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SUMMARY
Nitrendipine and other dihydropyndine voltage-sensitive calcium
channel(VSCC) antagonists have been demonstrated to possess
anticonvulsant and neuroprotectant activity in a variety of model
systems. Likewise, antagonists of the N-methyl-D-aspartate
(NMDA)glutamate receptor subtype act as potent anticonvulsant
and neuroprotective agents. Both VSCC and NMDA antagonists
exert their effects by inhibiting the neuronal influx of calcium
associated with activation of VSCCs or the NMDA receptor,
respectively. Although results that provide evidence for cross-
reactivity between compounds acting at dihydropyridine-sensi-
tive VSCCs and the NMDA receptor-channel complex have been
reported, direct modulation of NMDA receptor function by dihy-
dropyndines has not been demonstrated. In the present investi-
gation, we report that nanomolar concentrations of nitrendipine
reduced NMDA/glycine-evoked calcium flux and single-channel
current in mouse cerebellar granule cell cultures. As measured
with the calcium-specific probe indo-1 , nitrendipine (0.1 -1 0 �M)
attenuated inward calcium flux evoked by bath application of
NMDA (1 00 �sM) and glycine (1 00 SM), in a concentration-de-

pendent (IC50, 0.56 ± 0.21 �a,�i; 95% confidence interval, 0.19-
1 .3 �M) and reversible manner. Over a similar concentration
range (0.01 -1 00 SM), nitrendipine also inhibited the binding of
[3H]MK-801 to mouse cortical and hippocampal membranes
(IC50, 0.56 ± 0.12 �M; 95% confidence interval, 0.37-0.84 SM).
Finally, nitrendipine concentration- and voltage-dependently re-
duced the frequency of NMDA (1 0 �LM)- and glycine (1 ILM)-
evoked single-channel openings and bursts recorded from ex-
cised outside-out patches of mouse cerebellar granule cells.
These results indicate that nitrendipine suppresses NMDA/gly-
cine-mediated calcium influx by a rapid and direct interaction
with the NMDA receptor-channel complex. Furthermore, these
results suggest that the interaction of nitrendipine with the NMDA
receptor-channel complex is not tissue specific and probably
does not require participation of calcium-dependent second mes-
senger systems. Together, the data presented here support the
novel hypothesis that nitrendipine may exhibit anticonvulsant
and neuroprotectant activity via the combined ability to modulate
both NMDA-associated ion channels and L-type VSCCs.

The NMDA-preferring glutamate receptor plays a major role
in physiological events such as learning and memory and path-

ological events such as seizures, epileptogenesis, and ischemia.
Predictably, NMDA antagonists have been shown to possess

anticonvulsant, antiepileptic, and neuroprotective activity and
to impair formation of long term potentiation and memory (1-
3). One way in which NMDA antagonists exert these effects is
by attenuating the increase in [Ca2�]1 that is associated with
glutamate/glycine-mediated activation of the NMDA receptor.

The NMDA receptor is permeable to calcium, potassium,
and sodium ions via an associated channel that is distinct from

conventional voltage-sensitive ion channels. Influx of sodium

through the NMDA channel leads to membrane depolarization
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and subsequent activation of voltage-sensitive channels (4).
Activation of the NMDA receptor thereby promotes inward

calcium flux directly through a ligand-gated channel and mdi-
rectly through VSCCs. Thus, drugs that block the NMDA

receptor (e.g., MK-801) would be expected to attenuate calcium
influx through the NMDA receptor channel. By preventing the

NMDA receptor-mediated membrane depolarization, NMDA
antagonists would also be expected to attenuate calcium influx

through VSCCs by reducing VSCC activation. Conversely,
VSCC antagonists would be expected to maintain the magne-
sium ion voltage-dependent blockade of NMDA-gated calcium

influx by reducing membrane depolarization resulting from
VSCC activation. Hence, NMDA receptor-mediated inward

calcium flux may be attenuated directly by NMDA antagonists
and indirectly by VSCC antagonists.

The DHPs are a class of compounds that either potentiate
(i.e., Bay-K8644) or inhibit (e.g., mtrendipine, nimodipine, and
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nifedipine) calcium influx mediated by the high-threshold L-

type VSCC (1). DHPs have been shown to act as anticonvul-
sants (5-9) and to prevent glutamate-induced neurotoxicity

(10, 11). Although DHP binding affinities have been shown to

correlate well with the ability to diminish calcium influx (12),

DHP binding affinities have not been shown to correlate with
anticonvulsant potency (7). Therefore, direct evidence that the

anticonvulsant activity of the DHPs is due to antagonism of
VSCCs is lacking. Thus, the specific mechanism responsible

for the anticonvulsant action of the DHPs remains unclear.
Studies conducted in the present investigation demonstrate

that the DHP nitrendipine inhibits NMDA/glycine-evoked
calcium influx and reduces NMDA/glycine-evoked average sin-

gle-channel current in patches of primary mouse cerebellar
granule cell cultures. In addition, the results presented in this
report provide evidence that nitrendipine inhibits [3H]MK-801
binding to isolated mouse cortical and hippocampal mem-
branes. The findings presented here may be important for
understanding the anticonvulsant and neuroprotectant mech-
anisms of action of nitrendipine, and possibly other DHPs.

