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SUMMARY

We correlated the binding of the dihydropyridines, nitrendipine
and PN200-110, with their pharmacological actions on voltage-
dependent membrane calcium channels. Binding was studied in
clonal rat adrenal medullary cells (PC12) and in plasma mem-
branes prepared from them. Calcium currents were studied using
whole cell and single channel patch clamp methods. For both
[*H}{=)-nitrendipine and [°*H}{+)-PN200-110, high affinity bind-
ing sites with dissociation constants of 0.6 and 0.04 nm, respec-
tively, were identified both in membrane fragments and in intact
cells. In crude membrane preparations a low affinity nitrendipine-
binding site was also found. The dissociation constant for binding
at this site was affected by ionic strength and the presence of
divalent cations. In 500 mm KCI, 0.1 mm CaCl;, 50 mm 3+N-
morpholino ulfonic acid (pH 7.4), the K is about 70 nm.
The number of high affinity binding sites for dihydropyridines
was between 30 and 100 fmol/mg of protein while the number
of low affinity sites was between 30 and 70 pmol/mg of protein.
In whole cells the measured number of high affinity sites was
between 2000 and 4000/cell and, by extrapolation from the
membrane preparation, the low affinity sites correspond to sev-
eral million sites per cell. The electrophysiological effects of both
of the dihydropyridines on Ca®* currents were voltage depend-
ent. When nitrendipine was applied, a small increase in calcium

current occurred and this was followed by a decrease. The
inhibitory effect was more pronounced at depolarized membrane
holding potentials and was relieved by hyperpolarizing the mem-
brane, whereas the stimulatory effect was pronounced at nega-
tive membrane holding potentials. In 10 nm nitrendipine these
effects were also observed in single channels; they were not due
to changes in channel conductance or dwell times in the open
state but, rather, were due to changes in the probability of
opening. The half-maximal inhibitory concentration (ICso) for ni-
trendipine was 67 nm and the ICs, for the effect of (+)-PN200-
110 was 9 nm using protocols which favored the depolarized
state of the channel. No excitatory effect was seen. The ICs
from electrophysiological estimates is higher than the K, for the
high affinity binding site for both compounds. Using a simple
model of v t binding, we could not account for
the difference. The number of functional channels calculated
from the relation between whole cell and single channel calcium
currents and the probability of opening was in good agreement
with the number of high affinity sites calculated from the binding
studies. In contrast, about 1000 low affinity binding sites are
present per functional Ca channel; therefore, the low affinity sites
are either unrelated to the Ca channel, include non-calcium
channel molecules, or represent a pool of nonfunctional channels.

Voltage-dependent calcium channels regulate the entry of
Ca?* into the cell cytoplasm, thereby controlling a variety of
biological processes including neurotransmitter release, muscle
contraction, and hormone secretion. Dihydropyridines can
either block or stimulate calcium entry through these channels
in cardiac and smooth muscle tissue. They are now used clini-
cally to treat a broad array of disorders related to calcium
channel function and are being used biochemically in the
isolation of the calcium channel and in the identification of the
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channel in solubilized membranes (1-4). In comparison to
cardiac or smooth muscle, neuronal tissue appears to be rela-
tively insensitive to the dihydropyridines. Calcium currents of
Helix neurons are only 30% blocked by nifedipine at a concen-
tration of 0.8 uM (5). °Ca uptake into KCl depolarized synap-
tosomes is not blocked at concentrations of nitrendipine up to
30 uM (6) or 100 uM (7) when external calcium is within normal
values of 1-2 mM. Potassium-induced [*H]dopamine release
from cultured midbrain neurons, a calcium influx-dependent
process, is similarly insensitive to nitrendipine (8). There are
other studies, however, which suggest that some neuronal and
neuroendocrine channels are more sensitive to dihydropyri-
dines. Toll (9) has reported that potassium-stimulated **Ca
uptake in PC12 cells is inhibited by nitrendipine with an ICs
of 5.5 nM. Scatchard analysis of [°*H]-(%)-nitrendipine binding

ABBREVIATIONS: MOPS, 3<(N-morpholino)propanesulfonic acid; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; EGTA, ethylene glycol

bis(8-aminoethyl ether)-N NN’ N '-tetraacetic acid.
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to membranes derived from these cells revealed a class of
binding sites with a Kp of 1.1 nM and a By, of 27.5 fmol/mg.
Takahashi and Ogura (10) reported an IC;, value of 20 nM for
nicardipine and a K), for [*H]-(%)-nitrendipine binding of 0.15
nM in similar experiments. Enyeart and Hinkle (11) reported
that dihydropyridines completely inhibited a calcium-induced
secretion of prolactin from a clonal line of pituitary neurons at
10 nM. An added complication is that nitrendipine may bind to
more than one site. [°H]-(+)-Nitrendipine binding to spinal
cord neurons revealed two classes of sites: one with Kj of 0.3-
1.1 nM and a second with a K, of 22-50 nM (12). Toll (9) has
suggested the possibility of a lower affinity site in PC12 cells
although it was not characterized. Low affinity sites have also
been found in cardiac and vascular smooth muscle (13-15).

