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SUMMARY

We have previously shown that nitric oxide blocks the N-meth-
yl-D-aspartate (NMDA) receptor without affecting the agonist
binding site. We now report that in cerebellar granule cells nitric
oxide decreases the NMDA channel conductance and open
probability, in voltage-dependent and -independent manners,
respectively, by acting on an extracellular site different from the
redox, glycine, and pH modulatory sites of the receptor-chan-

nel complex. This inhibition is not additive with those of Mg?*
and Zn?*. Moreover, removal of trace concentrations of metal
ions in the external medium by means of metal ion-chelators
significantly reduced the inhibitory action of nitric oxide on
NMDA currents. These results indicate that divalent ions are
required for the blockade of NMDA receptors by NO donors.

Glutamate is a major neurotransmitter of the mammalian
central nervous system that stimulates two superfamilies of
receptors, i.e., the metabotropic and ionotropic receptors. The
glutamate metabotropic receptors are G protein-coupled re-
ceptors. The glutamate ionotropic receptors are receptor
channels that have been named according to their most spe-
cific agonists, AMPA, kainic acid, and NMDA. Stimulation of
these ionotropic receptors, and mainly the Ca%*-permeable
NMDA receptor subtype, results in activation of a neuronal,
Ca?*-dependent, constitutive NO synthase (1). NO has been
shown to mediate excitatory amino acid-dependent neurotox-
icity (2) and more subtle brain processes, such as synaptic
plasticity (3, 4) and gene transcription (5).

We first showed that NO selectively blocks NMDA recep-
tors in cultured cerebellar granule cells and striatal neurons
(6), and this has been confirmed in cultured cortical neurons
(7). Although we found that NO acted directly on the recep-
tors, the mechanism of this action was not completely eluci-
dated. An oxidative and irreversible effect of NO on the
NMDA receptor complex has been proposed in neocortical
neurons (7). In this model, NO would nitrosylate putative
thiol residues of the redox modulatory site of the NMDA
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receptor, which then would form disulfide bonds through an
oxidative process and stabilize the receptor in an inhibited
state. On the other hand, other studies performed in cortical
neurons have suggested that NO would not interact with the
redox modulatory site of the NMDA receptors but rather
would mobilize an unidentified, intracellular, Ca?* homeo-
static process (8). Thus, the mechanism of action of NO at the
NMDA receptor remains controversial. The aim of the
present study was to further examine this issue in cerebellar
granule cells. These neurons were chosen because they have
been shown to display a particularly elevated NO synthase
activity upon NMDA receptor stimulation (9, 10).

In the studies mentioned above, NMDA responses were
mainly examined by using intracellular Ca* monitoring and
macroscopic NMDA current recordings. Here, we extended
these investigations on NMDA single channels by using the
outside-out configuration of the patch-clamp technique. We
found that NO blocks NMDA receptors via voltage-dependent
and -independent mechanisms, suggesting actions on the
pore of the receptor-channel complex and on channel gating
processes. Moreover, this NO-induced inhibition involved di-
valent ions.

Materials and Methods

Granule cell cultures. Primary cultures of granule cells were
prepared as described previously (11). Briefly, cerebella were re-
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moved from postnatal 6-7-day-old mice (Iffa-Credo, Lyon, France).
The cells were gently dissociated in culture medium with a fire-
narrowed Pasteur pipette, and the homogenate was centrifuged at
500 rpm. The pellet of cells was resuspended and plated (1.5 X 10°
cells/dish) in 35-mm-diameter culture dishes (Falcon, Lincoln Park,
NJ) that had been previously coated with poly-L-ornithine (16 ug/ml;
M, 40,000). Culture medium was composed of a 1:1 mixture of Dul-
becco’s minimal essential medium and F-12 nutrient, supplemented
with 30 mM glucose, 256 mM KCl, 2 mM glutamine, 3 mM sodium
bicarbonate, 5§ mM HEPES buffer, decomplemented 5% calf serum
and 5% horse serum (both from GIBCO), 100 IU/ml penicillin, and
100 pg/ml streptomycin.

The relatively high KCI concentration reduced glial cell outgrowth
and improved neuronal survival. Under these conditions, these cul-
tures have been shown to be highly enriched in neurons, which form
many mature and functional synapses (11). Granule cells were iden-
tified as 5-10-um round cells with thin long neurites. This cell type
represented 95% of cells in our cultures. Recordings were performed
after 7-10 days in vitro.