Preliminary results have been reported (13, 14).

Materials and Methods

Tissue culture. Cerebellar granule cells were cultured from 8-day-

old Swiss Webster mouse pups according to the methods of Parks et

aL (15). Briefly, eight dissected cerebella were placed in KRB (contain-

ing, in mM, 114 NaCl, 25 NaHCO3, 11.7 glucose, 5 KC1, 2.6 CaC12, 1.2

MgSO4, and 1.2 KH2PO4, pH 7.4) supplemented with 3 mg/ml BSA.

Tissue was chopped with scalpels and incubated at 37’ for 15 mm with
10 ml of KRB containing 3.5 units/ml trypsin. Trypsin inhibitor (83

�tg/ml) and DNase (1200 units/ml) in 10 ml of KRB were added and
cells were pelleted by centrifugation at 200 x g for 45 sec. Cells were

resuspended by trituration with a Pasteur pipette in KRB supple-

mented with trypsin inhibitor (415 �g/ml) and DNase (600,000 units!

ml) and were pelleted again. Cells were resuspended, pelleted, and
resuspended a third time in KRB alone. A gradient was then formed

by the slow addition of 4% BSA to the bottom of the tube. The 4%
BSA and suspended debris were removed and cells were pelleted at

100 x g for 6 mm. The final pellet was resuspended in modified Eagle’s
basal medium (GIBCO) containing 2 m�i glutamine, 25 m� KC1, 10%

fetal calf serum (Hyclone), and 1% penicillin/streptomycin. Cells were

counted using a hemocytometer and plated onto 25-mm Aclar coverslips

(7.5 x i0� cells/coverslip). Cultures were treated with the antimitotic

agent cytosine fl-D-arabinofuranoside (final concentration, 10 tiM) 20-

24 hr after plating and were maintained in an environment of 95%

humidity and 5% CO2.

Calcium measurements. Individual coverslips with granule cells
(7-9 days in culture) were rinsed in HBSS (containing, in mM, 135

NaC1, 5.8 Na-HEPES, 5.5 glucose, 4.2 HEPES, 4.2 KC1, 1.5 CaC12, 0.34

Na2HPO4, and 0.44 K2HPO4, pH 7.4) for 5 mm and then loaded with
the calcium-sensitive fluorescent probe indo-1/acetoxymethyl ester (5
zM) for 20 mm (37*)� Coverslips were placed in a flow-through cell

chamber attached to the stage of a Nikon Diaphot microscope and were

superfused (1 ml/min; total chamber volume, 0.75 ml) with warmed

(37*) HBSS. The dead time for solution to bath contact was approxi-

mately 7 sec. Experiments were conducted according to the methods of

White et a!. (16), with instrumentation described previously (17).

Briefly, a field of representative cells (>50 cells/field) was selected
from each coverslip and corrected for background fluorescence. The
[Ca211 was estimated from the indo-1 emission ratio (410 nm/480 nm)

as described by White et al. (16) and the formula originally described

by Grynkiewicz et aL (18).

After several seconds of base-line [Ca2�]1 were recorded, calcium
influx was evoked by perfusion for 3 mm with HBSS containing 100

�tM NMDA and 100 zM glycine (NMDA/glycine-HBSS). Cells were

washed for at least 5 mm after each 3-mm application of NMDA/

glycine-HBSS. This wash time between agonist applications was suf-

ficient to ensure that subsequent responses returned to initial control

values. After four to six control responses per culture were obtained
with NMDA/glycine-HBSS alone, the effect of MK-801 and nitrendi-

pine on NMDA/glycine-evoked calcium influx was examined. In these

studies, cells were exposed to NMDA/glycine-HBSS for 1 mm to obtain

a stable level of calcium influx. After 1 mm of NMDA/glycine-HBSS

alone, the perfusate was switched such that the cells were exposed for

an additional 2 mm to NMDA/glycine-HBSS containing MK-801 or

nitrendipine. The [Ca2�]1 obtained after 2 mm of antagonist application
was expressed as percentage of the [Ca2�]1 recorded immediately before

antagonist application (1-mm control). Using this protocol, each coy-

erslip served as its own control. To assess the reversibility of the
nitrendipine effect on NMDA-mediated influx, cells previously exposed

to 1 zM nitrendipine were perfused for 5 mm with HBSS. After this

wash period, cells were perfused with NMDA/glycine HBSS for an

additional 3 mm.

To examine whether treatment with NMDA/glycine-HBSS pro-

duced a significant release of calcium from intracellular stores, cells

were perfused for 2 mm with HBSS that contained no added calcium

(nominally calcium-free HBSS). After several seconds of base-line

[Ca2’]1 were recorded, the cells were perfused for 3 mm with nominally

calcium-free HBSS containing 100 �M NMDA and 100 �tM glycine.
[3H]MK-801 binding assay. Membrane fractions were prepared

from the cerebral cortices and hippocampi of adult CF1 mice according

to the methods of Ransom and Stec (19) and were stored frozen.

