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with different phospholipid classes and molecular species:
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The influence of the class IV calcium antagonist flunarizine on the phase behaviour of different species of the major
phospholipid classes of mammalian plasma membranes has been examined using differential scanning calorimetry. We
show that it has the ability to substantially influence the phase behaviour of phospholipids. Flunarizine significantly
influences the gel to liquid-crystalline transition temperature of phosphatidylserines whilst having little effect on those
of the phosphatidylethanolamines tested. The liquid-crystalline to inverted hexagonal phase transition of phosphatidy-
lethanolamines is, however, strongly induced by the presence of flunarizine. Examination of the effect of flunarizine on
the phase behaviour of different phosphatidylcholine species revealed an acyl-chain dependent influence. Dissimilar
results with phosphatidylcholines, phosphatidylethanolamines and phosphatidylserines reveal different locations and
ionization states for the drug in the different phospholipid bilayers. These results not only indicate an essential role for
the ionization state of the drug in determining drug—phospholipid interactions but also the role of the phospholipid in
determining the ionization state of the drug and have important implications for drug-membrane interactions
demonstrating that drug interaction with one phospholipid may bear no relation whatsoever to its interaction with

another.

Introduction

Calcium antagonists have gained a position of great
importance in recent years particularly in the field of
cardiovascular pharmacology. However, this large class
of drugs with its great diversity of chemical structures
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clearly does not have one unifying mode of action [1].
These drugs are united by their ability to prevent
calcium-induced contracture of vascular tissue prepara-
tions by a blockade of calcium entry through voltage-
gated calcium channels, the so-called calcium slow
channels of muscular tissues: hence their designation as
calcium entry blockers or calcium slow channel blockers
[2]. This classification is now firmly established and is
well-suited to the majority of the calcium antagonists:
compounds such as verapamil, nifedipine, diltiazem and
their derivatives have been shown to have specific inter-
actions with defined regions of the «; polypeptide of
the voltage-gated calcium slow channel [3]. However,
direct channel interaction cannot be shown for a fourth
class of calcium antagonist, the diphenylpiperizines [4].

This group of compounds typified by flunarizine
(1-cinnamyl-4-(di-p-fluorobenzhydryl)piperazine) ap-
parently does not interfere with normal calcium cellular
function but is very effective against the deleterious
effects of elevated cellular calcium concentration (5]
We have recently demonstrated that flunarizine has the
ability to influence the interaction between calcium and
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membranes and thereby is able to prevent damaging
membrane reorganization from occurring in response to
high calcium concentrations [6]. It has long been appre-
ciated that cationic amphiphilic drugs have the ability
to displace calcium from phospholipid monolayers [7]
and that through this have the capability of preventing
calcium-induced membrane reorganisation [8]. This then
raises the question of whether flunarizine, like these
other membrane-active drugs, is also able to influence
the phase behaviour of membrane phospholipids.

Flunarizine, like a multitude of pharmacologically
active molecules, is a cationic amphiphile. This rather
general term represents a wide range of drug classes
including local anesthetics, B-blockers, neuroleptics and
antidepressants amongst others. In general, cationic
amphiphiles are characterized by a common molecular
structure: a hydrophobic aromatic ring system which is
linked to an amine group by a more hydrophilic moiety;
usually a short alkyl side chain. A great deal of atten-
tion has been paid to their interactions with membrane
phospholipids. This is because the plasma membrane
features prominently in their proposed modes of action:
the plasma membrane, or more specifically its protein
or lipid constituents often being the cellular targets of
these drugs.

There is a wealth of information about the influence
of such compounds on the physicochemical properties
of phospholipids. A great deal of this information has
been acquired using the technique of differential scan-
ning calorimetry (DSC) which provides a rapid, simple
method of assessing the interactions of molecules with
model and natural biomembranes (for reviews, see Refs.
9 and 10). However, much of this work, particularly the
earlier studies, concentrated on the effect of cationic
amphiphiles on the phase behaviour of a small, rather
non-representative group of phospholipids, the saturated
phosphatidylcholines (PtdCho) (for examples, see Refs.
11-15). More recent studies have examined the effect of
variation in the phospholipid headgroup on the in-
fluence of such drugs on phospholipids phase be-
haviour. Of particular interest is the effect of these
positively charged drugs on the phase behaviour of
anionic phospholipids and to this end several authors
have reported the influence of cationic amphiphiles on
saturated phosphatidic acids [16], phosphatidylglycerols
[15,16] and phosphatidylserines (PtdSer) [17].

