative procedure of a
steady agonist application coupled with voltage jumps was also used. The results of the two methods
should be identical, and for the membrane potential range -100 to -10 mV this appears to be
true (cf. Figs. 2, 5 and 7).
For membrane ionic currents, chord conductance can be measured either as steady-state or

instantaneous functions ofmembrane potential (Jack et al. 1983). For voltage-sensitive mechanisms,
the steady-state conductance measures changes in availability without providing insight into the
underlying mechanism. The most widely encountered physiological mechanism producing such
voltage sensitivity is a change in the probability of ion channels to undergo shut-open transitions.
During the course of our experiments, it became clear that the response to NMDA is voltage
sensitive because of channel block, rather than a more conventional mechanism. Thus, although
we present our results as graphs showing an increase in conductance on depolarization, mechani-
stically our data are best interpreted as a relief of channel block with depolarization.
For neurones bathed in solution containing 1 mM-Mg2+ and clamped at potentials depolarized

to 0 mV, the NMDA current slowly increased with time when brief pulses of agonist were used to
estimate the conductance. This greatly complicated the interpretation ofconductance measurements
at positive membrane potentials; it should be noted that in none of our experiments did the
conductance approach a maximum, even during depolarization to +70 mV. Since we did not
obtain an estimate of the maximum conductance available for activation by a given dose of
NMDA (i.e. the fully unblocked conductance) we are unable to present a quantitative description
of the relative block produced by various divalent cations as a function of membrane potential.

Slope conductance measurements were obtained conventionally by drawing tangents to current-
voltage plots of the responses evoked by amino acids (Jack et al. 1983). Slope conductance
determines the membrane response to small variations in voltage about a given point; this is of
physiological interest since the behaviour of slope conductance plots can be used to explain apparent
changes in membrane conductance during the action of voltage-dependent agonists (see Mayer &
Westbrook, 1984a). In this paper, slope conductance measurements are used to highlight the
apparent loss of the voltage-sensitive component of the response to L-glutamate in solutions
containing elevated concentrations of Mg2+.

RESULTS

Antagonism ofNMDA responses by Mg2+ is voltage dependent
Mg2+ have been shown to antagonize the depolarizing action of NMDA on frog

motoneurones (Evans, Francis & Watkins, 1977; Ault, Evans, Francis, Oakes &
Watkins, 1980). In mouse spinal neurones bathed in a 'Mg2+-free' medium, and
voltage clamped at membrane potentials of -60 to -70 mV, the inward current
evoked by NMDA was greatly reduced on application of Mg2+ (Fig. 1 A). However,
when the membrane potential was depolarized, this blocking action of Mg2+ became
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weaker (Fig. 1 B), such that at membrane potentials positive to the NMDA reversal
potential (- 0 mV), Mg2+ exerted little or no blocking action on the outward current
response evoked by NMDA (Fig. 1 C).

This blocking action of Mg2+ is sufficient to explain the characteristic voltage
sensitivity of responses evoked by NMDA. In medium containing physiological

Al A2
500 ,M-Mg2+ Control Mg2+ Recovery

Vh-60 mV
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Vh+20 mV - _N _ J<
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Fig. 1. Antagonism of NMDA responses by Mg2+ shows voltage dependence. Al shows
membrane currents evoked by pressure application of NMDA (100 /M, 200 ms, 2 lbf/in2,
0'1 Hz, lower record); during the period indicated by a bar above the records Mg2+ was
applied by pressure from a second micropipette (500 /sM-MgCl2, 300 ms, 4 lbf/in2, 10 Hz).
At a holding potential (Vh) of -60mV the inward current evoked by NMDA falls to 38%
of control during application of Mg2+; at -20 mV the NMDA response falls to 87 % of
control; at +20 mV Mg2+ has no blocking action on the outward current response to
NMDA. A2 shows NMDA responses on an expanded time scale recorded before, during
the interrupted trace, and immediately after the records shown in AI. The experiment
was performed using whole-cell patch-electrode recording from a spinal cord neurone
bathed in IMg2+-free' medium containing 2 mM-CaCl2; voltage clamp was achieved using
a single-electrode, discontinuous, voltage-clamp amplifier switching at 5 kHz. The patch
electrode used for recording contained 140 mM-CsCl.

concentrations of Mg2+ (1 mM) current-voltage plots of NMDA responses were 'j
shaped' with a negative slope conductance over the membrane potential range -30
to -80 mV (Fig. 2A). Ionic (chord) conductance-membrane potential plots for
responses evoked by a constant dose of NMDA, derived from the driving force for
ionic current (see Mayer & Westbrook, 1984 a), showed strong outward rectification
in the presence of Mg2+ (Fig. 2B) such that the mean conductance available at
+ 20 mV was 28-7 times larger than that available at -70 mV (range 8-70, S.E. of
mean 6-4, n = 10).

In ' Mg2+-free' medium, the response to NMDA was less voltage sensitive (Fig. 2 C),

--.Mb A.
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and current-voltage plots did not show the negative slope conductance behaviour
typically associated with NMDA responses (cf. MacDonald et al. 1982; Flatman et
al. 1983). Thus, chord conductance plots showed much less voltage dependence (Fig.
2D) such that in medium containing 5 mM-Ca2 , the mean conductance available at
+ 20 mV was only 2-17 times larger than that available at -70 mV (range 13-3-45,

A +20c +

5 mM-Ca2+ 1 mM-Mg2+ 5 mM-Ca2+ 0 Mg2+
NMDA NMDA

Membrane potential (mV) Membrane potential (mV)
-80 -60 -40 -20 +20 +40 -80 -60 -40 -20 +20 +40

2-0 -1 0

B ~~~~~~~~~D
120-- NMDA 5 mm-Ca2+ 1 MM-Mg2+ l120- NMDA 5 mm-Ca2+ 0 Mg2+

C~~ ~ ~~~~~~~~~~~ / CC~~~~~~~~

4X 80 -/ 80-

C~~~~~~

o 60 Ad 60 -

O° 40 / c 40-

o20J_//- 20- 0

0 0~~~~~~~~~~~~

0 0.0~~

_20 140 -40 -20 6 +2 2o -80 -60 - +40
Membrane potential (mV) Membrane potential (mV)