Individual membranes were thawed, suspended in ice-cold assay buffer

(5 mM Tris . HC1, pH 7.4), and washed three times to remove excess

glutamate. Membranes were incubated for 1 hr with [3H]MK-801 (2

nM), glutamate (100 SM), glycine (30 MM), and various concentrations

of nitrendipine. Nonspecific binding was determined with 100 �M MK-
801. Binding was terminated by rapid filtration of the membranes on

Whatman GF/B filters (conditioned in 0.05% polyethylenimine for 2

hr). Radioactivity was measured by scintillation counting.

Patch-clamp electrophysiology. External solution consisted of
(in mM) 142 NaC1, 1.5 KC1, 1 CaC12, 10 Na-HEPES, 10 glucose, and

20 sucrose, pH 7.4, with 10 zM picrotoxin and 200 nM strychnine to

block possible -y-aminobutyric acid and glycine chloride currents, re-

spectively. Internal pipette solution consisted of (in mM) 153 CsCl, 10

Cs-HEPES, and 5 EGTA, pH 7.4. Therefore, sodium ions were the

primary charge carriers for NMDA receptor currents. All experiments
were conducted on granule cells (7-10 days in culture). Borosilicate

glass microelectrodes (4-8 MIl) were constructed and excised outside-

out patch-clamp recordings were obtained using techniques described

previously (20, 21). Recordings were obtained with a List Medical

Instruments EPC-7 amplifier and digitized [at 20 kHz using Axotape

(Axon Instruments) with a 2-kHz eight-pole Bessel filter interposed].

System dead time was 90 �sec and system rise time (10-90%) was 170

�sec. Patch membranes were voltage-clamped at -75 or +50 mV and

experiments were performed at room temperature (22-24�). Inward

currents were evoked by coapplication (30 sec/application, at 1-1.5-
mm intervals) of NMDA (10 zM) and glycine (1 tiM), with or without

nitrendipine (0.1-1 SM), to the patch using blunt-tipped microperfusion

pipettes that were positioned within 30 �m of the patch. A low concen-

tration of NMDA (10 �M) was chosen such that little desensitization

occurred during repeated applications. Patches were exposed to the
control NMDA/glycine solution and then to one or more concentra-

tions of nitrendipine before spontaneous patch rupture. To assess

recovery of responses, the control concentration of NMDA/glycine was

applied to the patch after applications of the NMDA/glycine solutions,
which contained 0.3 or 1 �tM nitrendipine. Patch data were accepted

for analysis if three or fewer simultaneous multiple openings were

observed during the first control application of NMDA/glycine.

Single-channel data were analyzed by computer. Data were pooled
from multiple patches. All-points amplitude histograms (Fetchan; Axon

Instruments) and visual inspection of individual patch recordings re-
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vealed two main current amplitudes at each holding potential. The

amplitude histograms were curve fitted with Gaussian functions

(pSTAT; Axon Instruments). A locally written program was used to

detect independent channel openings to both main current amplitudes

using the 50% threshold-crossing method (20, 21). Openings were

accepted if they were longer than twice the system rise time and had
amplitudes that were within 1 SD of the two main channel amplitudes

determined from the Gaussian curve fits. Closings were accepted if they

were longer than twice the system dead time and fell below the 50%

threshold of the channel amplitude.
The two main channel amplitudes were analyzed together in the

temporal analysis of open, closed, and burst durations. Temporal

analysis and curve fitting were performed using locally written pro-

grams. Bursts were defined as groups of openings separated by a critical
closed time, which was determined by the following method. Closed
duration histograms were obtained using a square-root logarithm

method (21, 22). Closed duration histograms used a 300-zsec lower

limit and were binned at 10 bins/decade. Histograms were fit with a

least mean squares method (21, 23). The number of exponentials
present was determined by increasing the number ofexponentials fitted

until the fit was no longer greatly improved, when the maximum log-
likelihood difference fell below 2 (21, 24). Using a modification of the

equal-proportions method, the critical closed time (60 msec; see Re-

sults) was chosen between the third and fourth shortest time constants
found in the closed time histogram fits. This empirical determination

of bursts allowed for capturing of relatively longer duration bursts in
the control and drug applications. Average current (total current evoked

averaged over application duration), open, closed, and burst durations,
and open and burst frequencies were compared for each treatment
condition.

Solutions. Solutions were prepared from stock solutions on the day

of the experiment. Nitrendipine (Miles, Inc.) was dissolved in 95%

ethanol and diluted with buffer such that the final concentration of
ethanol was <0.01%. Equimolar concentrations of ethanol were added
to all imaging and binding solutions that did not contain nitrendipine,

to control for the potential influence of ethanol on the NMDA receptor
complex. To minimize experimental variability associated with degra-
dation of nitrendipine, drug-containing solutions were protected from
light at all times and were replaced within 3 hr after preparation. MK-

801 (Research Biochemicals mc), NMDA, and glycine were dissolved
in distilled water and diluted with HBSS or the patch-clamp external
salt solution. All other compounds were obtained from Sigma Chemical
Co. and were dissolved in distilled water.