In this study we have examined the interaction of the
class IV calcium antagonist flunarizine with three differ-
ent phospholipid classes (PtdCho, phosphatidylethanol-
amine (PtdEtn) and PtdSer) and show that flunarizine
has a distinct effect with each of the three phospholipid
classes. These three are the major phospholipid classes
of mammalian plasma membranes including the
myocyte plasma membrane [18]; the target membrane
for cardiovascular calcium antagonist action. We have
also studied the effect of molecular species on flunari-

zine—-phospholipid interaction and show that the ability
of the drug to influence the phase behaviour of PtdCho’s
is greatly affected by acyl chain length and unsatura-
tion. These results are discussed in relation to the locali-
zation of the drug in the phospholipid bilayer and their
implications for drug—-membrane interactions. Some of
these results have been presented previously in a pre-
liminary form [19].

Materials and Methods

Phospholipid synthesis and purification
1,2-Diacyl-sn-glycero-3-phosphocholines were syn-
thesized essentially according to the method of Baer
and Buchnea [20] by coupling the cadmium chloride
adduct of glycerophosphocholine, derived from egg
PtdCho as previously described [21,22], with fatty acid
chlorides in the presence of pyridine. The crude synthe-
sis products were purified by partition chromatography
followed by preparative HPLC on a Polygosil Si60
(5-20 pm) column using a chloroform/methanol /am-
monia/ water (68:28:2:2, v/v) eluent system [23,24].
Purified lipids were stored under N, at —80°C.
1,2-Diacyl-sn-glycero-3-phosphoethanolamines were
synthesized from the corresponding PtdCho via a base
exchange reaction using phospholipase D, isolated from
cabbage leaves [25], as previously described [26]. The
reaction was terminated by adding a two times excess of
EDTA and adjustment of the pH to 8.0 (NaOH). The
crude products were purified by preparative HPLC and
stored as described above.
1,2-Diacyl-sn-glycero-3-phosphoserines were also
synthesized from the corresponding PtdCho via a base
exchange reaction, as described by Comfurius and Zwaal
[27). The crude lipid products were converted to their
sodium salt by initial conversion to the calcium salt,
followed by a Bligh and Dyer type extraction to remove
non-acidic phospholipids, which was then followed by a
Bligh and Dyer type extraction in the presence of 0.1 M
EDTA and 0.1 M NaCl at pH 8.2. The sodium salt of
the PtdSer was then purified by preparative HPLC
methods [23] using a 2,2,2-trichloroethanol / propane-2-
ol/ethanol /water (45:19:28:8, v/v) eluent system
and stored as described above.
Flunarizine was a gift from Janssen Pharmaceutica,
Beerse, Belgium. All other reagents were of analytical
grade.

DSC

The effects of flunarizine on the phase behaviour of
phospholipids were examined by DSC. Flunarizine/
phospholipid mixtures were prepared from stock chlo-
roform solutions of known concentration (approx. 20
mM) which were stored under N, at —30°C. Phospho-
lipids were tested for purity by thin layer chromatog-
raphy prior to use. 10 pmoles phospholipid and various



amounts of flunarizine were mixed and evaporated to
dryness using a rotary evaporator. Samples were then
dried further overnight under vacuum in a vacuum
desiccator over phosphorous pentoxide.

The flunarizine /phospholipid film was suspended in
1.5 cm?®, 100 mM NaCl, 25 mM Pipes (pH 7.4, NaOH),
40 pM EDTA by vortexing at room temperature or at
approximately 10°C higher than the gel-liquid crystal-
line phase transition of the respective phospholipid
(when higher than room temperature). Lipid samples
were pelleted by centrifugation (30 min, 40000 X g), the
pH of the supernatant was checked and the wet pellets
were transferred to aluminum sample pans. The super-
natant was found to be pH 7.2 to 7.3 for all samples
tested. Under similar experimental conditions flunari-
zine has been shown to have a partition coefficient of
6000 in liposome systems [28] and 12000 in erythrocyte
membranes [29] and so it has been assumed that virtu-
ally all of the added drug is incorporated into the
membrane.

The thermotropic phase behaviour of the flunari-
zine /phospholipid dispersions was measured using a
DSC4 Perkin-Elmer differential scanning calorimeter.
Indium was used to calibrate the apparatus. All scans
were carried out at a sensitivity range of 0.5-1 mcal - 5!
and a scanning rate of 2 K- min~'. Each flunarizine/
phospholipid sample was subjected to at least three
cooling and heating temperature cycles. Differences were
never observed between the second and third cycles. All
experiments were repeated using two separate prepara-
tions.
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The phase transition temperatures and enthalpies of
transition were determined using a TADS program on a
Perkin-Elmer 3600 data station and were normalized for
phosphorus content following phosphorus analysis of
sample pan contents [30]. Cryoprotectant was not used
for dioleoylphospholipid samples as it is known that
such substances can affect the bilayer to hexagonal II
phospholipid phase transition [31], the measurement of
this phase transition being essential to these studies.
Moreover, it has been shown previously that the phase
transition of parameters of Ole,PtdCho are equivalent
in the absence and presence of cryoprotectant [32].