Electrical recordings and analyses. For patch-clamp record-
ing, the culture medium was replaced by a solution containing 140
mM NaCl, 3 mM KCl, 1 mMm CaCl,, 10 mm HEPES, 1 uM glycine, and
0.3 uM tetrodotoxin, pH 7.4. The recording pipette solution contained
140 mmM CsCl, 0.5 mM CaCl,, 5 mM EGTA, and 10 mM HEPES, pH
7.2, unless specified in the text or figure legends. Whole-cell and
unitary currents were recorded using a List EPC-7 amplifier and
were stored on VHS videotape after 16-bit digitization at 44 kHz,
with a pulse code modulator (Sony PCM-701). Whole-cell currents
were then filtered at 200 Hz and digitized at 1 kHz. Unitary currents
were filtered at 1 kHz and digitized at 3 kHz. Analyses of these
currents were performed using the pClamp 5.5 program (Axon In-
struments). Macroscopic NMDA currents were measured at their
initial peak amplitude (before desensitization of the response).

For single-channel recordings, the threshold for detection of open-
ing and closing transitions was set at 50% of the open level of each
event. Data were thus reduced to values corresponding to open time,
close time, and amplitude. These values provided a way of calculat-
ing open probabilities (NP,), open times, and amplitude distribu-
tions. For a given level of channel opening, the integrated time
during which the channels stayed open was divided by the duration
of the NMDA application and this calculation gave the value NP,,
where N is the putative number of recorded channels and P, is the
open probability of each channel. Mean amplitude of unitary cur-
rents was calculated using a Gaussian relation fitted to amplitude
histograms by the least-squares method. For statistical analyses we
used Student’s ¢ test, with p < 0.05.

Drug preparation and perfusion. NO was supplied by means
of the NO donors SIN-1, SNOC, ISDN, and SNAP. Drug solutions
were prepared in the aforementioned external medium and the pH
was adjusted to 7.4. We previously showed that a 1 mM solution of
SIN-1 continuously generates NO over a period of at least 8 hr, under
physiological conditions (6). The SNOC solution was prepared by
mixing NaNO, and cysteine (both at 100 mM) in acidified (pH 2)
deoxygenated distilled water. The solution was then diluted 1000-
fold in normal buffered incubation medium. We previously showed
that this final solution still contained NO and did not modify the pH
(7.4) of the buffered incubation medium (6).

Control and drug solutions (except SNOC, for reasons described
below) were applied using a rapid perfusion system. The delay to
reach concentration-clamp conditions was <30 msec. This was esti-
mated as follows: a solution containing Cl~ ions was switched to a
Cl~-free solution and the recorded direct current shift measured the
change in diffusion at the tip of a recording pipette filled with Cl-.
Because of rapid desensitization of NMDA receptors, such a fast
perfusion system was necessary to adequately record whole-cell
NMDA currents.

The SNOC solution, when used 16 min after preparation, elicited
inward currents that could be blocked by selective NMDA receptor
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antagonists (carboxypiperazin-4-yl-propyl-1-phosphonic acid or MK-
801, both at 10 uM). Similar NMDA receptor agonistic effects on
NMDA single-channel NP, values were observed with the SNOC
solution. Similar agonistic responses were also observed with pure
cysteic acid-containing solution. Therefore, the agonistic effects of
the SNOC solution probably resulted from the release of cysteine,
which was rapidly oxidized to cysteic acid. Because of its short
lifetime, SNOC could be tested only on outside-out patches, as fol-
lows. Fresh SNOC solution was prepared and rapidly applied, in the
presence of NMDA, by means of a Pipetman. The effect of the NO
donor on the NMDA single-channel conductance was then measured.

Peroxinitrite (ONOO™) solution was prepared according to the
method previously described by Hughes and Nicklin (12). Briefly,
ONOO™ was synthesized by adding H,0, at acidic pH to NaNO,. The
reaction was quenched with NaOH and excess H,0, was removed
with activated MnO,. The solution was filtered three times and
stored at —80°. The ONOO™ concentration (70 nM) of this stock
solution was measured photometrically at 302 nm in 1 N NaOH.

Stable recordings could be obtained in the presence of external
EDTA, TPEN, or EGTA for periods of time short enough (<5 min) to
preserve membrane integrity and long enough to measure the effects
of these metal-chelators on NMDA currents, in the absence and
presence of SIN-1.

NO production measurements. Production of NO by SIN-1 was
measured using the method of Ignarro et al. (13), as described pre-
viously (6). Briefly, the method is based on diazotization of sulfanilic
acid by NO, at acidic pH, followed by a coupling reaction with
N<(1-naphthyl)ethylenediamine. This leads to the formation of a
colored compound, the absorbance of which was measured by spec-
trophotometry.

cGMP measurements. cGMP formation was measured as de-
scribed previously (6). Briefly, cultured neurons grown in 12-well
dishes for 1-2 weeks were washed two times with 1 ml of Krebs
bicarbonate buffer (3.5 mM KCl, 124 mM NaCl, 1.25 KH,PO,, 26.3
mM NaHCOg, pH 7.4), pre-equilibrated with 95% 0,/6% CO,, and
then incubated for 5 min in this medium. Neurons were stimulated
for 2 min with the indicated concentration of drugs in the same
medium containing 1 mM 3-isobutyl-1-methylxanthine. The incuba-
tion was stopped by replacing the medium with 0.6 ml of 95%
ethanol/6% formic acid. The cellular content of cGMP was deter-
mined by radioimmunoassay.