Fig. 2. Voltage sensitivity ofNMDA responses requires Mg2+ in the extracellular medium.
A and C show current-voltage plots of the peak amplitude ofresponses evoked by pressure
application of NMDA, the dose of which was adjusted to give inward currents of 0 75 nA
at -60 mV. A was obtained from a neurone bathed in medium containing 1 MM-MgCI2;
note the negative slope conductance over the voltage range -35 to -75 mV. C was
obtained from another neurone bathed in I Mg2+-free ' medium; in contrast to A the slope
conductance is positive at all potentials. B and D show chord conductance-membrane
potential relations, derived using the driving force for ionic current, for the NMDA
responses shown in A and C respectively. The outward rectification ratio (G+20/0_70) in
I mMMMg2+ is 13-1; in 'Mg2+-free' medium the rectification ratio is 2-75. Results obtained
under two-electrode voltage clamp.

s.E. of mean 0-20, n = 12). The reversal potential ofNMDA responses (- 0 mV) was
not altered by omitting Mg2+ from the recording solution. Thus, it is unlikely that
the lack of voltage sensitivity observed in I Mg2+-free ' solution reflects selective loss
of a Na+ or Ca2+ conductance in the absence of Mg2+ (cf. MacDonald et al. 1982;
Dingledine, 1983) leaving a voltage-insensitive component of the response to NMDA,
since this might be expected to result in a shift of the reversal potential to a more

negative value.
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The residual voltage sensitivity of the response to NMDA in ' Mg2+-free' medium
may reflect either the action of micromolar quantities of Mg2+ in the extracellular
fluid (see Methods) or a weak voltage-dependent blocking action of Ca2 . In
experiments performed using patch electrodes for whole-cell recording, it was possible
to use an extracellular Ca2+ concentration of 100 SUM; in such solutions the response
to NMDA became voltage insensitive over the potential range -80 to 0 mV,
suggesting that calcium may weakly antagonize the response to NMDA.

2 0 -

Control *- Control

1-5 7
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, 1-0- 10 500 MM-Mg2+
osnI

C if0
CD 500 tjM-Mg2

05 -, Recovery
0-5~~~

2-0 nA

0- 5s
10 25 50 75 100

lonophoretic dose (nC)
Responses in Mg2l 58 57 56 47 38 36 35

(% control)
Fig. 3. Mg2+ antagonism shows uncompetitive kinetics. The peak amplitude of inward
current responses to ionophoretic application of L-aspartic acid is plotted against the dose
of L-aspartate. The neurone was clamped at a holding potential of -50 mV and bathed
in 'Mg2+-free' medium; MgCl2 (500 /M) was dissolved in bathing medium and applied by
pressure. During application of Mg2+ the amplitude of L-aspartate responses, expressed
as a percentage of control, falls with increasing dose of agonist. The inset shows responses
to 75 nC applications of L-aspartic acid recorded before, during and after application of
Mg2+. Results obtained under two-electrode voltage clamp.

The depolarizing action of NMDA on frog motoneurones is reduced by Mg2+ and
a variety of competitive receptor antagonists; dose-ratio experiments suggest that
these act at separate sites (Evans & Watkins, 1978). To examine the effect of Mg2+
on the dose-response relation of responses due to activation ofNMDA receptors, we
recorded inward currents evoked by ionophoretic application ofL-aspartic acid, which
in our experiments is a highly selective agonist for NMDA receptors on mouse spinal
neurones (Mayer & Westbrook, 1984a). The antagonism of L-aspartate by Mg2+
(- 500 /SM) showed uncompetitive kinetics (Fig. 3), i.e. at a given concentration of
Mg2+, the antagonism increased with the dose of L-aspartic acid. The voltage-
dependent action of Mg2+ and the evidence for uncompetitive antagonism suggest
that Mg2+ may enter and block channels opened by NMDA, since these features of
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the action ofMg2+ are characteristic ofopen channel blocking antagonists which sense
the membrane electric field (cf. Ascher, Marty & Neild, 1978; Ascher, Large & Rang,
1979).

The blocking action of Mg2+ occurs rapidly
In the presence of certain channel-blocking antagonists acting at nicotinic sites,

hyperpolarizing voltage jumps produce membrane current relaxations during the
action of acetylcholine. Generally such relaxations are of two types: (1) a slow
decrease of conductance producing an outward relaxation; and (2) a slow increase
in conductance producing an inward relaxation (frog end-plate, Adams, 1977;
Aplysia neurones, Ascher et al. 1978; rat parasympathetic ganglion neurones, Ascher
et al. 1979). We were thus interested to see if, in the presence of NMDA and Mg2+,
voltage jumps produced similar current relaxations. The complex morphological and
electrical structure of ventral horn neurones in culture (Guthrie & Westbrook, 1983)
has unfortunate consequences for such experiments. The cable structure of the
neurone limits the high-frequency response of voltage control in the dendritic tree;
as a consequence, during voltage jumps capacitative currents last 1-2 ms in the
dendrites and obscure other current relaxations at a time when the somatic
membrane potential is well controlled (see Fig. 4 and Rall, 1969). However, if agonist
application is limited to the soma, then subtraction of control current records from
those recorded during NMDA responses will eliminate the slow capacitative currents
and provides a useful approximation of fast conductance changes occurring at the
soma.
Our experimental protocol is illustrated in Fig. 4. NMDA current relaxations were

revealed by a subtraction protocol (Fig. 4C and D). In the presence of 1 mM-Mg2+,
hyperpolarizing voltage jumps from a holding potential of -50 mV produced
outward current relaxations, i.e. a reduction of inward current, while depolarizing
voltage jumps produced inward current relaxations, i.e. an increase in inward current.
If Mg2+ acts as an open channel blocker, and the rate constant for channel opening
is faster than the blocking rate constant, then a simple bimolecular pore blocking
model would explain such relaxations (Ascher et al. 1978; Ascher et al. 1979). Similar
observations were made in six of nine neurones after averaging and subtracting
leakage currents. The relaxations recorded in the presence of NMDA and Mg2+ were
described by single exponential functions of time constant 2-3 ms. However,
extrapolation of the relaxation to the start of the voltage jump often failed to reveal
instantaneous currents appropriate for the change in driving force, suggesting that
part of the blocking action of Mg2+ occurs with very rapid kinetics beyond the
resolution of our experimental technique. The small size and rapid kinetics of these
responses hindered further analysis and we did not attempt to study the effect of
voltage or of altering the NMDA or Mg2+ concentration on the time constant of the
relaxation.