The phase transition temperature of a phospholipid
is normally defined as the temperature of maximum
excess specific heat; that is the temperature at which
deviation from the baseline is greatest, denoted by 7.
This definition of T, has been used in the studies
presented here.

Results

The DSC study of the effects of flunarizine on phos-
pholipid physicochemistry was initially carried out using
dielaidyl-(Eld, ) phospholipids because of their conveni-
ent phase transition temperatures. Typical DSC thermo-
grams of dispersions of Eld,PtdCho in the absence and
in the presence of increasing amounts of flunarizine are
shown in Fig. 1A. The phase transition of Eld,PtdCho
occurred at a temperature of T, = 11.0°C, with a total
enthalpy value for the transition of AH =7.2 kcal-

- mol~!. These values are in good agreement with previ-
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Fig. 1. Typical DSC of flunarizine/dielaidoylphospholipid dispersions; (A) phosphatidylcholine, (B) phosphatidylethanolamine, and (C) phospha-
tidylserine. Numbers on the figures represent flunarizine to phospholipid mole ratios.
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ously reported data [33]. It is clear that although there is
a slight downward shift in 7, flunarizine has little
effect on the thermotropic phase behaviour of
Eld ,PtdCho excepting a slight broadening of the transi-
tion peak.

Fig. 1B shows a typical DSC thermogram of disper-
sions of Eld,PtdEtn and illustrates the effect of increas-
ing amounts of flunarizine. The L,-L, transition for a
control sample of Eld,PtdEtn occurred at a tempera-
ture of T, = 36.6°C with an enthalpy of transition of
AH =1.8 kcal - mol~*. These values are in good agree-
ment with values published by Van Dijck [32] but
somewhat lower than those published by Epand [34].
Although there are complex alterations in the profile of
the thermograms it can be seen that, once again, there is
a slight downward shift in T, with effectively no change
in AH values. However, Fig. 1B reveals the striking
effect that increasing amounts of flunarizine have on
the L_-H,, phase transition of Eld,PtdEtn. Control
values for this transition are a transition temperature
Ty of 57.0°C and an enthalpy for the transition of
AH,; = 0.50 kcal - mol ™. The enthalpy value is in good
agreement with that published by Epand [34] but the
transition temperature is significantly lower than his
value (cf. 65.6°C). The transition temperature for the
L_-H,, transition (7,y) for Eld,PtdEtn is, however, in
agreement with values previously obtained using phos-
phorus nuclear magnetic resonance (*!P-NMR) [35].
The L -H,, phase transition was no longer detectable
by DSC at the highest flunarizine mole ratio (x = 0.1).

The effects of flunarizine on DSC thermograms of
Eld,PtdSer are shown in Fig. 1C. The LgL, phase
transition of Eld,PtdSer was observed at a temperature
of T, =24.4°C. This value is in good agreement with
previously reported data [27,36]. The enthalpy for the
transition was determined to be AH = 6.6 kcal - mol ™!
To our knowledge this is the first report of this parame-
ter. This value is, however, of a similar magnitude to
those reported for other PtdSer’s [36]. As with the
corresponding PtdCho and PtdEtn increasing amounts
of flunarizine cause a downward shift in the 7, for the
L4-L,, transition of Eld,PtdSer, although in this case the
shift in 7, is significantly greater than with the other
two phospholipid classes. Unlike its lack of effect on
the enthalpy of the Lg-L,, transition for the correspond-
ing PtdCho and PtdEtn, flunarizine does have a large
effect on this value for Eld,PtdSer reducing the en-
thalpy by over 50%.

Fig. 2A summarizes the influence of flunarizine on
the phase transition temperatures of the dielaidoylphos-
pholipids. The dramatic effect of increasing the mole
ratio of flunarizine on the temperature at which the
L.-H,; phase transition of Eld,PtdEtn occurs is im-
mediately apparent. From the DSC thermograms (see
Fig. 1B) it was not possible to determine the hexagonal
Il phase transition (7)) at the highest mole ratio
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Fig. 2. (A) A DSC study of the effect of increasing flunarizine mole
ratios on the gel to liquid-crystalline phase transition temperatures of
dielaidoylphospholipid dispersions (phosphatidylcholine (m),
phosphatidylethanolamine (©) and phosphatidylserine (0)) and on the
liquid-crystalline to hexagonal II phase transition temperature of
phosphatidylethanolamine (®,a4). Value at highest mole ratio (a) was
estimated using *pP.NMR. (B) The effect of flunarizine on the gel to
liquid-crystalline phase transition enthalpies of dielaidoylphospholi-
pid dispersions: phosphatidylcholine (B), phosphatidylethanolamine
(©) and phosphatidylserine (00). Values represent the average of four
determinations.

