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Spinal cord neurons in dissociated cell culture were loaded
with the calcium indicator arsenazo 1ll using the whole-cell
patch-clamp recording technique. Under voltage-clamp, de-
polarizing voltage steps evoked transient increases in ab-
sorbance at 660 nm, with no change at 570 nm, the isosbestic
wavelength for calcium-arsenazo lll complexes. The optical
response occurred with a threshold depolarization to —30
mV, peaked at +10 mV, and decreased with further depo-
larization, consistent with an elevation of cytoplasmic free
calcium resulting from Ca?+ flux through voltage-dependent
calcium channels. Inward current responses to the excitatory
amino acids N-methyl-p-aspartic acid (NMDA) and L-gluta-
mate were also accompanied by calcium transients; these
were dose-dependent, varied with the driving force for in-
ward current, and were blocked by extracellular Mg?+ in a
voltage-dependent manner, suggesting Ca?* flux through
NMDA-receptor channels. Responses to kainate, quisqual-
ate, and GABA were not accompanied by comparable cal-
cium transients. [Ca2* ], transients evoked by depolarizing
voltage steps were of maximal amplitude at the start of re-
cording and declined with time, reflecting rundown of volt-
age-dependent calcium channels. In contrast, [Ca?*], tran-
sients evoked by NMDA gradually increased in amplitude
during periods of whole-cell recording lasting 1-2 hr. Pro-
cedures resulting in loading of the neuron with Ca?+ accel-
erated the increase in amplitude of [Ca2*], transients evoked
by NMDA, but slowed the decay of [Ca?* ], transients evoked
by voltage steps. Our results provide evidence for 2 inde-
pendent sources of transmembrane Caz+ flux in vertebrate
neurons, through voltage-gated calcium channels and
through NMDA-receptor channels. The Ca?* flux gated by
NMDA-receptor-specific agonists may play a role in synaptic
plasticity, in regulating excitability, and in the excitotoxic
response to excitatory amino acids.

Transient increases in cytoplasmic calcium ion activity regulate
many cellular processes. In nerve cells, calcium entry through
voltage-dependent calcium channels underlies the rapid exo-
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cytotic release of neurotransmitter during synaptic transmission
(Katz and Miledi, 1965, 1967). Calcium ions also act as second
messengers to regulate the activity of other ion channels, as
during the burst generation of action potentials in molluscan
neurons (Gorman et al., 1981). A mechanism of this general
type is likely to be important in regulating burst activity in many
other excitable cells; for example, pacemaker-like motor activity
in lamprey spinal motoneurons shows a clear dependence on
extracellular calcium separate from any effect on transmitter
release (Grillner and Wallén, 1985). An elevation of cytoplasmic
free calcium has also been suggested as acting as a signal for the
induction of long-term potentiation (LTP), a form of synaptic
plasticity well characterized in hippocampal structures and as-
sociated with a stable increase in the efficacy of excitatory syn-
aptic transmission (Dunwiddie and Lynch, 1979; Wigstrém et
al., 1979; Turner et al., 1982; Lynch et al., 1983). In addition,
elevation of cytoplasmic free calcium above physiological values
1s believed to occur during cerebral anoxia, hypoglycemia, or
amino acid-evoked excitotoxicity, leading to neuronal cell loss
and degeneration in sensitive structures (Choi, 1985; Garthwaite
et al., 1986; Rothman and Olney, 1986). The source of calcium
regulating these latter processes is unclear.

Elevation of cytoplasmic free calcium can, in principle, occur
via 3 major mechanisms: entry of calcium through depolar-
ization-activated, calcium-selective ion channels in the plasma
membrane; entry of calcium through agonist-activated ion chan-
nels, also in the plasma membrane; or release of calcium from
intracellular stores such as the endoplasmic reticulum. The ion
channels activated during fast excitatory synaptic transmission,
both at the neuromuscular junction and in the vertebrate CNS,
have reversal potentials close to zero mV (Fatt and Katz, 1951;
Engberg and Marshall, 1979; Brown and Johnston, 1983), and
in the case of nicotinic acetylcholine receptors are generally
believed to be cation-selective, with poor discrimination be-
tween monovalent cations (Takeuchi and Takeuchi, 1960; Adams
et al., 1980) and only a low permeability to calcium (Gage and
Van Helden, 1979; Lewis, 1979). Thus, by analogy with the
neuromuscular junction, calcium influx through voltage-depen-
dent, calcium-selective channels is generally believed to be the
major source of activity-dependent increases in cytoplasmic free
calcium in nerve cells. However, few experiments have exam-
ined this directly.

In the vertebrate CNS, it now seems likely that dicarboxylic
amino acids, probably L-glutamate and L-aspartate, act as fast
excitatory synaptic transmitters at both spinal and supraspinal
sites (Mayer and Westbrook, 1987a). Vertebrate neurons express
multiple receptors for excitatory amino acids; 3 subtypes have



been identified by the use of selective agonists and antagonists:
kainate, N-methyl-p-aspartate (NMDA), and quisqualate (Wat-
kins and Evans, 1981), In sensitive pathways, fast excitatory
synaptic potentials are blocked by nonselective excitatory amino
acid antagonists such as y-p-glutamylglycine, kynurenic acid,
and cis-2,3-piperidine dicarboxylic acid, which act at all 3 re-
ceptor subtypes, whereas selective NMDA-receptor antagonists
such as 2-amino-5-phosphonovaleric acid (AP5) do not antag-
onize fast EPSPs (for a review, see Mayer and Westbrook, 1987a).
This suggests that quisqualate or kainate receptors are selectively
activated during fast excitatory transmission in the vertebrate
CNS. However, recent experiments have shown AP5-sensitive
components of EPSP in spinal, hippocampal, and neocortical
neurons (Dale and Roberts, 1985; Thomson et al., 1985; Wig-
strém et al., 1985; Forsythe and Westbrook, 1986; Hablitz and
Langmoen, 1986; Thomson 1986); such NMDA-receptor-me-
diated synaptic potentials are of longer duration and slower rise
time than the fast component mediated by kainate/quisqualate
receptors, and thus contribute little to the peak of the EPSP.

However, NMDA -receptor-mediated EPSPs may act to mod-
ulate excitability. For example, NMDA-receptor antagonists
block LTP in the Schaffer collateral/commissural to CA1l and
the commissural to CA3 pathways (Collingridge et al., 1983;
Harris et al., 1984; Wigstrom and Gustafsson, 1984; Harris and
Cotman, 1986), and interfere with the generation of motor ac-
tivity in the spinal cord of the lamprey and Xenopus (Dale and
Roberts, 1984; Brodin and Grillner, 1985). Calcium dependence
of these processes, and the excitotoxic response to L-glutamate
(Choi, 1985) suggests that the presence of long-duration NMDA-
receptor-mediated EPSPs, or the activation of NMDA-receptors
by exogenously applied amino acids, may trigger the elevation
of cytoplasmic free calcium required for LTP, for the mainte-
nance of pacemaker-like motor activity, and for excitotoxicity.

