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Intracellular calcium reduces light-induced excitatory
post-synaptic responses in salamander retinal
ganglion cells

Abram Akopian* and Paul Witkovsky *f

* Department of Ophthalmology and T Department of Physiology and Neuroscience,
New York University School of Medicine, New York, NY 10016, USA

(Received 10 July 2000; accepted after revision 6 December 2000)

The whole-cell patch clamp technique was used to study the effect of intracellular Ca** on light-
evoked EPSCs in on—off ganglion cells in salamander retinal slices. Both AMPA and NMDA
receptors contributed to the light-evoked responses.

2. In the presence of strychnine and picrotoxin, ganglion cells responded to light onset and offset
with transient inward currents at =70 mV. These currents were reduced by 35 + 3 % when the
light stimulus was preceded by a depolarizing step from —70 to 0 mV.

3. The inhibitory effect of depolarization on light-evoked EPSCs was strongly reduced in the
presence of 10 mM BAPTA.

4. The degree of EPSC inhibition by the prepulse holding potential followed the current—voltage
relationship of the Ca** current found in the ganglion cell.

5. In the presence of the NMDA receptor antagonist AP-7, glutamate-dependent current was
nearly abolished when high Ca®* was substituted for high Na* solution.

6. The release of Ca’* from internal stores by caffeine or inositol trisphosphate reduced the EPSCs
by 36 &+ 5 and 38 + 11 %, respectively, and abolished the inhibitory effect of depolarization.

7. The inhibitory effect of depolarization on EPSCs was reduced 5-fold in the presence of AP-7,
but was not reduced by the AMPA receptor antagonist CNQX.

8. Neither inhibition of Ca**—calmodulin-dependent enzymes, nor inhibition of protein kinase A
or C had any significant effect on the depolarization-induced inhibition of EPSCs.

9.

Our data suggest that elevation of [Ca**], through voltage-gated channels or by release from
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intracellular stores, reduced primarily the NMDA component of the light-evoked EPSCs.

Glutamate, the major excitatory neurotransmitter in the
vertebrate retina, is released by photoreceptors and bipolar
cells (reviewed in Thoreson & Witkovsky, 1999). In the
inner retina of vertebrates, the amacrine and ganglion
cells receive glutamatergic inputs from bipolar cells through
both ionotropic receptors (iGluRs) of NMDA and AMPA
subtypes (Lukasiewicz & McReynolds, 1985; Mittman et
al. 1990; Diamond & Copenhagen, 1993), and a variety of
metabotropic glutamate receptors (mGluRs) (Peng et al.
1995). Both iGluRs and mGluRs are linked to pathways
that alter [Ca” ], (Gilbertson et al. 1991; Linn & Christensen,
1992). Thus, light-induced depolarization increases [Ca™],
by permitting Ca** influx through ionotropic glutamate-
gated channels and by activating voltage-gated Ca*™*
channels. In addition some mGluRs are coupled to the
release of Ca®" from intracellular stores. Finally Ca*™*
entry into the neuron can stimulate Ca®* release from
intracellular stores through a process called calcium-
induced Ca™ release (Verkhratsky & Shmigol, 1996).

The possible consequences of an elevation of [Ca’] are
a direct action of Ca** on the receptor—channel complex
and/or initiation of second-messenger-mediated intra-
cellular processes that modify the functioning of
neurotransmitter receptors and ion channels by
phosphorylating or dephosphorylating them (Huganir &
Greengard, 1990). For example, in hippocampal neurons
the NMDA-induced currents are modulated by internal
Ca’* (Legendre et al. 1993; Viklicky, 1993; Medina et al.
1996), and by intracellular second-messenger systems,
including protein kinases and IP, (Chen & Huang, 1992).
Ca™, acting through these pathways, serves as an
important intracellular signal in the mediation of synaptic
plasticity in the CNS (reviewed in Chittajallu et al. 1998).
It is reasonable to suggest, therefore, that elevation of
[Ca™; during synaptic activity might affect light-induced
responses in retinal ganglion cells by modulating post-
synaptic glutamate receptors. However, to our knowledge,
this postulate has not been tested experimentally.
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We report here that elevation of [Ca™] either through
influx or by release from intracellular stores reduces
light-evoked EPSCs in salamander retinal ganglion cells.
The results indicate that NMDA receptors are the
primary target of a Ca**-induced modulation. In addition
our data indicate that the inhibitory effect of Ca’" on
EPSCs is not mediated by Ca**—calmodulin (Ca*"—CaM)-
dependent processes, nor by activation of cAMP-dependent
protein kinase A (PKA), or protein kinase C (PKC). Some
of these results have been presented in abstract form
(Akopian & Witkovsky, 2000).

METHODS

Animals

Salamanders (Ambystoma tigrinum) were obtained from a commercial
supplier (Charles Sullivan, Nashville, TN, USA) and kept at 4°C
until used. The handling and maintenance of animals met the
National Institutes of Health guidelines and were approved by the
Animal Research committee of the New York University School of
Medicine.

Slice preparation

The procedures for obtaining retinal slices were similar to those
described by Lukasiewicz et al. (1995). Briefly, the animal was
decapitated and double pithed. The eyes were enucleated and
hemisected, and the cornea, lens and iris removed. The retina was
transferred, vitreal side down, to Millipore filter paper (0.22 gm
pore), then sectioned manually into 150—200 pm thick slices, which
were mounted in a chamber and superfused at 2 ml min™" during the
experiment. The dissection and preparation of the slices were
performed under dim red illumination and infrared illumination was
used to view the slices during the experiments.