The present study was undertaken to compare the binding
of dihydropyridines with their electrophysiological effects on
the same neuroendocrine cell membranes. We used PC12 cells
because both nitrendipine binding (9) and single channel and
whole cell calcium currents have been measured in these cells
(16). We found that binding was complicated by the presence
of large numbers of low affinity sites. There was, however, good
agreement between the number of high affinity sites and the
number of functional Ca channels. The electrophysiological
effects were also complicated and could be stimulatory or
inhibitory depending on membrane potential. At the molecular
level the effects were on gating; changes in channel conductance
did not occur.

Materials and Methods

Biochemical Studies

Chemicals. [*H]-(x)-Nitrendipine (72.5 Ci/mmol) was obtained
from New England Nuclear. [*H]-(+)-PN200-110 (85 Ci/mmol) was
purchased from Amersham. (+)-Nitrendipine was generously supplied
by Miles Laboratories.

Cell cultures. The clonal rat pheochromocytoma line, PC12, was
grown on plastic culture dishes at 37° in Dulbecco’s modified Eagle’s
medium. The cells were subcultured and harvested at confluency. For
use in whole cell binding assays, the medium was aspirated off, and the
PC12 cells were removed from the plates, washed two times, and
resuspended in binding buffer (pH 7.4). Aliquots were taken for cell
counts and protein analysis.

Membrane isolation. PC12 cells from 50 confluent cell plates were
washed two times with 150 mM NaCl, 50 mM sodium phosphate buffer
(pH 7.4), to remove the medium. The cells were incubated in 5 mM
Tris- HCI (pH 8.0) for 30 min on ice and then hand-homogenized. The
lysed cells were centrifuged at 3,000 X g for 10 min to remove mito-
chondria and nuclei. The supernatant was centrifuged at 50,000 X g
for 30 min. The white pellet was resuspended in 8.0 ml of a modified
Krebs-Ringer buffer (buffer I) or in 50 mM MOPS (pH 7.4), and stored
in liquid nitrogen. Buffer I consisted of 60 mM sucrose, 10 mM glucose,
130 mM NaCl, 4.8 mM KCl, and 25 mm MOPS (pH 7.4). From 50
confluent plates, an average of 32 mg of protein was obtained. Attempts
to further purify the PC12 membranes by layering over sucrose gra-
dients did not significantly improve the [*H]-(+)-nitrendipine binding.

Radioligand binding. PC12 membranes (0.05-0.20 mg) were in-
cubated in 2.0 ml of 0.1 mM CaCl;, 50 mmM MOPS (pH 7.4) at 256° for
2 hr with varying concentrations of [*H]-(+)-nitrendipine (0.03-0.75
nM) or [*H]-(+)-PN200-110 (0.005-0.36 nM). For measurement of
nonspecific binding, unlabeled nitrendipine was present at a final
concentration of 1 uM. Binding was terminated by rapid filtration on
Whatman GF/B or GF/F glass fiber filters. The filters were washed
five times with 5 ml of ice-cold water and counted in 10 ml of a
Beckman HP/b scintillant. In assays where higher [°H]-(+)-nitrendi-
pine concentrations were used (10-500 nM), the specific activity of

[®*H]-(2)-nitrendipine was decreased by a dilution (1:100) with unla-
beled nitrendipine to 0.725 Ci/mmol. Nonspecific binding was deter-
mined in the presence of 10 uM unlabeled nitrendipine. Binding of
[*H]-(%)-nitrendipine to the filters alone was shown to be independent
of unlabeled nitrendipine in both concentration ranges. All assays were
done in duplicate or triplicate (as indicated) under red lights due to the
light sensitivity of the dihydropyridines.

For PC12 whole cell binding, higher protein concentrations (0.2-0.4
mg/ml) were used. [*H]-(z)-Nitrendipine (0.05-0.75 nM) or [*H]-(+)-
PN200-110 (0.002-0.5 nM) was incubated in triplicate with intact,
unattached PC12 whole cells in 2.0 ml of 150 mM KCl, 0.1 mm CaCl,,
5 mM NaCl, 50 mM sodium phosphate buffer (pH 7.4) in the presence
and absence of 1 uM unlabeled nitrendipine for 60 min at 25°. Binding
was terminated by rapid filtration on Whatman GF/A or GF/F glass
filters with five washes of 5 ml of ice-cold buffer.

For determination of the association rate constants for dihydropyr-
idine binding, PC12 membranes (0.2 mg/ml) were added to 0.1 mM
CaCl,, 50 mM MOPS (pH 7.4) containing [*H]-(+)-PN200-110 at final
concentrations of 0.17, 0.20, 0.25, and 0.45 nM. One-ml aliquots were
filtered as a function of time after the addition of membranes. Nonspe-
cific binding was determined in the presence of 1 uM unlabeled nitren-
dipine. Equilibrium values were obtained after 2-hr incubations at
room temperature (25°). Upon reaching equilibrium, dissociation rate
constants were determined by filtering 1-ml aliquots as a function of
time after the addition of unlabeled dihydropyridine to 1 uM. All
filtrations were through GF/F filters and were washed five times with
5 ml of ice-cold water.