In 'Mg2+-free' medium, no obvious relaxations were observed during NMDA
responses, consistent with the weak voltage sensitivity of NMDA responses in this
medium (cf. Fig. 2). During steady inward currents evoked by application ofNMDA
and Mg2+, we did not observe changes in the variance of the current record (Fig. 4A).
This is consistent with the rapid kinetics of the channel blocking process, and the
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A NMDA 5 mM-Ca2 5 mm-Mg2" B NMDA 5 mM-Ca2'0 Mg2+

V<V-3030]30mV Noll Vh-30 ] 30 mV

ILC2s-] 2 nA 2 nA

l min 1 min
] 2 Ibf/in2 ]2 Ibf/in2

C NMDA 5 mM-Ca2+ 1 mM-Mg2l

Jump to -25 mV Jump to -75 mV

2 nA
*F ~ ~ ~ ~ ~ ~ ~ ~ ~ _______ *.

/ w 2 nA

____--__ Vh -50
125 mV

10 ms

Fig. 4. The voltage-dependent blocking action ofMg2+ is rapid. A and B show chart records
of NMDA responses recorded from a single neurone bathed in IMg2+-free' medium
containing 5 mm-Ca2 . In each case the upper trace shows the membrane potential, which
was clamped at a holding potential (Vh) of -50 mV and stepped to -30 mV (1V) for 30 ms,
before and during application of NMDA + Mg2+ (left) or NMDA alone (right). The middle
trace shows the membrane current; note the increase in variance in B but not A. The lower
record shows the output from a pressure transducer attached to each drug pipette. The
pressure pipettes contained bathing medium with 1 mM-NMDA+ 5 mM-Mg2+ (A) and
1 mM-NMDA alone (B); the dose from each was adjusted to give steady inward currents
of - 1 nA. With this protocol the concentration of NMDA and Mg2+ at the membrane
surface is unknown, but we are certain that considerable dilution occurs. The difference
in time course of onset and decay of the response to NMDA in A and B in part reflects
the need to eject a greater quantity ofNMDA+ Mg2+ to match the plateau current evoked
by NMDA in the absence of Mg2+. During voltage jumps, the membrane current and
potential were digitized at 10 kHz and a computer used to average ten responses. C and
D show examples of such averaged records obtained from another neurone bathed in
medium containing 1 mM-Mg2+ using a similar protocol to apply NMDA+1 mM-Mg2+.
The upper pairs of traces show the membrane current during steps to -25 mV (left) and
-75 mV (right) from a holding potential of -50 mV; traces marked with an asterisk were
recorded during a steady inward current of 1 nA evoked by application of NMDA. The
difference current produced by subtraction of the responses recorded before and during
application of NMDA is shown below the upper pair of traces. The difference-current
records reveal that hyperpolarizing voltage jumps evoke outward current relaxations
while depolarizing voltage jumps evoke inward relaxations. The lower record is the
membrane potential recorded at the soma; note that settling occurs within 500 ,s.
Results obtained under two-electrode voltage clamp.
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limited band width of our recording system. However, in the same neurones
application of NMDA alone produced an increase in variance of the current record
(Fig. 4B). The spectral characteristics of the current noise evoked by NMDA in
'Mg2+-free' medium were not determined (cf. Nowak et al. 1984).

Effects of other divalent cationu
Ault et al. (1980) found that a variety of divalent cations, including Co2+, Mnf2+

and Ni2+, also blocked the response of frog motoneurones to NMDA. Of these
divalent cations, C02+ and Ni2+, which are potent calcium channel blockers (Akaike,
Brown, Nishi & Tsuda, 1981), were the most effective NMDA antagonists. In our
experiments, Ni2+ also produced a voltage-dependent block ofthe response to NMDA,
as well as reducing the amplitude of calcium currents evoked by depolarizing voltage
jumps (Fig. 5). This voltage-dependent action of Ni2+ is otherwise similar to that of
M2+.Mg2~
In contrast, Cd2+, another potent calcium channel blocker (Khrishtal, 1976), was

relatively ineffective as an NMDA antagonist. Fig. 6 shows complete block of inward
calcium currents evoked by depolarizing voltage jumps, by doses of Cd2+ that had
minimal action on the inward current response to NMDA. These results suggest quite
different selectivity of the divalent cation binding site in calcium channels and ion
channels linked to NMDA receptors.

Mg2+ and the response to L-glutamate
Inmedium containing 1 mM-Mg2+, the response to L-glutamate is voltage dependent,

and current-voltage plots are of a characteristic shape (Mayer & Westbrook, 1984a):
over the potential range -70 to -30 mV, the slope conductance is much smaller than
expected when compared to the agonist-activated chord conductance, derived using
the driving force for ionic current (see Table 1). At more positive potentials, the slope
conductance increases steeply with further depolarization, and the chord and slope
conductance values converge. This behaviour reflects the mixed-agonist action of
L-glutamate at both NMDA and non-NMDA receptors (Mayer & Westbrook, 1984 a).
In ' Mg2+-free' medium, current-voltage plots of responses to L-glutamate were more
linear, and the slope conductance increase produced by depolarization was less
marked and similar to that produced by L-glutamate in the presence of the NMDA
receptor antagonist (± )-2-amino-5-phosphonovaleric acid (2-APV, see Table 1).