Statistics for imaging and [3HIMK-801 binding studies. The
mean, standard error, and statistical significance between control and

treatment groups were calculated using the programs published in the

Manual ofPharmacologicat Calculations with Computer Programs (25).

The mean inhibitory concentrations (ICse) and 95% confidence inter-
vals were calculated by means of a computer program that is based on
inverse prediction using a fitted single linear regression model (26).

Results

Co-perfusion of NMDA and glycine (100 � each, for 3 mm)
evoked a 372 ± 29% (n = 50) increase in calcium flux into

mouse cerebellar granule cells (calcium transient), which was

94 ± 2% (n = 10) dependent on the presence of extracellular
calcium (data not shown). A typical NMDA/glycine-evoked

transient (Fig. 1A) was characterized by a rapid increase of
[Ca2�]1, which stabilized within 1 mm and persisted for as long
as the agonist was present (up to 5 mm, the maximum time
tested). The average basal [Ca2�’]1 was 118 ± 6 nM (n = 50).

The noncompetitive NMDA antagonist MK-801 was used to
verify that the calcium influx observed during the NMDA/

glycine-evoked transient was mediated by NMDA receptors.
MK-801 prepared with NMDA/glycine-HBSS was applied to

the cells after 1 mm of NMDA/glycine-HBSS alone (Fig. 1B).

MK-801 (10 nM) attenuated 94 ± 0.5% of the NMDA/glycine-

evoked calcium influx (n = 5).

The DHP nitrendipine (1 MM) also significantly attenuated

(30 ± 7% of control at 3 mm, n = 11) the NMDA/glycine-

evoked transient (Fig. 1C). This effect of nitrendipine was

reversible (90 ± 9% of control at 3 mm, n = 5) after a 5-mm

wash with HBSS (Fig. 1D). The rate of rise of [Ca2�]1 associated
with the NMDA/glycine-evoked transient after exposure to

nitrendipine was notably slower (Fig. 1D) than the rate of rise
of [Ca2’]1 before exposure to drug (Fig. 1, A-C). Concentrations

of nitrendipine greater than 0.01 �zM inhibited NMDA/glycine-
evoked transients (IC�,o, 0.56 �zM; 95% confidence interval, 0.19-

1.3 �tM) (Fig. 2). Notably, 100 zM nitrendipine was less effective
than 10 �iM nitrendipine in attenuating the NMDA/glycine-

mediated calcium influx (Fig. 2).
The ability of nitrendipine to interact with the NMDA

receptor complex was examined further using an [3H]MK-801

binding assay (Fig. 3). This binding assay was conducted with

mouse cortical and hippocampal membranes to determine
whether the interaction of nitrendipine with the NMDA recep-

tor could be generalized to brain regions other than cerebellum.

Nitrendipine inhibited specific [3H]MK-801 binding to cortical

and hippocampal membranes (Fig. 3) at concentrations similar

to those that attenuated NMDA/glycine-evoked calcium influx

(ICro, 0.56 zM; 95% confidence interval, 0.37-0.84 SM). This
assay was not conducted with cerebellar membranes, due to the

low density of high affininty [3H]MK-801 binding sites in the
cerebellum.

Whether the inhibition of NMDA/glycine-evoked inward

calcium flux and [3H]MK-801 binding observed with nitrendi-

pine was due to a direct or an indirect effect on the NMDA

receptor-channel complex remained unclear. Electrophysiolog-

ical experiments were carried out to identify a functional inter-

action between nitrendipine and the NMDA receptor. Initial

experiments with whole-cell recordings of the small granule

cells revealed that NMDA/glycine-evoked currents were diffi-

cult to maintain and were of rather small amplitude, precluding

accurate quantitative studies. Qualitatively, whole-cell currents

(n = 3 cells) were reduced by 1 �sM nitrendipine in a fashion

similar to that found in the calcium-imaging studies (data not

shown). Excised outside-out patch-clamp techniques were used

to directly observe NMDA/glycine-sensitive receptor channels.

Thus, in comparison with whole-cell recordings, indirect in-

volvement of synaptic connectivity was eliminated. Effects of

calcium-dependent second messenger systems were minimized,

in that calcium ions were buffered (by exposing the internal

membrane surface to EGTA). Patches obtained from cultured

cerebellar granule cells possessed small numbers (one to three)

of detectable NMDA receptor channels. When individual

patches were exposed to different concentrations of NMDA/
glycine, evoked currents increased with increasing concentra-

tions of NMDA (10-100 �sM), coapplied with a saturating con-

centration of glycine (1 �LM). A low concentration (10 �M) of

NMDA coapplied with 1 �sM glycine produced stationary re-
sponses. Hence, inward single-channel currents were evoked

by exposing a patch to 10 zM NMDA and 1 �zM glycine (Fig.
4A). These evoked currents were reduced by 1 �sM MK-801