Measurement of ATPase Activity

Mg?**ATPase activity was determined by a modification of the pro-
cedure of Besch et al. (17). PC12 membranes (50 ug) were incubated in
0.5 ml of 3 mm MgClz, 130 mM NaCl, 20 mm KCl, 50 mMm Tris-HCI1
(pH 7.4), 3 mM Na,ATP for 15 min at 37°. To determine Na*
ATPase activity, 1 mM ouabain was included in the incubation mixture
and the activity was defined as the difference in ATPase activity in the
presence and absence of ouabain. Reactions were terminated by the
addition of 1 ml of ice-cold 10% trichloroacetic acid. Following removal
of denatured protein by centrifugation, duplicate aliquots of the super-
natant were assayed for inorganic phosphate as described by Fiske and
Subbarow (18).

Data analysis. The binding data were fit to a single-site model
based upon the one-to-one occupancy of the Langmuir adsorption
isotherm. Two-site models with independent sites were also studied.
The program used a nonlinear least squares Marquardt method (19) to
estimate the two free parameters, B,,, and K. Parameter uncertainties
were provided by x2.

Electrophysiological Studies

The patch clamp technique for intracellular recording was used to
obtain whole cell calcium currents (20). Pipettes used for intracellular
recording (1-5) MQ) were filled with the following solution, in mm: 140
CsCl;, 2 MgCl;, 10 HEPES, 1 EGTA. pH was adjusted to 7.2 with
KOH. In some studies EGTA was increased in 11 mM and 1 mm CaCl,
was added. The extracellular solution contained, in mm: 10 CaCl,, 20
tetraethylammonium chloride, 5 4-aminopyridine, 5 KCl, 10 HEPES,
10 glucose, and 85 Tris- HCL. pH was adjusted to 7.35 with KOH. In
some experiments 40 or 20 mM CaCl; was used in the extracellular
solution with an appropriate adjustment in Tris-HCl to maintain
osmolarity. Nitrendipine and PN200-110 were first dissolved in ethanol
or polyethylene glycol (PEG 400) to a concentration of 10 mM. Further
dilution was made in the extracellular solution. Single calcium channels
were recorded in the cell-attached configuration. For these studies, an
extracellular solution containing 40 mM CaCl; was used in both the
patch pipette and the bath.

Data collection and analysis. Whole cell and single channel cell
currents were digitized on-line at 50 usec/pt. The data were prefiltered
at 5 kHz. The capacity transient was adjusted using a transient can-

2102 'S JaquiadaQ Uo ollduer ap Oy Op OpeIST Op apepisianiun e Bio speuinofadse wieydjow woly papeojumoq


http://molpharm.aspetjournals.org/

PHARM

Easpet

cellation circuit. In the case of whole cell recordings any remaining
transient was subtracted during analysis using scaled hyperpolarizing
pulses. For single channel records (or samples) the capacitative artifact
and the seal leak were corrected by subtraction of an averaged record
of 10-15 samples without channel activity (failures). Single channel
currents were further filtered to 800 or 1000 Hz during the analysis
using a four-pole zero phase digital filter. Single channels were meas-
ured using the computer methods described by Lux and Brown (21) in
which transitions and amplitudes were detected using a threshold
discriminator set at 3-5 times the background noise level.

Results

[*H]-(%)-Nitrendipine and [*H]-(+)-PN200-110 bind-
ing to plasma membranes. Plasma membranes were isolated
as described in Materials and Methods and showed about a 2-
to 3-fold purification of ouabain-sensitive Na*/K* ATPase
activity relative to whole cells. At low concentrations of [*H]-
(%)-nitrendipine or [*H]-(+)-PN200-110 and in 50 mM MOPS
(pH 7.4), 0.1 mM CaCl,, there is a single class of binding sites
with an apparent dissociation constant of 0.56 + 0.16 nM and
a B, of 91 = 50 fmol/mg of protein (n = 13) for [*H]-(%)-
nitrendipine and a Kp of 0.029 + 0.013 nM and a B, of 41 +
10 fmol/mg (n = 3) for [*H]-(+)-PN200-110. Data from a single
experiment are shown in Fig. 1. The nitrendipine experiments
were performed over an 18-month period using cells maintained
in continuous culture. During this time, there was a tendency
toward a decrease in the number of binding sites. The PN200-
100 experiments were performed over the latter 6 months of
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Fig. 1. [*H]H=)-PN200-110 binding to PC12 membranes at high affinity
site [*HH=)-PN200-110 was incubated in duplicate in 2.0 ml of 50 mm
MOPS (pH 7.4) with 90 g of PC12 membranes in the presence and
absence of 1 um uniabeled nitrendipine. The curve of the specific binding
(@) is a computer-derived fit of the data with a Ky = 0.026 nm and Binex
= 30 fmolpmg for [*H]{+)-PN200-110. O, total binding; ©, nonspecific
binding. Inset: Scatchard analysis of these data (0.004-0.5 nwm) yields Ky
= 0.026 nm and B = 30 fmol/mg for [*H]{+)-PN200-110 (O). Also
shown is the Scatchard analysis of [*H]{)-nitrendipine (0.03-2 nm) to
these membranes (®) and yields a K, of 0.3 nm and a Bmex of 32 fmol/
mg.
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Fig. 2. Kinetics of [*H]{+)-PN200-110 binding. One-mi aliquots of PC12
membranes (0.2 mg of protein/mi) were filtered through Whatman GF/F
filters as a function of time after addition of membranes to 0.17 (O), 0.25
(.).and045(A)nu [*HH+)-PN200-110. Equilibrium binding was deter-
mined after 2 hr at room temperature. A. Binding as function of time
after addition of membranes where B,, = specific binding at equilibrium,
B = specific binding at time t. Inset: k. versus concentration of radioli-
gand. k. was determined as the slope of the plot shown in A. B. Binding
as a function of time extended to about 30 min after addition of mem-
branes to 0.02 nm [*H}{+)-PN200-110. C. Offrate. One-mi aliquots of
PC12 membranes incubated with 0.2 nm [*H}{£)-PN200-110 for 2 hr at
room temperature were filtered as a function of time after the addition of
uniabeled nitrendipine to 1 um.