In medium containing 10 mM-Mg2+, the ratio of the slope/chord conductance of
the response to L-glutamate measured at -60 mV was similar to that recorded in
the presence of 2-APV or in 'Mg2+-free' medium (Table 1) suggesting that in
10 mM-Mg2+ responses to L-glutamate have become voltage insensitive; however, at
more positive membrane potentials the slope conductance increased to large positive
values (Table 1). This reflects relief of voltage-dependent block by Mg2+ of NMDA
channels opened by L-glutamate. At -60 mV, in 10 mM-Mg2+, essentially all current
flow through NMDA channels is blocked; thus, the slope conductance measurement
of the response to L-glutamate reflects activation of some other amino acid receptor
such as that for kainate or quisqualate (Mayer & Westbrook, 1984a). In contrast,
at -60 mV in 1 mM-Mg2+, the probability ofNMDA channels being blocked by Mg2+
is lower, and slope conductance measurements of the response to L-glutamate reflect
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Fig. 5. Ni2+ shows a voltage-dependent effect on currents evoked by NMDA. A and C show
current-voltage plots obtained from Cs+-loaded spinal cord neurones at rest and during
application from pressure pipettes of A, 500 /sM-NMDA and C, 500 ItM-NMDA plus
100 UM-Ni2+. The 'Mg2+-free' bathing medium contained 2 mM-Ca2+ and 0-6 ,M-TTX;
experiments were performed using CsCI-filled patch pipettes for whole-cell recording under
discontinuous voltage clamp. Current-voltage plots were obtained using 30 ms voltage
jumps from a holding potential of -50 mV. Each data point represents the average of
four consecutive digitized samples at 100 #s per point, taken 5 ms after the beginning of
the voltage jump. Subtraction of records obtained during the response to NMDA from
control records was used to reveal the current-voltage relation of the NMDA-activated
current (B and D). In the absence of Ni2+, the response to NMDA shows a small degree
of outward rectification over the potential range 0 to -100 mV (B). The control records
A and C show a region of negative slope conductance between -30 and 0 mV due to the
activation of calcium currents during depolarizing voltage jumps; NMDA did not appear
to alter the amplitude of these (A), but application of Ni2+ together with NMDA blocked
the activation of calcium currents (C). In addition, in the presence of Ni2+, the response
to NMDA has a negative slope conductance over the range -30 to -100 mV (D) that
is not present in A.
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A
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8 Control Cadmium

_ _ ~~~~~~~~~~~~~~~5 nA

10 ms
V, -1MV_ _

Vh -50 mV

Fig. 6. NMDA responses are resistant to antagonism by doses of cadmium which block
voltage-sensitive calcium currents. All traces were obtained from one neurone bathed in
'Mg2+-free' medium containing 10 mM-tetraethylammonium chloride. The experiment
was performed at a holding potential of -50 mV using a two-electrode voltage clamp.
The upper set of chart records labelled Al show (top) the output from the pressure
transducers used to monitor cadmium andNMDA application, and (bottom) the membrane
current. Deflexions in the current record are responses to a series of 30 ms voltage jumps
applied before, during and after cadmium application. The first downward deflexion is the
response to a 40 mV hyperpolarizing voltage jump used to measure the leak conductance;
the next four responses are produced by 40 mV depolarizing voltage jumps which activate
inward calcium currents, or during application of cadmium outward leak currents. These
responses were digitized at 100 ,us per point and averaged. B shows the averaged records
obtained before and during cadmium application. The lower set of chart records, labelled
A2, show at higher gain the membrane current (top), the pressure transducer output
(middle) and 1 s timing marks (bottom). A second application of cadmium, using the same
protocol as that used in Al to block calcium currents (1 mM-Cd2+, 200 ms pulses at
1-5 lbf/in2), produced only a 15% attenuation of the response to NMDA.

current flow through ion channels linked to both NMDA and other amino acid
receptors. Since we were unable to obtain an estimate of the maximal conductance
available for a given dose of L-glutamate these experiments were performed by
evoking inward currents of similar size at -60 mV. As a consequence, larger doses of
L-glutamate were required in 10 mM-Mg2+ resulting in a higher occupancy of
NMDA receptors; current flow through these receptors occurred only on sufficient
depolarization to relieve the blocking action of Mg2+.

Effect ofNMDA on the membrane current-voltage relation
The depolarizing action of NMDA is usually associated with an apparent increase

in membrane resistance (Engberg et al. 1978). This is now shown to be a consequence
of the voltage-dependent blocking action of Mg2+. In the presence of 1 mM-Mg2+,
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NMDA reduced the membrane slope conductance, measured under voltage clamp
using 30 ms voltage jumps (Fig. 7B), and produced a region of non-linearity in the
current-voltage relation such that it was impossible to accurately extrapolate a
reversal potential for the NMDA-evoked current. In fact, over the potential range
-60 to -80 mV, extrapolation gave a false reversal potential close to that expected

TABLE 1. Chord and slope conductance measurements derived from responses to L-glutamate in
media containing different concentrations of Mg2+. Each measurement is the mean obtained from
five to sixteen neurones as shown on the left. The chord conductance at -60 mV (G,.0), derived
using the driving force for ionic current, is presented to show that in each solution similar amplitude
responses were obtained to allow meaningful comparison of the slope conductance at -60 mV
(GS-6o) and + 10 mV (Gs+10). Slope conductance measurements were obtained from tangents to
current-voltage plots recorded over the range -70 to + 20 mV. Note that despite a large increase
in slope conductance on depolarization to +10 mV, the response recorded at -60 mV in 10 mM-Mg2+
has a similar slope conductance to that obtained in the presence of 2-APV or in ' Mg2+-free' medium

L-glutamate chord and slope
Divalent cations conductance measurements (nS)

(mM)
n 0c-60 0s-Go 0s+1o
16 5 Ca 1 Mg 20-7 5-6 74-7
5 5 Ca 0 Mg 22-2 15.0 50-8
9 5 Ca 1 Mg+2-APV 21-0 13-4 38-1
5 2-5 Ca 10 Mg 23-7 15-0 120

for the potassium equilibrium potential, EK. Because the blocking action of Mg2+
occurs rapidly (see Fig. 4), the membrane current-voltage relation approached steady
state within 5-10 ms. The result of this is to increase the effective membrane
resistance for even brief depolarizing events such as excitatory post-synaptic
potentials (e.p.s.p.s). However, in 'Mg2+-free' medium, NMDA behaves as a classical
excitatory agonist and evoked increases in membrane slope conductance (Fig. 7D)
such that extrapolation gave an estimate of the reversal potential for the response
to NMDA similar to that recorded directly (Mayer & Westbrook, 1984a).

Excitability changes during NMDA responses
Depolarizing responses produced by NMDA in the presence of 1 mM-Mg2+ evoked

repetitive firing, and an increase in the frequency of synaptic barrage, probably as
a result of spread of NMDA to adjacent neurones; smaller doses of NMDA caused
an apparent increase in the input resistance (Fig. 8A). In the absence of Mg2+, the
depolarizing response to NMDA occurred with a decrease in input resistance, and
presumably as a result of this the excitability of the neurone was lower, such that
NMDA did not evoke repetitive firing or an increase in synaptic barrage due to
excitation of adjacent neurones (Fig. 8B). This action of NMDA in the absence of
Mg2+ was similar to that of kainic acid, which we have found much less able to
support repetitive firing than (in the presence of Mg2+) L-glutamate or NMDA.

