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Abstract—The partition coefficients (K,) of three prototype Ca* antagonists, nitrendipine, (—)-des-
methoxyverapamil and flunarizine were determined in native synaptic plasma membranes (SPM) isolated
from sheep brain cortex and in liposomes prepared with the total lipids extracted from the membranes.
We found that at 25° and at 5 X 107M drug concentration the K, values of the drugs for native SPM
are higher than those obtained for liposomes, and are of the order of 334 + 53, 257 + 36 and 23 x 10°
for nitrendipine, (—)desmethoxyverapamil and flunarizine, respectively, whereas the K, values in
liposomes are 190 + 41, 118 + 10 and 6 x 10° for the same drugs. These results suggest that the presence
of membrane proteins favors the mcorporanon of the drugs in the membranes. Furthermore, the K,
values of the three Ca®* antagonists studied increase with temperature in native membranes, but not in
liposomes. It is concluded that the physical partitioning in membranes of drugs which act on Ca?*
channels may play some role in the mechanism of interaction of these drugs with the Ca’* channel
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proteins.

Several reports now indicate that some Ca?* channel
antagonists may interact with their binding sites in
the Ca?* channel proteins from the inner surface or
from the lipid phase of the plasma membrane [1-
6]. Thus, studies using patch-clamp techniques with
cardiac cells in culture indicate that dihydropyridine
derivatives have access to the Ca?* channel through
the lipid phase of the cell membrane since their effect
increases with lipophilicity [1]. Also, Ca?* channel
blockers with higher lipid solubilities are taken up
more extensively into skeletal muscle cells [2]. Fur-
thermore, a recent study shows that phenyl-
alkylamine Ca?* channel blockers need to cross
the plasma membrane in order to reach intra-
cellular sites in synaptosomes, where they inhibit
Ca?* entry and neurotransmitter release [3]. Other
studies using pimozide and other diphenyl-
butylpiperidine neurolegtlcs show that these drugs
act as very potent Ca** channel blockers [7-9],
and this may be related to their high octanol:
water partitioning [10]. There is also indication from
biophysical studies that 1,4-dihydropyridine Ca?*
channel antagonists interact with biological mem-
branes by a two-stage binding mechanism that
involves partitioning of the drugs into the lipid
bilayer, with subsequent lateral diffusion to the
receptor binding site [4-6].

In most studies, however, the classical partition
coefficient determinations of drugs in octanol/water
have been utilized as a model for evaluating the
lipophilicity of the drugs in biological membranes
[1,2,10]. We know, however, that biological mem-
branes contain a variety of proteins and lipids which
differ very much chemically from octanol. Therefore,
it is necessary to determine the partitioning of the
drugs in biological membranes, if one wishes to

1 Correspondence should be addressed to A. P. Car-
valho.

determine the correlation between lipophilicity of
the drugs and their pharmacological effect on Ca®*
channel blockade.

Therefore, our approach was to determine the
partition coefficients (K,) of Ca’* channel antag-
onists belonging to dp fferent chemical groups
(dihydropyridines, phenylalkylamines and diphenyl-
piperazines) in partially purified synaptic plasma
membranes (SPM) isolated from sheep brain cortex
and in liposomes prepared with the extracted mem-
brane lipids. We found that for nitrendipine and
(—)-desmethoxyverapamil the K, values in native
SPM are higher than those determined in octanol/
water [2], whereas for flunarizine the K, values in
SPM, although very high, are lower than those
reported for octanol/water [10]. Furthermore, the
partitioning of the three Ca?* channel antagonists is
higher in native SPM than in liposomes, suggesting
that the presence of membrane proteins favors the
incorporation of the drugs in the membranes. These
results were first published in abstract form [11].

MATERIALS AND METHODS

Preparation of biological material

Native membranes. Synaptic plasma membrane
vesicles (SPM) were prepared by hypotonic lysis
of isolated sheep brain synaptosomes as described
previously [12]. The SPM preparation was washed
once and resuspended in 50 mM Tris—Cl, pH 7.4,
at a protein concentration of about 10 mg/ml, as
determined by the biuret method [13]. The final SPM
suspension was divided into aliquots which were
frozen in liquid nitrogen and kept at —80° for further
utilization. All experiments were performed within
four weeks after isolation. Sarcoplasmic reticulum
was prepared from rabbit skeletal muscle as
described previously [14].