Materials. All divalent ions were used as chloride salts. Pharma-
cological agents used in this study were obtained from the following
sources. NMDA receptor agonists and antagonists were from Tocris
Neuramin (Bristol, England). SNAP was from TEBU (Le Perray en
Yvelines, France), and SIN-1 and SIN-1C were generously donated
by Hoechst Laboratories (Paris, France). TCEP was from Interchim
(Asnieres, France). All other compounds were of the highest grade
from Sigma (Saint-Quentin-Fallavier, France).

Results

Blocking effects of SIN-1 on NMDA currents. Bath
application of SIN-1 decreased the amplitude of the whole-
cell NMDA current recorded (Fig. 1A). The effect was dose
dependent, with inhibitions of 17 = 4% (mean * standard
error, n = 10), 44 *= 5% (n = 20), and 83 * 7% (n = 10) with
drug concentrations of 100 uM, 1 mM, and 10 mM, respec-
tively, at a membrane potential of —80 mV. As shown in Fig.
1B the effect was present at all membrane potentials but was
more pronounced at negative than positive potentials. The
action of SIN-1 appeared within <1 sec, was rapidly revers-
ible (<5 sec), was reproducible upon successive applications
of the drug, and was antagonized by the potent NO-chelator
hemoglobin (10 uMm) (data not shown).

In outside-out patches, two effects of SIN-1 were observed,
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Fig. 1. SIN-1-induced reversible inhibition of NMDA receptors. A, Whole-cell currents elicited by NMDA (100 um) applications (horizontal bars) at
—80 mV. B, NMDA current-voltage relations, all obtained in the same cell. C, Outside-out recordings of unitary NMDA currents obtained at +60
mV (upper traces) and —80 mV (Jower traces), under control conditions (feft traces) and in the presence of 10 mm SIN-1 (right traces). Thick
horizontal bars, NMDA (100 uMm) applications. Note the decrease in the number of opening levels (thin horizontal bars) at both potentials and in the
unitary current amplitude at —60 mV, in the presence of SIN-1. D, Current-voltage relations for NMDA unitary currents, obtained from five

outside-out patches (mean * standard deviation).

i.e., a voltage-independent decrease in the open probability
(NP,) of NMDA channels and a voltage-dependent decrease
in their conductance. Thus, 51 = 10% and 50 *+ 13% (n = 11)
decreases in NP, were observed with 1 mM SIN-1 at +40 mV
and —80 mV, respectively (Fig. 1C). SIN-1 also induced a
reversible and dose-dependent reduction in the amplitude of
unitary NMDA currents, but only at negative membrane
potentials (Fig. 1C). Thus, decreases in NMDA channel con-
ductance from 39 + 2 pS(n = 30)t0 27 * 1 pSand 12 + 2 pS
were observed at —80 mV in the presence of 1 mM and 10 mm
SIN-1 (n = 10), respectively (Fig. 1D), without any significant
change in the mean open time of the channel (Fig. 2, A-D).
This effect was reversed by hemoglobin (10 um) (Fig. 2E).
Neither SIN-1C (up to 10 mM), the breakdown product of
SIN-1 (14), nor the NO degradation products nitrite and
nitrate (sodium salts, both at 10 mM) affected macroscopic or
unitary NMDA currents. In addition to producing NO, SIN-1
has been reported to generate superoxide anions (O, 7),
which can react with NO and H* to generate ONOO ™ anions
and hydrogen peroxide (H,0,), respectively (15). The
ONOO™ anions, at up to 700 uM, did not affect NMDA cur-
rents. Superoxide dismutase and catalase (100 units/ml
each), which prevent O,-~ and H,0, accumulation, respec-
tively, did not significantly modify the SIN-1 inhibitory effect
on macroscopic NMDA currents. Moreover, H,0,, at up to

100 uM, did not significantly modify the effect of SIN-1 on
these currents (data not shown). Together, these observa-
tions suggested that SIN-1 inhibited NMDA receptors
through generation of NO.

Blocking effects of other NO donors on NMDA cur-
rents. SNAP (0.1 and 1 mM) and ISDN (10 mM) reproduced
the effects of SIN-1 on macroscopic NMDA currents (Fig. 3, A
and B). SNAP displayed potency similar to that of SIN-1,
whereas ISDN was markedly less potent. SNAP and ISDN
solutions left for at least 72 hr in open vials at room temper-
ature, as well as penicillamine (1 mm), the breakdown prod-
uct of SNAP, did not affect these currents. Because of tech-
nical difficulties (see Materials and Methods), SNOC could be
tested only on unitary NMDA currents. A decrease in the
single-channel conductance was observed, but only at nega-
tive potentials (Fig. 3C). Neither cystine nor cysteic acid
(both at 1 mm), the breakdown products of SNOC (14), af-
fected NMDA single-channel conductance.