Reversal potential of amino acid responses in low Na+
In a previous series of experiments performed in medium containing 143 mM-Na+

and 4-8 mM-K+, the reversal potential of kainate and NMDA was similar and close
to 0 mV (Mayer & Westbrook, 1984a). On reducing [Na+]O, substituting choline Cl
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A 5 mM-Ca2 1 mM-Mg2 C 5 mM-Ca2+ 0 Mg2+

Control Control
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NMDA 1-3 nA NMDA 1 4 nA
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Fig. 7. Membrane resistance changes evoked by NMDA. A and B show the effect ofNMDA
on a spinal cord neurone bathed in medium containing I MM-MgCl2. The traces in A show
the membrane current, digitized at 5 kHz, during a series ofhyperpolarizing voltage jumps
before (top record) and during application of sufficient NMDA to evoke a steady inward
current of 1-3nA at -50mV (middle record); the lower record shows the membrane
potential (two-electrode clamp) during 30 ms hyperpolarizing voltage jumps incrementing
by - 10mV. NMDA evokes an apparent increase in the membrane resistance. The
current-voltage plot in B was obtained from a more extensive series of voltage jumps;
note the non-linear relation induced by NMDA and the lack of cross-over of the
current-voltage plots at membrane potentials negative to -80 mV. C and D show the
effect of NMDA on another neurone bathed in 'Mg2+-free' solution, and recorded using
the protocol described above. NMDA reduces the membrane resistance; extrapolation of
the resting membrane current-voltage relation (fitted by linear regression) with that
recorded during application of sufficient NMDA to evoke 1-4 nA of inward current at
-50mV gives intersection at -5mV, the reversal potential of the NMDA-evoked
current.

for NaCl, the reversal potential for responses evoked by kainate was consistently
shifted to a more negative potential (Fig. 9). In nine neurones bathed in medium
containing 10 mm-Na+, the mean kainate reversal potential was-e16k 3 mV (rangea-d7
toc-27 MV, S.E. of mean2- 2). In this low-Na+ medium, the time course and voltage
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sensitivity of kainate responses was similar to that recorded in control experiments
(cf. Fig. 9 and Fig. 2 in Mayer & Westbrook, 1984a). In contrast, NMDA responses
were greatly prolonged in medium containing 10 mm-Na+ (Fig. 9), and tended to
'fade' or desensitize during experiments such that in most neurones it was impossible
to obtain reproducible responses. Despite this, in four neurones a reversal potential
was obtained for NMDA responses in 10 mM-Na+ and was 5 to 27 mV (mean 12-5)
more positive than the kainate reversal potential recorded in the same neurones (see
Fig. 9).

L-glutamate appears to activate both NMDA and either kainate or quisqualate
receptors (Mayer & Westbrook, 1984a). In medium containing 10 mM-Na+ and
1 mMMg2+, L-glutamate responses became complex. At the most negative membrane
potentials examined, the ion channels linked to NMDA receptors are strongly blocked
by Mg2+, and L-glutamate responses were of similar time course to those recorded
in control experiments (Fig. 10). As the membrane potential was shifted positive to
about -50 mV, the blocking action of Mg2+ became weaker, and L-glutamate
responses developed a biphasic time and voltage dependence (Fig. 10). The initial fast
component of the response resembled that evoked by kainic acid in 10 mM-Na+; the
slower component of the response had a more depolarized reversal potential and
resembled responses evoked by NMDA (cf. Figs. 9 and 10).

Inactivation ofNMDA responses
'Fade' ofNMDA responses in medium containing 10 mM-Na+ greatly complicated

measurement of the agonist current-voltage relation. This phenomenon is similar to
classical desensitization at nicotinic receptors (Katz & Thesleff, 1957) in that it was
reversibly increased on application of a high dose of NMDA (Fig. 11). However, a
similar reversible inactivation occurred during a depolarizing voltage-jump protocol
which was sufficient to activate voltage-sensitive calcium currents; responses to
kainic acid did not show this behaviour (Fig. 11). This inactivation of NMDA
responses during depolarization was variable and did not occur in all neurones. We
gained the impression that it was most severe in media which would tend to impair
intracellular calcium regulation, i.e. low Na+, 'Mg2+-free' solutions, but further
experiments are required to confirm this.

In ' Mg2+-free' solutions containing 143 mM-Na+, responses to NMDA occasionally
displayed voltage-dependent inactivation similar to, though less pronounced than
that recorded in 10 mM-Na+. As a result the agonist current-voltage plot had an
inflexion between -40 and + 20 mV that was absent in neurones not showing such
marked inactivation of NMDA responses (cf. Figs. 2 and 12). Calculation of the
NMDA chord conductance-potential relation for responses showing such voltage-
dependent inactivation in medium containing 143 mM-Na+, revealed conductance
plots (Fig. 12) with inactivation over the voltage range usually associated with
maximal entry of calcium through voltage-sensitive channels, approximately -30
to + 30 mV. This behaviour also occurred, to a much smaller extent, for the responses
shown in Fig. 2C and D. Responses to kainic acid did not show voltage-dependent
inactivation in any of the recording solutions used in the present experiments.
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A 1OOm-NMDA (1 mM-Mg2)
1 3

-55 mV
2

B 100 JM-NMDA (Mg2+-free)