Solutions

Whole-cell voltage clamp recordings of light-evoked EPSCs were
obtained with a standard solution in the patch pipette containing
(mm): CsC1 100, MgCl, 2, TEA 20, CaCl, 0.2, EGTA 2, Hepes 10, ATP
2 and GTP 0.1, adjusted to pH 7.3 with CsOH. In initial experiments
the bath (Ringer) solution contained (mm): NaCl 100, KCl 3, CaCl, 2,
MgCl, 2 and Hepes 10, adjusted to pH 7.6 with NaOH; experiments
involving the isolation of NMDA-dependent EPSCs were done in
Mg™-free Ringer solution containing 10 uM glycine, as indicated in
the figure legends. Modified Ringer solution containing 20 mm TEA,
20 mM Ba™ and 1 gy TTX was used to isolate a Ca** current. Two
different solutions were used to test the Ca** permeability of AMPA
receptors: a high Na™ solution, consisting of 110 mM NaCl and 5 mm
Hepes; and a high Ca™ solution consisting of 70 my CaCl, and 5 m
Hepes. Strychnine (20 pM) and picrotoxin (80 uM) were added to the
bath solution to block glycinergic and GABAergic transmission,
respectively. To isolate AMPA receptor-mediated EPSCs, NMDA
receptors were blocked with D(—)-2-amino-7-phosphonoheptanoic
acid (AP-7, 80 uM). The NMDA receptor-mediated EPSCs were isolated
by blocking AMPA receptors with 6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX, 2—5 uMm). All drugs were obtained from Sigma-Aldrich.

Lukasiewicz & Werblin (1988) demonstrated that in the tiger
salamander retina, injections of dye into the optic nerve labelled all
cells in the ganglion cell layer. All of our recordings were obtained
from cells located in the ganglion cell layer, thus they are presumed
to be from ganglion cells.

Light stimulation

Full-field, red (667 nm) light stimuli were used to evoke EPSCs and
EPSPs. The intensity of the unattenuated light was 7.3 x 10" quanta
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em™ 57!, as measured by a photodiode referenced to a calibrated
thermopile. The vast majority of ganglion cells recorded (> 90 %),
were on—off cells that responded with transient EPSCs at light onset
and offset.

Recording procedures

Whole-cell voltage and current clamp recordings were obtained in a
conventional way (Hamill et al. 1981) using an Axopatch 200
amplifier (Axon Instruments). Recording pipettes were made from
borosilicate glass tubing (1.2 mm o.d., 0.6 mm i.d.). Electrode
resistance was typically 5-8 MQ in the bath solution. The average
input resistance, estimated from the steady-state current induced by
a10 mV voltage step from =70 mV, was 2.3 + 0.4 GQ (n = 14). After
the seal had been ruptured the series resistance (1015 M€) was
compensated (70-80 %) by a standard circuit. Light-evoked whole-
cell EPSCs were typically < 1 nA (usually < 600 pA), and the voltage
errors resulting from inadequate compensation were estimated to be
< 3 mV. Currents were filtered at 1 kHz by a low-pass Bessel filter on
the Axopatch 200 amplifier. Sampling frequencies were a function of
episode length and varied from 0.25 to 2.5 kHz. At the lowest
sampling frequency, a window, encompassing 0.125-1.0 kHz,
permitted potential aliasing of the signal. We tested for aliasing by
performing a Fourier analysis of the light-evoked EPSC. In the
frequency band of interest, the power was reduced by more than
4 log units compared to its peak power, which occurred near 2 Hz.
The data were digitized and stored on a 33 MHz 486-PC using a
Digidata-1200 interface (Axon Instruments). The pCLAMP software
package (Axon Instruments) was used for data acquisition and
analysis. Summary data are presented as means + S.EM. Statistical
comparison between groups was made with Student’s paired ¢ test;
the corresponding P values are given in the text. In voltage clamp
experiments the membrane potential usually was held at =70 mV,
and a 400 ms depolarizing step from —70 to 0 mV was applied to
activate voltage-gated Ca’" channels.

RESULTS
Light-evoked EPSCs

Ganglion cell responses to subsaturating light stimuli were
dependent on the duration of the light flash. Figure 14
illustrates EPSCs recorded from an on—off ganglion cell in
response to light stimuli of different duration, from
100 ms to 3 s. Ganglion cells responded only to light onset
(on-EPSC) when the stimulus duration was < 300 ms.
When the duration of the light flash was increased to
500 ms, however, a second transient KPSC (off-EPSC)
was elicited at light offset. A further increase of stimulus
duration to 1-3 s resulted in an enhancement of the off-
transient, whereas the response to licht onset was not
affected significantly. Because of the dependence of off-
EPSC amplitude on stimulus duration, we conducted our
analysis exclusively on on-EPSCs.