tested (x = 0.1). However, *'P-NMR experiments (re-
sults not shown) indicate that at higher mole ratios of
flunarizine (x > 0.10) Eld,PtdEtn undergoes either a
transition directly from the Ly to the Hy; phase or a
transition from the L, to the H;; phase via the L, phase
where the L phase is very short lived. In either case
this would require a shift in the onset of the L -H,;
transition (7,,) of the order of —18 to —20°C. This is
represented in Fig. 2A and indicates a linear reduction
in T4 with increasing flunarizine mole ratios. The
relative lack of effect of flunarizine on the Lg-L, phase
transitions (7,,) of Eld,PtdCho and Eld,PtdEtn can
clearly be seen as can the moderate effect of flunarizine
on the 7, of Eld,PtdSer at higher mole ratios (x > 0.04).

The influence of flunarizine on the relative enthalpies
of the Ls-L, phase transitions of the dielaidoylphospho-
lipids is illustrated in Fig. 2B. The effect of flunarizine
on the enthalpy values of the L -H,; phase transition
(A Hy) has been omitted from this figure due to limita-
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tions in accurately determining changes in the relatively
small enthalpy of this transition with our calorimeter.
This effect was, however, observed to be quite small.
Fig. 2B shows that increasing amounts of flunarizine
cause a progressive, marked reduction in the AH for
Eld,PtdSer resulting in a decrease of over 50% at x =
0.10. In contrast, these high flunarizine: phospholipid
mole ratios have little effect on the AH of the LyL,
phase transitions of Eld,PtdCho and Eld,PtdEtn.

The effect of agents on the phase behaviour of phos-
pholipids can best be appreciated using phase diagrams.
Phase diagrams of the effects of flunarizine on the
phase behaviour of Eld,PtdCho, Eld,PtdEtn and
Eld ,PtdSer are presented in Fig. 3. Examination of this
figure clearly reveals now flunarizine has a distinctly
different effect on each of the phospholipid classes
studied here. Fig. 3A shows how flunarizine, whilst
having little effect on the T, of Eld,PtdCho and the
point of 100% conversion of the phospholipid to the L
phase, markedly reduces the temperature at which the
onset of the phase transition from the Lg to the L,
phase occurs; that is to say that there is a significant
broadening of the Ls-L, phase transition with increas-
ing flunarizine mole ratio. The phase diagram for
Eld ,PtdEtn /flunarizine mixtures (Fig. 3B) emphasizes
how, despite only a small effect on the Ls-L, phase

transition, increasing the mole ratio of flunarizine
dramatically causes a downward shift of the L_-H
phase transition of the PtdEtn. As mentioned previously
the 7, , for the highest mole ratio of flunarizine has
been estimated from *'P-NMR data. However, it can be
seen from Fig. 3B how this estimation is in good agree-
ment with the rest of the data and supports the *'P-NMR
observation that the H phase can be observed at
temperatures immediately above the Lg-L, phase tran-
sition temperature at x = 0.10. If we examine Fig. 3C
we can see a different type of profile in the phase
diagram for Eld,PtdSer/flunarizine mixtures. Here we
observe that the downward shift in 7, of the LgL,
phase transition is accompanied by a shift in the entire
phase transition profile. This is in marked contrast to
the profile of the phase diagram for the PtdCho/ fluna-
rizine mixtures where a downward shift in the onset of
the phase transition was not accompanied by a similar
shift in the other phase transition parameters.

The effect of flunarizine on dioleoylphospholipids

The study of the effect of flunarizine on phospho-
lipids was extended to cover the dioleoyl-(Ole,) phos-
pholipids. These were chosen because they have quite
different thermal properties from the dielaidoylphos-
pholipids whilst having virtually the same molecular
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Fig. 4. Typical DSC of flunarizine /dioleoylphospholipid dispersions;
(a) phosphatidylcholine, (b) phosphatidylethanolamine, and (c) phos-
phatidylserine. Numbers on the figures represent flunarizine to phos-
pholipid mole ratios.

structure, differing only in the configuration of the acyl
chain double bond. The same three phospholipid classes
as were used above were chosen to allow comparison of
the results. Typical thermograms of Ole,PtdCho in the
absence and in the presence of increasing mole ratios of
flunarizine are given in Fig. 4a. The Ls-L, phase transi-
tion of Ole,PtdCho occurred at a temperature of 7T, =
—17.7°C with a total enthalpy for the transition of
AH = 8.0 kcal - mol ™. These results are in good agree-
ment with previously reported data [32]. As was ob-
served with Eld,PtdCho there is a slight downward
shift in 7,, with increasing flunarizine mole ratios.
However, in this case flunarizine has had a remarkable
effect on the enthalpy of the transition (A H) which at a
flunarizine mole ratio of x = 0.25 has been reduced by
over 50% and at a mole ratio of x =0.1 by over 90%.
Fig. 4b shows a typical DSC thermogram of a
Ole, PtdEtn dispersion. The Lg-L, phase transition tem-
perature of T = —4.9°C with an enthalpy for the
transition of AH = 5.5 kcal-mol~™! are in agreement
with published values [32]. Flunarizine slightly de-
presses the T, of Ole,PtdEtn, the effect increasing with
increasing flunarizine mole ratios (see Fig. 4b). There is
only a very slight reduction in the A H for this transition