3

m___________ -40 mV

2

C Control

1 2

-61 mV

400 pA
40 mV 20 mV

20s 100ms
Fig. 8. Excitability changes during NMDA receptor activation reflect the voltage-
dependent action of Mg2+. A, B and C show current-clamp records from one spinal cord
neurone obtained using a KMeSO4-filled patch electrode. The pairs of traces at left show
chart records of membrane potential (upper trace) and current (lower trace). Digitized
voltage records (sampling rate 0 5 kHz) obtained during the peak NMDA responses (Al,
Bi) are shown at right. Current pulses (50 ms, 60 pA, Hz) were used to monitor
membrane resistance. The bathing solution contained 2 mM-Ca2+ and '0' Mg2+. In order
to reduce spontaneous activity, 25 nM-TTX was added to the bath; as a result the
background activity of most neurones consisted of occasional synaptic events, but action
potentials could still be easily evoked with intracellular current pulses. Perfusion pipettes
contained 100 /tM-NMDA with 1 mM-Mg2+ (A1-3), or 100,uM-NMDA in 'Mg2+-free'
medium (B1-3) and were positioned in similar positions close to the soma. The dose of
NMDA or NMDA plus Mg2+ was adjusted by varying the duration of pressure pulses (see
Methods); the period of drug application is indicated by bars above the chart records.
During a small dose of NMDA plus Mg2+ (A2), adjusted to give a 10 mV depolarization,
there was an increase in synaptic activity and an apparent membrane resistance increase;
a larger dose (Al) led to a prolonged burst of action potentials, the amplitude of which
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A
Kainic acid 5 mM-Ca2+ 1 mM-Mg2l 10 mM-Na'

-70 -60 -50 -40 -30

I>t X ]1~~~~~~~-5nA
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12s
B Kainic acid 5 mM-Ca2+ 1 mM-Mg2l 10 mM-Na'

+3.0

+1*0
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C
NMDA 5 mm-Ca2+ 1 mM-Mg2+ 10 mM-Na'
-20 0 +20
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25 s

Fig. 9. Amino acid responses recorded in choline-substituted medium containing
10 mM-Na+, 5 mM-Ca2+ and 1 mMMg2+ (two-electrode voltage clamp). A shows chart
records of membrane currents evoked by pressure application of kainic acid over the
potential range -70 to +20 mV; note that from -20 to + 20 mV kainic acid evokes
outward current responses. B shows a current-voltage plot of these responses; the
interpolated reversal potential is -27 mV. C shows responses evoked by NMDA and
recorded in the same neurone; note the extreme prolongation of the responses compared
to those recorded in control experiments (see Fig. 3 in Mayer & Westbrook, 1984a), and
reversal of the NMDA response at 00 mV. The small size and long time course of the
response to NMDA, coupled with rundown, prevented study of the current-voltage
relation over a wider range of membrane potentials.

is attenuated by the frequency response of the chart recorder and the slow sampling rate
in A3. Both small (B2) and large (B1, B3) doses ofNMDA in 'Mg2+-free' medium evoked
depolarization with membrane resistance decreases; longer applications led to a plateau
depolarization at -35 mV which took several minutes to recover. Even during the larger
depolarization there was no increase in synaptic activity, or generation of action
potentials, but a striking increase in voltage noise is apparent in B3 compared to control
(C2). A 10 mV depolarization with current injection (C1) did not reproduce the changes
in excitability seen in A, nor the increase in voltage noise seen in B.
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Fig. 10. Biphasic responses evoked by L-glutamate in medium containing 10 mM-Na+ and
1 mM-Mg2+. A shows chart records of currents evoked by pressure application of
L-glutamate as the membrane potential was varied from -80 to + 20 mV (two-electrode
voltage clamp). Note that at hyperpolarized potentials, the responses are brief compared
to those recorded at more positive membrane potentials. At -15 and -1O mV the
response is biphasic: the early rapidly developing outward current is followed by a slowly
developing inward current; at -30 and -40 mV both phases are inward, but it is still
possible to distinguish two components and estimate the amplitude of the initial response,
which reverses at -20 mV. Small deflexions in the records, especially noticeable in the
traces recorded at -80 to -50 mV, are spontaneous synaptic currents which occur in
low-Na+ solution despite the presence of 0-6 1sM-TTX. B shows a current-voltage plot of
the data illustrated in A. The peak current has a highly non-linear voltage dependence,
and reverses at -8 mV. The initial current, which can only be distinguished over the range
-40 to -10 mV, appears to have a more linear voltage dependence.
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Fig. 11. Time course of changes in amino acid responses following a large dose of agonist
or depolarizing voltage jumps. Responses were evoked by pressure application of NMDA
(1 mM, 100 ms, 4 lbf/in2, 0) or kainic acid (0-2 mm, 100 ms, 4 lbf/in2, 0) in a spinal
cord neurone voltage clamped (two-electrode system) at a holding potential of -50 mV,
and bathed in IMg2+-free' medium containing 10 mM-Na+ and 5 mM-Ca2+. The peak
amplitude of amino-acid-evoked current response (ordinate) is plotted against time.
Application of a large dose of NMDA (achieved by increasing the duration of the pressure
pulse to 1 s) reduced the amplitude of subsequent responses. A similar reduction occurred
following a depolarizing voltage jump to -10 mV for 4 s. During this experiment the
amplitude of the NMDA responses also gradually declined with time, producing a sloping
base line. In contrast, responses evoked by kainic acid were stable and did not show
inactivation following a depolarizing voltage jump, or after application of a larger dose
of kainic acid.

DISCUSSION

Mg2+ block of NMDA responses
There has been little agreement about the nature ofthe permeability change evoked