(data not shown). From the amplitude histograms, two main
current amplitudes were detected at each holding potential

(-75 mV and +50 mV) and corresponded to two main con-
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A. 1OO�iM NMDAI100 pM glyclne B. + 10 nM MK-801, added at 1 mln

Fig. 1. Representative traces from
the calcium ion imaging studies with
primary cultures of mouse cerebellar
granule cells. The [Ca2�] was meas-
ured from a population of indo-1-
loaded granule cells by microspec-
trofluonmetry. A, After 1 mm of
base-line recording in HBSS (time
zero), cells were exposed to NMDA/
glycine-HBSS for 3 mm. B, The
NMDA/glycine-evoked calcium tran-
sient was blocked (6 ± 0.5% of con-
trol, n = 5) by the addition of 10 n�
MK-801 (added at 1 mm). C, Like-
wise, 1 zM nitrendipine (added at I
mm) significantly attenuated the
NMDA-induced Ca24 influx (30±7%
of control, n = 1 1). D, After a 5-mm
wash with HBSS, the effect of 1 zM
nitrendipine on [Ca2�] was reversi-
ble (90 ± 9% of control, n = 5). Line
below each trace, time during which
the cells were exposed to NMDA/
glycine-HBSS; downward arrow (B
and C), time at which MK-801 (B) or
nitrendipine (C) was added to the
perfusate. Traces in C and D were
taken from the same coverslip.

Fig. 2. Reduction of NMDA/glycmne-evoked cal-
cium flux into mouse cerebellar granule cells by
nitrendipine was concentration dependent be-
tween 0.1 and 10 �M. Nitrendipine was less effec-
tive against the NMDA/glycine-induced [Ca2�]
transients at a high concentration (1 00 �M) than

15� at lower concentrations (1 and 1 0 MM). Results
represent the mean [Ca2�] observed after 2 mm
of perfusion with NMDA/glycine-HBSS that con-
tamed a single concentration (0.01 -100 ��M) of
nitrendipine (see Fig. 1 C for representative exper-
iment) and are expressed as a percentage of
[Ca2�] observed after an initial 1 -mm exposure to
NMDA/glycmne-HBSS. Leftmost bar, control value,
i.e. , the mean ± standard error of [Ca2�] observed
after an initial 1 -mm exposure to NMDA/glycine-
HBSS; rightmost bar, results showing the revers-
ibility of the nitrendipine (1 �M) effect after a 5-mm
wash with HBSS. Each bar represents data col-
lected from individual coverslips (n is shown in
parentheses above each bar), which were ob-
tamed from three separate cultures. The lC� (cal-
culated with the results obtained with 0.01 -1 0 �
nitrendipine) was 0.56 ± 0.23 �M. �, Significantly
different from control at p < 0.01 ; #, significantly
different from 10 �M at p < 0.05.

ductances, of approximately 33 and 45 p5. In these studies,

approximately 85% of the current was due to the 33-pS con-

ductance.

Temporal kinetic analysis was performed on both main con-

ductances. To determine a critical closed time for use in the

quantitative analysis of bursts, closed duration histograms

(data not shown) were fitted best with five exponentials. For

NMDA/glycine control data at -75 mV, closed duration time

constants were 0.56, 2.7, 30.5, 121, and 558 msec. Using a

modification of the equal-proportions method (21) the critical

closed time of 60 msec was selected (between the third and

fourth shortest time constants). A similar value was found for

the NMDA/glycine control data at +50 mV.

Nitrendipine (0.1, 0.3, and 1 �tM, coapplied with NMDA and

glycine) produced a concentration-dependent reduction in the

frequency of NMDA/glycine-evoked single-channel currents

recorded from patches held at -75 mV (Fig. 4A). Thus, opening

frequency was reduced to 65, 44, and 15% of NMDA/glycine

control at 0.1, 0.3, and 1 �tM nitrendipine, respectively (Fig.

5B). This effect of nitrendipine on NMDA/glycine-evoked cur-

rents was partially reversible 3-7 mm after exposure to nitren-

dipine (Fig. 4A). Nitrendipine (1 �tM) did not produce a visually
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Fig. 3. Nitrendipine concentration-dependently reduced [3H]MK-801
binding to purified membranes obtained from the cortex and hippocam-
pus of adult mouse brains. Binding assays were conducted in the
presence of glutamate (1 00 �M) and glycine (30 � Results were
expressed as the mean ± standard error of the percentage of specific
[3H]MK-801 bound in the absence of nitrendipine. The calculated lCse
was 0.56 ± 0.12 �iM (eight separate determinations from two expen-
ments). �, Significantly different from control at p < 0.01.

apparent effect on NMDA/glycine-evoked single-channel cur-
rent activity at a holding potential of +50 mV (Fig. 4B).