at higher mole ratios of flunarizine. Flunarizine does,
however, have a striking effect on the L_-H;, phase
transition of Ole, PtdEtn. Control values for this transi-
tion are a transition temperature of 7, ,;, =17.8°C and
an enthalpy for the transition of AHp =0.35 kcal-
mol~'. The value for the transition enthalpy is in good
agreement with that published by Epand [34] but the
transition temperature reported here is somewhat higher
than his value. Epand noted, however, that the transi-
tion is highly dependent upon scan rate. We can there-
fore presume that our higher transition temperature is
due to the fact that we have employed a faster scan rate.
Data in Fig. 4b indicate that flunarizine induces a
strong downward shift in the L_-H,; phase transition
temperature proportional to its mole ratio. At the highest
flunarizine mole ratio (x = 0.1) that were examined the
L.,-H; phase transition was no longer detectable by
DSC.
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Fig. 5. (A) A DSC study of the effect of increasing flunarizine mole
ratios on the gel to liquid-crystalline phase transition temperatures of
dioleoylphospholipid dispersions (phosphatidyicholine (W), phospha-
tidylethanolamine (©) and phosphatidylserine (0)) and on the liquid-
crystalline to hexagonal II phase transition temperature of di-
oleylphosphatidylethanolamine (®.a). Value at highest mole ratio (a)
was estimated using 3p_NMR. (B) The effect of flunarizine on the gel
to liquid-crystalline phase transition enthalpies of dioleoylphospholi-
pid dispersions: phosphatidylcholine (M), phosphatidylethanolamine
(©) and phosphatidylserine (O). Values represent the average of four
determinations.



Fig. 4c shows a typical DSC thermogram of a
Ole, PtdSer dispersion. Control values of T, = —9.3°C
for the Ly-L, phase transition temperature and AH =
6.7 kcal - mol ! for the enthalpy of the transition are in
good agreement with values published by Van Dijck
[32], but do differ slightly from those of Demel et al.
{36]. The presence of flunarizine caused a slight down-
ward shift in T, and a substantial reduction of almost
40% of the AH for the Lg-L, phase transition of
Ole,PtdSer at quite modest mole ratios (x = 0.04). At
higher mole ratios (x = 0.1) the profile of the thermo-
gram becomes greatly altered revealing two separate
melting peaks. This is indicative of a lateral phase
separation within the drug/phospholipid dispersion.
Such phase separations have been interpreted as repre-
sentation of drug-rich and drug-poor phospholipid do-
mains [9]. The T, of the lower melting peak, which
presumably represents a phase of high flunarizine—
phospholipid interaction is quite markedly shifted by
7.4°C. It is interesting to note that after this appearance
of two transition peaks the combined enthalpy of the
two peaks is greater than that of the preceding lower
flunarizine mole ratio. This is presumably because the
phase separation of the mixture has reduced the total
number of PtdSer molecules in close contact with
flunarizine molecules.

Fig. 5A illustrates the influence of flunarizine on the
phase transition temperatures of the dioleoylphospho-
lipids. It shows that flunarizine once again has a
dramatic effect on the L,-H; phase transition of the
PtdEtn. >’P-NMR was again used to confirm this effect
(results not shown) and indicated that the x = 0.1 fluna-
rizine/ Ole, PtdEtn sample was in the H;; phase at 0°C.
This corresponds to a shift in the phase transition
temperature of over —17°C. These results are repre-
sented in Fig. 5A and indicate a strong linear reduction
in T, with increasing flunarizine mole ratio. The in-
fluence of flunarizine on the temperature of the Ly-L,
phase transitions is much less marked. However, whilst
flunarizine has a somewhat modest influence on the T,
values of Ole,PtdCho and Ole,PtdEtn it does have a
large effect on a proportion of the PtdSer in the
flunarizine /PtdSer dispersion at the highest mole ratio
(x=0.1). It is interesting to note that the effect of
flunarizine on the remainder of the PtdSer is the same
as that observed with the two other phospholipid classes.