by excitatory amino acids in vertebrate neurones. The results presented in this paper,
and those obtained by Nowak et al. (1984) and ourselves (Mayer & Westbrook, 1984a),
help to explain the paradoxical voltage-dependent action of certain excitatory amino
acids. Agonists acting atNMDA receptors produce highly voltage-sensitive responses;
previously it was suggested that this resulted from modulation of an undefined
voltage-dependent conductance carrying Na+ or Ca2+ current (MacDonald & Porietis,
1982; Flatman et al. 1983; Dingledine, 1983). Our results and those of Nowak et al.
(1984) suggest that voltage dependence of the NMDA response is a consequence of
Mg2+ block, and not the behaviour of a conductance mechanism linked to a classical
intramembrane gating particle. The responses evoked by other amino acids, such as
L-glutamate and D- and L-homocysteate, are more complex because these agonists
activate both NMDA receptors and other amino acid receptors linked to a voltage-
insensitive mechanism (Mayer & Westbrook, 1984 a). Kainic and quisqualic acids are
selective agonists for these other receptors, and produce responses with a more linear
current-voltage plot.
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Fig. 12. Voltage-dependent inactivation of NMDA responses in a spinal cord neurone
bathed in medium containing 5 mM-CaCl2 and 143 mM-Na+. A shows a current-voltage
plot of the peak amplitude of responses evoked by pressure application of NMDA and
kainic acid to a voltage-clamped spinal cord neurone (two-electrode system). The kainic
acid response is relatively linear with respect to membrane potential; in contrast, the
NMDA response has a negative slope conductance over the potential range -65 to
-75 mV (presumably due to contamination of the 'Mg2+-free' medium with Mg2+), and
shows an inflexion due to a decrease in slope conductance over the potential range -15
to + 15 mV. B shows the data illustrated in A following conversion to agonist-activated
chord conductance, using the driving force for ionic current. The response to kainic acid
shows a small degree of outward rectification. In contrast, the NMDA conductance-
potential relation has a pronounced N shape, with a threshold for inactivation of
approximately -40 mV.
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Our results do not contain sufficient quantitative detail to allow estimation of any
of the rate constants determining binding and dissociation of Mg2+ at the blocking
site. During voltage jumps, the inward current relaxation produced by NMDA in the
presence of 1 mMMg2+ has at least two kinetic components. This is in accord with
the single-channel studies ofNowak et al. (1984): in 100 J#M-Mg2+ at -60 mV the mean
open time of channels opened by 2-10 ,tM-L-glutamate is 0-7 ms, and the mean burst
duration 3-2 ms; these time constants are expected to become faster with 1 mM-Mg2+.
Over the potential range -80 to -10 mV, in the presence of 1 mM-Mg2+, the
conductance linked to NMDA receptors increases e-fold on depolarization by
21-28 mV (n = 4). By assuming that the conductance available for the action of
NMDA is proportional to the fraction ofunblocked channels, it is possible to calculate
what fraction of the membrane electric field influences the binding of Mg2+ to its site
of action within the ion channel from the relation (see Woodhull, 1973)

AG = exp [zKE]

where AG represents an e-fold increase in the conductance activated by NMDA on
depolarizing the membrane potential by E mV; z is the valency of the blocking ion;
a the fraction of the membrane potential acting at the blocking site; F, R and T are
the Faraday, the gas constant and the absolute temperature respectively. In four
experiments, we obtained a values of 0A46-062 (mean 0-53). However, at the most
positive potentials examined in our experiments (+ 60 to + 70 mV), the conductance
activated by NMDA is still increasing with depolarization and shows no sign of
approaching an asymptote (see Fig. 2). At these positive potentials, NMDA currents
show a tendency to gradually increase with time. Such creep in the response
amplitude may represent agonist-triggered unblocking ofa stable closed blocked state
as has been described for cholinergic responses in crustacean muscle fibres by Lingle
(1983). This slow increase in the response to NMDA greatly complicates measurement
of the maximal conductance available for the action of NMDA. Single-channel
recording experiments suggest that the kinetic description of the block of NMDA
channels by Mg2+ is indeed more complicated that that predicted by a fast open
channel block mechanism (Nowak et al. 1984). Further experiments are required to
see ifNMDA channels can enter a closed blocked state, and to determine the relative
rate constants of the transitions from closed blocked to open blocked, and from open
blocked to unblocked channels.

Previous experiments had shown that high concentrations of Mg2+ (10 mM) can
completely block the voltage-sensitive component of responses to L-glutamate
(MacDonald & Wojtowicz, 1982). This may seem paradoxical if Mg2+ block of ion
channels is the cause of such voltage sensitivity. However, the blocking model
described by Woodhull (1973) predicts a depolarizing shift in the titration curve for
dissociation of the blocking ion from its binding site on increasing the concentration
of the blocking ion, such that at high concentrations of Mg2+, NMDA channels will
become unblocked only at membrane potentials depolarized to the agonist reversal
potential. In a series of experiments performed in medium containing 10 mM-Mg2+,
we were unable to record inward NMDA currents larger than 0A4-0 5 nA; however,
at membrane potentials positive to the reversal potential it was easy to evoke large
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(3-4 nA) outward currents with NMDA. In addition, the current-voltage relation of
responses to L-glutamate evoked in 10 mMMg2+ and recorded over the potential range
of -20 to -80 mV was considerably more linear than that recorded in the presence of
1 mM-Mg2+ in control experiments, reflecting nearly complete block by 10 mMMg2+
of inward current flow through ion channels linked to NMDA receptors. However,
at more positive membrane potentials the L-glutamate slope conductance increases
to large positive values, as the channels linked toNMDA receptors become unblocked.
Although our results suggest that Mg2+ enterNMDA ion channels, the permeability

of the channel to Mg2+ is probably quite low. The intracellular activity of Mg2+ in
excitable cells is of the order of several millimolar (Hess & Weingart, 1981), but such
concentrations of Mg2+ do not strongly block outward current flow through NMDA
ion channels (Nowak et al. 1984). Thus, as in other systems, the blocking site is only
accessible from the outer face of the membrane (Coronado & Miller, 1979, 1980). The
Mg2+ binding site has affinity for other divalent cations, Ni2+ also producing a
voltage-dependent block ofNMDA responses. However, concentrations ofCd2+ which
completely block calcium currents activated by depolarizing voltage jumps to 0 mV
have relatively little effect on responses to NMDA.

Neuronal excitability
In the presence of physiological concentrations ofMg2+ (1 mM) the current-voltage

relation of responses evoked byNMDA has a negative slope conductance at potentials
more negative than -30 mV. At low doses ofNMDA, this negative slope conductance
behaviour effectively increases the membrane resistance over the potential range -80
to -30 mV; as a consequence, other depolarizing inputs such as e.p.s.p.s are
potentiated (see Engberg, Flatman & Lambert, 1979), while outward currents which
tend to slow or inhibit repetitive firing become less effective. This effect of NMDA
on the excitability of neurones is reminiscent of the action of muscarine on the
M-current (Adams, Brown & Constanti, 1982). The negative slope behaviour of the
NMDA current-voltage relation is much better able to support repetitive firing than
other excitatory amino acids such as kainate and quisqualate (or NMDA in the
absence of Mg2+), which behave classically and produce depolarization accompanied
by an increase in membrane conductance.