Evidence that NO did not alter the redox, glycine, or
pH modulatory sites of the NMDA receptor. Irreversible
alkylation of the NMDA receptor sulfhydryl residues was
performed by means of the following treatment. Neurons
were exposed for 5 min to the reducing agent DTT (5 mm).
They were then washed with normal solution for 5 min,
treated for 3-5 min with NEM (5 mm), and finally washed
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Fig. 2. Effects of SIN-1 on the conductance but not open time of NMDA channels. A-D, Amplitude (A and B) and open time (C and D) histograms
for unitary NMDA currents recorded in the same outside-out patch at —100 mV, in the absence and presence of 1 mm SIN-1, as indicated. Peak
amplitude values were —3.85 * 0.7 pA, —7.06 * 0.6 pA, and —10.39 + 0.6 pAin Aand —2.32 + 0.4 pA and —4.57 * 0.4 pA in B. The 0-mV peak
amplitude level (closed level) was discarded from these histograms. Note the significant decrease in the amplitude of the first two levels in the
presence of SIN-1, indicating a decrease in the conductance of the channels. The disappearance of the third open level in the presence of SIN-1
further indicates a decrease in the NP, of the channel. Open time histograms were fitted with double-exponential curves of the following time
constants: 2.33 msec and 13.86 msec (C) and 1.97 msec and 13.13 msec (D). E, NMDA unitary currents recorded from the same outside-out patch
under the conditions indicated. The holding potential was —100 mV. Note the suppression of the SIN-1 inhibitory effect on the current amplitude
by hemoglobin (Hb). Similar results were obtained in five other outside-out patches.

again with normal solution. Effective reduction of disulfide
bonds was confirmed by the significant potentiation (51 *
11% increase at —80 mV, n = 5) of whole-cell NMDA currents
induced by this treatment (Fig. 4) (16, 17). This treatment
did not significantly alter the inhibitory effect of SIN-1 on
NMDA currents at either negative or positive potentials (Fig.
4; Table 1). Similar results were obtained with a TCEP/NEM
(0.5 mM/1 mM, 12 min/6 min) treatment (data not shown).

Glycine, at micromolar concentration, interacts at an ex-
ternal allosteric site of NMDA receptors to potentiate NMDA
responses in various preparations (18, 19). In our prepara-
tion, increasing the glycine concentration from 0.01 to 10 um
potentiated NMDA responses by 207 *+ 12% (n = 6). Glycine,
in the same cells, did not significantly modify the inhibitory
effect of 1 mM SIN-1 (Table 1).

Acidic and alkaline solutions have been shown to inhibit

and potentiate NMDA currents, respectively (20). In our
cultures, switching from pH 7.4 to pH 6.8 or pH 8.0 decreased
NMDA currents by 64 * 9% or increased them by 85 *+ 10%,
respectively (n = 5). In the same cells, the inhibitory effect of
SIN-1 on NMDA currents was not significantly modified by
such treatments (Table 1).

Role of external divalent cations on NO-mediated
inhibition of NMDA receptors. An inhibitory effect of
Zn%* on NMDA receptors has been described in cortical (21)
and hippocampal (22) neurons. We found that it was also
present in cerebellar granule cells. In our preparation, Zn%*
decreased whole-cell NMDA currents in voltage-dependent
(data not shown) and dose-dependent (Fig. 5A) manners. As
shown in Fig. 5, the inhibitory effects of this metal ion and
SIN-1 were not additive. Thus, at a membrane potential of
—80 mV, both 5 uM Zn%* and 2 mm SIN-1 inhibited 45 + 5%
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Fig. 3. Inhibition of NMDA receptors induced by various NO donors.
Current-voltage relations for NMDA whole-cell (A and B) and unitary (C)
currents obtained in the absence (controis) and presence of SNAP (A),
ISDN (B), and SNOC (C) are shown. A and B were obtained from two
different cells representative of 10 others. In C, each value represents
the mean * standard deviation of five experiments.

of the NMDA current when applied separately, in the same
cells (n = 7). They blocked the NMDA current by 567 * 5%
when applied together in these cells. This inhibition was
significantly smaller than the theoretical additive inhibition
of Zn?* and SIN-1 (90%) (Fig. 5A).