the period and reflect the lower value. In identical membranes
the By, values for [*H]-(+)-PN200-110 and [®*H]-(z)-nitren-
dipine were identical (Fig. 1). The binding of [*H]-(z)-nitren-
dipine and [*H]-(+)-PN200-110 to membranes was linear up
to 200 ug of protein, and all assays were carried out in the
linear range. Nonspecific binding was again determined in the
presence of 1.0 uM unlabeled nitrendipine. Nonspecific binding
was also examined in the presence of 1 uM nimodipine and 1
uM nifedipine and was identical to that found with nitrendipine.
Dissociation constants were also determined kinetically. The
association rate constant (k,) for [°’H]-(+)-nitrendipine binding
was calculated to be 1.8 X 10® M~ min~". The dissociation rate
constant (k-;) was found to be 0.06 £+ 0.02 min~* (n = 6). The
kinetic data for [°H]-(+)-PN200-110 are shown in Fig. 2. From
a plot of k. as a function of [*H]-(+)-PN200-110 concentration
(Fig. 2A, inset), we calculate an association rate constant (k;)
of 1.56 X 10° M~* min™". The y intercept of this plot which
estimates the dissociation rate constant is about 1 X 10~ min™!
The value of the offrate constant is in reasonable agreement
with the value determined experimentally (Fig. 2C) of 6.1 X
1073 min™". This value is the average from two experiments, in
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TABLE 1
Summary of equilibrium and kinetic data for intact cells and plasma membranes
Intact cells
Ka Bonax
M fmoi/mg
[PHH+)Nitrendipine 0.63 +0.31 55+ 22 (n = 4)
[PHH£)}-PN200-110 0.044 + 0.012 26+ 4 (n=23)
Plasma membranes
Radlgend ko ks Kinetic K EqKy Brna
min~! M min~? nw ™ fmoljmg
Nitrendipine 0.060 1.8 x10° 0.33 0.56 +0.16 91+50(n=13)
PN200-110 0.0061 1.56 x 10° 0.039 0.029 + 0.013 44+£10(n=3)
of 70 + 30 pmol/mg (n = 3). It should, however, be recognized
i that these values are subject to error if the site is characterized
by a rapid dissociation, since filtration would need to be com-
100k pleted within 0.1 sec to avoid significant loss of binding due to
this dissociation (23). Preliminary kinetic analysis of binding
. to this site suggests, however, that the K) is high due to a slow
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Fig. 3. Specific [*H]-{+)-nitrendipine binding to PC12 membranes at low
affinity site. PC12 membranes (50 ug) were incubated with [*H]{x)-
nitrendipine, diluted 1:100 with unlabled nitrendipine, over a range of 25—
400 nm in 1.0 mi of 0.1 mm CaCl,, 500 mm KCI, 50 mm MOPS (pH 7.4)
forsrwatroomtempemture Nonspecific binding was defined as that

by 10 um unlabeled nitrendipine. The curve for

binding not displaced
specific [*H}{)-nitrendipine binding is a computer-derived fit of the data
using a one-site model with Kp = 68 nm and Bmex = 84 pmol/mg. Inset:

Scatchard analysis of the data yields Ko = 75 nM and Bmex = 87 pmol/
mg (r = 0.94).

each of which the amount bound at each time point was
determined from triplicate incubations as shown in Fig. 2C.
Biphasic association rates such as those reported by Weiland
and Oswald (22) were not seen in these experiments even after
longer incubation times (Fig. 2B). However, because of the high
levels of nonspecific labeling, higher concentrations of [*H]-
(+)-PN200-110 such as those used by these workers were not
examined. The use of the directly determined k_, and k, (from
the slope of k., versus ligand concentration) rate constants to
calculate the K for [°H]-(+)-PN200-110 gives a value of 0.039
nM, close to the value obtained by equilibrium binding. The Kj
for [*H]-(%)-nitrendipine from the kinetic data is 0.33 nM. The
equilibrium and kinetic data are summarized in Table 1.

