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Volatile Anesthetics Depress Calcium Channel Blocker Binding

to Bovine Cardiac Sarcolemma

Benjamin Drenger, M.D.,* Mary Quigg, B.Sc.,T Thomas J. J. Blanck, M.D., Ph.D.}

Volatile anesthetics produce their negative inotropic effect on the
heart mainly by interference with calcium homeostasis in the myo-
cardial cell. In order to elucidate the mechanism of the depression,
we have evaluated the effect of the volatile anesthetics on the binding
of the calcium channel blocker [*H]nitrendipine to purified bovine
cardiac sarcolemma. The radioligand binding studies were carried
out at 25° C, with increasing concentrations of [*H]nitrendipine
(0.01-1 nM), in the presence or absence of unlabeled nitrendipine
to determine specific binding, and with or without 1.9% halothane,
2.3% isoflurane, and 4.8% enflurane. Separately, *H]nitrendipine
was measured in the presence of increasing doses of halothane (0.78,
1.33, 1.90, and 2.57%). Kinetic studies of association and dissociation
rate were performed with 1.90% halothane and 1 nM [*H]nitrendipine
at different time intervals. All three volatile anesthetics produced
depression of [*H]nitrendipine binding to the isolated cardiac sar-
colemma. Only halothane produced a significant depression in
binding, ranging between 59 and 66% (P < 0.05), depending on the
concentration of [*H]nitrendipine used. Isoflurane produced 29-
38% depression, and enflurane produced 5-22% depression. Halo-
thane also produced a significant (P < 0.01) dose-dependent decrease
in [*H]nitrendipine-specific binding. The kinetic binding experi-
ments demonstrated that the time course for halothane’s effect on
association and dissociation of [*H]nitrendipine was 5 min for the
half-maximum effect; the maximal reduction in binding capacity
was at 15-30 min (P < 0.05). Scatchard analysis revealed that all
three volatile anesthetics produced reduction in the maximal number
of binding sites; however, they varied in their effect on binding af-
finity. Only halothane produced a homogenous increase in the dis-
sociation constant, signifying reduced affinity of the Ca®* blocker
to the channel. We suggest that the volatile anesthetics produce con-
formational changes in these channels consistent with their ability
to depress channel-mediated Ca?* influx into myocytes. (Key words:
Anesthetics, volatile: halothane; isoflurane; enflurane. Ions: calcium.
Muscle, cardiac: sarcolemma. Pharmacology: calcium channel
blocking drug: nitrendipine.)

VOLATILE ANESTHETICS produce a dose-dependent
depression of myocardial contractility, mainly by inter-
fering with the normal control and availability of Ca®*
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ions for the contractile process. Contractility of cardiac
cells depends on sarcolemmal Ca®" influx, sarcoplasmic
reticulum Ca®* uptake and release, and myofibril Ca**
sensitivity. The respective contribution of each volatile
anesthetic on each of these sites is not well defined.'-®

Ca®** channels in the sarcolemma are sensitive to
changes in membrane potential. When the channels open
during depolarization, Ca®* ions move into the cell ac-
cording to their electrochemical gradient, resulting in an
inward membrane current. A number of studies'** have
shown that the Ca®* current through the voltage-sensitive
Ca?* channels is inhibited by the volatile anesthetics,
leading to a decrease in contractile force. The effect of
the volatile anesthetics on myocardial contractility and
their prevention of ischemia induced dysrhythmias are
similar in some respects to the effects of the Ca®* blockers,
and the combination of these two types of drugs has been
shown to be at least additive.>*®

The organic Ca** channel blockers are effective on one
type of voltage-sensitive Ca®* channel, designated the L
channel.”® These drugs have no effect on the other types
of Ca** channels, designated N and T channels. It appears
that the L channel is actively involved in Ca®* transport
for excitation—contraction coupling. This channel is the
focus of our current study of the effect of volatile anes-
thetics on cardiac membranes.® The dihydropyridines,
such as nifedipine and nitrendipine, bind to L channels
in a highly specific, saturable, and reversible manner.'
[*H]nitrendipine has been used in radioligand binding
studies as a specific probe for investigating the L-type Ca®*
channel, and these studies demonstrated that a decrease
in the binding of this radioligand was correlated with a
reduction of Ca®* influx, followed by a decrease in the
contractile force.!!