In agreement with earlier studies (Lukasiewicz &
McReynolds, 1985; Diamond & Copenhagen, 1993), we
found that both NMDA and non-NMDA iGluRs mediated
the excitatory synaptic currents of salamander retinal
ganglion cells. In Mg*"-free solution, NMDA receptors
have an approximately linear current—voltage relationship
(Ascher et al. 1988). When CNQX (2—-5 uM), an AMPA
receptor antagonist, was added to the Mg”*-free bath
solution, the EPSCs were reduced by 40 + 9% (n = 4); the
remaining, CNQX-resistant component of the EPSCs was
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blocked by 80 um AP-7, an NMDA receptor antagonist
(Fig. 1B). Although kainate receptors have some sensitivity
to CNQX, it is 3- to 10-fold lower than that of AMPA
receptors (reviewed in Bleakman & Lodge, 1998). Moreover,
Lukasiewicz et al. (1995) reported that salamander
ganglion cells of the on—off subtype lack kainate receptors.
We conclude that the AP-7-insensitive component of the
EPSCs we recorded reflects current flow through AMPA
receptors.

Effect of Ca’ entry through voltage-gated channels
on EPSCs

There are at least three pathways by which [Ca**] may be
elevated as a consequence of the light-evoked synaptic
activity in retinal ganglion cells: (i) by Ca** influx
through glutamate-activated channels, (ii) by Ca* influx
through voltage-gated Ca’" channels whose activation level
is increased by a synaptically induced depolarization, and
(iii) by Ca™ release from intracellular stores. With regard
to possibility (iii) the presence of both ryanodine and IP;
receptors in turtle retinal ganglion cells has been reported
previously (Akopian et al. 1998).

To study the effect of Ca™ entry through voltage-gated
channels, ganglion cells were held at =70 mV and light-
evoked EPSCs were recorded before and 100 ms after the
termination of a 400 ms depolarizing step from —70 to
0 mV (Fig. 24). The data show that by comparison to the
control response (continuous line, before A V'), a depolarizing
step induced a reduction in EPSC peak amplitude of
35+ 3% (n=28, dotted line, after AV). Figure 2B

illustrates an experiment in which light stimuli were

CNQX+AP-7
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CNQX
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Figure 1. Light-evoked EPSCs recorded from an
on—off ganglion cell with various stimulus
durations

A, with an increase in the duration of the light flash
from 0.1 to 3 s the amplitude of the off-EPSCs was
dramatically increased, whereas that of the on-EPSCs
remained unchanged. B, the light-evoked EPSC
recorded in Mg"™*-free solution was reduced in the
presence of CNQX (5 uM), and almost completely
blocked by a combination of AP-7 (80 uM) and CNQX.
The recording pipette contained standard
intracellular solution (see Methods). In this and
subsequent figures, horizontal hatched bars indicate
the duration of the light stimuli.
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presented every 30s without or with a 400 ms
depolarizing voltage step from —70 to 0 mV. It shows
that the depolarization-induced suppression of the light-
evoked EPSC was completely reversible. The inhibitory
effect of depolarization on EPSCs was also observed when
small EPSCs were elicited by lower intensity flashes
(0.2—1.2 log unit attenuation; not illustrated), indicating
that the depolarization-induced inhibition of EPSCs was
not dependent on response saturation. Moreover, a
corresponding reduction of 29 + 5% (n = 5) was observed
when the effect of depolarization was tested on EPSPs
recorded in current clamp mode (Fig. 2C). The histogram
in Fig. 2D summarizes these results, showing that
depolarization reduced the amplitude of both EPSCs and
EPSPs.
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Figure 2. Depolarization-induced inhibition of
light-evoked EPSCs and EPSPs

All records were obtained in Mg**-free Ringer
solution. 4, in voltage clamp mode light responses
were recorded before (continuous line) and 100 ms
after (dotted line) the termination of a 400 ms
depolarizing step (A V) from —70 to 0 mV. B, light-
evoked EPSCs recorded every 30 s without and with a
depolarizing pre-pulse from —70 to 0 mV that
induced reversible inhibition. The presentation, but
not the timing, of the depolarizing pre-pulse is
represented above the middle trace. C, light-evoked
EPSPs were recorded in current clamp mode before
(continuous line) and after a depolarizing current of
+50 pA (dotted line). EPSPs were reduced following
the injection of current. The resting membrane
potential was —65 mV. CsCl and TEA in the pipette
solution were replaced by KCI. D, histogram of the
depolarization-induced inhibition (means + S.E.M.) of
EPSC and EPSP amplitudes. The number of cells
studied is indicated above each bar. In this and
subsequent figures, the bath solution contained 20 uM
strychnine and 50 pM picrotoxin.
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The depolarization-induced decrease of peak EPSC was
not accompanied by any significant changes in the
kinetics of EPSC decay. In some cells the EPSC decay was
not well fitted by a sum of exponentials, because of a
hump that followed its rapid onset (see Fig. 7A4).
Therefore, as a parameter to describe EPSC decay
kinetics we used the time (Dy;), to reach 37% of peak
current (Higgs & Lukasiewicz, 1999). The corresponding
Dy; values for EPSCs were 86 + 14 and 85 + 13 ms
(n = 10), when recorded before and after the depolarizing
step, respectively.

The amount of light-evoked EPSC suppression was
approximately proportional to the pre-pulse potential
between —50 and 0 mV. In a representative experiment
(Fig. 34), depolarizing steps from a holding potential of
—70 to 0, —20 and —40 mV induced inward calcium
currents (/) and a subsequent inhibition of EPSCs of 58,
35 and 18 %, respectively. Figure 3B provides mean data
from experiments of this sort, indicating that the
threshold potential to induce a reduction of EPSC was
near —50 mV, and the effect was maximum at 0 mV,
reducing slightly at more positive pulse potentials. The
relationship between depolarizing potentials and EPSC
inhibition correlated well with the I-V function of the
Ca™ current in these ganglion cells (Fig. 30).