Temporal stationarity of the NMDA receptor current re-
sponses was assessed by dividing applications into three con-
secutive 10-sec epochs. There were no significant differences
or trends in the single-channel properties (average current,

percentage of time open, mean open and burst durations, and
opening and burst frequencies) during the 30-sec applications
for NMDA/glycine control or in the presence of nitrendipine

(data not shown). In successive applications of NMDA/glycine

(n = 3 patches) there were no significant differences in the

single-channel properties. Thus, single-channel properties were

stationary during the application, and progressive desensitiza-
tion with successive applications was minimal.

Quantitative analysis ofthe single-channel data revealed that
nitrendipine concentration-dependently reduced average cur-

rent and mean burst duration without affecting mean open
duration (Fig. 5A). Nitrendipine also reduced the open and

burst frequencies of the NMDA/glycine-sensitive channels re-

corded from patches held at -75 mV (Fig. 5B). In contrast,
nitrendipine (1 �M) did not affect single-channel activity [i.e.,

average current, duration of openings and bursts (Fig. 5A), and

frequency of openings and bursts (Fig. 5B)] recorded from
patches held at +50 mV, compared with control NMDA/glycine
activity (Fig. 5). In addition, the current amplitudes of the two
large NMDA/glycmne-evoked channels were not affected by
nitrendipine at -75 mV (NMDA/glycine controls, 2.6 ± 0.2

and 3.5 ± 0.4 pA; with 1 �M nitrendipine, 2.7 ± 0.4 and 3.6 ±

0.4 pA) or at +50 mV (NMDA/glycine controls, 1.9 ± 0.2 and
2.6 ± 0.3 pA; with 1 �iM nitrendipine, 1.8 ± 0.3 and 2.3 ± 0.2

pA).

Discussion

In the present investigation, it was demonstrated that the
DHP VSCC antagonist nitrendipine inhibited NMDA/glycine-

mediated calcium flux into cerebellar granule cells in a concen-

10 tM NMDA/1 tM glycine Control

A. -75mV sp�
4�n�

�rmi�ii�r�’V1J tt1yT1F�

+0.1 pM nltrendipine
lf1Iifl�IiTr�it1r 1111 t11P � �JT T�i

+0.3 jiM nltrendlplne

rr’�mnTm�T1rr
+1 MM nitrendlpine -

NMDA/glyclne after 1 .i.M nltrendiplne

1p_.purr_*uI‘-T1r-1!�1-1-�‘ -L , � � -sr�.�l�11�I1r

B. +5OmV

1 0 pM NMDA/1 tM glyclne Control

-.-- -------- - - -.rse(-

+1 �.iM nltrendlpine

Fig. 4. Nitrendipine reduced the frequency of NMDA/glycine-evoked
single-channelactivity in excised outside-out patches ofmouse cerebellar
granule cells in primary culture. Short segments (3.3 sac) of channel
activity taken from patches held at either -75 mV or +50 mV are ShOWn
and are representative of overall channel activity during NMDA (1 0 ��M)
and glycine (1 MM) coapplication (30 sec/application). A, The activity of
NMDA/glycmne-evoked channel openings recorded from patches held at
-75 mV was reduced (compared with the NMDA/glycine control) by
nitrendipine in a concentration-dependent manner. NMDA/glycine-
evoked channel activity recovered 3-7 mm after exposure to nitrendipine.
B, The activity of NMDA/glycine-evoked channel openings recorded from
patches held at +50 mV was not changed in the presence of 1 �M

nitrendipine. A, The upper three tracings were Obtained from a single
patch, whereas the lower two tracings were taken from a second patch;
B, tracings were taken from a third patch.

tration-dependent and reversible manner. At similar concen-

trations, nitrendipine also inhibited [3H]MK-801 binding to

mouse cortical and hippocampal membranes. In addition, ni-

trendipine concentration-dependently and reversibly reduced
the frequency of NMDA/glycmne-evoked openings and bursts

recorded from outside-out patches of mouse cerebellar granule

cells that were held at -75 mV. Conversely, nitrendipine had
little effect on NMDA/glycmne-evoked channels when the

patches were held at +50 mV. These data support the novel

hypothesis that nitrendipine interacts directly and rapidly with

the NMDA receptor-channel complex.

Primary cultures of cerebellar granule cells were used in the

present investigation because they are an excellent model for
the study of the effects of VSCC antagonists on the NMDA

 at T
ham

m
asart U

niversity on D
ecem

ber 3, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


. 35
� .

30 �
00

25 0 �.� C
CD;

20 � -

CC
15

00
10 �

� 0(5

00

0

A.

4
a.

C
a)

C.)
a)

(5

a)

4

U

B.

U
a)
(1)

(a

C
C
a)
a.

0

U
a)
(1)
U)

(1)

.