The information available in the literature on the effect
of volatile anesthetics on the Ca** channels and on the
modulation of Ca®* influx through the myocardial cell
membrane, the sarcolemma, has mainly involved electro-
physiologic studies or Ca**-transient experiments. Radio-
ligand binding studies complement these previous studies
by determining whether the anesthetics sufficiently per-
turb Ca?* channels to alter antagonist binding. Our initial
investigation'? demonstrated that halothane produced a
dose-dependent depression of binding of [*H]nitrendipine
to partially purified rat and rabbit cardiac membranes,
an effect that was found to be reversible. In the current
study, equilibrium radioligand binding of [*H]ni-
trendipine was studied in purified bovine cardiac sarco-
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lemma, and the effect of equipotent doses of the three
volatile anesthetics, halothane, enflurane and isoflurane,
on the binding of [*H]nitrendipine to the sarcolemma was
tested. We quantified the effect of the volatile anesthetics
on the density of the binding sites and on the dissociation
constant. The dose-dependent halothane effect on the
specific binding of [*H]nitrendipine to sarcolemma was
also examined. To further elucidate anesthetic effects, we
also evaluated the time course for association and disso-
ciation of [*H]nitrendipine to purified bovine sarcolemma.

Materials and Methods

ISOLATION OF SARCOLEMMA-ENRICHED
PREPARATION

Bovine heart obtained from a local slaughterhouse was
placed on ice within 15 min of the time the animal was
killed. All of the following procedures were carried out
on ice and with cold (0-4° C) buffers. The isolation of
the sarcolemmal membranes was performed using a mod-
ification of the method of Jones et al.'® and Caroni et al.'*
Ventricular muscle was trimmed of its epicardial and en-
docardial membranes, fat, and major vessels, and then
ground in a cooled meat grinder.

Ventricular tissue mince x 30 sec.

Medium | - 10mM Histidine
J5M NaCl .pH 7.5 PELLET

blender x 30 sec.
10400 x g x 20 min,
PELLET

blender x 10 sec.
10400 x g X 20 min.

Medium N - 5mM Histidine
10mM NsHCO, pH 7.5

supernatant

PELLET

blender x 80 sec.
10400 x g x 20 min.

supernatant
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The ground ventricle was then homogenized in a War-
ing blender, in two to three volumes 0.75 M NacCl, 10
mM histidine, pH 7.5 (medium 1) for 30 s, at 60% maximal
speed (fig. 1). The suspension was centrifuged at 10,400
X g for 20 min. This step, which removed nucley, cell
debris, and mitochondria, was then repeated. The pellet
of the second spin was resuspended in two volumes 10
mM NaHCOj and 5 mM histidine (medium 2), homoge-
nized for 10 s, and centrifuged at 10,400 X g for 20 min.
This process was repeated with a 90-s homogenization
and 20-min centrifugation. The supernatant at this stage
was relatively free of contractile proteins, and was spun
again at 17,000 X g for 40 min. The pellet was Dounce-
homogenized in 0.25 M sucrose and 10 mM histidine (me-
dium 3), and after a 10-min centrifugation, the super-
natant was used for the next step, which was ultracentri-
fugation at 105,000 X g for 30 min.

At the end of this step a soft white-beige pellet was
found lying over a firm pellet; this soft microsomal pellet
was collected by aspiration and placed over 0.6 M sucrose
buffer, 10 mM Tris, 300 mM NaCl, 50 mM and Na py-
rophosphate, pH 7.1 (medium 4) and centrifuged at

170,000 X g for 90 min. The final sarcolemmal vesicles
were collected from the interphase, washed with 10 mM

|1olou X g x 20 min,

supernatant

- +
pellet SUPERNATANT
l17000 X g x 40 min,
g v
Medium M- 25M Sucrose PELLEY supernatant
10mM Histidine .pH 7.5 ?;:::'xxgzx 16 min FIG. 1. Procedure for isolation of sarcolemma-
' enriched preparation from bovine heart ventric-
SUPERNATANT ular muscle. The entire procedure was performed
| 105000 x g x 30 min with ice-cold buffers.
FLUFFY BEIGE LAYER supernatant
. 170000 x g x 90 min.
' Y Iy
r v
herd lay over MATERIAL IN
PG"N—’ Medium li’ INTERPHASE

Medium IV - 6M Sucrose
10mM Tris
300mM NaCl

dilute In 10mM Tris HCI
170000 x g x 30 min,

50mM NaPyroph, pH 7.1

FINAL PELLET
sarcolemmal membranes

save [n -80°C In medium NI

supernatant
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Tris for 30 min, spun at 170,000 X g, and then suspended
in medium 3 and stored in a —80° C freezer.

Protein concentration was determined by the Coo-
massie binding method using bovine serum albumin as
the standard. In order to evaluate the purity of the sar-
colemmal preparation, the final four stages of the sarco-
lemma isolation procedure were evaluated by **Ca®* up-
take studies, in the presence of oxalate. As sarcolemmal
45Ca?®* uptake is not amplified by oxalate, we used the
diminution of oxalate supported **Ca®* uptake as a
marker for the decrease in sarcoplasmic reticulum con-
tamination of our sarcolemmal preparations. In parallel
we performed [*H]nitrendipine binding studies in each
of the final four stages of the preparations. Electron mi-
croscopy of the sarcolemmal preparation was performed
using the immersion-fixation staining method. Electron
microscopy is particularly helpful in determining mito-
chondrial contamination, but it is more difficult to distin-
guish between sarcolemma and sarcoplasmic reticulum
vesicles.