In cerebellar granule cells (present study), as in other
preparations (23, 24), external Mg?* decreased whole-cell
NMDA currents in voltage-dependent (data not shown) and
dose-dependent (Fig. 6B) manners. Similarly to Zn?*, this
inhibitory effect of Mg®* was not additive with that of SIN-1
(Fig. 6B). Thus, in seven cells tested, 2 mM SIN-1 and 20 um

Mok Mﬂ

Control  SIN-1 Wash Control  SIN-1 Wash

Fig. 4. Absence of interaction between NO and the redox modulatory
site of the NMDA receptor. Whole-cell NMDA currents were recorded
before (left traces) and after (right traces) a DTT/NEM treatment (5 mm/5
mwm, 5 min/5 min), in the same cell, at +60 mV (upper traces) and —80
mV (Jower traces). Note the slight increase in the control NMDA current
after the DTT/NEM treatment, indicating a reduction of the receptor.

Note that the inhibitory effects of SIN-1 (1 mm) were identical before and
after the redox treatment. Horizontal bars, NMDA (100 um) applications.

Mg2* inhibited 46 + 4% and 60 + 3% of the NMDA current,
respectively. When applied together in these same cells,
these agents inhibited 67 = 2% of the current, which was
significantly different from the arithmetic sum of the inhib-
itory effects of Mg?* and SIN-1 (100%) (Fig. 5B).

Fe?*-containing solution, prepared with FeSO, (up to 30
uM), inhibited NMDA currents (up to 17 + 3%, n = 7),in a
dose-dependent manner (Fig. 5C). In the same cells, the
inhibitory effect of SIN-1 (1 mM) on these currents was addi-
tive with the effect of Fe?* ions (41 * 3% inhibition with
SIN-1 alone and 53 + 4% inhibition with SIN-1 plus Fe?*)
(Fig. 5C). The mechanism of the blocking effect of Fe?* alone
on NMDA channels was not studied.

Requirement for external divalent ions for the NO-
induced inhibition of NMDA receptors. The divalent
ion-chelators EDTA (0.5 mm) (Fig. 6A), TPEN (0.1 mm) (Fig.
6B), and EGTA (0.5 mM) (data not shown) increased macro-
scopic NMDA currents at negative membrane potentials.
These observations suggested the presence of trace concen-
trations of inhibitory divalent ions in our normal external
solution. We compared the actions of SIN-1 on NMDA cur-
rents in this external medium (1 mmM Ca?* and no added
Mg?*) and in solutions (no Ca?* and no Mg®* added) where
putative trace concentrations of divalent ions had been che-
lated by means of EDTA (0.5 mm), TPEN (0.1 mm), or EGTA
(0.5 mM). The inhibitory effects of SIN-1 (1 mM) on macro-
scopic NMDA currents were markedly reduced in the pres-
ence of EDTA (Fig. 6A; Table 1) or EGTA (Table 1) and were
almost abolished in the presence of TPEN (Fig. 6B; Table 1).

EGTA (data not shown) and TPEN (Fig. 6D) also slightly
increased, in a voltage-dependent manner, the amplitude of
unitary NMDA currents, without significantly affecting the
NP, values of the channels. We tested the effect of SIN-1 on
NMDA channels under the same conditions as for NMDA
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TABLE 1
Interactions between various NMDA receptor modulatory sites and SIN-1

Values represent percentage inhibitions of whole-cell NMDA currents induced by 1 mm SIN-1 under control and test conditions, at —80 mV. Control and test conditions
are defined as follows. For glycine experiments, controis and tests were performed in the presence of 0.01 and 10 um glycine, respectively. In redox experiments,
control and test values were obtained before and after the DTT/NEM treatment described in the text. For pH experiments, controls were performed at pH 7.4 and tests
at pH 6.8 and 8.0, in the same celis. A Ca?*- and Mg?*-free medium was used for EDTA, TPEN, and EGTA experiments. The control solution contained SIN-1 alone,
and test solutions contained SIN-1 and either 0.5 mm EDTA, 0.1 mm TPEN, or 0.5 mm EGTA. For each column, control and test values were obtained from the same
celis.

Fagni et al.

Glycine Redox pH 6.8 pH 8.0 EDTA TPEN EGTA
Control (% inhibition) 47 =7 53+6 46 =5 46 =5 425 42 +5 40 +3
Test (% inhibition) 45+ 5 61x7 50+6 414 7 17 +3 6+2 21+3
Number of cells 6 5 5 5 6 6 8
Student’s t test NSD* NSD NSD NSD sD? SD SD

« NSD, not significantly different.
b SD, significantly different (Student's t test, p < 0.05).

macroscopic currents described above. The voltage-depen-
dent inhibitory effects of SIN-1 on the amplitude of NMDA
unitary currents were almost abolished in the presence of
EDTA (Fig. 6C), EGTA (data not shown but similar to those
for EDTA), or TPEN (Fig. 6D). The voltage-independent ef-
fect of SIN-1 on the NP, value of NMDA channels was also
significantly reduced in the presence of the ion-chelators.
Hence, the SIN-1-induced decrease in NP, was only 11 + 4%
(n =25),19 = 5% (n = 5), and 3 * 2% (n = 5) in the presence
of EDTA, EGTA, and TPEN, respectively.