At high ionic strength and at nitrendipine concentrations
well beyond the asymptotic maximum of the high affinity fit, a
second class of nitrendipine binding sites is seen in isolated
membranes (Fig. 3). The magnitude of binding to this site is
ionic strength dependent but is maximal at 400 mM KCI. This
site has not been detected in intact cells. In the presence of 0.1
mM CaCl,, 500 mMm KCl, 50 mM MOPS, the low affinity site
has an apparent dissociation constant of 72 + 10 nM and a B,

association rate rather than to a rapid dissociation rate. In
addition, to minimize the dissociation the filters were washed
with ice-cold water. The B,,, value obtained corresponds to
greater than 10° sites/cell. As the B,,, for the low affinity site
is considerably higher than the B,,, for the high affinity site,
the contribution of binding to the low affinity site is a signifi-
cant part of the total binding under the assay conditions where
assays for high affinity binding are performed at high ionic
strength (Fig. 4). As can be seen in this figure, where binding
obtained at low ionic strength (Fig. 2) is compared to that
obtained at high ionic strength, high affinity binding cannot be
determined in high ionic strength solutions.
Dihydropyridine binding to intact PC12 cells. The
binding of low concentrations of [*H]-(+)-nitrendipine to intact
PC12 cells reached equilibrium after 1 hr incubation at room
temperature. The membrane potential of cells measured after
1 hr in the incubation medium (150 mM NaCl, 50 mM Na,HPO,,

mlu. 100

(o] PN W Y YU SN N S La

o 200400@&0 nooouaoonoo

fmoles_
B “mg

FlgdSpeaﬁc[“H]-(t)—NltrendupnebmdmgtoPC12membranesatruyl
affinity site in high and low ionic strength solutions. Binding was per-
formed as described in Materials and Methods in high ionic strength
solution, 0.1 mm CaCl,, 500 mm KCI, 50 mm MOPS (pH 7.4) (@), and in
low ionic strength, 0.1 mm CaCl,, 50 mm MOPS (pH 7.4) (O). Nonspeciﬁc
binding was that not displaced by 1 M uniabeled nitrendipine. Scatchard

of the data obtained at low ionic strength yields Ky = 0.47 nm,
Bmex = 106 fmol/mg (r = 0.92).
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Fig. 5. binding to PC12 whole
cells. A. [PH{+)-PN200-110 (0.0045-0.5 nm)
was incubated in triplicate in 2.0 ml of 150 mm
KC1, 5 mm NaCl, 0.1 mm CaCl,, 50 mm sodium
phosphate (pH 7.4) with intact, unattached
PC12 celis (400 ug of protein/mi) in the pres-
ence and absence of 1 uM unlabeled nitrendi-
pine for 2 hr at room temperature. —, com-
pumer-deﬂvedﬂtofthedatawimaKo=0.027
nM and Bmex = 25 fmol/mg for specific binding.
(@, total binding; O, nonspecific binding. B.
Scatchard of the data in A yields Kp =
0.030 nm and Brex = 27 fmol/mg (r = 0.96) in
150 mm KCl. The line drawn is from linear

analysis. Also shown is [PH{x)-

-60+
Fig. 6. The cument-voltage relationship of a PC12 cell from a holding
potential of —60 mV is shown in response to step depolarizations in 10-
mV increments of 50 msec duration delivered at 5-sec intervals (see
inset). The pipette contained 140 mm CsCl, 1 mm EGTA, and 10 mm
HEPES (pH 7.2). The bath contained, in mm: 40 CaCl;, 10 tetraethyl-
ammonium chloride, 5 4-aminopyridine, 5 KCI, 10 HEPES, 10 glucose,
and 55 Tris-HCI (pH 7.4).

pH 7.4) was —11 = 6 mV (n = 15). The binding is characterized
by a single class of binding sites having an apparent dissociation
constant of 0.63 + 0.31 nM and a B,,,. equal to 55 + 22 fmol/
mg (n = 4). This corresponds to between 2000 and 4000 sites/
cell based on an average measured value of 0.1 pg of protein/
cell. Nonspecific binding was defined as that not displaceable
by 1 uM unlabeled nitrendipine and for [°H]-(+)-nitrendipine
was always a high percentage of the total binding (60-85%).
Numerous different attempts to lower the nonspecific binding
were unsuccessful. Over the concentration range needed to
define the Kp and B.,. of [°*H]-(+)-PN200-110 binding, the
nonspecific binding was considerably less than at the concen-
trations needed to define the binding constants for [*H]-()-
nitrendipine. In 150 mM Na,HPO, (pH 7.4) the K, for [*H]-
(+)-PN200-110 was 0.02 nM and the B,,, was 15 fmol/mg.
Incubation was carried out in 150 mM KCIl, 5 mM NaCl, 0.1
mM CaCl;, 50 mm MOPS (pH 7.4). The measured membrane
potential under these conditions was —3 + 2 mV (n = 10). The
K for [°H]-(+)-PN200-110 binding to intact depolarized cells
is 0.044 + 0.012 nM (n = 3). The Bpn.. was 26 fmol/mg of
protein. No evidence of a low affinity binding site was obtained
with intact cells. A comparison of [*H]-(+)-nitrendipine and

nitrendipine binding (0.03-2 nm) to whole cells
(21_3’) %avﬂueofOZanaﬂude

[®H]-(+)-PN200-110 binding shown to intact cells in the high
KCl buffer is shown in Fig. 5. As can be seen, the B,,,, for [*H]-
(+)-PN200-110 is approximately the same as for [3H]-(%)-
nitrendipine binding.