BINDING ASSAYS

Binding assays were carried out in 31-ml glass vials,
sealed with Teflon® liners to maintain constant anesthetic
concentration. Anesthetic was added to the solution in
liquid form, with a Hamilton microliter syringe. Anes-
thetic concentration was measured by gas chromatogra-
phy.'® Blanck'® showed that under identical conditions,
a stable partial pressure is maintained for more than 30
min. Measurements performed on samples taken during
the current study produced a similar conclusion. Addition
of 3 ul halothane, 5 ul isoflurane, and 8 pl enflurane pro-
duced anesthetic partial pressures equivalent to 1.9, 2.3,
and 4.8 vol%, respectively. Equipotent doses of the volatile
anesthetics usually are calculated in animal or human
studies at 37° C. However, there is a large uncertainty in
the extrapolation of these values in isolated membrane
experiments performed at 25° C. It is the number of an-
esthetic molecules at the site of anesthetic action that has
to be considered, and this number remains roughly con-
stant despite the change in temperature.'” Data on equi-
potent anesthetic concentration for in vitro or in vivo ex-
periments in the cow are not available.

In light of these considerations, for the current study
we used the volatile anesthetics in concentrations close to
those published in the anesthetic literature for human
equipotent ratios. Halothane was used in its thymol-free
form (Halocarbon Laboratories, Hackensack, NJ), even
though our preliminary studies with thymol, in final con-
centration of 1-10 uM, produced no effect on [*H]ni-
trendipine binding to the membranes.

The membranes were incubated during the experiment
in a shaking water bath at a constant temperature of
25° C. This temperature was used in order to slow mem-
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brane degradation. Equilibrium binding data are complete
after 1 h of incubation, a period of time that might be
too long for achievement of reproducible results at 37°
C. It has been shown'® that radioligand experiments at
25° C correlate well with patch clamp experiments on
the effect of nitrendipine on inhibition of cardiac calcium
currents. A decrease in nitrendipine binding affinity at
37° G has been reported previously and is related to an
increase in the dissociation rate constant.'®* However,
the effect of a temperature increase on the capacity of
the binding sites has not been determined with cer-
tainty.202! ‘

In the equilibrium binding studies, the sarcolemmal
membranes (40-90 ug) were added to 0.01-1 nMm
[*H]nitrendipine (specific activity 74-79 Ci/mmol; New
England Nuclear, Boston, MA) in 50 mm Tris buffer ()H
7.5) in a final volume of 1 ml in the absence or presence
of 500 nM unlabeled nitrendipine to define total and non-
specific binding. All measurements at all concentrations
were made in triplicate. In each experiment the control
[*H]nitrendipine binding values were compared to those
achieved when 1.9% halothane or 2.3% isoflurane or 4.8%
enflurane was added. In another set of six experiments,
the effect of increasing concentration of halothane (0.78,
1.33, 1.90, 2.57%) on the binding of 1 nM [*H]nitren-
dipine was evaluated.

After 60 min incubation, during which the vials were
protected from light to minimize the photochemical de-
composition of nitrendipine, the reaction was terminated
when an aliquot of 800 ul was filtered under vacuum
through 2.5-cm Whatman GF /C glass fiber filters placed
in a 30-well Millipore filtration apparatus and washed
three times with 10 ml cold 20 mM Tris buffer. Flushing
the filters ensured that any unbound drug was washed
away. Prior to use the filters were pretreated with 5 nm
unlabeled nitrendipine in 20 mM Tris in order to reduce
the nonspecific binding of [*H]nitrendipine to the filter
itself. The filters were placed in scintillation vials with 5
ml 3a70 complete scintillation cocktail (Research Products
International, Mount Prospect, IL), and samples were
counted in a Beckman LS2800 scintillation counter.
Counting efficiency was approximately 55%.