The influence of flunarizine on the relative enthalpies
of the Lg-L, phase transitions of the dioleoylphospho-
lipids that have been examined are presented in Fig. 5B:
the values for the L -H; phase transition of the PtdEtn
have again been omitted for the abovesaid reasons. We
can observe that increasing mole ratios of flunarizine
have no effect on the enthalpy of the Lg-L, phase
transition of the PtdEtn whilst having a significant
effect on that of the PtdSer, reducing it by over 35% at
one point, and a dramatic effect on that of the PtdCho
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virtually diminishing the enthalpy of the phase transi-
tion almost to zero at x = 0.1.

It is, of course, of great interest to compare these
results with those obtained with the Eld,-phospholipids
(summarized in Figs. 2A and 2B). Whilst it is im-
mediately apparent how different the effect of flunari-
zine is on the relative enthalpies of the two PtdCho’s it
should be stressed how similar the effects of flunarizine
are, in general, on the corresponding molecular species
of the different phospholipid classes. Excepting this
effect on the AH values of the PtdCho’s, which will be
examined in further detail, what we observe for both
molecular species are moderate effects on the T, values
of the PhdCho’s and PtdEtn’s, a more significant de-
pression of the T,, values of the PtdSer’s and a dramatic
depression of the T, ,; values of the PtdEtn’s (Figs. 2A
and 5A). We also see virtually no effect on the AH
values of the PtdEtn’s but significant reductions in
those of the PtdSer’s (Figs. 2B and 5B).
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Fig. 6. Typical DSC thermograms showing the effect of flunarizine on

the phase behaviour of dipalmitoylphosphatidylcholine dispersions.

Numbers on the figure represent flunarizine to phospholipid mole
ratios.
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The effect of flunarizine on phosphatidylcholines

In order to gain further insight into the large dif-
ferences that were observed in the effect of flunarizine
on Eld,- and Ole,PtdCho the study was extended to
examine the effect of flunarizine on the phase behaviour
of dipalmitoylphosphatidylcholine (Pam, PtdCho).

Typical thermograms of Pam,PtdCho in the absence
of and in the presence of increasing mole ratios of
flunarizine are presented in Fig. 6. The control thermo-
gram for Pam,PtdCho reveals a pretransition at 31.8°C
and a L;-L, phase transition at T, =40.6°C with an
enthalpy of the main transition of AH =7.7 kcal-
mol~!. These values are in good agreement with previ-
ously reported results (for example, see Ref. 33). In the
presence of flunarizine the pretransition is no longer
observed at mole ratios above x > 0.02. Increasing the
mole ratio of flunarizine causes a depression of 7, and
a broadening of the phase transition profile whilst hav-
ing no effect on the AH of the transition. These results
effectively show no discernable difference to those ob-
tained with Eld,PtdCho. Therefore the study was ex-
tended to include higher mole ratios of flunarizine for
both Pam,- and Eld,PtdCho. It is clear that at higher
mole ratios of flunarizine (x > 0.1) a difference in its
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Fig. 7. The effect of increasing flunarizine mole ratios on (A) the gel

to liquid-crystalline phase transition temperatures and (B) the phase

transition enthalpies of phosphatidylcholine dispersions: dipalmitoyl
(0), dielaidoyl (O) and dioleoyl (m).

effects on the two PtdCho’s becomes apparent. The
relative effects of flunarizine on the three different
PtdCho’s that have been examined in this study are
presented in Figs. 7A and 7B. The effect of flunarizine
on the transition temperatures of the three PtdCho’s is
given in Fig. 7A. Whilst it is clear that there are
differences in the effects of flunarizine with each of
these phospholipids it can be reasonably concluded that
they are not particularly significant for the range of
flunarizine: phospholipid mole ratios that has been ex-
amined for all three PtdCho’s, especially when one
considers the considerable differences in the transition
temperatures of these phospholipids (—18°C, 11°C and
41°C). However, what is quite remarkable is the effect
of flunarizine on the enthalpies of these phase transi-
tions (Fig. 7B). From these data we can clearly see a
mole ratio dependent effect of flunarizine on two of the
PtdCho’s. Whereas Ole, PtdCho is very sensitive to the
presence of flunarizine, Eld,PtdCho is only sensitive to
the presence of high mole ratios of flunarizine and
Pam,PtdCho is quite insensitive to the presence of
flunarizine.

Discussion

The gel to liquid-crystalline (L4-L,) phase transition
of a phospholipid corresponds to an order to disorder
transition and represents a change from a state in which
the phospholipid acyl chains are rigid and in close
contact with their neighbouring phospholipid acyl chains
to a state in which relatively free rotational movement
around carbon-carbon bonds is permitted for the acyl
chains [37]. This is the so-called trans-gauche isomeriza-
tion of the acyl chains. The temperature at which the
endothermic L,-L, phase transition of a phospholipid
occurs is dependent upon chain length [38}, unsatura-
tion and upon headgroup structure (see Ref. 39).