Determination of the number of functional calcium
channels. Calcium currents were measured in cells where a
By for a nitrendipine binding of 41 fmol/mg of protein was
obtained. Whole cell and single channel calcium currents were
obtained in the presence of 40 mM extracellular calcium (Ca,).
In the solutions used, Na and K currents were suppressed and
the remaining currents were the Ca current and a small leakage
current. The Ca current could be blocked by inorganic blockers,
for example, substitution of Co for Ca or addition of 1.0 mm
Ni. They could also be altered by the dihydropyridines. Ca (40
mM) was used in both the whole cell and single channel exper-
iments; this concentration was necessary to resolve the single
channel current. The number of functional channels (N') per
cell could be calculated from

I= Npoi (1)

where I is the whole cell current, i the single channel current,
and p, the probability that a single channel will be open. The
channels are assumed to behave independently and the two
parameters, p, and i, are functions of potential. The resting
potential of these cells measured immediately upon penetration
was —35 to —40 mV. This fell to about —10 mV as cesium from
the electrode entered the cell and blocked potassium channels.
The input resistance under those conditions ranged from 10 to
50 GQ. When the potential of the cell was held at —40 mV the
holding current required was smaller than the background noise
of ~5 pamp. An example of the Ca current which is slowly
inactivating in these cells is shown in the inset of Fig. 6. The
current-voltage relation for the peak current is also shown in
this figure. This was obtained by applying 100-msec depolar-
izing voltage steps in 10-mV increments from —60 mV every 5
sec. The figure shows that the threshold for calcium current
activation was about —10 mV. The nadir occurred between +20
and +30 mV. This is expected in 40 mM Ca, as elevated calcium
has been shown to shift the activation potential relation for Ca
currents to more depolarized potentials (4). The peak current
obtained when the cell was depolarized to +10 mV was meas-
ured in eight cells of approximately 10-um diameter and ranged
from 10 to 80 pamp. At this potential the current decayed very
slowly and was essentially in a steady state. Under the same
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conditions (cells exposed to 40 mM Ca, in which resting poten-
tial averaged —40 mV), single channel calcium currents were
measured when the cell-attached membrane patch was depo-
larized 50 mV to an estimated +10 mv. An example of single
channel currents obtained in this condition is shown in Fig. 7.
Single channel amplitude at this potential was obtained from
the measurements of a total of 600 single channel events from
two patches, each of which contained only one channel. Single
channel amplitude was 0.32 pamp in one patch and 0.29 pamp
in the other at this potential. The probability of a single channel
opening was obtained by averaging the single channel records
including the failures and dividing by the single channel am-
plitude. The average current during the step depolarization of
the first patch, where the single channel amplitude was 0.32
pamp, was about 0.015 pamp (shown in Fig. 8). Thus, the
probability of the channel being open (P,) during the peak of
the current was 0.015/0.32 = 0.05. A midrange value of whole

" ms
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g 3 b
:925 el 4
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S 50 :

Fig. 7. The agonist effect of nitrendipine is indicated by the arrow ()
which identifies the response to a step depolarization from —100 mV to

+10 mV in the presence of 10~ m nitrendipine. The response retains the
shape of the smaller control response. The data are uncorrected for

leakage.
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Fig. 8. The single channel currents from a cell-attached patch were
fitered at 800 Hz. The test potential was +50 mV from the resting
potential. The arrow indicates the beginning of the test pulse. The same
solution described for the bath in Fig. 6 was used for the bath and the
pipette in this experiment.

cell current (I) at this potential was 40 pamp. From Eq. 1 we
calculate

40 pamp = N (0.05 (0.32)
N = 2500 channels

A lower value of 10 pamp for the whole cell current would
give 670 functional channels whereas an upper value of 80
pamp would give 5000 functional channels. The same calcula-
tion from data obtained in the second patch, where P, = 0.04,
gave a range of 860-6900 channels.

The effects of nitrendipine on whole cell calcium cur-
rents. Calcium channels may be in one of at least three states:
open, closed, or inactivated. The proportion of channels in each
of the states is determined by the rate constants entering and
leaving each state and these rate constants are voltage depend-
ent. Hyperpolarized potentials (more negative than —40 mV)
favor the closed (resting) state. When channels are opened by
depolarizing voltage steps, inactivation of a channel may follow
if the depolarization is of sufficiently long duration. Inactiva-
tion may be removed by holding the membrane potential at
hyperpolarized potentials. Whole cell currents were produced
by depolarizing the cell for 100 msec from a holding potential
of =100 mV to +10 mV while the extracellular solution con-
tained 10 or 20 mM calcium. In these experiments the holding
potential of —100 mV maximized the number of channels in
the resting state and, therefore, the possibility that the drug
influences the response to the depolarizing test pulse by binding
to the resting state of the channel was examined. The depolar-
izing pulses were delivered at 5- to 10-sec intervals. The drug
was added to the bathing solution in log units from 1 nM to 10
uM. Ten min at each new concentration was found to be
sufficient to reach a steady state value in the magnitude of the
calcium current. Upon exposure to nitrendipine at concentra-
tions < 10 nM, a small increase in calcium current occurred
(Fig. 7). At higher concentrations this was followed by a de-
crease. The dose response curve for inhibition obtained from
four preparations using the protocol described above (depolar-
izing steps to +10 mV from holding potential of —100 mV) is
shown in the lower curve) of Fig. 9A. This curve illustrates the
low potency of nitrendipine under these conditions. The ICs
was 300 nM and there was a maximum inhibition of only 33%.
The effects of the drug were then examined where a portion of
the calcium channels was placed in the inactivated state. The
proportion of channels in the inactivated state is dependent on
the holding potential and was determined from the relation of
activatibility to potential (h. — V curve) shown in Fig. 10. To
obtain this relationship a depolarizing test pulse to 0 mV is
applied from holding potentials which range from —100 to —10
mV. The amplitude of the test pulse is attenuated by the
proportion of channels in the inactivated state which are not
available to open. The h. — V relationship in Fig. 10 shows
that, at a holding potential of —20 mV, about 50% of the
channels are not available for opening as the test pulse is
reduced by 50%. At this holding potential, the dose response
curve had an ICs of 67 nM, and the block was about 80%
complete at 10 uM (Fig. 10). This block was relieved by hyper-
polarizing to 100 mV for 10 sec. This is illustrated in Fig. 9B.
This example is from an experiment where a test pulse to 0
mV was applied following a 10-sec prepulse to, alternately,
—100 mV and —20 mV. A 10-msec pulse to —60 mV was given
between the prepulse and the test pulse to close channels
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Fig. 10. The h., — V curve is shown for the control solution (@) and at
107 m nitrendipine (O). The prepuise potential is plotted against peak
current obtained at a test pulse to +10 mV (Ca, = 20 mm). A nonacti-