The direct demonstration of calcium influx gated by NMDA
receptors, and a subsequent increase in cytoplasmic free cal-
cium, would fulfill a general requirement of the processes de-
scribed above. With this in mind, we have used arsenazo III to
measure calcium transients evoked by excitatory amino acids
applied to spinal cord neurons. To investigate agonist-gated
calcium influx separately from that due to conventional voltage-
gated channels, we performed our experiments under voltage
clamp. A short paper describing some of our results has been
published (MacDermott et al., 1986). Our experiments show
that in spinal neurons, elevation of cytoplasmic free calcium
can occur via ion flux through either voltage-dependent calcium
channels or excitatory amino acid-receptor channels of the
NMDA subtype. Responses to kainate and quisqualate were
usually associated with minimal calcium signals.

Materials and Methods

Spinal cords and dorsal root ganglia from 13 d mouse embryos (C57BL/
6J) were dissociated and plated on collagen-coated tissue culture dishes,
as previously described (Mayer and Westbrook, 1984). After 1-3 weeks
in culture, electrophysiological experiments were performed at room
temperature (=25°C) on the stage of a Nikon diaphot inverted mi-
croscope. The recording solution contained (in mm): 145 NaCl, 2.5 KCl,
2.5 CaCl,, 10 HEPES, 10 glucose, with no added Mg salts; pH was
adjusted to 7.3 using NaOH, and osmolarity to 325 mosmol using
sucrose. Spontaneous activity and synaptic transmission were reduced
by adding 1 um tetrodotoxin. The presence of micromolar amounts of
Mg?+, in such solutions is sufficient to confer voltage sensitivity on the
response to NMDA, although, compared to responses recorded in the
presence of millimolar amounts of Mg2+, the peak of the NMDA cur-
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rent—voltage relationship is shifted to more negative potentials (e.g.,
Westbrook and Mayer, 1986).

The intracellular solution for patch recording contained (in mm): 140
K-gluconate, 2 MgCl,, 0.57-1.07 Na-arsenazo III (98% pure; Sigma No.
8891, lot 92F-7386), and 10 HEPES adjusted to pH 7.2 with KOH;
sucrose was added to adjust the osmolarity to 310 mosmol. In the
majority of the experiments, the patch solution contained 0.71 mm
arsenazo I1I (calculated using the molecular weight of the free acid, with
11 mol of H,0 and 5 mol of Na* per mole of arsenazo III). In some
experiments CsCl or CsMeSO, was substituted for K-gluconate. Ca?+
was buffered using 1.1 mm EGTA, with or without 0.1 mm CaCl,; similar
results were obtained in a few recordings using patch solutions con-
taining 5 mm EGTA or solutions to which EGTA and CaCl, were not
added (in this solution, arsenazo III chelates the residual free calcium
normally present in intracellular solutions). In some experiments (as
detailed in the figure legends), 2 mm ATP, 20 mwm creatine phosphate,
and 25 U/ml of creatine phosphate kinase were added as an “ATP
regenerating system” (Forscher and Oxford, 1985) to reduce calcium
current rundown.

A calcium-sensitive electrode was used to measure free Ca?* in some
of the patch solutions described above. The K-gluconate-based solution
with 1.1 mM EGTA had a pCa of 8.2, which decreased to 8.03 on
adding arsenazo III; the same solutions, with the addition of 0.1 mm
CaCl,, had pCa values of 7.66 and 7.5, respectively.

Excitatory amino acids were dissolved in the recording solution and
applied to the soma of spinal cord neurons by miniperfusion from patch
pipettes positioned 20-40 um from the somatic membrane. Normally
brief pulse applications were applied to evoke a large transient excitatory
response, using I mm L-glutamate, 100-150 uM kainate, 1 mM NMDA,
10-20 uMm quisqualate, or 50 um GABA. In some experiments 50 uMm
NMDA was applied for periods of 10-20 sec to evoke a sustained inward
current.

Optical techniques. The preparation was illuminated using a quartz
halogen source powered by a stabilized DC supply unit and focused
onto the cell body of spinal neurons 15-20 um in diameter. Light was
collected using a 20 x phase-contrast objective of numerical aperture
0.40. Prior to the recording of optical responses, the phase ring in the
condenser was removed from the light path. An iris diaphragm was
used to restrict the microscopic field used for spectral analysis to a
diameter of 50 um, and light passing through this field was focused onto
a diffraction grating. Photodiodes were used to measure the intensity of
the light at 570, 610, 660, and 700 nm, and were initially positioned
using narrow-band interference filters; each photodiode sampled a spec-
tral bandwidth of approximately 30 nm, centered at the desired fre-
quency (for further details, see Smith, 1986). Records are calibrated as
changes in transmittance from the prestimulus baseline, defined as 100%.
Calibration of responses in terms of changes in free calcium was not
attempted because of difficulties in restricting the optical field only to
light passing through the soma, and in estimating the pathlength.

Recording and analysis. Voltage clamp was performed using a dis-
continuous voltage-clamp amplifier (Axoclamp-2; Axon Instruments)
operating at around 10 kHz, with patch pipettes of =5 MQ resistance
for whole-cell recording (e.g., Mayer, 1985; Westbrook et al., 1986).
Membrane potential, clamp current, and optical transmittance were
displayed on a 6-channel Gould Brush recorder, amplified, filtered, and
digitized on-line using a PDP 11/73-based microcomputer system. When
required, curve-fitting was performed using the Dataplot program (Fil-
liben, 1984) running on a VAX 11/750 computer. The records shown
in the figures are photographic traces of either the raw chart records or
digitized data.

Experiments were performed on a total of 54 spinal cord neurons in
which calcium transients were measured using arsenazo I11. In vitro the
absorbance spectrum of arsenazo III shows characteristic wavelength-
dependent changes on binding calcium, which also occur in the cyto-
plasm of spinal cord neurons, suggesting that there is a similar absor-
bance spectrum in situ over the range of wavelengths used for our
experiments (see Fig. 1). Thus Ca?+ entry triggered by depolarizing
voltage steps evoked no change in transmittance at 570 nm, the isosbes-
tic wavelength for the Ca?*-arsenazo III complex, while a spectrally
dependent decrease in transmittance was recorded at 610, 660, and 700
nm. To increase the signal-to-noise ratio in recording circumstances less
favorable than those in Figure 1, we usually recorded optical traces as
difference records of the wavelength pairs 570-660 and 700-660 nm,
which gave an upwards deflection for an increase in [Ca?+*];. The change
in transmittance recorded at 660 nm exceeded that at 610 nm (Fig. 1),
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Figure 1. A, B, Wavelength-depen- 570-660
dent changes in arsenazo III absorbance
evoked by a depolarizing voltage step
500 msec.in duratioq, from —60 to O
mV, applied to a spinal cord neuron 50 mV