The production of NO by 2 mm SIN-1, measured at physi-
ological pH in the absence of divalent cations, was not sig-
nificantly modified by either EDTA (6 + 3% decrease), TPEN
(5 = 3% decrease), or EGTA (3 *+ 2% decrease, triplicates in
three experiments). Consistent with this observation, the
activation of guanylate cyclase by 30 uM SIN-1 (formation of
11 * 1 pmol of cGMP/well under control condition) was not
affected by either TPEN (formation of 14.5 * 1 pmol of
c¢GMP/well), EDTA (formation of 10 *+ 1 pmol of cGMP/well),
or EGTA (formation of 12.5 * 1 pmol of cGMP/well, tripli-
cates in two experiments).

Evidence that NO inhibits NMDA receptors by act-
ing preferentially from outside the membrane. Whole-
cell recordings were performed with patch pipettes filled with
a solution containing 10 mM SIN-1, 0 mM EGTA, and 0 mm
Ca2*, to optimize the action of NO (Fig. 7). These cells were
abundantly washed with normal external solution to elimi-
nate NO molecules in the immediate extracellular environ-
ment. Under such conditions, the NMDA current slowly de-
clined. After 15 min, the current amplitude measured at —80
mV stabilized at 48 + 6% (n = 6) of the current amplitude
recorded 30 sec after rupture of the membrane patch. We
tested the effect of an external application of 10 mM SIN-1 in
the same cells. SIN-1 inhibited the remaining NMDA current
to 25 + 5% of its original value. This effect appeared within
the first 5 sec and was fully reversible upon wash-out of
SIN-1.

Discussion

Two reversible actions of NO on NMDA channels of cere-
bellar granule cells were observed here, i.e., a voltage-depen-
dent decrease in the channel ionic conductance and a voltage-
independent blockade of gating processes. These effects of
NO did not involve the redox, pH, or glycine modulatory sites
of the receptor. On the other hand, our results suggest that
NO may act on the receptor in association with divalent ions.

Among the various NO donors that we tested, SIN-1,

SNAP, and ISDN appeared to be most suitable for the study
of the mode of action of NO at NMDA receptors, because their
breakdown products were inactive at these receptors. SIN-1
and SNAP were also the most potent in inhibiting NMDA
currents. Hess et al. (25) have estimated that, 10 min after
preparation, a solution of 1 mM SIN-1 yields a plateau of
about 5 uM NO, under physiological conditions. Based on our
previous studies, one can assume that such a final NO con-
centration should be stable for up to 8 hr (6). The NO donor
glycerol trinitrate (data not shown) was not suitable for the
present study because of a strong inhibitory effect of glycerol
itself on the alcohol-sensitive inhibitory site of the NMDA
receptor (26). We also observed that, at physiological pH,
SNOC solution rapidly decomposes and displays potent
NMDA receptor agonistic properties (see Materials and
Methods).

Because the inhibitory effects of SIN-1 could be observed in
excised patches, it is likely that NO inhibited NMDA cur-
rents by acting directly on the NMDA receptor-channel com-
plex. This finding corroborated our previous conclusion (6).
Here, we further examined whether the site of action of NO
was in an outer or inner domain of the receptor. The slower
and less potent effect of internally applied NO, compared
with external application, suggested an external location for
the site of action of NO on the NMDA receptor.

In cortical neurons, NO has been proposed by Lei et al. (7)
to irreversibly block NMDA receptors by acting on the so-
called redox modulatory site of the receptor. In the same
neurons, Hoyt et al. (8) reported that ISDN had no direct
effect on whole-cell NMDA currents, probably because the
concentration of ISDN (1 mM) used in that study was not
sufficiently high. However, the same concentration of ISDN
was sufficient to block the NMDA-stimulated increase in the
intracellular Ca%* concentration. Those authors supported
the hypothesis that this effect of NO was independent of the
redox modulatory site of the NMDA receptor. We reached the
same conclusion, on the basis of the following observations.
(i) We found that reduction of disulfide bonds and irrevers-
ible alkylation of thiol groups of the redox modulatory site did
not affect the inhibitory action of NO on NMDA currents. (ii)
In our preparation, alterations of NMDA responses by NO
were rapidly reversible, whereas redox treatments are slowly
or not reversible (7, 27). (iii) We found that NO decreased the
NMDA channel conductance without affecting its mean open
time. On the other hand, modification of the redox state of the
NMDA receptor changes the mean open time of the channel
without affecting its conductance (17). (iv) We did not find
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Fig. 5. Nonadditive inhibitory effects of SIN-1 and Zn?*, Mg?*, or Fe?*
on NMDA currents. The graphs show percentage inhibitions of whole-
cell NMDA currents induced by increasing concentrations of Zn?* (A),
Mg?* (B), or Fe?* (C), in the absence (®) and presence (O) of 1 mm
SIN-1. Each value represents the mean * standard deviation of seven
experiments. A, Theoretical additive inhibitions induced by SIN-1 and
either Zn?* (A), Mg?* (B), or Fe?* (C). Note the difference between the
theoretical and experimental (O) curves in A and B but not in C.

any significant effect of NO on the pH sensitivity (present
study) or ligand binding affinity of the NMDA receptors (6),
whereas these receptor properties are modified by mutation
of the redox site of cloned NMDA receptors (28).