vating or slowly inactivating component present at 10 sec was subtracted
before the maximum effect was calculated. This measure of the voitage
of inactivation shows that it shifts to more hyperpolarized
in the presence of nitrendipine. The curves were fit with (1 +
exp{(V — Va)/k]™' where k = 6.8.

remaining open at the end of the prepulse. In the presence of 1
uM nitrendipine there is no significant change in the amplitude
of the test pulse following the —100 mV prepulse, whereas the
test pulse amplitude is reduced by more than 60% following the
prepulse to —20 mV. We compared the h. — V curves obtained
in the presence and absence of 1 uM nitrendipine (Fig. 10). At
h,; we obtained a shift of 18-26 mV in the hyperpolarized
direction (mean = 23 mV in 3 cells) in the presence of nitren-
dipine.

The effect of nitrendipine at 10 nM was also examined at the
single channel level (Fig. 11). This cell-attached patch con-
tained two active channels. Depolarizing pulses of 100 msec
duration and 40 mV were applied. The agonist effect is evident
immediately following application of nitrendipine. This was
followed by the antagonist effects. At this concentration of
nitrendipine the effect was predominantly on the open proba-
bility, P,, as there was no change in the mean open time of the
channel or amplitude of the single channel current. P, first
increased from 0.05 before the drug to 0.08 at the peak of the
agonist effect and then decreased to 0.025 after 10 min exposure
to nitrendipine. Fig. 11A illustrates the agonist and antagonist
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Fig.s A. The upper concentration curve (@) illustrates

ses were delivered altemately to —20 mV and —100 mV
every 10 sec. The lower record was taken 6 min after
the addition of 10~° m nitrendipine to the bath.

r' inhibition obtained in four preparations
from —20 mV hoiding potential. The points were fit with

a single-site model. %Inhibiﬁonlc.=[Drugconc]/[Dmg

conc.] + Ky. The ICs, was 6.7 x 107 m. The lower curve

(O) was obtained from a hoiding potential of —100 mV.

r The ICeo was 3 X 1077 but maximum inhibition was only

33%. B. These current records were obtained using the

protocol illustrated in the lower part of the figure. Prepul-

effects by the relationship between the number of openings per
trace and the trace number in successive order. Fig. 11B shows
examples of the single channel records of the cell patch prior
to and following drug application.

Effects of (+)-PN200-110 on whole cell currents. The
effect of (+)-PN200-110 was also dependent on membrane
potential. There was no inhibition of current elicited by depo-
larizing steps to 0 mV when the holding potential was —80 mV.
As with nitrendipine, the block occurred when depolarizing
prepulses preceded the test pulse (Fig. 12). Long prepulses were
needed (10 sec). In contrast to nitrendipine, relief of the block
required 5-10 min when the prepulses of —80 mV were delivered
every 20 sec. When the peak current in response to a depolar-
izing test pulse to 0 mV from a 10-sec prepulse to =20 mV was
plotted as a function of concentration, the dose response curve
in Fig. 12 was obtained. The ICs was 9 X 10~ M. From the
association rate, calculated from the PC12 membrane binding
studies where membrane potential was assumed to be 0 mV, at
1077 M (+)-PN200-110 the drug should be bound within 1 min.
We therefore examined the effect on the amplitude of the
calcium current when the membrane potential was held at 0
mV for 3 min in the presence of two different concentrations
of (+)-PN200-110 (5 x 10~® and 5 X 10~® M). The block was
51% and 85% complete. These points are not very different
from those shown on the dose response curve in Fig. 12. Thus,
there is a lack of correlation between the Kp from binding and
the inhibitory response of calcium channels at a potential, and
at a time where binding should be complete and maximal. As
shown by the dose response curve in Fig. 12, a complete block
was reached with higher concentrations.