voltage-clamped using the whole-cell
recording technique, and loaded with

0.71 mm arsenazo III. 4, Traces were
recorded simultaneously at wave-
lengths of 570, 610, 660, and 700 nm.,
The lower trace shows the membrane
potential; note that the peak increase in
absorbance occurs at 660 nm, with no
change at 570 nm. B, Traces were re-
corded later in the experiment, and their
smaller peak amplitude reflects calcium
current rundown during whole-cell re-
cording. The lower set of optical rec-
ords was obtained by subtracting the
wavelength pairs 610-660 and 570-660
nm, producing upward deflections dur-
ing elevation of [Ca?+];. The lower half
of the figure shows absorbance spectra
obtained on adding calcium to a K-glu-
conate patch solution containing 0.7 mm
arsenazo III and 2 mm MgCl,; the spec-
tra were recorded using a cuvette of 100
wm pathlength. The total amount (in
mm) of CaCl, added to the patch so-
lution is indicated below each trace. Note

ABSORBANCE

10 sec

the calcium-dependent peaks at 610 and
660 nm, and the isosbestic points at
shorter wavelengths.

consistent with a change in free Ca?+, rather than with a change in pH
or free Mg2+.

In all of our experiments, neurons were first clamped at —50 to —60
mV, and depolarizing voltage steps 0.5-2.0 sec in duration were used
to check the adequacy of the optical recording system prior to any more
detailed investigation of changes in [Ca2+];. During this initial recording
period, responses to drugs applied by miniperfusion were sometimes
associated with large optical artifacts, which we believe were the result
of leakage of arsenazo IIl from patch pipettes into the extracellular
solution prior to sealing and to the subsequent movement of this ex-
tracellular pool of dye during microperfusion of agonists. If this oc-
curred, useful information could still be recorded later in the experiment,
after the dye had diluted sufficiently in the recording chamber.

T
570

500
WAVELENGTH

Results

Calcium transients evoked following activation of voltage-
dependent Ca channels

Single-channel and whole-cell recording experiments have been
used to examine the current-voltage relationship of calcium
channels and calcium currents in some detail, and it is known
that for many cells depolarization from —60 mV can open a
channel with a threshold for activation of around —30 mV (i.e.,
the L-type channel, Nowycky et al., 1985), which generates peak
inward current at approximately + 10 mV, and which with fur-
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ther depolarization shows a reduction in inward current am-
plitude, reflecting a decrease in driving force for Ca?* influx.
The elevation of [Ca?+]; recorded in spinal cord neurons (n =
6) using arsenazo I1I during a series of depolarizing voltage steps
paralleled the current—voltage relationship for calcium current,
such that the peak calcium transient occurred close to +10 mV
and declined with further depolarization (Fig. 2). The shape of
such transmittance-voltage relationships, along with the spectra
shown in Figure 1, strongly suggests that the optical changes we
recorded reflect transient changes in [Ca2+];.

For depolarizing steps lasting up to several hundred millisec-
onds, the peak change in transmittance increased linearly with
step duration (Fig. 3). Assuming that calcium influx occurs at
a constant rate during such voltage steps, then the present ex-
periments provide an estimate of relative changes in [Ca?*]; over
at least one order of magnitude, as judged by the peak amplitude
of the transmittance signal. Responses to both voltage steps and
application of excitatory amino acids were normally studied
using such brief stimuli. For longer step durations the arsenazo
III response approached an asymptote, apparently following
single-exponential kinetics (Fig. 4). The asymptotic rise in [Ca2*];
shown in Figure 4 might reflect progressive inactivation of in-
ward Ca?* current (e.g., Bolsover, 1986); however, strikingly

10 sec

Figure 2. A, Absorbance traces (570-
660 nm) during a series of progressively
larger depolarizing voltage steps 2 sec
in duration, applied from a holding po-
tential of —60 mV. The signals increase
in amplitude with depolarization over
therange —30to + 10 mV, and decrease
in amplitude with further depolariza-
tion over the range +20 to +77 mV.
B, Graph of data obtained from another
spinal cord neuron using a similar pro-
tocol of voltage steps; in this experi-
ment, the optical responses were un-
usually large, and threshold responses
were detectable at —40 and —30 mV.
The shape of the absorbance —voltage
plot is similar to that expected for Ca2+
influx through voltage-dependent Ca2+
channels.

similar asymptotic arsenazo III responses have been recorded
in molluscan neurons during intracellular injection of Ca’+ via
microelectrodes (Gorman and Thomas, 1980b), suggesting local
saturation of the indicator dye during large and rapid Ca?+ flux-
es.

Decay of arsenazo III responses following voltage steps showed
complex, multiexponential kinetics, such that recovery to base-
line transmittance values always took much longer than did the
rising phase of the response (e.g., Figs. 2-4, 12); nearly identical
results have been obtained in studies on molluscan neurons (e.g.,
Gorman and Thomas, 1980a; Smith and Zucker, 1980). The
rate of recovery of [Ca?*]; to baseline values varied with the
duration of whole-cell recording (see Figs. 12 and 13). For the
long-duration response shown in Figure 4 the rising phase oc-
curred with a time constant of 7.2 sec; recovery followed 2
exponentials of time constants 19.3 and 81 sec, respectively,
with the faster process dominating the response (ratio of fast to
slow intercepts at time 0 = 3.34). For responses evoked by
briefer voltage steps soon after the start of whole-cell recording,
a faster recovery process of time constant 1-4 sec was also
observed in addition to one of time constant 10-20 sec, and for
these briefer stimuli a contribution of the slowest process was
not detectable (see Fig. 12).
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Figure 3. [Ca?*]; rises at a linear rate during brief depolarizing voltage

steps. 4, Examples of absorbance traces (570-660 nm) recorded during
voltage steps from —60 to 0 mV and lasting 220-640 msec. Sufficient
time was allowed between steps for the absorbance trace to decay to
baseline values. B, Plot of the peak absorbance response as a function
of step duration for individual responses 80-640 msec in duration. The
line was fitted by linear regression (r = 0.99) and intercepts the time
axis at 12.3 msec, the lower limit of sensitivity for single responses in
this neuron. The results suggests that over the range explored in this
experiment, [Ca?+]; rises continuously with time during activation of
Ca?* channels.

Calcium transients evoked by excitatory amino acids

Spinal cord neurons respond to excitatory amino acids with a
brisk depolarizing response, which alone is sufficient to evoke
calcium entry through voltage-dependent calcium channels. Thus
depolarizations evoked by kainate and NMDA resulted in tran-
sient increases in cytoplasmic free calcium (Fig. 54). However,
when voltage clamp was applied to prevent the depolarizing
response, inward current responses to NDMA were still accom-
panied by a transient increase in cytoplasmic free calcium (Fig.
5B), whereas the inward current evoked by kainate was accom-
panied by only a small calcium transient.