Liposomes. Multilamellar liposomes [15] were
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prepared from total lipids extracted from SPM with
chloroform/methanol (1:1) as described previously
[16]. The final lipid extract was dissolved in chloro-
form and kept under nitrogen, at —80°, in a sealed
tube. Samples of the lipid extract containing about
5 mg of total phospholipid were dried under nitrogen
and placed under vacuum at 25° for 3 hr, after which
time the residue was hydrated with buffer (50 mM
Tris~Cl, pH 7.4), at 25°. The suspension was vor-
texed and allowed to equilibrate under N, atmos-
phere for 12hr, at 25°. This procedure yields
multilamellar liposomes with a mean size of 630 nm
as determined by dynamic light scattering [17]. Typi-
cally, the final phospholipid concentration after
hydration was 398 uM, as determined by measuring
the inorganic phosphate, after acid hydrolysis [18],
by the method of Bartlett [19].

Determination of partition coefficients. The par-
tition coefficients of the Ca?* channel blockers in
SPM and in SPM liposomes were determined by
using 3H-labelled Ca?* channel blockers ([*H]-
nitrendipine, ([*H]desmethoxyverapamil and [*H]-
flunarizine, and a filtration method was used to
separate the membranes from the incubation media
[20]. Various concentrations of each drug were taken
from 1 mM ethanolic stock solution and diluted in
buffer (50 mM Tris~Cl, pH 7.4). The incubation was
initiated by adding the membrane suspension in the
case of SPM or, in the case of liposomes, the drugs
were directly added to the liposome suspension in
buffer (S0mM Tris—Cl, pH7.4). The final con-
centration in phospholipid in the incubation medium
was 398 uM in the cases of [*H]nitrendipine and
(—)-[’H]desmethoxyverapamil, or 37 uM in the case
of [*H]flunarizine. It should be mentioned that the
presence of ethanol (0.5%, final concentration),
which was utilized as the solvent for nitrendipine
and flunarizine, does not affect liposome size or
distribution.

The samples were allowed to equilibrate at various
temperatures for 1 hr which, in previous tests, was
determined to be sufficient time for maximal incor-
poration of the drugs in the membranes. Samples
of the suspensions (0.5ml) were filtered through
Whatman GF/B filters under vacuum. After
filtration, the filters were washed with 10 ml of ice-
cold (04°) buffer (SOmM Tris—Cl, pH7.4) sup-
plemented with 0.05% bovine serum albumin in the
case of samples containing (—)-[*H]desmethoxy-
verapamil to decrease the blank binding to the filter
(21].

The radioactivity retained in the filter, as well as
total radioactivity in the sample, were determined
by liquid scintillation spectrometry in a Packard 2000
spectrometer with dpm correction. The degree of
retention of the membrane material in the filters was
determined in all the experiments by measuring the
amount of phospholipid retained in the filters, by
first digesting the filters at 180°in the presence of 1 ml
HCIO, (70%) for 2 hr [18]. The released inorganic
phosphate was determined by the method of Bartlett
[19]. The retention of biological material in the GF/
B filters was about 90% for SPM and 50% for SPM
liposomes. The partition coefficient (K,) was cal-
culated according to the Connor’s equation [22], in
the following form:
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_ Kp(Vl/Va)
Pk, vivy+1

where p is the fraction of drug present in the incu-
bation medium which is retained in the membranes,
V;and V, are the volumes of the lipid (/) and aqueous
(a) phases, respectively. In our experimental con-
ditions V, was 0.5 ml, V, was taken as the volume of
the lipid compartment of the membranes and was
calculated from the phosphate analysis of membrane
material retained in the filters, and taking 0.984 ul/
mg for mean specific volume of phospholipids.