Nonspecific binding is defined as binding of [*H]ni-
trendipine that occurs in the presence of a high concen-
tration of unlabeled ligand (nitrendipine, in this study).
Specific binding, which indicates binding only to the volt-
age-sensitive Ca?* channels, is calculated from the differ-
ence between total binding and nonspecific binding (fig.
2). In the current study, 500 nM unlabeled nitrendipine
(Miles Laboratories, West Haven, CT) was used for dis-
placement of the [*H]nitrendipine from its high-affinity
binding sites. Other studies**?* also used nitrendipine in
the same concentration range to define nonspecific bind-
ing. Nonspecific binding represents the labeled ligand
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A - total binding
B - non specific binding
A-B = specific binding
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FIG. 2. Equilibrium binding of [*H]-nitrendipine to bovine cardiac
sarcolemma. Each point on the total binding (A) and the nonspecific
binding curves (B) was determined in triplicate for each of the five
[*H]-nitrendipine concentrations. Nonspecific binding was obtained in
the presence of 500 nM unlabeled nitrendipine. Specific binding is
calculated from the difference between total and nonspecific binding
(A —B).

trapped to irrelevant lipoidal regions or other charged
sites, and since the chance of both drugs to bind to those
sites is small, the ability of the unlabeled nitrendipine to
displace the labeled drug is also small.** The cold (unla-
beled) nitrendipine was prepared fresh daily in absolute
ethanol, and appropriate dilutions were made with 50
mM Tris to a final concentration of 1 uM ethanol. We
have found in preliminary experiments that in this dilution
the ethanol did not affect the [*H]nitrendipine binding
to the sarcolemma.

KINETIC STUDIES

Association time course studies were initiated with the
addition of the sarcolemmal membranes to the reaction
mixture containing 1 nM [*H]nitrendipine in 50 mM Tris
buffer (pH 7.5), in the presence or absence of unlabeled
nitrendipine and with and without 3 ul halothane. The
reaction was terminated after incubation time intervals
of 1, 5, 15, 30, and 60 min. The specific binding was
calculated as described above.

Dissociation time course experiments were performed
after 1 h incubation of the sarcolemmal membranes with
1 nM [*H]nitrendipine. Three 800-ul aliquots were used
as control values of total binding at time 0, after which
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500 nM unlabeled nitrendipine was added as a displacer.
The [*H]nitrendipine binding after the addition of cold
nitrendipine, with and without the addition of 3 ul halo-
thane, was then measured at the various time intervals (0
and 80 sand 1, 5, 15, 30, and 60 min). In all experiments
samples were taken in triplicate 800-u1 aliquots. The dis-
sociation rate constants (k—_;) for control and halothane
studies were then calculated with linear regression anal-
ysis.

DATA ANALYSIS

Equilibrium binding data were analyzed by the method
of Scatchard using the Enzfitter program,* which yields
a nonlinear, least-squares fit of the data and estimates of
the maximum number of binding sites (Bm.) and the dis-
sociation constant (Kp) for nitrendipine binding to the L
channel. In the lowest concentration (0.01 nM) of
[*H]nitrendipine used in these experiments, a Scatchard
plot could not be computed because the counts were too
close to the range of the nonspecific binding and were
out of the effective range for valid Scatchard analysis.
Therefore, another set of experiments was added, in
which concentrations were chosen closer to the expected
Kp.? The Scatchard analysis in these experiments showed
a better fit of the individual points to a straight line.

Statistical analysis of the equilibrium binding studies

was performed using a paired ¢ test, in which the effect
of each volatile anesthetic was compared to the control
binding values for each concentration. The effect of the
three volatile anesthetics was compared by one-way anal-
ysis of variance. The evaluation of the anesthetic effect
on Scatchard analysis also was compared by one-way anal-
ysis of variance. The effect of halothane on kinetic binding
values was compared for significance by the paired ¢ test
for each time interval. Values were considered signifi-
cantly different at P < 0.05. All data are given as the
mean + SEM of independent experiments.

Results

EVALUATION OF THE SARCOLEMMAL PREPARATION

The final yield of sarcolemmal membranes was ap-
proximately 4-5 mg per 100 g crude ventricular tissue.
Evaluation of the preparation by electron microscopy (fig.
3) revealed that almost the entire preparation was en-
riched in sarcolemmal vesicles. Very few mitochondria,
lysosomes, and glycogen droplets were observed. Oxalate-
supported *Ca®* uptake, which is a marker of the calcium
pump of the sarcoplasmic reticulum, was examined in the
four final steps of preparation, using the same amount of

* Leatherbarrow RJ: Enzfitter. Elsevier Science Publishers, Am-
sterdam, 1987.
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FIG. 3. Sarcolemmal vesicles isolated from bovine heart by immersion fixation technique. The following cellular details are apparent: V
= membrane vesicle; the differentiation between sarcolemmal or sarcoplasmic reticulum vesicles is impossible. M = mitochondria with cristae
and a double membrane; G = glycogen droplets; L = lysosome. (Magnification X25,000).

protein; a gradual decrease in uptake (from 8,530 to 403
pmol/mg) was observed. In the final step, uptake values
were almost as low as the background readings, indicating
little sarcoplasmic reticulum contamination. [*H]nitren-
dipine binding was gradually increased, with maximal
binding capacity in the final preparation step (from 50 to
722 fmol/mg). These binding and uptake studies are also
in agreement with those of Brandt,?® who demonstrated
that cardiac sarcoplasmic reticulum does not contain ni-
trendipine binding sites, and that any binding of
[*H]nitrendipine results from the presence of sarcolemmal
vesicles.