To examine the receptor specificity of the amino acid-evoked
increase in cytoplasmic free calcium we recorded under voltage
clamp the arsenazo III response to applications of NMDA and
either kainate or quisqualate, using agonist-evoked currents of
similar amplitude. In individual neurons, responses to NMDA
were always accompanied by much larger optical signals than
those evoked by either kainate or quisqualate (Fig. 6, 4, B).
This paired application of excitatory amino acids to single cells
was chosen to minimize the influence of variations in the cal-
cium transient response resulting from differences in sensitivity
of the arsenazo III response that occurred from cell to cell and
with time during individual experiments (e.g., Figs. 12, 13).
Responses to L-glutamate, a mixed agonist with activity at both

NMDA and either kainate or quisqualate receptors (Watkins
and Evans, 1981; Mayer and Westbrook, 1984; Westbrook and
Mayer, 1984), were also accompanied by calcium transients
similar in amplitude to those evoked by NMDA (Fig. 6C).

Spinal neurons loaded with chloride generated large inward
currents in response to the inhibitory transmitter GABA, but
these were not accompanied by any detectable elevation of cy-
toplasmic free calcium (Fig. 6D). This provides a useful control
experiment for the effect of inward current, and in particular
argues against the possibility that an inadequate space clamp
allows calcium entry through conventional depolarization-ac-
tivated calcium channels in the dendritic membrane. Further
support for this was obtained by moving the field used for mea-
surement of the arsenazo 111 response away from the soma, its
normal position, and onto the dendritic arborization. This caused
a loss of the arsenazo III response, which was restored on re-
turning the optical field to the soma, suggesting that calcium
entry in dendrites did not contribute to the signals evoked by
focal application of excitatory amino acids to the soma of spinal
cord neurons under voltage clamp.

The calcium transient evoked by both NMDA and kainate
showed a clear dose dependence, and experiments on individual
neurons showed a much steeper slope of the dose-response re-
lationship for responses to NMDA than to kainate (Fig. 74). In
these experiments the amplitude of the calcium response evoked
by NMDA varied by a factor of 2 for similar-sized current
responses recorded in different neurons, although when re-
sponses from all neurons were pooled (Fig. 7B), the difference
in slope for responses evoked by NMDA and kainate was still
statistically significant (p < 0.001). One explanation for this
result would be that there is a measurable calcium influx through
both NMDA- and kainate-receptor channels, with NMDA-re-
ceptor channels being more calcium-permeable; a similar re-
lationship could also result if kainic acid had a weak agonist
action at calcium-permeable NMDA-receptor channels (e.g.,
Cull-Candy and Usowicz, 1987; Jahr and Stevens, 1987), in
addition to its main site of action at kainate receptors coupled
to ion channels with a very low calcium permeability (Mayer
and Westbrook, 1985b, 1987b). Our results argue against the
possibility that a rise in [Na+]; following Na+ influx through
amino acid-activated ion channels triggers Na*+-Ca?*+ exchange
or Ca?+ release from mitochondria (Schoffelmeer and Mulder,
1983), since if this were to contribute significantly to the [Ca?*];
transients recorded in our experiments, then kainate, quisqual-
ate, and NMDA should all evoke similar responses.

Calcium flux through NMDA-receptor channels

Several excitatory amino acids bind to NMDA receptors with
a micromolar affinity constant, as determined using displace-
ment of 3H-AP5 from rat brain membrane preparations (L-
glutamate, 0.9 um, L-homocysteate, 3.9 um, L-aspartate, 11 uMm,
NMDA, 11 um; Olverman et al., 1984). In most of our exper-
iments, agonists were applied at high concentrations, in brief
puffs, to evoke large, transient responses. However, a 50 um
concentration of NMDA, applied for longer periods, evoked a
sustained inward current accompanied by both an increase in
membrane current variance, reflecting the open—shut transitions
of ion-channel gating (Nowak et al., 1984), and a large optical
response, reflecting an increase in cytoplasmic calcium (Fig. 84).

NMDA-receptor channels also show ion-channel block by
physiological concentrations of Mg2+; this block reduces current
flow through the channel, producing a voltage-dependent re-
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sponse (Mayer et al., 1984; Nowak et al., 1984; Mayer and
Westbrook, 1985a). High concentrations of Mg?+ have been
shown to interfere with the influx of calcium through NMDA-
receptor channels (see MacDermott et al., 1986, and Fig. 9).
However, in the presence of 0.8 mm Mg?+, when the membrane
potential was held at —35 mV to partially relieve the blocking
action of Mg?*+, we have been able to measure inward current
responses to NMDA accompanied by increases in cytoplasmic
free calcium (Fig. 8 B). More quantitative measurements of the
calcium flux through NMDA-receptor channels in the presence
of physiological concentrations of Mg2+ should be feasible using
more sensitive dyes, such as fura-2.

L-Glutamate is a mixed agonist with activity at both NMDA
and non-NMDA receptors (Watkins and Evans, 1981; Mayer
and Westbrook, 1984; Westbrook and Mayer, 1984), and is
likely to be the major endogenous agonist acting at NMDA
receptors. Block by Mg?+ of calcium transients evoked by r-glu-
tamate (as shown in Fig. 9) reflects the agonist action of L-glu-
tamate at NMDA receptors. NMDA-evoked arsenazo III re-
sponses showed a Mg?+ sensitivity similar to that of L-glutamate
(e.g., MacDermott et al., 1986). This suggests that the arsenazo
III responses evoked by excitatory amino acids reflect Ca2+ flux
through NMDA-receptor ion channels, rather than activation
of receptor-coupled second messenger production and the re-
lease of Ca2+ from intracellular stores. On the other hand, ex-
citatory amino acids, which stimulate inositol phospholipid me-
tabolism, appear to act at quisqualate receptors (Sladeczek et
al., 1985; Nicoletti et al., 1986), in contrast to the response we
describe here, which is clearly linked to activation of NMDA
receptors.