For the sake of comparison, some determinations
of K, were performed by a centrifugation method
[23,34], specially in the case of [H]flunarizine,
which has a very high partitioning in lipid, as
expected from its high K, in octanol/water [10].
Thus, for the centrifugation method, SPM or lipo-
some suspensions were incubated with the drug at a
given concentration and, after 1 hr incubation, the
equilibrated membranes were centrifuged for 15 min
at 16,000 g in an Eppendorf microfuge, Mod. 5415,
at room temperature. Samples containing no mem-
branes or liposomes but only the 3H-labelled drug
were subjected to the same procedure. Radioactivity
in samples of the supernatants was determined by
liquid scintillation counting, as described above. The
partition coefficient. (K,,) was directly determined
from radioactivity in the supernatants [23]:

_ dpm(m) V(b)
? ™ dpm(b) V(m)

where dpm represents the disintegrations per min in
membrane (m) or buffer (b) phases; dpm(m) was
calculated from total dpm minus dpm in supernatant
of membrane suspensions. V(m) is the volume of
the lipid compartment of the membranes and was
calculated on the basis of lipid content (mg/m]) and
the specific volume of lipid (0.984 ul/mg). The results
obtained for the K, of [*H]flunarizine in SPM with
the centrifugation method did not differ significantly
from those of the filtration method (Table 1).

The partition coefficients determined by these
methods for the different Ca?* channel blockers
studied should be designated “apparent partition
coefficients” since they reflect the over-all distri-
bution behaviour of all molecular species present
(neutral and charged). The correction which is nor-
mally applied to obtain the true partition coefficient
of the neutral species in octanol/water [10, 24, 25],
taking in consideration the degree of ionization of the
substances, is not reasonably applicable in complex
biological membranes, since a diversity of charged
lipids and proteins is present, and both the neutral
and charged species of the drugs are partitioning.

Drugs and chemicals. [*H]Nitrendipine (87 Ci/
mmol) was purchased from New England Nuclear
(F.R.G.), (—)-[*H]Desmethoxyverapamil (83 Ci/
mmol) and cold (—)-desmethoxyverapamil were
obtained from Amersham International (U.K.),
[*H]Flunarizine (7.4 Ci/mmol) and cold flunarizine
were a generous gift from Dr J. Leysen, Department
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Table 1. Partition coefficients of Ca?* antagonists in synaptic plasma membranes (SPM) and
liposomes, at 25° (Data from Fig. 2).

(—)-Desmethoxy Flunarizinet
Nitrendipine* verapamil* Filtration Centrifugation
Native SPM 334 +53 257 £ 36 23 x 10° 19 x 10°
Liposomes 190 = 41 118 + 10 6 x 10° N.D.
Octanol : water 9.95 + 0.25° 66.6 + 05° — 1057%

* K, obtained by the filtration method (see Materials and Methods).
+ K, obtained by both filtration and centrifugation methods (see Materials and Methods).

N.D. Not determined.
* Taken from Ref. 2.
b Taken from Ref. 10.

of Biochemical Pharmacology, Janssen Research
Foundation, Beerse, Belgium. Nitrendipine was
obtained from Sandoz Laboratories. All other
chemicals utilized were of analytical grade.

RESULTS

Partition coefficients (K;) of nitrendipine and (—)-
desmethoxyverapamil in native membranes and in
liposomes at increasing drug concentrations

The determination of the partition coefficients
(K,) by the filtration method was performed at con-
centrations of the labelled drugs in the incubation
medium which did not vary by more than 10% due
to drug binding to the membrane. In the case of Ca®*
channel blockers belonging to the 1,4-dihydro-
pyridine group (nitrendipine), or to the phenyl-
alkylamine group (desmethoxyverapamil), prelimi-
nary tests performed with increasing concen-
trations of SPM showed that lipid concentrations
of about 398 uM bind between 5 and 10% of the
drugs at concentrations of the drugs of 5 X 1075M.