Analysis of the dependence of the inhibitory effect of
depolarizing pulses on [Ca**], was complicated by the fact
that elevation of [Ca**], from 2 to 20 mM in the bath
solution caused either a dramatic reduction or a complete
block of light-evoked EPSCs. When [Ca™], was elevated
to 10 mM, EPSCs were reduced to 45 + 9% (n = 3) of their
value in normal [Ca™],. The Ca’" current induced by a
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depolarizing step from —70 to 0 mV increased by
37+ 10% (n=3) in the presence of 10 mm [Ca®"],, and
the inhibition of the EPSC induced by depolarization was
enhanced from 30 10 to 52 +14% (n=3, data not
shown).

Effect of [Ca”"], buffering by BAPTA

The results described above indicate that Ca® entry
through voltage-gated channels reduces light-evoked
EPSCs in salamander retinal ganglion cells. As an initial
test to probe the underlying mechanism of action of Ca**
we examined the effect of strong [Ca®]; buffering.
Accordingly we added 10 mM BAPTA to the patch
pipette solution and recorded the light-evoked EPSCs in
whole-cell mode every 30 s for 10—20 min. We observed
that the EPSC amplitude increased significantly in a
time-dependent manner during intracellular perfusion
with BAPTA (Fig. 44). The enhancement of EPSCs varied
from 25 to 280% in different cells, after 10—20 min
recording with a patch pipette containing BAPTA, with a
mean enhancement of 96 + 26 % (n=9). No enhancement
of EPSCs over the same time period was observed
(Fig. 4B) when the patch pipette contained the standard
intracellular solution (see Methods).

The influence of 10 mM BAPTA on the depolarization-
induced reduction of EPSCs was tested by comparing the
effectiveness of a depolarizing pulse within 1 min of
patch break and again after 10—15 min incubation with
BAPTA. The results were that, at the beginning of the
whole-cell experiment, the depolarizing pulse reduced the
EPSC by 30 +£8% (Fig. 54, left panel), whereas the
inhibitory effect was significantly reduced to 6 + 2%
(n=4, P<0.01) after 10 min incubation with BAPTA

Figure 3. Correlation between depolarizing
voltage steps and the degree of inhibition of
EPSCs

A, light-evoked EPSCs were recorded before and
after depolarizing steps to 0, —20 and —40 mV
from a holding potential of —70 mV. Dotted
horizontal lines indicate the level of peak EPSCs
recorded in the absence of a depolarizing pre-
pulse. The bath solution contained 2 mm Ca™*
and 0 mM Mg™*. B, relationship between
depolarizing voltage steps and EPSC inhibition.
Each point represents the mean + S.E.M. from

0 T T T T
-60 -40 -20 0 20
Pre-pulse potential (mV)

-600 -
100 ms

% Decrease of EPSC
- N w
o o o
| | Il
Ca?* current (pA)
boh b DA
o O O O O
o O O O O
g
3
<

3-10 cells. 0, I-Vrelationship of Ca** current
recorded from a ganglion cell in modified Ringer
solution containing TEA (20 mM), TTX (1 uM)
and 20 mM Ba’" as a charge carrier. Inset, traces
of transient low (upper inset) and sustained high
voltage-activated Ca’" currents (lower inset)
elicited by depolarizing steps from —90 to

—40 mV, and from —60 to 0 mV, for low and
high voltage-activated currents, respectively.
Y-axis provides current scale for inset records.
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Figure 4. Effect of strong intracellular Ca®* buffering
on light-evoked EPSCs

All records were obtained in Mg**-free Ringer solution.

A, on—off ganglion cell was stimulated by 500 ms light
flashes every 30 s during a 20 min whole-cell recording
with 10 mM BAPTA in the patch pipette solution. B, time-
dependent changes of EPSCs in the absence and presence
of 10 mM BAPTA in the patch pipette (n = 10). EGTA and
Ca” were removed from the patch pipette solution and
replaced with 10 mM BAPTA.

(Fig. 54, right panel). These data, which support the idea
that the inhibitory effect of depolarization on light-
evoked EPSCs is mediated by an increase in [Ca*'], are
summarized in Fig. 55.

Effect of Ca’' released from intracellular stores on
EPSCs

Effect of caffeine. Experimental evidence indicates that
glutamate stimulates Ca®" release from intracellular
stores in retinal neurons (Gilbertson et al. 1991; Linn &
Christensen, 1992). Increased [Ca**]; then modulates the
activity of neurotransmitter receptors in ganglion cells
(Akopian et al. 1998; Shen & Slaughter, 1999). To test
whether release of Ca** from intracellular stores inhibits
the light-evoked EPSCs, we added caffeine (10 mM) to the
patch pipette solution, and monitored every 30s the

Figure 5. Effect of [Ca’"], buffering on
depolarization-induced inhibition of EPSCs

All records were obtained in Mg**-free Ringer solution.
4, light-evoked EPSCs were recorded before and 100 ms
after a 400 ms depolarizing step from —70 to 0 mV,
either within 1 min of membrane rupture or after

10 min incubation with BAPTA (10 mM in the patch
pipette). The presentation, but not the timing, of the
depolarizing pre-pulse is represented above the traces.
Dotted lines indicate the peak current observed before
the depolarizing step. B, histogram of these results
(n=4, P<0.01). C; with 10 mM caffeine in the patch
pipette, the inhibitory effect of depolarization on EPSCs
was recorded within 1 min of patch break and 10 min
later. Caffeine by itself reduced EPSCs by 36 + 5%
(n=17, P<0.01, compare first and third traces) and
abolished the inhibitory effect of depolarization.