To examine the voltage dependence of calcium transients

TIME (sec)

1 T . . .
100 150 regenerating system described in Ma-
terials and Methods.

evoked by activation of NMDA receptors, responses to a con-
stant pulse application of NMDA were recorded over the mem-
brane potential range — 100 to +60 mV. The amplitude of cal-
cium transients evoked by NMDA varied with the driving force
for inward current over the membrane potential range 0 to —60
mV, and declined during further hyperpolarization, as shown
in Figure 10, reflecting a fall in conductance due to channel
block by micromolar amounts of Mg?+. Of interest are the re-
sponses recorded at 0 mV, the NMDA reversal potential, which
show a small increase in cytoplasmic free calcium with no net
current flow, or even at small positive membrane potentials at
which outward current flow through NMDA-receptor channels
is still accompanied by small [Ca2*]; transients. We interpret
this as reflecting a balance in charge transfer through the ion
channel, such that influx of Na+ and Ca?* is balanced by efflux
of K+; at extremely positive membrane potentials, the outward
current evoked by NMDA is not accompanied by a calcium
transient. These results further support our suggestion that the
calcium transient evoked by NMDA-receptor activation results
from Ca2+ flux through the ion channels opened by NMDA,
rather than from the production of some second messenger which
releases Ca?* from intracellular stores. This distinction is mech-
anistically important in the light of experiments describing stim-
ulation of the production of inositol phosphates by excitatory
amino acids (Sladeczek et al., 1985; Niceletti et al., 1986), since
inositol trisphosphate (IP,) is a second messenger with calcium-
mobilizing properties (Berridge and Irvine, 1984).

The ability of arsenazo III to signal transient elevations in
cytoplasmic free calcium can be used to examine the influence
of [Ca2+], on responses to excitatory amino acids. We previously
reported that responses to a large dose of NMDA were followed
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Figure 5. Ca?* signals during excitatory amino acid-evoked depolar-
ization reflects activation of both voltage-dependent Ca2+ channels and
an agonist-gated rise in [Ca2*];. 4 and B, Depolarizing responses of one
spinal cord neuron under current clamp to application of kainic acid
(30 msec, 150 um) and N-methyl-p-aspartic acid (250 msec, 1 mm).
Both responses are accompanied by a rise in [Ca2*],. Cand D, Responses
recorded from this same neuron to identical agonist applications, but
voltage-clamped at its resting potential. The inward current response
to kainic acid (C) is accompanied by only a small rise in [Ca?*];, in
contrast to the large transient accompanying the inward current evoked
by NMDA (D).

by desensitization, as were NMDA responses following depo-
larizing voltage jumps (Mayer and Westbrook, 1985a), and sug-
gested that an elevation of [Ca?*]; might underlie this response.
The records shown in Figure 11 provide further support for this
and show a reversible reduction of the response to NMDA
evoked by a voltage step sufficient to elevate [Ca2+],. Further
analysis of such responses will be required to determine whether
Ca?+ has a direct action on NMDA-receptor channels, or wheth-
er the effect is secondary to elevation of [Ca?+},. The role of
Ca2+ in the desensitization of agonist-activated receptor chan-
nels is currertly not well defined, but has precedents, and similar
results have been obtained in studies on nicotinic acetylcholine
receptors (Scubon-Mulieri and Parsons, 1977; Miledi, 1980).

Effect of Ca?+ clearance on responses to NMDA

In contrast to the rundown of voltage-dependent calcium current
responses, the calcium transient evoked by a constant inward
current response to NMDA progressively increased in size dur-
ing periods of whole-cell recording lasting 1-2 hr. Initially, in-
ward current responses to NMDA were accompanied by barely
detectable increases in [Ca2*],, at a time when depolarizing volt-
age steps evoked large, brisk calcium transients. Subsequently,
while the calcium transient evoked by NMDA increased in am-
plitude, the calcium transient evoked by depolarizing voltage
steps declined. During this period, [Ca**]; transients accom-
panying inward current responses to kainic and quisqualic acids
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Figure 6. Agonist specificity of amino acid-evoked [Ca2+]; transients.
A and B, Traces show paired responses recorded from single neurons.
C and D, Traces were recorded from individual neurons. All responses
were recorded under voltage clamp and show inward currents evoked
by amino acids and their accompanying absorbance traces (570-660
nm). A, A fast-rising [Ca2+]; transient evoked by NMDA (20 msec, 1
mm) and a much smaller response to quisqualic acid (15 msec, 100 um)
despite the much larger integral value of the quisqualate-evoked current.
The response to quisqualate was evoked by a pulse application similar
in duration to that used to apply NMDA, and the prolonged time course
of the inward current, which is typical of quisqualate, reflects the oc-
currence of a postapplication hump similar to that accompanying de-
sensitizing responses to high doses of cholinergic agonists (Adams, 1975).
B, Responses to NMDA (60 msec, 1 mm) and kainic acid (40 msec,
100 um). Both are accompanied by fast-rising [Ca?*]; transients, al-
though the response to NMDA is much larger than that to kainic acid.
C, Response to L-glutamic acid (20 msec, 1 mm) accompanied by a
[Ca2+}; transient response comparable to that evoked by NMDA. D,
Inward current response evoked by GABA (80 msec, 50 um) applied to
a chloride-loaded spinal cord neuron, accompanied by no change in
[Ca?*].

showed a similar increase in amplitude. The end of a useful
recording period was usually signaled by a complete loss of
response 1o voltage steps, coupled with a prolonged optical re-
sponse to NMDA that showed little or no recovery to baseline.
OQur observations suggest that a reduction in the neuron’s con-
tinued ability to regulate [Ca'*]; might explain these phenom-
ena.

For example, we noted that the enhancement of [Ca2+]; tran-
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Figure 7. Dose dependence of arsenazo III responses evoked by NMDA and kainic acid. 4, Responses of a single spinal cord neuron evoked by
3 doses of NDMA (@) and kainic acid (A), matched for peak inward current amplitude, and plotted as peak arsenazo III response (570-660 nm)
versus peak inward current. Lines were fitted by linear regression. NMDA was applied using pressure pulses of 100, 200, and 300 msec (1 mm
NMDA); kainic acid was applied using pressure pulses of 5, 10, and 20 msec (150 um kainate). B, Similar data obtained from 19 neurons. Although
the values are scattered, regression Jines again reveal a steeper slope for responses evoked by NMDA (@), suggesting a greater rise in [Ca?*}; during

activation of NMDA than during that of kainic acid receptors.

sients evoked by NMDA could be accelerated by evoking Ca?+
influx through voltage-dependent calcium channels (usually ac-
complished by holding the membrane potential at a depolarized
value for several seconds), which suggests that the loading of
cellular Ca?* buffers was responsible for the increase in ampli-
tude of the NMDA-evoked arsenazo III response. To test this
we examined the rate at which Ca2+ transients evoked by brief
voltage steps recovered to baseline values during a prolonged
period of recording in which the membrane potential was first
clamped at —60 mV, then gradually depolarized to evoke ad-
ditional Ca?+ influx, and subsequently returned to —60 mV.
For this experiment, Mg-ATP was added to the intracellular
solution to reduce Ca?*-channel rundown. The aim of this ex-
periment was to determine whether the decay of calcium tran-
sients evoked by brief depolarizing voltage steps slowed during
whole-cell recording, and, if so, to correlate this with changes
in the amplitude of arsenazo III responses to a fixed dose of
NMDA.