EQUILIBRIUM BINDING EXPERIMENTS

[*H]nitrendipine binds in a reversible and saturable
manner to the sarcolemmal membranes. Table 1 shows
that in seven experiments with each volatile anesthetic on
seven different sarcolemmal preparations, halothane, iso-
flurane, and enflurane decreased [*H]nitrendipine-specific
binding to the sarcolemma. At a [*H]nitrendipine con-
centration of 0.01 nM, the total binding values were low

.

and approximated the nonspecific binding. At a

[*H]nitrendipine concentration of 0.05-1 nM, halothane
produced in each individual experiment a significant
depression of binding, in the range of 58-66% (P < 0.05
for 0.05 nM and 0.1 nM and P < 0.025 for 0.5 and 1 nM)
(fig. 4). Isoflurane produced 29-38% depression and en-
flurane 5-22% depression; neither was statistically sig-
nificant. Depression of binding did not always occur with

TABLE 1. Effect of Volatile Anesthetics on
[*H]-Nitrendipine-specific Binding

PHINTP
(oM) Control Halothane Isoflurane Enflurane
0.01 86 24| 7.7+ 3.3 73+ 20 8.0+ 5.0
0.05 214+ 55| 82% 3.0%| 21.0+10.0| 142x 5.0
0.10 43.0 £12.0[18.0*+ 6.5*| 28.0+ 8.0| 41.0:+16.0
0.50 {116.5 +22.,0{39.0 £ 10.0F | 72.0+28.0] 96.0 + 34.0
1.00 {199.0 = 33.0|82.0 & 14.01 | 141.0 £ 42.0 155.0 £ 62.0

Mean = standard error.
n = 7 experiments with each anesthetic.
* P < 0.05; TP < 0.025 compared to control.

20z ludy 61 uo 3sanb Aq ypd'4Z2000-0001 0166 L-Z¥S0000/SEYOZE/SS L/ L/Y L/Ppd-01on1e/AB0|0ISOUISBUER/WOD JIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



160

0—0 HALOTHANE
& <A |SOFLURANE
oO-+«0 ENFLURANE

-
-
S
g

[P*HINTP SPECIFIC BINDING (% of control)

0 05 A

1 A\ 1 1

1.0

5
BHINTP (nM)

FIG. 4. Volatile anesthetics depression of [*H]-nitrendipine-specific
binding to bovine cardiac sarcolemma, as a function of [*H]-nitrendipine
concentration. The data are expressed as percentage of control (without
the anesthetics). Each point represents a triplicate measurement of
seven experiments with each of the volatile anesthetics, 1.9% halothane,
2.3% isoflurane and 4.8% enflurane.

isoflurane and enflurane, but when it did occur it was less
than that with halothane. Comparison of the effect of the
three volatile anesthetics showed no significant difference
among them, probably because of the variability in bind-
ing capacity of the different sarcolemmal preparations and
the inconsistent effect shown by isoflurane and enflurane.
In another series of six dose-response studies, with in-
creasing halothane concentrations of 0.78, 1.33, 1.90, and
2.57 vol%, the anesthetic produced increasing depression
of [*H]nitrendipine-specific binding (fig. 5). A mean de-
crease of 25-55% in binding was observed (P < 0.05 for
1.383% and P < 0.01 for 1.90 and 2.57% halothane).
We investigated the mechanism of the depression of
the volatile anesthetics on [*H]nitrendipine binding. Fig-
ures 6A and 6B illustrate typical Scatchard analyses plot-
ted from one of the four additional experiments per-
formed with each anesthetic using a [*H]nitrendipine
concentration range of 0.075 to 2.0 nM. [*H]nitrendipine
binding shows a single component of high- affinity bind-
ing, represented by the straight line. Values for pooled
results (table 2) in the control group (n = 10) were B, .«
= 476 + 69 fmol - mg™"' protein and Kd = 0.66 = 0.2
nM. A trend toward overall reduction in the number of
the binding sites was observed under the volatile anes-
thetic effect. Increase in Kp, which is equivalent to re-
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duced affinity, was observed only with halothane and iso-
flurane; enflurane produced a net decrease in Kd values.
However, both isoflurane and enfiurane showed a large
variability in calculated By, and Kp values. Only with
halothane were we able to demonstrate in each experi-
ment a nonsignificant but consistent decrease in the num-
ber of binding sites and in affinity.