D, histogram summarizing the inhibitory effect of
depolarization on EPSC amplitude within 1 min of patch
break, and after 10 min exposure either to caffeine
(Caff, n=>5, P<0.005) or to IP; (50 uM, n =4,
P <0.002).
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EPSCs evoked by a sub-saturating light stimulus. The
mean reduction of EPSCs recorded after 10—15 min
incubation with caffeine was 36 £+ 5% (n="17, see
Fig. 5C). Reductions were measured in relation to the
EPSCs recorded within 1 min of patch break and the
difference was significant (P < 0.01). These results
suggest that the elevation of [Ca™] caused by release
from intracellular stores reduces licht-evoked EPSCs, as
Ca™ influx through voltage-gated channels does.

Effect of IP;. Earlier studies indicated that retinal
ganglion cells possess different classes of G protein-
coupled metabotropic glutamate receptor (Hartveit et al.
1995). Activation of the mGluR1-5 subclass of receptors
triggers hydrolysis of phosphoinositides, and formation
of IP3, which subsequently stimulates Ca®" release from
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IP;-sensitive intracellular stores (Pin & Duvoisin, 1995).
We recorded from ganglion cells using a patch pipette
containing 50 uM IP; and found that peak EPSC was
reduced by 38 + 11 % (n=4) after about 10 min
incubation with IP; (not shown), indicating that Ca**
released from IP,-sensitive internal stores also reduces
the EPSC amplitude.

Next we examined the additivity of Ca’" released from
intracellular stores and Ca®* flux through voltage-gated
channels on EPSCs. In this set of experiments the effect
of depolarizing pulses on EPSCs was tested within 1 min
of patch break and after 10 min incubation with caffeine.
In the experiment illustrated in Fig. 5C, the EPSC
amplitude was reduced by 55% after 10 min incubation
with caffeine, and depolarization-induced inhibition was
abolished. The mean inhibition of EPSCs by depolarizing
pulses was 40 + 10 % when recorded at the beginning of
the experiment (Fig. 5C, left panel), and was reduced to
94+ 3% (n=25, P<0.005) after a 10 min incubation with
caffeine (Fig. 5C, right panel). A similar result was
observed when experiments were performed with patch
pipettes containing 50 uM IP; (not illustrated). Thus, a
depolarizing step reduced peak EPSC amplitude by
46 + 5% when recorded within 1 min of patch break, but
by only 8 + 5% after 10 min incubation with IP; (n =4,
P <0.002). Figure 5D summarizes the results, which
indicate that release of Ca’" from intracellular stores
reduced the light-evoked EPSCs. These data support the
hypothesis that an elevation of [Ca™], either by influx
through voltage-gated channels or by release from

400 ] Glutamate — control
o o e
70 -40 -10

g. 0 \'1'5;-——‘?" 1 1
_200 - High Ca mv
-400 -
-600 { High Na*
-800 -

Figure 6. Ca™/Na" permeability of AMPA
receptors in salamander retinal on—off ganglion
cells

Current—voltage relationship of glutamate-induced
current in high Na* and high Ca** solutions (see
Methods). A 200 ms voltage ramp from —70 to

+50 mV elicited an -V relationship in the absence
and in the presence of glutamate. The difference of
these two curves is shown and is taken to be the
glutamate-induced current. In the presence of high
Ca™, the glutamate-evoked current was nearly
abolished. External solution contained 50 um AP-7 to
block NMDA receptors. A similar result was obtained
for 6 cells.
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internal stores, results in an inhibition of light-evoked
EPSCs in salamander retinal ganglion cells.

Ca®" permeability of AMPA receptors

Ca*™ flux through ionotropic glutamate receptors is
another potential pathway through which elevation of
[Ca®™] and consequent desensitization of neighbouring
NMDA receptors may occur (Kyrozis et al. 1995; Medina
et al. 1996). We probed the Ca** permeability of AMPA
receptors by recording the current—voltage relationship
of glutamate-induced current, first in a high Na* solution
and then in a high Ca’™ solution (see Methods). In both
solutions 50 uM AP-7 was added to block NMDA
receptors. A 200 ms voltage ramp from —70 to 50 mV was
used to obtain the I-V relationship in the absence and
the presence of 5 mM glutamate in the bath solution. The
difference between the two ramps gave a measure of the
AMPA receptor-mediated glutamate current. Identical
measurements were carried out in high Ca® solution.
Figure 6 shows the data from a cell for which a substantial
inward current response to glutamate was seen in high
Na* solution, but which had very little inward current in
high Ca** solution, at all levels of membrane potential. A
qualitatively similar result was obtained in four other
cells.

There was no change in reversal potential of the
glutamate-induced current, measured by voltage ramp
when the extracellular solution was switched from high
Na* to high Ca* solution. This is a good indication
(Burnashev et al. 1992) that AMPA receptor channels in
salamander retinal ganglion cells have a very low
Ca™/Na* permeability ratio.