Larger doses of NMDA can produce a region of negative slope conductance in the
membrane current-voltage relation and, as a consequence, the membrane potential
exhibits bistable behaviour when the dose of NMDA is large enough to produce a
region of net inward current (see Jack et al. 1983). This dose-dependent action of
NMDA on neuronal excitability has been elegantly demonstrated for cat neocortical
neurones in vitro (Flatman et al. 1983). The tendency of NMDA receptor stimulation
to evoke epileptiform-like discharges will be most pronounced in those neurones in
which depolarization activates other persistent inward currents. An example would
be hippocampal neurones which respond to NMDA (Dingledine, 1983) and possess
a non-inactivating Ca2+ conductance (Brown & Griffith, 1983). When the membrane
potential is not voltage clamped, potentiation by NMDA of regenerative calcium
spikes could simply result from activation of two mechanisms which both produce
non-linear membrane current-voltage relations. A specific interaction between the
conventional voltage-sensitive conductance mechanism and the response triggered
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by agonists acting at NMDA receptors seems improbable (cf. Dingledine, 1983;
Flatman et al. 1983).
The action of NMDA on neuronal excitability is further complicated by the

activation of voltage-dependent outward currents during NMDA-evoked depolari-
zation. In particular, calcium entry during bursts of action potentials may trigger
large hyperpolarizing responses which will further enhance the production of
epileptiform- and pace-maker-like activity; for discussion of such a model in
molluscan neurones, see Gorman, Hermann & Thomas (1981).

Desensitization of NMDA responses
Recent studies suggest that in the vertebrate c.N.s. responses to a number of

excitatory amino acids, including NMDA, exhibit desensitization (Fagni, Baudry &
Lynch, 1983). At the vertebrate neuromuscular junction, desensitization is a well-
documented phenomenon, the molecular mechanisms ofwhich are not yet established.
It is of interest to note that a number of studies have described an apparent link
between calcium and desensitization at the end-plate (Manthey, 1966; Nastuk &
Parsons, 1970; Scubon-Mulieri & Parsons, 1977). Our results suggest that procedures
which either enhance membrane calcium fluxes (i.e. 'Mg2+-free' solutions), or over-
load intracellular Ca2+ homoeostatic mechanisms (i.e. low-Na+ solutions which
reduce sodium-calcium exchange) tend to enhance desensitization to NMDA.
Responses to kainic acid did not show desensitization.

Scubon-Mulieri & Parsons (1977) suggest that at the end-plate, the intrinsic rate
of desensitization to acetylcholine may be a function of the intracellular free ionized
Ca2+ concentration. Our observation that depolarization into a membrane potential
region which produces activation of inward Ca2+ currents enhances desensitization
to NMDA, suggests that certain molecular features of the desensitization process may
be common to both cholinergic and NMDA conductance mechanisms.

The ionic mechanism of amino acid responses
Relatively little is known about the ionic mechanism of excitatory amino acid

responses in vertebrate neurones. The major area of uncertainty lies in assigning
values to the relative permeabilities to Na+ (PNa), Ca2+ (Pca) and K+ (PK). Although
Buhrle & Sonnhof (1983) suggest that on frog motoneurones L-glutamate does not
increase PK, the directly measured reversal potential of 0 mV for all excitatory amino
acids suggests a mixed ionic mechanism similar to that operating at the vertebrate
end-plate (Adams et al. 1980). Studies on the ionic mechanism of L-glutamate at the
Drosophila neuromuscular junction also convincingly demonstrate a mixed ionic
mechanism with significant permeability to both monovalent and divalent nations,
although in this tissue the increase in permeability to Mg2+ is much larger than PCa
(Jan & Jan, 1976). In locust muscle, L-glutamate increases the membrane permeability
to Na+, K+ and Ca2+ (Anwyl, 1977). Studies on frog motoneurones, also using
L-glutamate, suggest an agonist-triggered increase in PCa (Buhrle & Sonhoff, 1983).
Recent studies have demonstrated Na+ dependence of the reversal potential of
L-glutamate responses in hippocampal neurones (Hablitz & Langmoen, 1982), but the
mixed-agonist action of this amino acid complicates interpretation of this result since
it is not known if L-glutamate was acting at NMDA or other amino acid receptors.
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Our results suggest that the response to kainic acid is due to an increase in
permeability to sodium and potassium. For NMDA the situation is more complex.
The results with low-Na+ solutions suggest a difference in the ionic selectivity of
channels linked to NMDA and kainate receptors, but considerable caution is required
in the interpretation of our results. It is possible that the ratio PCa/PNa is greater for
NMDA than for kainate, and that this difference is exaggerated in low-Na+ solutions,
hence the difference in reversal potential for the action of NMDA and kainate. It is,
however, important to distinguish between ion fluxes directly triggered by agonists,
and those secondary to agonist-triggered calcium flux, since intracellular Ca2+ can
activate potassium (Meech & Standen, 1975), chloride (Owen, Segal & Barker, 1984)
and non-specific cation conductances (Colquhoun, Neher, Reuter & Stevens, 1981;
Yellen, 1982). The Ca2+-activated chloride current produces slow inward tail currents
following depolarizing voltage jumps in chloride-loaded spinal neurones (Owen et al.
1984); these tail currents are prolonged by NMDA (M. L. Mayer & G. L. Westbrook,
unpublished observations). Such prolongation may result from an additional load on
intracellular calcium sequestration mechanisms imposed by the agonist (NMDA)-
triggered calcium flux, rather than from direct modulation by amino acids, for
example L-aspartic acid (MacDonald & Schneiderman, 1984), of a voltage-dependent
slow inward current. Similarly prolongation ofNMDA responses in low-Na+ solution
may result from reduction of sodium-calcium exchange, and in chloride-loaded spinal
neurones consequent activation by Ca2+ of an inward chloride current with a reversal
potential close to 0 mV.

Little is known about the regulation of calcium ion activity in spinal cord neurones
in culture. If sodium-calcium exchange plays a major role, and prolonged exposure
to sodium-substituted solutions allows the intracellular calcium activity to rise above
physiological levels, it is possible this is the mechanism of enhanced desensitization
ofresponses to NMDA. The depolarizing response of spinal cord neurones to L-aspartic
acid is markedly depressed in choline-substituted, sodium-free solution (MacDonald,
1984). It is unclear if this results from enhanced desensitization, or a direct action
of choline on the agonist-triggered ion channel; changes in driving force do not appear
sufficient to explain the reduction in current.
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