In heart cells, nitrendipine has both stimulatory and inhibi-
tory effects (25). We have found similar effects in PC12 cells.
Because the stereoisomers of nitrendipine are not available, we
have not been able to determine whether these effects are
separable on such a basis. As in heart cells (26, 27) the inhibi-
tory effect is voltage dependent. A larger portion of the channels
are blocked when a depolarized holding potential is used. Al-
though a very weak block appears under a protocol which
examines block to the resting state, this could alternatively
reflect a small run down of the calcium current with time,
independent of nitrendipine. Others have suggested that for
expression of the inhibitory effect nitrendipine binds with
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Fig. 12. A dose response curve for (+)-PN200-110 was obtained by
hoiding at —60 mV, applying a prepulse to —20 mV for 10 sec, and
measuring the current in response to a test pulse to 0 mV. Data points
represent three cells. The response at each concentration stabilized after
approximately 5 min when pulses were delivered every 30 sec. The
responses from one cell in control solution (maximum) and in 10~° m and
107° m PN200-110 are shown superimposed in the inset (calibration 200
msec, 50 pamp). The response was partially reversible after 5-10 min
(lower inset) when the holding potential was —80 mV.

highest affinity to the inactivated state of the channel (26, 27).
In this case, the ICs, of the inhibitory dose response curve will
be affected by the portion of the channels in the inactivated
state and will be expected to be larger than the K for binding
to the high affinity site. The reason for this is that, in binding
studies with membrane fragments, the membrane potential is
zero and none of the channels are presumed to be in the resting
state. In 150 mM NaCl, 50 mM Na,HPO, (pH 7.4) or in 150
mM KCl, 5 mM NaCl, 0.1 mM CaCl;, 50 mm MOPS (pH 7.4),
in the whole cell binding experiments the cells are also depo-
larized. The ICy or apparent K; (K.,) may be estimated by

120 160 200 240 280 320 340

assuming a modulated receptor model in which only a propor-
tion of channels are in the inactivated state and, thus,

1
~ (h/Kg) + (1 - BK;

where K, is the ICs obtained from a depolarized holding
potential in which a fraction, h, of the channels are in the
inactivated state (27). When we make this calculation assuming
no block to the rested state, i.e., Ki (the dissociation constant
for binding to the rested state) is very large, we obtain an
average value for K; (the dissociation constant for binding to
the inactivated state) of about 30 nM. A shift in the ho — V
curve is also predicted with a block to the inactivated state and
can be used to calculate the K; using the relationship

=Vi = k In[(1 + [Nit])/Kr)/(1 + [Nit])/K] 3)

where V, is the shift in the h.(V) relation and is the slope
factor for the relation to the inactivated state of the calcium
channel (28). The —23-mV shift we obtained predicts a K; of
29 nM which is in good agreement with the value obtained
using Eq. 2. The value of 30 nM in the PC12 cells still differs
from the K of [*H]nitrendipine binding for the high affinity
site binding (Kp = 0.6 nM) by 50-fold. The ICs, for the effect
of (+)-PN200-110 was more than 200 times larger than the K)
for the same compound. A second class of calcium channels,
which are activated from more negative holding potentials and
which are insensitive to dihydropyridines (29, 30), was not
present in the PC12 cells used in these studies and therefore
cannot account for the remaining difference between the Kp
and ICy, values. The differences between our results and those
of two other laboratories, where calculations based on the
modulated receptor hypothesis and which explained the dis-
crepancy in ICs and K)p, are unexplained (26, 27).

The binding constants of [*H]-(+)-nitrendipine to the high
affinity site in PC12 membranes obtained in our laboratory are

K 2
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in close agreement with those found in other laboratories (9,
10, 32). Toll (9) also calculated from flux measurements that
the unitary current was about 3 X 10° ions/sec. Taking into
account a 20-fold difference in Ca?* concentrations and assum-
ing a linear relationship between current and concentration,
this would be about Y20 the value we measured directly. How-
ever, Toll’s calculations (9) assumed an opening probability of
1.0, whereas in the K-depolarizing solutions he used, the mem-
brane potential probably was close to the test potentials used
in our experiments. This would give an opening probability of
0.05 for his experiments and bring his results into agreement
with ours.

The agreement between the number of high affinity binding
sites and the calculated number of functional Ca channels is
strong evidence that the high affinity sites and the Ca channels
are closely related. At the present time, we cannot discriminate
between the high and low affinity [°*H]-(%)-nitrendipine-bind-
ing sites as the site of either the inhibitory or the stimulatory
action of nitrendipine on voltage-dependent Ca channels. The
presence of the stimulatory effect at doses of 1 nM and 10 nMm
suggests that it too is related to a high affinity site.

In addition to the high affinity site, we report the presence
of a low affinity site with a K, for nitrendipine of around 70
nM and a B,,,, of 70 pmol/mg. Litzinger and Brenneman (12)
have reported the existence of a low affinity nitrendipine-
binding site in spinal cord neurons. Although the dissociation
constant for the low affinity site is close to the calculated K;
determined from electrophysiological studies, the number of
binding sites calculated for this binding site is a thousandfold
greater than the number of calcium channels determined elec-
trophysiologically. Although one could conceivably account for
this difference in terms of a large pool of nonfunctional chan-
nels, the binding of dihydropyridines to this site is not altered
by antagonists such as verapamil and diltiazem.? Its stereose-
lectivity, however, has not yet been examined. The functional
significance of the low affinity site is therefore unknown. It
may be related to the weak tonic block of rested channels that
we observed. However, the low affinity sites may include Na or
K channels (33, 34). Moreover, we have recently found evidence
for a low affinity nitrendipine-binding site in purified mito-
chondria,? and the low affinity site associated with crude mem-
branes may result from mitochondrial contamination of these
fractions. This possibility is currently being investigated.
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