We studied also the effect of increasing drug con-
centrations on the K, values for nitrendipine and
(—)-desmethoxyverapamil in native SPM, and in
sarcoplasmic reticulum (SR), as well as in liposomes
prepared from lipids extracted from SPM (Fig. 1).
It is observed that the K, of nitrendipine in SPM is
constant at concentrations of the drug up to
3 x 1073 M, and decreases drastically for higher drug
concentrations (Fig. 1A). This behaviour has been
observed for the partition of other drugs in biomem-
branes [23], and it simply reflects that the lipid bilayer
becomes saturated with the drug for higher drug
concentrations, which we have found to be the case
in our studies of nitrendipine (results not shown).
Therefore, in subsequent experiments, we utilized a
drug concentration of 5 X 107 M, so that we are in
the concentration range in which the K, is constant
and the drugs behave as simple solutes. We also
refrained from using lower drug concentrations,
closer to the K, values of the drug receptors, to
avoid a significant contribution by the receptors to
the partition.

The K, values of [*H]nitrendipine decrease slightly
with increasing concentration of the drug in SR mem-
branes (Fig. 1A) over the concentration range stud-
ied (1-30 uM), and the K, of [*H]nitrendipine in SR

is only about half of the value obtained in SPM.
Therefore, one would expect that saturation of the
SR bilayer with drug would be reached at lower
concentrations than those found for SPM. However,
when we measured the drug bound per nmol of lipid
we found that it continues to increase linearly with
concentration of drug in the medium. Therefore, the
explanation for variation of the K, value as a function
of the free concentration of the drug in the medium
is more complex, and it is not readily evident.

In the case of partition of (—)-[*H]desmethoxy-
verapamil in SPM and liposomes, the K, values
observed (Fig. 1B) decrease gradually in both cases,
as was observed for SR in the case of nitrendipine
over the concentration range studied (1-30 yM). In
subsequent studies a concentration of 5 X 107%M
was utilized for all Ca?* antagonists studied.

Effect of temperature on the partition coefficients (K,)
of Ca** channel blockers in SPM and liposomes

In order to understand the dependence of the
partitioning of the Ca?* channel blockers on the
physical state of the membrane components, we
determined the effect of temperature on the K,
values for three Ca®* channel blockers belonging
to three different chemical groups: nitrendipine
(1,4-dihydropyridine), (—)-desmethoxyverapamil
(phenylalkylamine) and flunarizine (diphenyl-
piperazine), in native SPM membranes and in lipo-
somes prepared with the total lipids extracted from
native membranes (Fig. 2).

The results presented in Fig. 2A show that the K,
values of [*H]nitrendipine in native SPM increase
with temperature from 260 = 37 at 8° to 464 + 75 at
37°. However, the K, values for liposomes prepared
from SPM lipids are independent of temperature,
and are about 158 = 10 at 37°, which is less than the
mean value obtained for the intact SPM as reported
above. The behaviour of {—)-desmethoxyverapamil
partitioning in native SPM and in SPM liposomes,
as affected by temperature (Fig. 2B), is similar to
that observed for nitrendipine (Fig. 2A). Thus, the
K, values of (—)-desmethoxyverapamil are higher in
native SPM than in SPM liposomes, and increase
with temperature from 162 + 20 at 8° to 361 * 40 at
37° in native SPM, whereas they are independent of
temperature in liposomes (K, in liposomes is about
144 = 14 at 37°, Fig. 2B).

The third type of Ca?* antagonist whose par-
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Fig. 1. Concentration dependence of nitrendipine (A) and (—)-desmethoxyverapamil (B) partitioning
into liposomes and native membranes. Partition coefficients (X,) for increasing concentrations of the
drugs (1-30 uM) were determined in synaptic plasma membrane vesicles (SPM), sarcoplasmic reticulum
vesicles (SR) and in liposomes prepared with total lipid extracted from SPM. SPM or SR membranes
and liposomes were equilibrated with [*H]nitrendipine or (—)-[*H]desmethoxyverapamil for 1 hr at 25°,
The final concentration in lipid was 398 uM. The suspensions were filtered and washed and the
radioactivity associated with the filter and in the suspension was determined as described in Materials
and Methods. The results represent the means of two experiments performed in triplicate. In the abscissa
of B, (—)-desmethoxyverapamil was abbreviated as (—)-D888.