NMDA receptors are a target for modulation by Ca*

It was proposed for CNS neurons that NMDA receptors
are a primary target for modulation by Ca** (Vyclicky,
1993; Legendre et al. 1993; Kyrozis et al. 1995; Medina et
al. 1996). We examined whether intracellular Ca™" affects
the NMDA receptor-mediated component of the EPSC in
salamander retinal ganglion cells. In a Mg**-free solution
containing 10 uM glycine, a depolarizing step from —70 to
0 mV reduced EPSCs by 32 + 4%. When 2-5 uM CNQX
was added to the bath solution to block AMPA receptors,
the EPSCs initially were attenuated by 40 + 9% (n = 4),
but a depolarizing step from —70 to 0 mV still reduced the
CNQX-resistant component of the EPSCs by 37 + 7 %.
Sample records illustrating these effects are shown in
Fig. 74 and the population data are summarized in Fig. 7B.
This remaining component of the EPSC was almost
completely (90 + 3 %) blocked when 80 uMm AP-7 was
applied together with CNQX (not shown, but see Fig. 1 B),
indicating that it represented the NMDA receptor-
mediated EPSC. Thus, the NMDA receptor-mediated
component of the EPSC is strongly affected by a
depolarizing pulse.

In a parallel set of experiments, AP-7 added to the bath
solution reduced EPSC amplitude (Fig. 7C; right). The
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inhibitory effect of a subsequent depolarizing pulse on
EPSCs was approximately 5-fold smaller in the presence
of AP-7 than in control solution (Fig. 7C). Thus,
depolarization from —70 to 0 mV reduced peak EPSCs by
only 7 4+ 3% (Fig. 7D), which was significantly less than
the 34 + 5% (n =38, P <0.002) inhibition induced by the
same depolarizing step in the absence of AP-7 (Fig. 7D,
Control). These data support the conclusion that, in
salamander retinal ganglion cells, NMDA receptors are
the primary target for modulation by [Ca™];.

Possible intracellular mechanisms of inhibition of
EPSCs by Ca™

The next series of experiments focused on the possible
mechanisms by which a Ca**-dependent inhibition of
EPSCs might occur. Studies in other preparations indicate
that Ca*" failed to inactivate NMDA receptors in inside-
out patches, suggesting that the effect of Ca™ is mediated
through the Ca**-binding protein calmodulin (Medina e
al. 1996; Zhang et al. 1998; Krupp et al. 1999). We tested
whether a Ca*—CaM-dependent system is involved in
the Ca’"-induced inhibition of EPSCs. Earlier studies
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Figure 7. Effect of depolarization-induced Ca™*
influx on NMDA- and AMPA-mediated
components of EPSCs

A, light-evoked EPSCs were recorded before (Control),
and after (arrows) a depolarizing voltage step from
—70 to 0 mV (not illustrated) in the absence (Control)
and the presence of 2 uM CNQX. B, histogram
summarizing the depolarization-induced inhibition of
EPSCs in the absence (32 + 2 %) and presence of

2-5 uM CNQX (37 £ 7%). €, AMPA receptor-
mediated EPSC recorded in drug-free Mg**-free
Ringer solution (left) or in the presence of 50 uM
AP-7. A depolarizing step of 400 ms from —70 to

0 mV (asin A4; traces indicated by arrows), reduced
light-evoked EPSCs by only 7 + 3%, which was
significantly (P < 0.05) smaller than the 34 + 5%
inhibition seen in the absence of AP-7 (Control).

D, histogram summarizing these data.
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demonstrated the presence of Ca’*—CaM-dependent
phosphatases and protein kinases in retinal neurons,
including ganglion cells (Cooper et al. 1985). Moreover, it
has been suggested that glutamate can regulate retinal
calmodulin kinase II activity through ionotropic receptors
(Laabich & Cooper, 1999). Calmidazolium (50 uM), a
potent inhibitor of Ca**—CaM-dependent enzymes (Van
Belle, 1981), was added to the patch pipette solution, and
the effect of depolarization on EPSCs was observed after
10—15 min incubation with this drug. The mean inhibition
of peak EPSC amplitude by depolarizing pulses in the
presence of calmidazolium was 32 + 5% (n=>5), and the
difference, compared with the effect obtained within
1 min of patch break, was not significant (P> 0.5; not
shown). In another series of experiments done in the
presence of 50 uM cyclosporin A, a selective antagonist
of the Ca’*—CaM-dependent phosphatase calcineurin
(Hashimoto et al. 1990), the depolarizing pulses still
significantly reduced EPSCs by 29+ 4% (rn=3). Our
results indicate that the inhibition of EPSCs induced by
Ca™ influx does not depend primarily on Ca**—CaM-
dependent enzymes. The data, however, do not exclude
the possibility that calmodulin might bind to the NMDA
receptor and affect its activity (Zhang et al. 1998; Krupp
et al. 1999).

Recent studies in the hippocampus show that PKC
enhances Ca**—CaM-dependent inactivation of the
NMDA channel (Lu et al. 2000). Accordingly we examined
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Figure 8. Summary of factors affecting Ca’*-
mediated inhibition of EPSCs

The depolarization-induced inhibition of light-evoked
EPSCs in standard intracellular and bath solutions
(Control) is compared with that seen in the presence
of different substances. CNQX and AP-7 were added
to the bath solution, other drugs were added to the
patch pipette solution. (For concentrations see text.)
Each bar indicates mean + S.E.M., n = 4—10 cells.
Statistical significance (* P < 0.05) was established
using Student’s paired ¢ test.
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whether PKA, or PKC is involved in the regulation of
EPSCs by Ca’". In these experiments H-7 (20 uM), a non-
specific inhibitor of PKA and PKC, was added to the
patch pipette solution and the effect of depolarization
was tested after 10 min incubation in the whole-cell
mode. H-7 had no significant effect on the depolarization-
induced inhibition of EPSCs. In sum, our data indicate
that none of the second messenger-activated enzymes we
tested is implicated in the inhibition of EPSCs induced by
Ca’ influx through voltage-gated channels.