Different NMDA receptors are expressed in the mamma-
lian brain. Each channel appears to be composed of the
principal NR1 subunit and at least one of four NR2 subunits
(NR2A, -2B, -2C, and -2D). The different NR1/NR2 receptors

1245

A 1 (pA) C 1 A)
600 P
Whole-cell Outside-out 2
300 4
40 .50 -40 0 40
v (mV) s vV @v)
@ Control 1 @ Control
0 SIN-1 “2{ osIN1
4 EDTA 1 a EDTA
4 SIN-1+EDTA .4J 4 SIN-14EDTA

1 (pA) 1 (pA)
B 3004 D 49
Whole-cell 1 Outside-out :
1504 2-
40 80 -40 O 40
T view e TV (mV)
@ Control 2{® Control
| osiNa | osiNa
.300 & TPEN J ATPEN
A TPEN+SIN-1 A TPEN+SIN-1

Fig. 6. Antagonism by EDTA (0.5 mm) and TPEN (0.1 mm) of SIN-1 (1
mM) inhibitory effects on macroscopic and unitary NMDA currents.
Current-voltage curves for whole-cell (A and B) and unitary (C and D)
NMDA currents were recorded under the different conditions indicated.
A and B were obtained from two different cells representative of 10
others. In C and D, each value represents the mean + standard devi-
ation of six or five experiments, respectively.
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Fig. 7. Evidence for an extracellular site of action of NO on NMDA
receptors. The current-voitage relations for whole-cell NMDA currents
recorded with a patch pipette containing 10 mm SIN-1 and no EGTA/
Ca?* are shown. @, Curve obtained 30 sec after the whole-cell config-
uration was established. A and O, Curves obtained from the same cell
at the indicated times. [J, Curve obtained 20 min after a 5-20-sec
perfusion with 10 mm external SIN-1, in the same cell. Similar results
were obtained in four other cells.

display distinct properties, regulation, and developmental
distribution (29). The reducing agent DTT produces both
reversible and irreversible potentiations of NRI/NR2A chan-
nels, whereas it elicits only irreversible potentiation of the
NRUNR2B and NRUNR2C channels (28, 30). In both our
preparation and cortical neurons (7, 16), DTT induced only a
persistent potentiation of NMDA responses, suggesting ex-
pression of NMDA receptors with similar redox sites (NRV/
NR2B and/or NRUNR2C receptor types) in both prepara-
tions. What could explain these distinct modes of action of
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NO in our preparation and that of Lei et al. (7)? One reason
could be tissue-specific patterns of post-translational modifi-
cation of NMDA receptors. Nevertheless, as mentioned
above, Hoyt et al. (8), who used the same preparation as did
Lei and colleagues, also found that NO did not interact with
the redox site of NMDA receptors in these cells. A second
explanation could be that different NO forms (NO-, NO*, and
NO™) (31) were present under our experimental conditions
and those of Lei and colleagues, due to the use of different NO
donors and redox environments. However, like Lei and col-
leagues we used different types of NO donors. Moreover, the
same NO donor, SNOC, was used in both studies. Given the
discrepancies between these results, further speculation
must await specific studies on mutated NMDA receptors.

We found that neither the glycine nor pH modulatory sites
of the NMDA receptor were involved in the receptor blockade
by NO. This conclusion is further supported by the fact that,
unlike NO (present study), protons do not affect the NMDA
channel conductance (22) and do modify the properties of the
glycine modulatory site (20) in cerebellar granule cells.

NMDA receptors are sensitive to external divalent ions
such as Zn%* (21, 32) and Mg?* (23, 24). According to those
authors, Zn%* ions induce both voltage-dependent and -inde-
pendent inhibitory effects, whereas Mg?* induces only a volt-
age-dependent block of the channel in various neuronal prep-
arations. We found similar actions of these ions in cerebellar
granule cells (data not shown). The voltage-independent
block by Zn?* is thought to involve an allosteric site located
on the extracellular domain of the NMDA receptor, whereas
the voltage-dependent inhibitory effects of both Zn?* and
Mg?* may reflect a direct channel block.