titioning in brain membranes was studied was flu-
narizine, a drug which is very lipophilic, as suggested
by its high partition coefficient in octanol/water,
which is of the order of 10578 [10]. We found that
the K, for flunarizine in native SPM or in SPM
liposomes is, however, much lower than its K, in
octanol/water, as shown in Fig. 2C. Thus, the K,
values for flunarizine in native SPM are between
19 x 103 at 8° and 28 % 10® at 37°, and in SPM lipo-
somes the value is even lower, about 6 X 10, and it
is independent of temperature between 8° and 37°
(Fig. 2C). The K, values obtained for the three Ca*
antagonists studied, determined in native SPM and
in SPM liposomes at 25°, are summarized in Table
1, in which we also give the partition coefficient
values for octanol/water for the three drugs studied.

It is clear that for the three Ca?* antagonists stud-
ied the K, values are higher for native membranes
than they are for liposomes prepared from lipids
isolated from the membranes, suggesting that even
for very lipophilic drugs, such as flunarizine, the
membrane proteins increase significantly the incor-
poration of the drugs into the membrane phase,
probably through binding to the proteins themselves
or at the lipid—protein interfaces. This behaviour
contrasts with the behaviour of other drugs, such as
dopamine antagonists, which show higher K, values
in liposomes than in native membranes [26f

Thermodynamic parameters of the interaction of Ca**
channel blockers with brain membranes

The analysis of the results of Fig. 2 according to
the van’t Hoff relation (In equilibrium K, vs the
inverse of the absolute temperature) yielded linear
plots, which permitted the determination of the
thermodynamic parameters for the transfer of Ca?*

channel blockers into the membrane phase (Table
2). The AG?® value for the transfer of the drugs
from the aqueous phase to the membrane phase was
calculated from the equilibrium K, value at 25°, the
AH"® value was calculated from the slope of the van’t
Hoff plots and the value for AS® was derived from
the relationship AG® = AH°—TAS®.

The results summarized in Table 2 show that for
the three Ca®* channel blockers studied, the incor-
poration of the drugs into SPM liposomes is associ-
ated with positive entropy changes (AS°> 0), but
the enthalpy contribution (AH®) associated with the
transfer process is essentially zero. In native SPM,
positive values for AS° and AH® are obtained. Thus,
the incorporation of Ca®>* channel blockers both in
membranes and in liposomes is entropy driven.

DISCUSSION

Various research groups, including our own, have
demonstrated that Ca?* channel blockers, such as
nitrendipine [27,28], (—)-desmethoxyverapamil
[21, 29] and diphenylbutylpiperidine neuroleptics [7-
9] bind with high affinity to membranes of excitable
tissues, including synaptic plasma membranes
[21, 30]. The affinities normally determined are in
the nanomolar or subnanomolar range. In these stud-
ies, however, the K, values are determined by Scat-
chard analysis of saturation binding data, and it is
assumed that the free concentrations of the drugs
in equilibrium with their binding sites in the Ca**
channel proteins are the aqueous concentrations in
the bulk medium. However, for lipophilic drugs,
with high partitions into the membrane phase, the
actual concentrations attained in the bilayer sur-
rounding their protein receptors may be much dif-
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Fig. 2. Partition coefficients of nitrendipine (A), (—)-des-
methoxyverapamil (B) and flunarizine (C) in SPM (open
symbols) and SPM liposomes (closed symbols) as influ-
enced by temperature. The concentration of the drugs
utilized was 5 X 107 M, and the final concentration of lipid
in the suspensions was 398 uM in (A) and (B) and 37 uM
in (C). Each experimental point represents the mean of
three to six independent measurements (vertical bars indi-
cate the range of S.D.). In (B), (—)-D888 was utilized as
abbreviation of (—)-desmethoxyverapamil.

2125

ferent from the aqueous concentrations. Thus, if the
receptor sites are hydrophobic, they are expected to
be in equilibrium with the drug concentration in the
membrane phase.