The profile of a DSC thermogram of a phospholipid
phase transition is determined by the enthalpy of the
transition and the degree of cooperativity: the more
cooperative the transition the higher and narrower the
peak (for transitions of similar enthalpy). The concept
of cooperativity and its implications for the Lg-L,
phospholipid phase transition has been extensively dis-
cussed by Biltonen and Freire [40]. There are several
means of mathematically defining cooperativity and the
size of cooperative units [9,10,40], but to all intents and
purposes these remain somewhat arbitrary definitions
relating peak height to width. It is, however, tenable to
assume that as a transition becomes less cooperative the
peak profile will be gradually transformed from a tall
narrow peak to a shorter, broader peak indicating that
the now less cooperative transition occurs over a wider
temperature range. This change in the profile of the
DSC thermogram of the phospholipid phase transition
is of the essence to the results presented here.



Mountcastle et al. [41] have demonstrated that the
presence of the gaseous anesthetics halothane and en-
flurane decreased the transition temperature and in-
creased the width of the transition without affecting the
enthalpy for the Lg-L, phase transition of Pam,PtdCho.
They concluded that the gaseous anesthetics not only
decrease T, but also influence the degree of cooper-
ative interaction between phospholipid molecules, de-
creasing the degree of cooperativity, resulting in the
clusters of phospholipid molecules involved in the phase
transition becoming smaller in size and thus more
numerous in the region of the phase transition tempera-
ture. In this way, we can envisage how the presence of a
‘foreign‘ molecule or additive in phospholipid bilayers
could interfere with phospholipid—phospholipid interac-
tions and thus reduce cluster size, thereby increasing
cluster number and consequently decreasing cooperativ-
1ty.

Flunarizine clearly has the ability to significantly
influence phospholipid phase transitions too, as is high-
lighted in the study with the dielaidylphospholipids.
The depression of the onset of the Lg-L, phase transi-
tion of Eld,PtdCho indicates a destabilization of the L,
phase (Fig. 3A). This broadening of the phase transition
indicates a loss of cooperativity. That 7., the phase
transition end-point and AH are not altered implies
that despite this loss of cooperativity the thermody-
namic characteristics of the phase transition have not
been greatly altered. The lowering of the onset of the
Ls-L, phase transition and thereby the broadening of
that transition indicate that the PtdCho molecules exist
in more numerous smaller clusters. However, the lack of
effect on the other parameters indicate interestingly that
this has had little bearing on the nature of the phase
transition.

This is even more apparent if we examine the effect
of flunarizine on the LgL, phase transition of
Eld,PtdEtn. In this case flunarizine has only a small
effect on the thermodynamic parameters of this phase
transition (Figs. 2A,2B and 3B). The fact that flunari-
zine does strongly effect the phase behaviour of this
phospolipid is, however, immediately apparent from its
dramatic effects on the L -H,; phase transition. It is
now widely accepted that the non-bilayer hexagonal II
phase behaviour of molecules such as PtdEtn is governed
by their molecular shape [42,43], these molecules
possessing a so-called ‘inverted cone‘ shape. A strong
induction (stabilization) of the H;; phase of PtdEtn, as
witnessed here, can be caused in several ways including
increasing acyl chain unsaturation [43], headgroup de-
hydration [44,45] and expansion of the hydrophobic
domain of the bilayer [44,46,47]. All of these are factors
which accentuate the cone shape of the PtdEtn mole-
cule. Early studies by Hornby and Cullis [46] and later,
more detailed studies by Epand [47] have shown that
the L -H,, phase transition of PtdEtn is extremely
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sensitive to the presence of hydrophobic molecules
which, by expanding the hydrophobic phase of the
bilayer, cause a large downward shift of the temperature
of this phase transition whilst having only a marginal
effect on the Lg-L, phase transition. It would seem that
flunarizine has the same effect on the phase behaviour
of PtdEtn as that which a molecule such as eicosane
does due to the similarity between their effects ; that is
to say that flunarizine depresses T,,; by expanding the
hydrophobic domain of Eld,PtdEtn. These results are
indicative of a location for flunarizine deep in the
hydrophobic core of the phospholipid bilayer with this
phospholipid.