0 -o:i 0.3 1 0 0

(aft.r 0.3. 1 pM)

+nltrendlplne (pM)

-75mv +5Omv

0.35

0.3

0.25

0.2

0.15

0.1

0.05

0

25

20

15

10

5

0

S

� _-o:i--- 0.3 1 0 0 1

(aftir 0.3,1 pM)

+nltrendlplne (pM)

- - 75mv �;-.5o�

448 Skeen at a!.

Fig. 5. Nitrendipine altered single-channel properties of NMDA receptor
currents. In patches held at -75 mV, average currents and mean burst
durations (A) as well as frequency of openings and bursts (B), were
reduced by nitrendipine in a concentration-dependent manner. However,
mean open durations did not change in the presence of nitrendipine. The
properties of NMDA/glycine-evoked currents (-75 my) recovered to
control levels 3-7 mm after exposure to either 0.3 or 1 �M nitrendipine.
There were 5547 openings in the control NMDA/glycmne current group
(I 1 patches, 11 applications), 2653 openings with 0.1 �M nitrendipine

(four patches, seven applications), 1122 openings with 0.3 �tM nitrendi-
pine(two patches, four applications), 942 openings with 1 MM nitrendipine
(seven patches, 14 applications), and 3971 openings with NMDA/glycmne
after exposure to nitrendipine (seven patches, 12 applications). In re-
cordings obtained from patches held at +50 mV, nitrendmpmne did not
affect the open properties of NMDA/glycine-activated channels. Average
current, mean burst durations, and mean open durations did not change
in the presence of nitrendipine (A). In addition, neither frequency of bursts
nor frequency of openings was affected by nitrendipine (B). There were
420 openings in the control NMDA/glycine current group (three patches,
five applications) and 633 openings with 1 MM nitrendipine (four patches,
nine applications). Lines were drawn to connect the points within each
holding potential for illustrative purposes.

receptor. First, cerebellar granule cells are glutamatergic cells
that possess functional NMDA receptors and all other gluts-

mate receptor subtypes currently identified (15, 27). Second,
the NMDA/glycine-evoked calcium transients in this study are

highly dependent on the presence of external calcium and, thus,

the transients are not greatly dependent on release of calcium

from intracellular calcium stores. Third, although not demon-
strated for our system, it has been reported by others that

cultured rat cerebellar granule cells do not possess significant
numbers of VSCCs (28-30). Therefore, the indirect modulation

of NMDA receptors via L-type VSCCs would be minimal in

this cell type. Together, these characteristics of cerebellar gran-

ule cells make them an appropriate and relatively isolated

model to study the effects of nitrendipine on NMDA receptors.

Previous investigations have suggested that the cerebellar

NMDA receptor displays different pharmacological and bind-

ing properties and may be composed of different subunits,

compared with striatal, cortical, or thalamic NMDA receptors

(31-33). For example, the Kd for [3H]MK-801 binding to cere-

bellum was reported to be markedly higher than that for cortex

(31). In addition, quinolinate was found to bind more potently

to forebrain than to cerebellum (32). Our finding that nitren-

dipine inhibited [3H]MK-801 binding to adult mouse cortical

and hippocampal membranes at concentrations similar to those

that inhibited NMDA/glycine-evoked calcium influx and sin-

gle-channel currents of cultured cerebellar cells suggested that

there are similarities in NMDA receptor pharmacology between

these two cell preparations. Therefore, these results support

the hypothesis that the effect of nitrendipine on the NMDA

receptor-channel complex is not tissue specific or an artifact of

tissue culture.

The observations reported in this investigation are of partic-

ular interest because they indicate a novel interaction between

nitrendipine and the NMDA receptor-channel complex. Re-

sults that provide evidence for cross-reactivity between com-

pounds acting at DHP-sensitive VSCCs and the NMDA recep-

tor have been reported. For example, the polyamines spermine

and spermidine, which are believed to modulate NMDA recep-

tor function, have been demonstrated to inhibit [3H]nitrendi-

pine binding to rat brain membranes (34). Phencyclidine, a

noncompetitive NMDA antagonist that shares the MK-801

binding site, has been shown to enhance [3H}nitrendipine bind-
ing to mouse brain membranes at concentrations less than 10

zM but to inhibit [3H]nitrendipine binding at concentrations

higher than 10 �M. In addition, the DHP antagonist nifedipine
has been demonstrated to inhibit the motor hyperactivity as-

sociated with administration of phencyclidine (35).
Other investigations, however, have failed to demonstrate an

interaction between DHPs and the NMDA receptor-channel
complex. For example, a high concentration of nitrendipine

(100 tiM) was reported to have no effect on NMDA/glycine-

evoked currents of Xenopus oocytes that were injected with
guinea pig forebrain mRNA (36). Whether this discrepancy is

the result of a species difference or of the experimental para-
digm utilized is not known. One possible explanation is that
the ability of nitrendipine to inhibit NMDA/glycine-evoked
currents is dependent upon an unknown component that was

not expressed in the Xenopus oocytes described by this study.

In another study, NMDA/glycine-evoked calcium influx of rat
cerebellar granule cells was not significantly affected by a high
concentration (10 jIM) of nifedipine (15). Because the only

significant difference between that study and the present in-

vestigation is the specific DHP used, it may be that the ability

of nitrendipine to interact with the NMDA receptor-channel

complex is not a characteristic common to all DHPs. This

conclusion is supported in part by the observations of Moron
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et at. (7), wherein nitrendipine and nimodipine displayed potent

anticonvulsant activity against pentylenetetrazol-evoked sei-
mires, whereas nifedipine and nicardipine were devoid of such

anticonvulsant activity. Investigations designed to address the
possible heterogeneity among the DHPs are ongoing in our
laboratory.