[*H]NITRENDIPINE BINDING KINETICS

Association Binding

The binding of [*H]nitrendipine to the sarcolemmal
membranes was measured as a function of time, in the
presence and absence of halothane (fig. 7). The nonspe-
cific binding was identical over the whole time range.
Binding increased rapidly during the first 15 min, then
approached a plateau by 60 min. In the presence of halo-
thane the rate was significantly reduced within 5 min; the
mean decrease was approximately 38% in the specific
binding at plateau. The half-life for the development of
anesthetic-induced depression in binding was close to 5
min. These results are in accordance with the findings of
the equilibrium binding studies in which halothane re-
duced the affinity of binding.

—_ *p<005
° ** p<001
[
=
S Of
oo
S
e
o -20F
=
g *
o
L -40}
E *
|
(TN} *%
&
a -60F
—
=z
]
—-80}
[] ] 1 L
0 1 2 3
HALOTHANE (vol%)

FIG. 5. Dose-dependent depression of [*H]-nitrendipine-specific
binding by increasing concentrations of halothane. The data are ex-
pressed as percentage of control. Each point represents a triplicate
measurement of six experiments.
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FIG. 6. (A) Saturation of binding of [*H]-nitrendipine to bovine car-
diac sarcolemma. Specific binding is plotted in the presence or absence
of 1.9% halothane. (B) Scatchard analysis of [*H]-nitrendipine binding
with and without halothane, Free concentrations of [*H]-nitrendipine
varied from 0.075 to 2 nM. The plot was obtained by linear regression.
The dissociation constant (Kd) was derived from the slope of the curve.
The maximal binding capacity (Bmax) was calculated from the intercept
of the plot with x-axis. For this experiment Kd was 0.15 nM for control
and 0.27 nM with halothane, and B,,., was 478 and 342 fmol/mg,
respectively.
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FIG. 7. Time course for association of 1 nM [*H]-nitrendipine to the
sarcolemma, with and without 1.9% halothane. In each data point the
specific binding was calculated as explained in the text and represents
the mean of triplicate measurements in each of the experiments. The
association reaction is markedly depressed by halothane within the
first 5 min.

Dissociation Kinetics

In these experiments we evaluated the dissociation rate
constant of the [*H]nitrendipine from the sarcolemma,
when displaced by unlabeled nitrendipine (fig. 8). Cold
nitrendipine was added, with and without halothane, to
membranes that already had been equilibrated for 60 min
with [*H]nitrendipine alone. Immediately after addition
of the unlabeled nitrendipine, 38% of the [*H]nitren-
dipine was displaced; we were unable to resolve this phase
of displacement because of its rapidity. In the control
studies, without the anesthetic, a further mean displace-
ment of 35% occurred over the next 30 min, compared
to 54% in the presence of halothane (P < 0.05 after 15
min). The calculated mean k-, values were 1.5 + 1072
min~! in the control studies and 2.5 + 1072 min~" with
the halothane. These calculations excluded the data at
60 min, in which an unexpected change in dissociation
kinetics occurred. This change might be explained by

" membrane degradation from the long incubation period

of 120 min. However, even when the 60-min data are
included, the effect of halothane remains the same, a 60—
70% increase in the dissociation rate constant, consistent
with the reduced affinity demonstrated in the equilibrium
studies in the presence of halothane.

Both types of kinetic studies demonstrate the revers-

TABLE 2. Binding Properties of [*H]-Nitrendipine

B (fmol/mg) Kd (nm)

Anesthetic Control Anesthetic Change (%) Control Anesthetic Change (%)
Halothane 498 + 71 355 £ 76 —29 0.40 = 0.10 0.52 £ 0.10 +30
Isoflurane 578 + 102 438 + 124 —24 0.39 + 0.01 0.53 + 0.10 +36
Enflurane 720 £ 60 327 + 149 —55 0.92 + 0.12 0.42 £ 0.10 —54

Mean =+ standard error.
n = 4 experiments with each anesthetic.

B, = maximal number of binding sites; Kd = dissociation constant.

P value not significant.
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FIG. 8. Time course of dissociation of 1 nM [*H]-nitrendipine from
bovine heart sarcolemmal membranes. Dissociation was initiated in
equilibrium (after 60 min incubation at 25° C) by addition of 500 nm
unlabeled nitrendipine, with or without the addition of 1.9% halothane.
Data shown are mean values of four experiments. The time 0 point
(flled circle) represents triplicate measurements in each experiment
of total [*H]-nitrendipine binding prior to its displacement. (Insert) The
linear transformation of the kinetic data. The lines were fitted by linear
regression analysis of the 1-—30-min point. The data show the increase
in the dissociation rate constant in 1.9% halothane (k_,@u)) compared
to control (k-y(g). The maximum depression of halothane on nitren-
dipine binding was observed by the 15-min point, and half-maximum
effect was observed within 5 min.

ibility and saturability of [*H]nitrendipine binding to the
purified sarcolemmal membranes.