Striking similarities exist between the voltage-indepen-
dent actions of Zn?* and NO. (i) Neither Zn?* nor NO acted
at NMDA channels as a classical open-channel blocker, be-
cause their effects were not entirely voltage and use depen-
dent. This contrasts with typical NMDA channel blockers
such as Mg?* (23, 24) or MK-801 (33). (ii) Although both NO
(34) and Zn?* (36) preferentially interact with sulfhydryl and
imidazole groups of cysteines and histidines (e.g., “zinc fin-
gers”), neither of these agents seems to block NMDA recep-
tors by interacting with exposed sulfhydryl groups, at least in
cerebellar granule cells (Ref. 22 and present results). Al-
though these comparisons per se do not at all prove a link
between the sites of action of Zn?* and NO, they strongly
suggest that these agents block NMDA receptors via common
mechanisms. We also found nonadditive inhibitory effects of
NO and Mg?* on NMDA responses. As for Zn?*, this result
suggests a common step in the action of NO and Mg?*.

The substantial decrease in the inhibitory effect of SIN-1
observed after removal of external divalent ions by EDTA,
EGTA, or TPEN indicates that divalent ions were required
for this action of NO. TPEN was the most potent of these
ion-chelators in inhibiting the action of NO on NMDA cur-
rents (Table 1). It is also the one that displays the highest
pK, values for heavy metal ions and the lowest pK, values for
Ca?* and Mg?* (Table 2). Conversely, EGTA was the least
potent in antagonizing the action of NO (Table 1) and showed
the lowest pK, values for metal ions and the highest values
for Ca2* (Table 2). This suggests that trace concentrations of
heavy metal ions were involved in this effect. The absence of
additive effects of SIN-1 and Zn?*, compared with the addi-

Fagni et al.

TABLE 2
Apparent pK, values of metal ion-chelators for various divalent
ions

Data are from Refs. 41-43.

pK,
EDTA EGTA TPEN
mg?* 5.4 5.2 1.7
Ca?* 7.3 11.0 44
Mn2* 10.7 12.3 10.3
Fe?* 10.9 11.8 14.6
Zn?* 13.1 12.9 15.6
Cu?* 18.8 17.7

tive effects of SIN-1 and Fe?*, suggested that zinc rather
than iron was a likely candidate.

Aqueous FeZ* ions favor the conversion of NO* to NO- and
of NO- to NO~. Our iron-containing solutions did not modify
the action of SIN-1, suggesting that the release of NO* by
NO donors might not be a prerequisite for the inhibition of
NMDA receptors.

An open-channel block of NMDA receptors by divalent
cations has been shown to correlate with the water substitu-
tion rate in the inner coordination sphere of the divalent
cation. The dehydration rate for Ca®* (5 X 10° sec™!) is much
higher than those for Zn?* (5 X 107 sec™!) and Mg?* (10°
sec”!) (36). Thus, Ca%?* permeates NMDA channels and
Mg?* induces a slow channel block, indicated by a flickering
activity of the channel. Low concentrations of Zn?* induce a
fast channel block, so that unresolved blockages give rise to
an apparent reduction in the channel conductance. As with
Mg2*, higher concentrations of Zn?* (e.g., 100 uM) produce a
flickering activity of NMDA channels (22). We found that
these rules also apply to cerebellar granule cells (data not
shown). It is worth noting that NO, like low concentrations of
the fast open channel blocker Zn2*, decreased NMDA uni-
tary current amplitude in a voltage-dependent manner, with-
out production of flickering activity.

The NO- and NO~ congeners can form metal-NO com-
plexes (31, 37). Therefore, an attractive hypothesis would be
that such complexes formed and behaved as open channel
blockers on NMDA channels. However, we found additive
effects of SIN-1 and Fe?*, indicating that the action of SIN-1
was not potentiated by iron ions. This observation is in con-
tradiction to the hypothesis of NMDA channel block by
iron-NO complexes. Nevertheless, this does not exclude the
possibility that another metal could be involved. Altogether,
our findings support the hypothesis of an allosteric action of
NO on the NMDA receptor facilitating both voltage-depen-
dent and -independent receptor blockade by Zn%*.

In conclusion, other studies have shown facilitation of both
NMDA currents (38) and glutamate-induced neurotoxicity
(39) by EDTA in cultured neurons, suggesting that activation
of NMDA receptors induces neuronal release of divalent ions,
which in turn block these receptors. Because NO is also
released upon NMDA receptor stimulation, our observations
suggest that NO blocks the NMDA receptors in combination
with released divalent ions.

The voltage-dependent and -independent effects of NO on
the NMDA receptor would provide an original negative feed-
back regulation of receptor activity, which could take place
whatever the membrane potential of the neuron. The voltage-
independent block of NMDA receptors by NO would be par-
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ticularly interesting under conditions where the voltage-
dependent block of NMDA receptors by Mg?* is less effective
(40). The ionic dependence of NO inhibitory effects on NMDA
receptors may have some physiological importance, because
both NO and Zn?* can be present at some synapses.
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