Figure 8 summarizes the results obtained in our study. It
documents that the depolarization-induced inhibition of
EPSCs (Control) is not affected by inhibitors of
Ca**—CaM-dependent enzymes, nor by PKA and PKC,
but is significantly reduced in the presence of BAPTA,
and agents that stimulate Ca** release from intracellular
stores (caffeine and IP;). The histogram also shows that
the inhibitory effect of depolarization on EPSCs is largely
abolished in the presence of the NMDA receptor
antagonist AP-7, but not the AMPA receptor antagonist
CNQX.

DISCUSSION

The principal finding of our study is that the NMDA
receptor-mediated component of the on-EPSCs of on—off
retinal ganglion cells is reduced by about 35 % following a
rise in [Ca®"]. The same rise in [Ca’™] depressed the
AMPA receptor-dependent component of the same EPSC
by only 7%. Elevated [Ca**];, whether brought about
through release from intracellular stores or caused by
influx through voltage-gated channels, was equally
effective in reducing the EPSC. The mechanism of Ca®**
action was shown not to depend on Ca*"—CaM-dependent
protein kinases/phosphatases, or on PKA or PKC.

Our results are in broad agreement with earlier studies of
hippocampal neurons indicating that neither phosphatases
nor protein kinases are part of the pathway through
which intracellular Ca** brings about an inhibition of
NMDA-evoked currents (Viklicky, 1993; Legendre et al.
1993). Other than phosphorylation/dephosphorylation,
calcium could act by direct binding, either to the
regulatory proteins, or to the channel. Our experiments
do not directly address these possibilities. According to
earlier studies (Johnson & Ascher, 1990), however, it is
unlikely that Ca’" binds to the NMDA receptors within
the pore and reduces its conductance, as Mg** does.

In salamander retinal ganglion cells, AMPA receptors are
co-localized with NMDA receptors and both these receptor
classes mediate the excitatory post-synaptic responses
(Lukasiewicz & McReynolds, 1985; Massey & Miller, 1990;
Diamond & Copenhagen, 1993). Immunocytochemical
studies indicate that these cells possess all the subunits of
AMPA receptors, including those that are permeable to
Ca®" (Hamassaki-Britto e/ al. 1993; Brandstiitter el al.
1998). In the central nervous system, including the retina,
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the Ca** permeability of AMPA receptors varies from
negligible to substantial in different neurons, suggesting
that some cells contain the GluR2 subunit, which imparts
a low Ca®* permeability to the glutamate receptor
(Hollman & Heinemann, 1994). Ca™ influx mediated by
glutamate-gated channels during synaptic transmission
may contribute to short- or long-lasting functional
effects, depending on the efficiency of the Ca*'-
buffering/extrusion systems operating in the cells. The
data of the present study indicate that AMPA receptors
in salamander retinal on—off ganglion cells have a low
Ca™ permeability. Thus, in the presence of the NMDA
receptor antagonist AP-7, and when Na® was replaced by
equimolar Ca’* in the bath solution, the glutamate-
induced current was nearly abolished at all levels of
membrane potential (Fig. 6). The data suggest that,
consistent with their linear I-V relationship in high Na™
medium, these cells contain the GluR2 subunit, and so a
significant Ca** influx through AMPA receptors during
synaptic activity is unlikely.

The high Ca** permeability of NMDA receptors plays an
important role in NMDA receptor-mediated synaptic
plasticity (Mayer & Westbrook, 1987; Nicoll & Malenka,
1995). Shen & Slaughter (1998) reported that Ca** influx
through NMDA receptors acts via Ca®*—CaM to inhibit
N-type Ca’ current in salamander retinal ganglion cells.
On the other hand it is experimentally difficult to
demonstrate a rise in post-synaptic Ca** concentration
that is attributable exclusively to synaptic activation of
NMDA receptors on retinal ganglion cells, excluding
unequivocally the activation of voltage-gated Ca’*
channels, as was demonstrated in the hippocampus by
Miyakawa et al. (1992). This would require a selective
block of voltage-gated Ca** channels, but these same
channels are utilized by pre-synaptic bipolar cell axon
terminals to trigger glutamate release. Instead we
examined the influence of Ca® influx through voltage-
gated channels on light-evoked EPSCs. Ganglion cells in
the salamander retina possess both transient, low
voltage-activated (LVA, T-type), and sustained, high
voltage-activated (HVA, L- and N-type) Ca** channels
(Shen & Slaughter, 1998; see also Fig. 3C; inset). We found
that the threshold voltage for depolarization-induced
inhibition of EPSCs was near —50 mV, and that maximum
inhibition occurred when cells were depolarized to 0 mV
from a holding potential of =70 mV (see Fig. 3B). The
degree of EPSC inhibition increased with depolarizing steps
from —50 to 0 mV and then reduced at more depolarized
potentials. The dependence of EPSC inhibition on pre-
pulse voltage correlated well with the I-V function of
HVA Ca® current in the same ganglion cells, consistent
with the effect of depolarization being mediated by Ca**
influx primarily through HVA Ca** channels.