Discussion

During the normal, rhythmic action potentials of the
myocardial cell, the voltage-sensitive Ca** channels con-
tinuously oscillate among the resting, open, and inacti-
vated states, to which the Ca®* channel blockers show
different binding affinities.'" The 1,4-dihydropyridines
bind preferentially to channels in the inactivated state, in
which the channel is closed and unavailable for stimula-
tion.!!27-38 In the absence of depolarizing activity, as in
isolated muscle membrane preparations, the bulk of the
channels are in the inactivated state, unlike the situation
in intact cells, which contain more channels in the open
or resting states. The absence of membrane potential and
protein phosphorylation may convert the channel into a
high affinity binding state.'’*” Thus, isolated muscle
membranes tend to have single-site high-affinity binding
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characteristics, whereas intact cells may reveal low-affinity
and/or high-affinity binding sites, depending upon the
state of the channel and membrane potential.'**® Fur-
thermore, the various Ca®* channel blockers show differ-
ent preferences to the different states of the channel. Ni-
trendipine, for example, produces maximal blockade with
the first current, which might represent binding of the
drug to the low-affinity, activated Ca** channels (open
and resting states).

In the current study, using Scatchard analysis, we have
shown that [*H]nitrendipine binding produces a linear
plot, which implies a single class of high-affinity binding
sites in the sarcolemmal membranes. A mean binding ca-
pacity of 476 % 69 fmol + mg™' and a dissociation constant
of 0.66 = 0.2 nM both are similar to those described in
other studies for high-affinity binding sites in isolated car-
diac sarcolemma.??

Equipotent doses of the volatile anesthetics produced

depression of nitrendipine binding to the isolated cardiac
sarcolemma. These equilibrium binding studies, using in-
creasing concentrations of [*H]nitrendipine, enabled
quantification of the anesthetic-induced changes in bind-
ing properties. The decrease in Ca®" channel blocker
binding, which might be associated with reduction in in-
ward Ca®* influx, showed dose dependence to increasing
concentrations of halothane. Similar findings were re-
ported previously'? at a lower concentration of halothane
(0.39 vol%), compared to concentrations used in the cur-
rent study (0.78-2.57 vol%). These results signify that in
isolated membranes (as in the current study), alterations
produced by the volatile anesthetics in the high-affinity
binding state correlate with the anesthetic-induced de-
crease in Ca®* influx through the channel. However, at
the current time, the low affinity binding state of the
channel cannot be as readily studied in a biochemical sys-
tem.*! The possibility that the channels have reverted to
a resting state by volatile anesthetic exposure cannot be
excluded. However, this assumption seems unlikely, since
both Ca®?" influx and Ca®* transients are decreased by
halothane, suggesting that fewer open channels are avail-
able.

In order to correlate the volatile anesthetic effect on
binding properties to the negative inotropic effect, we
first have to define what type of preparation is used. When
the transmembrane potential gradient is minimized, as in
the isolated membranes, the shift to the inactivated state
produces a 100-fold higher sensitivity to the blocking ac-
tivity of the dihydropyridines® compared to intact cells.
Some investigators suggest that in the intact myocyte, the
low-affinity site, representing primarily the resting chan-
nel, is more closely associated with the pharmacologic ac-
tion of the drug.*®*? In one study on embryonic chick
ventricular cells, the investigators used a correlation be-
tween the time course of association and dissociation of
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nitrendipine and the time course of development of its
negative inotropic effect, in order to show that low-affinity
binding sites in the intact cell were related to the negative
inotropic effect of the dihydropyridine.

In the current study we have also shown that the time
required for the half-maximum halothane effect on as-
sociation and dissociation of [*H]nitrendipine was about
5 min. This time interval approximates that shown in
other experiments, in which a depression of aequorin light
intensity due to decrease in intracellular Ca®* transients
was demonstrated. However, these studies were per-
formed at 37° C on cat papillary muscle exposed to halo-
thane.® In order to correlate binding studies to clinically
relevant situations, further studies should be performed,
in which the effect of the volatile anesthetics on dihydro-
pyridine binding to intact depolarized myocytes is tested.