The results of Figs 1 and 2 and Table 1 show that
the apparent K, of the three Ca>* channel blockers
studied are lower in liposomes than in native SPM,
indicating that the membrane proteins either pro-
mote entry of the blockers into the lipid bilayer, or
they bind the blockers themselves. Thus, the drugs
in the membrane may be present dissolved in the
lipid phase, in the lipid-protein interphase or bound
to the membrane proteins.- However, the increase
in the apparent partitioning of the drugs into the
membranes induced by the proteins for all Ca®*
channel blockers studied must represent non-specific
interaction, at least at the relatively high drug con-
centrations (5 X 1075M) we used, which are 5 to
10,000 times higher than the K, values for the specific
binding of the Ca®* antagonists to their Ca?* channel
binding sites, which are in the nanomolar or sub-
nanomolar range [21, 27-30].

It is interesting that even for flunarizine, which is
the most lipophilic of the drugs studied [10], the K,
is also higher in native SPM than it is in liposomes
(Fig. 2C, Table 1), indicating that the presence of
proteins in the membrane contribute to the accumu-
lation of the drugs. This non-specific binding to pro-
teins usually is 20-30% of total binding at the nM
concentrations which saturate the specific Ca?*
antagonist receptors [21], but the concentration in
the lipid phase will be determined by the K, value
and, for lipophilic drugs, such as flunarizine, the
concentration in the lipid phase may be several hun-
dred-fold higher than it is in aqueous medium (Fig.
2, Table 1). This problem has been discussed by
other investigators [31] who have calculated the
“membrane” concentrations for various drugs,
including 1,4-dihydropyridines, such as nimodipine.
These authors conclude that for drugs with high
membrane partition coefficients, even at nM aqueous
concentration, the “membrane” concentration is 10*-
fold higher than in the aqueous medium [31].

Some insight into the nature of membrane-drug
interaction can be obtained by studying the variation
of K, values with temperature and by determining

Table 2. Thermodynamic parameters for the transfer process of Ca** antagonists into synaptic
plasma membranes and liposomes (data from Fig. 2).

Membrane AH® AG® AS°®

Ca?* antagonist system (kcal/mol) (kcal/mol) (cal/mol, °K)
Nitrendipine SPM 2.63 -3.77 20.6
Liposomes 0.45 -3.11 11.5
(—)-Desmethoxy- SPM 4.38 -3.62 25.8
verapamil Liposomes -0.02 -2.91 9.3
Flunarizine SPM 1.58 —6.26 253
Liposomes —0.54 -5.33 15.5
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the thermodynamic parameters (AG°, AH® and AS®)
of the transfer of the drugs from the aqueous phase
into the membrane phase. From the results summa-
rized in Table 2 we may conclude that the transfer
process is mainly entropy driven (AS° > 0), which
may indicate that ionic and/or hydrophobic inter-
actions are involved, as has been concluded for the
transfer of model compounds into membranes
{32, 33].

In general, our results are in agreement with pre-
vious results obtained by other investigators [4-6, 31]
who have concluded that the 1,4-dihydropyridine
Ca?* channel acting drugs partitioning into the lipid
bilayer may be a component of the pathway by which
these drugs reach specific protein receptors in the
membranes, if the specific binding site is buried in
the lipid of the membrane on the cytoplasmic side
of the plasma membrane. We further extended these
studies to other Ca?* channel blockers. The high
K, values obtained for (—)-desmethoxyverapamil in
SPM favors the idea that this Ca** channel blocker
may have an intracellular action [2, 3] and, in the
case of flunarizine, the high partitioning into the
membranes may be responsible for its proposed site
of action at the level of intracellular caimodulin
modulated processes [34]. We are currently studying
the correlation between physical partitioning and
Ca?* channel blockade in synaptosomes for other
Ca?* channel blocker drugs, specially for those
belonging to the diphenylbutylpiperidine group
which have been demonstrated recently to act as
potent Ca?* channel blockers in muscle [8] and pitu-
itary cells [9].
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