During the first 25 min of recording, both the peak calcium
signal following a voltage step to 0 mV and the subsequent rate
of recovery of [Ca?*]; to baseline remained constant. During
this same period the peak calcium signal evoked by NMDA
also remained at a small constant value. The membrane poten-
tial was then progressively depolarized over the next 25 min,
and the recovery time constant of the calcium signal response
to a voltage step became increasingly dominated by a slower
process. Associated with this slow recovery was a large increase
in the peak calcium response to NMDA. All of these changes
remained constant over the final 20 min, when the membrane
potential was again held at —60 mV. This experiment resulted
in a striking correlation between the amplitude of the calcium
transient response to NMDA and a switch from a fast to slow
mechanism of the process regulating recovery of [Ca?+]; to base-

line values following depolarizing voltage steps (Figs. 12, 13).
We assume that the decay of arsenazo III responses recorded
during this experiment reflects the activity of cellular mecha-
nisms responsible for clearance of calcium from the cytoplasm,
e.g., buffering by Ca2+-binding proteins and uptake by cellular
organelles (Baker and Schlaepfer, 1978), extrusion by Na+—Ca2+
exchange (Blaustein, 1974), and diffusion of Ca?+ to the interior
of the cell (e.g., Smith, 1980).

On the basis of the above results we suggest that a plausible
explanation for this switch would be saturation of Ca*>* storage
sites associated with the fast clearance mechanism, such that
Ca?+ sequestration becomes dependent on a slower mechanism,
of lower affinity and higher capacity. We suggest that during the
initial period of recording, the resting {Ca2*], level is sufficiently
low that during NMDA-receptor activation the fast clearance
mechanism prevents a rise in [Ca2*]; throughout the cytoplasm,
resulting in a small arsenazo III response. Later in the recording
period, when Ca?+ is cleared more slowly, a larger volume of
the cytoplasmic space senses the NMDA-evoked rise in [Ca2+],,
producing an arsenazo III response that is much larger and
prolonged. We do not suggest that Ca?+ flux through NMDA
receptors varies with time during whole-cell recording (for ex-
ample, Ca** dependence of the reversal potential of responses
to NMDA does not vary with time), or that the responses we
describe differ from those occurring in intact cells.

Discussion

[Ca?*], transients measured using whole-cell recording

The whole-cell recording technique greatly facilitates the intro-
duction of experimental probes into the cytoplasmic space, and
is an ideal approach for loading small mammalian neurons with
water-soluble calcium indicators during electrophysiological re-
cording. A similar approach to that used in the present exper-
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Figure 8. A, A large [Ca?*]; transient response evoked by application
of 50 um NMDA, suggesting that the response to NMDA reflects ac-
tivation of receptors similar to those characterized in binding studies
(Kd = 10 uM; Olverman et al., 1984). B, Response to a brief (300 msec)
application of 1 mm NMDA recorded with 0.8 mmM external Mg2+,
demonstrating that Ca?+ influx through NMDA-receptor channels can
occur in the presence of physiological concentrations of Mg+, despite
a strong voltage-dependent blocking action on current flow through
NMDA -receptor channels.
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iments was adopted by Almers and Neher (1985) to study the

calcium dependence of exocytotic release from mast cells, using

fura-2 as a Ca?+ indicator. Their finding that membrane-soluble

Ca?* indicators can partition into subcellular organelles in-

creases the attractiveness of the whole-cell approach for mea-

surement of cytoplasmic free Ca2+, since the dye solution in the

pipette has direct access to the cell interior, allowing the use of
charged, membrane-impermeant Ca+ indicators. Despite this,

the technique has some drawbacks, namely the lability of some

conductance mechanisms and the disruption of metabolic pro-

cesses during intracellular dialysis. For example, rundown of
calcium currents (Kostyuk et al. 1981; Fenwick et al., 1982)and’
possible damage to Ca?* homeostatic mechanisms is particu-

larly worrying.

One aspect of the cell’s normal physiology that whole-cell
recording might reasonably be expected to alter is the rate of
return to resting levels of free Ca?*+ following a transient Ca2*
influx. Although details of the intracellular buffering mecha-
nisms for Ca?* are not known with any certainty, disruption of
cellular ultrastructure during whole-cell recording (for example,
swelling of endoplasmic reticulum), however limited (e.g., Neale
et al., 1986), might be expected to slow the rate at which Ca2+
is sequestered. In addition, dialysis during whole-cell recording
might lead to washout, or inactivation of calcium-binding pro-
teins. However, microelectrode recording experiments on mol-
luscan neurons also show slow recovery of [Ca?*]; to baseline
values after [Ca*]; transients are evoked by depolarizing voltage
steps, as shown by direct measurement of [Ca2*]; using an ion-
sensitive microelectrode, by the activation of Ca2*-dependent
potassium current as an indicator of [Ca?+*];, as well as by mea-
surements of the absorbance of arsenazo III (Gorman and
Thomas, 1980 a, b; Smith and Zucker, 1980; Barish and Thomp-
son, 1983; Gorman et al., 1984; Connor et al., 1986); similar
results have also been obtained in experiments on frog sym-
pathetic neurons (Smith et al., 1983). On the other hand, during
whole-cell recording the neuron is dialyzed with solutions con-
taining a Ca?* buffer, and this might be expected to reduce the
elevation of [Ca?']; following Ca2?* influx. Surprisingly, whole-
cell recording experiments measuring Ca?+-dependent potas-
sium channels show EGTA to be highly inefficient in buffering
transient changes in {Ca?*]; (Marty and Neher, 1985), which
must underlie the usefulness of the whole-cell technique for
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Figure 9. Mg?* block of inward current and [Ca?*]; transients evoked by NMDA-receptor activation with L-glutamate. The records show inward
current and arsenazo III responses to L-glutamate (30 msec, 1 mm), the most potent NMDA receptor agonist characterized to date, before, during,
and after brief application of MgCl, from a puffer pipette (3 sec, 10 mm in bathing medium), recorded from a spinal cord neuron voltage-clamped
at —60 mV. Block of these responses by Mg?+ is complete and reversible, suggesting an action of L-glutamate, primarily at NMDA receptors. In
other neurons, application of MgCl, blocked the arsenazo III response, with only a partial block of the inward current response; this likely reflects
the mixed agonist action of L-glutamate at both NMDA and non-NMDA receptors (see Mayer and Westbrook, 1984).



study of other Ca?*-dependent conductance mechanisms under
voltage clamp (e.g., Ca?+-dependent chloride current; Marty et
al., 1984; Mayer, 1985). Typically such experiments show a long
period of activation of Ca?*-dependent conductance mecha-
nisms following a depolarizing stimulus, in accord with the slow-
ly decaying arsenazo III transients described here.