We hypothesize that the mechanism of the electro-
physiologic changes in the Ca®** channel under the influ-
ence of volatile anesthetics may well be the same as that
which causes reduction in binding of [*H]nitrendipine.
These changes are probably also responsible for the de-
crease in Ca?* influx into the myocyte and the parallel
reduction in the force of contraction. All three volatile
anesthetics—halothane, isoflurane and enflurane—seem
to produce a reduction in the number of available binding
sites, but the influence on binding affinity was varied
among the anesthetics. No data are available to distinguish
between alteration in the conformation of the protein
molecules of the channel and the changes occurring in
the membrane lipid bilayer itself. On the basis of the cur-
rent knowledge, we cannot determine if the volatile an-
esthetics have a direct action on the channel protein itself,
resulting in altered drug binding and prevention of Ca%*
influx, or if their action is mediated via the membrane
lipid, resulting in an indirect alteration of the channel
structure and behavior.

Despite the uncertainty in the site of action, the result
of sarcolemmal membrane exposure to halothane appears
to be an alteration in the high-affinity, inactivated state
of the channel, such that it is still inactivated but that the
binding of [*H]nitrendipine becomes less favorable. As
we stated above, this does not appear to be a reversion to
the open or resting state but rather an alteration in the
[*H]nitrendipine binding site.

Interpreting the results with Scatchard plots is also not
free of pitfalls since any small shift in the consistency of
the data is widely magnified by this type of analysis.?
Furthermore, any experimental artifact, such as contam-
ination of bound ligand by free ligand, or ligand or re-
ceptor degradation, will produce a curvilinear plot, which
might be incorrectly interpreted as receptor heteroge-
neity.?® In addition, because of the high sensitivity, this
method requires a high level of purification of the binding
sites.
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Electrophysiologic studies have clarified some aspects
of the volatile anesthetic effect on the Ca®* channels in
the sarcolemma, as part of the overall mechanism for
negative inotropism. In a series of studies on guinea pig
papillary muscle,**** Lynch and co-workers showed that
halothane caused significant depression of the maximum
rate of rise (V) of the slow action potentials (the po-
tentials elicited by slow inward calcium current), whereas
enflurane and isoflurane depressed the Vimax to a lesser
extent. These findings are in agreement with our results,
in which we demonstrated a significant dose-dependent
depression in nitrendipine binding with halothane, while
isoflurane and enflurane produced depression, albeit
smaller and not always consistent, on the Ca** channels.
Another recent study® confirms our current results.
However, because of the absence of statistical analysis, or
comparison of binding capacity and affinity of the three
volatile anesthetics, the latter study does not demonstrate
quantitatively the differences that exist between the var-
ious anesthetics in their effect on the sarcolemma.

Studies of intact ventricular muscle suggest that the
volatile anesthetics produce a decrease in myofibrillar re-
sponsiveness to calcium.’ However, two studies of the
effect of the volatile anesthetics on skinned fibers have
resulted in differing conclusions. Su and Kerrick®® noted
a minimal reduction in tension and slight decrease in cal-
cium sensitivity in fibers obtained from mechanically dis-
rupted myocardium, whereas Murat et al.*® noted a sub-
stantial halothane-induced decrease in calcium sensitivity
and in maximum activated force in chemically skinned
fibers.

Shibata et al.*® showed that in barium-induced dynamic
stiffness, the volatile anesthetics do not alter the normal
actin—myosin crossbridge cycling kinetics. However, the
high-frequency dynamic stiffness was reduced, indicating
a decrease in the number of cycling crossbridges involved
in tension generation. A very similar effect to that pro-
duced by the volatile anesthetics has been observed with
the calcium channel blocker, nifedipine.*' By demon-
strating that the changes induced in dynamic stiffness are
not related to reuptake of barium into the sarcoplasmic
reticulum*? and that both the effects of the volatile an-
esthetics and nifedipine can be reversed by increasing ex-
tracellular barium concentration, the authors suggest that
derangement of sarcolemmal Ca** transport may well be
one mechanism by which the volatile anesthetics depress

myocardial contractility. ‘

This effect on the Ca** channels by the volatile anes-
thetics is not limited to the heart. In a series of studies on
rat brain membranes,*® we have demonstrated a very
similar effect on the L-type Ca®* channels in the brain;
this suggests that volatile anesthetics might also interfere
with Ca®* regulation of neuronal function as part of their
overall pharmacologic effect.
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In- conclusion, many electrophysiologic studies have
emphasized the importance of sarcolemmal mechanisms
in the negative inotropism induced by the volatile anes-
thetics. In the current study we have demonstrated the
depressant effect of the volatile anesthetics on the binding
of dihydropyridines to the voltage-sensitive Ca®* channels
and on the kinetics of such binding as part of the mech-
anism of reduction in myocardial contractility. The in-
hibitory effect of the volatile anesthetics on the Ca®*
channels in various excitable cells deserves further study
on functionally reconstructed Ca** channels. This kind
of study will broaden our understanding of the molecular
basis of myocardial depression induced by volatile anes-
thetics and of the mechanism of anesthesia in general.
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