In the imaging studies, the finding that nitrendipine was less

effective at attenuating NMDA/glycine-evoked calcium influx
at 100 �M than at 10 �M was unexpected and remains unex-

plained. This biphasic pattern within the imaging results was

not observed in the results from either the binding or electro-
physiology experiments. However, the calcium influx studies,
unlike the binding and electrophysiology studies, were con-

ducted with intact cultures that were synaptically active and
presumably possessed fully functional second messenger sys-

tems. This difference in experimental preparations is important

because high concentrations (�10 �zM) of the DHPs have been

demonstrated to exhibit nonselective effects such as inhibiting

potassium channels and blocking dopamine release (11, 37).
The observation that nitrendipine produced a monophasic con-

centration-response profile when tested with outside-out

patches and with isolated membranes supports the possibility
that the inconsistency within the results of the imaging studies
was probably due to nonselective effects, which currently re-

main undefined. Because nitrendipine does not autofluoresce

at wavelengths detected by the microfluorimetry system used
here, this effect of nitrendipine was probably not due to an

experimental artifact (data not shown).
The finding that nitrendipine inhibited [3H]MK-801 binding

suggested that it may directly modulate the NMDA receptor-

channel complex. Support for such a direct interaction was

provided by the results obtained from the electrophysiology
experiments, wherein nitrendipine rapidly reduced average
NMDA/glycine-evoked single-channel current in a concentra-

tion-dependent manner when patches were hyperpolarized. The
percentage of reduction of average current (1 1 % of control at 1

�zM nitrendipine) may be explained by the corresponding de-
crease in frequency of openings (12% of control at 1 �M nitren-

dipine) and of bursts (18% of control at 1 �M nitrendipine).

Although detailed examination of the functional interaction

of nitrendipine with the NMDA receptor was beyond the scope
of this study, these initial observations allow comparison with

other agents that reduce NMDA/glycine-evoked current. Sim-
ilar to that of magnesium, the effect of nitrendipine on single-
channel currents was strongly voltage dependent, which sug-
gests that nitrendipine may be acting as an open channel
blocker. However, in contrast to magnesium, whose association

with the channel is relatively fast and in the presence of which

open duration is reduced (38), mean open duration was not

changed in the presence of nitrendipine (at either holding
potential tested); thus, if nitrendipine was acting as an open

channel blocker, the association of nitrendipine with the open
channel must be relatively slow. Notably, magnesium does not

act purely as a simple open channel blocker; magnesium para-
doxically reduces NMDA channel burst durations, particularly
at high concentrations (39). Nitrendipine also reduced burst
durations at the higher concentrations tested. Nitrendipine did
not affect the amplitude or conductance of single NMDA/

glycine-sensitive receptor channels, indicating that nitrendi-
pine did not act in a manner similar to that of zinc (40, 41).

Rather, nitrendipine altered a process resulting in reduction of

the frequency of channel openings. Such processes include
those involved in agonist binding, desensitization, or perhaps a

“trapped” open channel block mechanism, wherein the channel

can close with the blocker molecule inside the channel. Possible
sites of interaction include the agonist binding sites, the MK-

801 site, and the strychnine-insensitive glycine site. The sta-
tionarity of the NMDA receptor current responses during con-

stant application of nitrendipine indicates that nitrendipine

did not reduce NMDA receptor currents by inducing a progres-
sive desensitization process. Also, patches exposed to nitren-

dipine exhibited slow recovery of currents, much like that

reported for the use-dependent blocker MK-801 (42). Specifi-
cally, the inhibitory effects of MK-801 and nitrendipine on

both NMDA/glycine-evoked currents and calcium influx re-

quired several minutes to return to control levels. A nonspecific

effect resulting from membrane destabilization due to the li-
pophilic nature of nitrendipine also can be considered as a
potential mechanism (43). However, neither the kinetics of the
interaction of nitrendipine with the NMDA receptor complex
nor the precise mechanisms responsible for the reduction in

NMDA/glycine-evoked current have been clearly established,
and they remain to be elucidated.

In conclusion, our present findings indicate that nanomolar
concentrations of nitrendipine attenuate NMDA/glycine-
evoked currents by a direct mechanism. It is thereby proposed

that the anticonvulsant and neuroprotectant mechanisms of

action of nitrendipine reflect a combined ability to modulate

both DHP-sensitive VSCCs and NMDA receptors. As such,

nitrendipine appears to represent a combined NMDA/VSCC

antagonist. Further studies will be required to determine 1) the
specific mechanism of the interaction of nitrendipine with the

NMDA receptor-channel complex, 2) whether these effects of

nitrendipine are universal for all DHP compounds or specific
for only some, and 3) the potential clinical benefits of such an

interaction.
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