There are controversial data in the literature regarding
the effectiveness of intracellular BAPTA in reducing
Ca**-dependent inactivation of NMDA responses. In
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some studies BAPTA is reported to be ineffective in
preventing Ca**-dependent desensitization of NMDA
responses (Vicklicky, 1993), whereas in other reports,
BAPTA prevented a Ca*"-dependent inactivation of
NMDA responses (Legendre et al. 1993). In our study
intracellular application of BAPTA significantly reduced
depolarization-induced inhibition of EPSCs. Moreover,
the light-evoked EPSCs increased in a time-dependent
manner during the 10—15 min whole-cell recording with
10 mM BAPTA in the patch pipette, indicating that the
basal level of [Ca**] is sufficient to partially suppress

EPSCs.

In addition to Ca® influx through voltage-gated and
receptor-activated channels, another source of Ca** is by
release from internal stores (Linn & Christensen, 1992).
Both ryanodine- and TP,-sensitive Ca** stores are present
in retinal ganglion cells (Akopian et al. 1998; Shen &
Slaughter, 1999). In a previous study (Akopian et al.
1998), it was reported that in retinal ganglion cells,
currents induced by activation of GABA, receptors were
modulated by Ca** released from IP,- and ryanodine-
sensitive intracellular stores, but not by Ca** influx
through voltage-gated channels, presumably reflecting
the compartmentalization of the cytoplasm. In contrast,
in the present study Ca** influx through voltage-gated
channels, as well as Ca** release from ryanodine- and IP,-
sensitive stores (effects of caffeine and IP;), induced
suppression of glutamate-dependent EPSCs. The inhibitory
effects of Ca®* released from intracellular stores and from
voltage-gated channels on EPSCs were non-additive,
indicating a common target of action for intracellular
Ca’". Probably some of the non-additivity resulted
from saturation of the calcium-dependent inhibitory
mechanisms.

The physiological mechanism for release of Ca** from
stores is through a second-messenger pathway. In the
retina different ganglion cells possess different mGluR
subtypes including those (e.g. mGluR1) whose activation
is coupled to the turnover of phosphoinositides and
production of IP; (Hartveit et al. 1995; Brandstétter et al.
1998). In CNS neurons, activation of mGluR1 results in
either a reversible inhibition of NMDA-dependent
responses, possibly by a membrane-delimited action, or a
long-lasting potentiation, probably via activation of PKC
(Anwyl, 1999). In the retina, there are reports of
phosphoinositide turnover induced by light and glutamate
(reviewed in Osborne & Ghazi, 1990), and the IP; receptor
has been localized in the retina (Peng et al. 1991). In the
present study the peak EPSCs were reduced in a time-
dependent manner following membrane rupture with an
electrode containing IP,;. These data suggest that
activation of mGluR1 by synaptically released glutamate
may contribute to the regulation of the NMDA component
of post-synaptic responses. Thus the same transmitter,
glutamate, initiates fast and slow processes, both of
which influence the light-evoked EPSCs.
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Earlier studies on CNS neurons showed that the activity
of NMDA channels was unaffected by exposure to Ca* on
the cytoplasmic side of the inside-out patches (Rosenmund
& Westbrook, 1993). This finding suggested the existence
of a Ca’*-dependent cytoplasmic intermediate that
inactivates the NMDA receptor and washes out during
the first minutes after obtaining excised patches (Medina
et al. 1996). More recent studies indicate that the Ca**-
binding protein calmodulin may be the required
intermediate (Ehlers et al. 1996; Zhang et al. 1998; Krupp
et al. 1999). These studies demonstrated that the binding
of calmodulin to the NR1 subunit inactivated the NMDA
receptor, which possibly occurs by a Ca**—CaM-dependent
dissociation of the receptor complex from the neural
cytoskeleton. Although our results do not clarify the
mechanism through which a Ca’"-dependent inhibition of
EPSCs occurs, the finding that neither Ca**—CaM-
dependent enzymes nor activation of PKA or PKC is
involved in this process is consistent with the properties
of the Ca’*-dependent inactivation of NMDA channels in
CNS neurons (Legendre et al. 1993; Rosenmund &
Westbrook, 1993; Krupp et al. 1999), possibly indicating
a common mechanism.

The possible physiological significance of our study is
considered briefly below. According to our data, AMPA
receptors in the ganglion cells studied are impermeable to
Ca™. However, the synaptic activation of AMPA receptors
and the resulting depolarization leads to an increased
influx of Ca’" through voltage-gated Ca** channels. The
same depolarization will open Ca**-permeable NMDA
channels (Diamond & Copenhagen, 1993) by reducing the
Mg®™ block of these receptors. Thus a Ca*'-induced
inhibition of NMDA receptor-mediated synaptic responses
is a negative feedback mechanism that helps to reduce the
Ca’™ accumulation in the post-synaptic cell caused by
repetitive synaptic activity. Given the large contribution
of NMDA receptors to ganglion cell EPSCs (Diamond &
Copenhagen, 1993), a Ca’f-mediated reduction in the
EPSC will help to shape the spike pattern of the ganglion
cell. A similar Ca’"-dependent inactivation of NMDA
receptor-mediated monosynaptic EPSCs was reported
recently in cultured hippocampal neurons (Medina et al.
1999). Although our results reflect the activity of
perikaryal glutamate receptors of ganglion cells, the same
mechanism may occur in neuronal dendrites which possess
both voltage-gated Ca’" channels and intracellular Ca**
stores (Gruol et al. 1996).
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