Whole-cell recording experiments also result in a rapid ex-
change of low-molecular-weight substances between the cyto-
plasm and the pipette interior. For sodium ions this occurs with
a time constant of around 5 sec (Fenwick et al., 1982). Such a
rapid diffusion process also might be expected to alter the time
course of Ca?* transients recorded using the whole-cell tech-
nique. However, strong buffering of Ca?* by cellular mecha-
nisms is likely to slow the decay of [Ca?*]; transients, whereas
for Na+ free diffusion is more likely to occur. Despite the above
considerations, the striking similarity between our results in the
present experiments and those obtained during microelectrode
recording from much larger molluscan neurons (Gorman and
Thomas, 1980a) and from amphibian sympathetic neurons
(Smith et al., 1983) suggests that, at a gross level, intracellular
dialysis with the solutions used in our experiments has no major
effects on calcium transients evoked by depolarizing voltage
steps, at least during the initial period of recording.

Calcium flux triggered by excitatory amino acids

An increase in [Ca?*]; in response to activation of excitatory
amino acid receptors on vertebrate neurons had been suggested
on the basis of a number of previous observations: a significant
fall in Ca2* activity in the extracellular fluid during application
of excitatory amino acids (Zanotto and Heinemann, 1983; Pu-
main and Heinemann, 1985; Pumain et al., 1986), direct mea-
surements of [Ca?*]; from frog motoneurons with an ion-sen-
sitive microelectrode during depolarizing responses to
L-glutamate (Biihrle and Sonnhof, 1983); the Ca?+ dependence
of the excitotoxic action of some amino acids (Choi, 1985); and
the results of imaging studies using fura-2 to study [Ca?*]; tran-
sients in hippocampal neurons (Kudo and Ogura, 1986). In
contrast to previous work, our use of voltage-clamp recording
was critical to the interpretation of the present results, since it
allowed us to differentiate between Ca?* entry through voltage-
dependent and agonist-gated ion channels.

An important result of our work is the finding that there are
different voltage sensitivities between Ca2+ influx through volt-
age-dependent calcium channels and NMDA-receptor channels.
In the present experiments, Mg?* was present in the extracellular
medium in micromolar amounts; as a result, the NMDA-evoked
inward currents and arsenazo III signals peaked at —60 mV and
declined with further hyperpolarization because of channel block
by Mg?+ (Mayer et al., 1984; Nowak et al., 1984). Under phys-
iological conditions, with 1 mm extracellular Mg?+, block of
NMDA-receptor channels confers a higher degree of voltage
sensitivity, such that the NMDA -activated inward current peaks
at around —30 mV, and declines with hyperpolarization (e.g.,
Mayer et al., 1984; Nowak et al., 1984; Mayer and Westbrook,
1985a). Ca?* influx through NMDA-receptor channels should
parallel this current-voltage relationship, and thus may be sig-
nificant at the resting potential. Indeed, recent observations
demonstrating NMDA -receptor-mediated components of
EPSPs, with physiological concentrations of Mg2* in the extra-
cellular fluid (Thomson et al., 1985; Hablitz and Langmoen,
1986; Thomson, 1986) support the concept of activation of
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Figure 10. Voltage dependence of Ca+ flux through NMDA-receptor
channels. 4A-D, Examples of responses to a constant dose of NMDA
(100 msec, 1 mm) applied to a spinal cord neuron voltage-clamped at
membrane potentials of —60 to +60 mV. Note the [Ca2+]; transient
response recorded at 0 mV, the NMDA reversal potential. E, Similar
data obtained from another spinal cord neuron and plotted as peak
current versus voltage (upper graph) and peak arsenazo III response
versus voltage (lower graph), similar responses were obtained in 3 neu-
rons. The fall in response amplitude on membrane hyperpolarization
negative to —60 mV reflects block of NMDA-receptor channels by
residual micromolar Mg+ in the extracellular fluid (Mayer and West-
brook, 1985a).

NMDA receptors close to the resting potential. Furthermore,
Mg?+ is necessary for the NMDA-activated pacemaker activity
seen in lamprey spinal cord (Grillner and Wallén, 1985).

In contrast to Ca?* influx through NMDA -receptor channels,
peak calcium current through type L and type N voltage-de-
pendent calcium channels is recorded at membrane potentials
close to +10 mV (Nowycky et al., 1985), similar to our obser-
vations with arsenazo IIl. In addition, the relatively depolarized
threshold for activation of types L and N calcium channels
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Figure 11. Down-regulation of
NMDA activated inward current dur-
ing elevation of [Ca2~].. 4, Voltage pro-
tocol and absorbance trace (570-660
nm) used to raise [Ca2+];, and the time
of application of NMDA during the test
response. B, Control, test, and recovery
of inward current responses to NMDA.
These responses were recorded from a
spinal cord neuron 22-32 min after the
start of whole-cell recording, after much
of the Ca?*+ conductance had washed
out; the rise in [Ca2+]; evoked by a sim-
ilar voltage protocol earlier in the re-
cording period would have been much
larger.

Figure 12. A-C, Paired [Ca?+]; tran-
sients (recorded as 570-660 nm) evoked
by voltage steps (upper traces) and ap-
plication of NMDA (250 msec, 1 mm;
lower traces), at various times after the
start of whole-cell recording from a sin-
gle spinal neuron voltage-clamped at
—60 mV. Voltage steps were from —60
to 0 mV for 1.0 sec, and decay of the
resulting [Ca?*]; transient is fitted by 2
exponentials of time constants 1-4 and
10-20 sec. These are shown as dashed
lines, and their sum is plotted as a sofid
line superimposed on the raw data. The
area under each of the exponentials was
calculated by integration over the pe-
riod 0-32 sec, using the time constants
obtained by curve-fitting. The [Ca?*];
transient evoked by NMDA is recorded
at higher gain, and has been smoothed
using a 3-point moving average. D, Plot
of the peak amplitude of the NMDA-
evoked [Ca2+]; transient response ver-
sus the integral of the slowly decaying
component of the [Ca2+]; transient re-
sponse evoked by voltage steps. The line
is a regression fit (r = 0.93). Responses
were recorded using a patch solution
containing ATP to slow rundown of
Ca?* currents.
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Figure 13. Plot of the data obtained by analysis of responses to voltage jumps and application of NMDA at various times after the start of whole-
cell recording, examples of which are presented in Figure 12. During the experiment the holding potential was shifted over the range —60 to —30
mV, as illustrated in the upper portion of the figure. The top set of data points shows the peak amplitude of the NMDA- and voltage step-evoked
[Ca®+], transients as a function of time after the start of whole-cell recording (note the different amplitude scales). The lower set of data points shows
a plot of the integrals of the fast and slowly decaying components of the response to voltage steps (as shown in Fig. 12) as a function of time after
the start of whole-cell recording. Following Ca?* loading evoked by holding the membrane potential for several minutes at the threshold for Ca2+
entry (—35 to —30 mV), there is a progressive increase in the amplitude of the {Ca?*], transient evoked by NMDA, and a switch from a fast to
slow clearance process for recovery to baseline values of {Ca2-],. During the period of this experiment, the baseline absorbance (570-660 nm)
remained constant until the membrane potential was depolarized to —30 mV, whereupon [Ca?*], increased at a slow but constant rate during the
180 sec period of clamp at —30 mV; the peak rise in absorbance during clamp at —30 mV was 122% that of the amplitude of the initial transient
response plotted in Figure 12, and showed complete recovery to baseline in the 12 min period following return to —60 mV. Note, however, that
decay of the [Ca2-], transient response in response to voltage steps shows no recovery to the faster clearance process for the remainder of the
experiment, suggesting that Ca?' loading had either inactivated or saturated the process underlying fast clearance.

(around —30 mV) suggests that activation of NMDA receptors
will allow Ca?* influx at membrane potentials considerably hy-
perpolarized to that required for significant activation of calcium
channels. NMDA-evoked pacemaker-like activity in lamprey

synaptic axons in the squid giant synapse (Eusebi et al., 1985),
and through nicotinic acetylcholine receptors at the frog neu-
romuscular junction (Miledi et al., 1980). Calcium flux through
L-glutamate-sensitive receptors during transmission at the lo-

spinal motoneurons is both Ca?*- and Mg?* -dependent (Grill-
ner and Wallén, 1985), and appears to occur at membrane po-
tentials intermediate between thosc required for activation of
type L and type N calcium channels and deinactivation of type
T calcium channels (Nowycky et al., 1985), suggesting that the
voltage-dependent Ca?+ flux through NMDA-receptor channels
might contribute significantly to the rise in [Ca?~ ], required for
activation of Ca?* -dependent potassium current, and the sub-
sequent hyperpolarizing phase of the pacemaker cycle.

Implications for synaptic transmission

Arsenazo III has also been used to demonstrate calcium flux
through ion channels linked to L-glutamate receptors on post-

cust neuromuscular junction has also been demonstrated by
recording miniature junctional currents with Ca?* as the only
permeant cation in the extracellular fluid (Cull-Candy and Mi-
ledi, 1982). However NMDA-receptor channels appear to be
unique in their relatively high Ca?* permeability (Mayer and
Westbrook, 1987b), coupled with voltage sensitivity imposed
by the channel-blocking action of Mg?*. The combination of
these 2 properties may underlie the regulation by NMDA-re-
ceptors of long-lasting changes in neuronal excitability in brain
areas such as the hippocampus.

Several years ago, Baudry and Lynch proposed that induction
of LTP resulted from activation of an excitatory amino acid
receptor, followed by an increase in cytoplasmic free calcium,
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which then acted as a second messenger to induce the necessary
long-term changes in synaptic efficacy (Baudry and Lynch, 1980;
Lynch and Baudry, 1984). Our results provide direct evidence
for an excitatory amino acid-receptor-triggered rise in [Ca2+].
Several other lines of evidence are consistent with this, i.e., block
of LTP by intracellular injection of the Ca?+ chelator EGTA
(Lynch et al., 1983) and induction of LTP on raising [Ca*],
(Turner et al., 1982). Also of interest in this regard was the
discovery that highly specific NMDA-receptor antagonists block
the induction of LTP with no apparent effect on fast excitatory
synaptic transmission between Schaeffer collaterals and CAl
neurons (Collingridge et al., 1983; Harris et al., 1984). Ca?+ flux
through NMDA-receptor channels could link these 2 sets of
observations in providing a direct source of Ca?* necessary for
the induction of LTP (however, see Harris and Cotman, 1986).
It is interesting to note that several recent studies have dem-
onstrated modulation of LTP by changes in postsynaptic mem-
brane potential: depolarizing electronic potentials applied syn-
chronously with presynaptic stimulation activate an LTP-like
process (conjunctive stimulation; Kelso et al., 1986; Wigstrom
et al., 1986); and by contrast use of voltage clamp during syn-
aptic stimulation to prevent membrane potential depolarization
(Kelso et al., 1986), or membrane potential hyperpolarization
during synaptic stimulation (Malinow and Miller, 1986) blocks
the induction of LTP. These results are consistent with the
hypothesis that membrane potential depolarization during syn-
aptic excitation is required to relieve Mg2+ block of NMDA-
receptor channels. Subsequent calcium flux through NMDA-
receptor channels, then, triggers processes leading to induction
of LTP.

Another area of interest concerning Ca?* flux through NMDA-
receptor channels derives from studies of the excitotoxic action
of L-glutamate and its analogs. In particular, observations that
the anesthetic ketamine, a selective antagonist of responses to
NMDA (Anis et al., 1983), prevents anoxia-evoked neuronal
degenerstion in dissociated cultures (Weiss et al., 1986), as do
competitive NMDA-receptor antagonists ixn vivo (Simon et al.,
1984; Wieloch, 1985), together with the results of ion-substi-
tution experiments demonstrating the Ca2+ dependence of such
excitotoxicity (Choi, 1985; Garthwaite et al., 1986) suggest that
elevation of [Ca2?*]; is linked to activation of NMDA receptors
during pathophysiological processes (see Mayer and Westbrook,
1987c¢). The clinical significance of this result has yet to be
determined, but potentially the block of NMDA-receptor chan-
nels seems a promising therapy for preventing nerve cell damage
resulting from anoxic episodes.

Our results do not allow quantitative analysis of the relative
Ca?+ permeabilities of the conductance mechanisms linked to
the various excitatory amino acid-receptor subtypes, but do
suggest a considerable difference between ion flux through chan-
nels linked to NMDA and non-NMDA receptors. Reversal-
potential measurements confirm this difference between the con-
ductance mechanisms activated by kainate and NMDA and
show negligible Ca?+ permeability of the conductance mecha-
nism linked to kainate receptors, whereas for NMDA receptors
P:Py, is >1 (see Mayer and Westbrook, 1985b, 1987b;
MacDermott et al., 1986). In summary, our results suggest that
the rise in [Ca?*]; recorded during activation of NMDA recep-
tors is a direct result of Ca2+ flux through receptor-activated ion
channels rather than of release from intracellular stores, on the
basis of the voltage dependence of the arsenazo III response to
NMDA, either during depolarization towards the Ca2+ equilib-

rium potential or during hyperpolarization to evoke Mg2+-sen-
sitive channel block.

Calcium indicators are likely to provide additional interesting
information on the role of Ca2* fluxes linked to NMDA-receptor
activation. High-resolution imaging studies will be useful to
determine sites of especially high Ca?+ flux; in particular, it will
be interesting to know whether Ca?+ influx occurs in dendritic
spines, and whether regulation of [Ca2*]; at these sites differs
from that in the bulk cytoplasm. For example, clustering of
NMDA-receptor channels into functional domains might pro-
vide a mechanism for generating localized areas of high Ca**
flux, as has been suggested for voltage-sensitive Ca?*+ channels
(Fogelson and Zucker, 1985).
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