The somewhat limited effects of flunarizine on the
Lg-L,, phase transitions of Eld , PtdCho and Eld, PtdEtn
contrast strongly with its effects on that of Eld,PtdSer
(Fig. 3C). Flunarizine quite clearly has a greater in-
fluence on the L,-L, phase transition of the PtdSer
than it does on those of the corresponding PtdCho and
PtdEtn reducing the T, values by 3.9, 0.6 and 1.2°C,
respectively. The drug also reduces the AH of this
transition by over 50% whilst not affecting those of the
two other phospholipid classes. There is also a down-
ward shift in the onset of the phase transition and a
corresponding downward shift in the transition end-
point (the temperature at which 100% conversion of the
phospholipid to the L phase occurs) and therefore no
broadening of the phase transition. This indicates that
flunarizine both destabilizes the L, phase and stabilizes
the L, phase of Eld,PtdSer which contrasts with its
effect on the PtdCho where only destabilization of the
L, phase was apparent. Charge-influenced headgroup
interactions play an important role in the phase transi-
tion characteristics of anionic lipids such as PtdSer {39].
Flunarizine presumably reduces phospholipid—phospho-
lipid interactions of the PtdSer thus encouraging the
formation of the fluid L, phase. These results suggest a
more specific flunarizine—PtdSer interaction, probably a
charge-influenced drug-phospholipid headgroup inter-
action.

When charged, cationic amphiphilic molecules are
considered to be located in the so-called interface region
of the phospholipid bilayer; the location in the plane of
the membrane which matches their dual hydrophilic
and hydrophobic nature with that of the phospholipids.
Several recent studies have confirmed this to be the case
for quite a large variety of pharmacologically unrelated
drugs which possess this amphiphilic nature, including
tetracaine [48], dibucaine [49], propanalol [50], chlor-
promazine [51], nimodipine [52], rn-alkanals [5]) and
adriamycin and ethidium bromide [54]. It has been
proposed in most of these cases that there is an interac-
tion between a positively charged quaternary nitrogen
of the drug molecule and the negatively charged phos-
phate moiety of the phospholipid headgroup for each of
these molecules.
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We can envisage a similar interaction between
flunarizine and the PtdSer headgroup. Such an interac-
tion would reduce phospholipid—phospholipid interac-
tions and could be expected to result in a reduction of
AH and a shift in 7, of Eld,PtdSer as witnessed in the
experiments reported in this paper. However, a location
of flunarizine at the interface region of PtdSer bilayers
is in conflict with its apparent location in the hydro-
phobic phase of PtdEtn bilayers discussed above.
Hornby and Cullis [46] have observed that chlorproma-
zine, a molecule which in their studies was situated at
the hydrophilic/hydrophobic membrane interface,
stabilizes the bilayer L, phase causing an upward shift
in T, of PtdEtn. The results presented here demon-
strate that this is clearly not the case for flunarizine
which, on the contrary, induced the formation of the
H,, phase further supporting the notion of a location
deeper in the hydrophobic domain of the PtdEtn bi-
layer. This leads us to the inevitable conclusion that
flunarizine probably has a different location in bilayers
of each of these phospholipids.

These different locations for flunarizine in the mem-
brane can be reconciled by consideration of its charged
state. Clearly flunarizine must be charged when inter-
acting with the headgroup of PtdSer and uncharged
when able to induce the formation of the H,; phase in
PtdEtn. Cationic amphiphilic drugs are often assumed
to be fully positively charged under physiological condi-
tions and, of course, this is usually the case, most of
these compounds having a pK of between 8.5 and 10.0.
In contrast, flunarizine has a dissociation constant in
water of pK = 7.7 (Janssen Pharmaceutica, Analytical
Department, Beerse, Belgium) and should be approxi-
mately 75% in its charged form at the experimental pH
used here (pH 7.2-7.3). However, it has been demon-
strated by Fernandez and Fromherz that the pK of an
amphiphilic molecule is sensitive to its environment; a
molecule can have a different ‘apparent® pK in charged
and uncharged micelles from its pK in aqueous solution
[55]. They showed that the ‘apparent’ pK of a cationic
amphiphile is lower in neutral micelles and higher in
negatively charged micelles when compared to the mea-
sured pK in water. Similar behaviour has also been
demonstrated for alkyl amines incorporated into PtdCho
vesicles [56], the ‘apparent’ pK being 1-2 units lower
in the PtdCho vesicles than the pX in water.

The influence of the interfacial region on the pX of
cationic amphiphilic drugs has also been clearly demon-
strated by examining the pK of tetracaine in cationic,
neutral and anionic micelles [57] and in PtdCho [58,59]
and PtdCho/PtdSer vesicles [58). The pK of tetracaine
is shown to decrease by approximately 1 pK unit from
the value in aqueous solution upon incorporation into a
neutral membrane. It has also been demonstrated using
deuterium NMR that tetracaine sits higher in the mem-
brane when it is charged and penetrates more deeply

when uncharged [60]. Taking these facts into account
we can conceive that, under the experimental conditions
used here, flunarizine is charged in Eld,PtdSer bilayers
and as a result sits high in the membrane reducing
intermolecular headgroup interactions causing alter-
ations in the Lg-L., phase transition parameters. In the
neutral Eld,PtdCho and Eld,PtdEtn bilayers flunari-
zine can be expected to be mostly uncharged due to the
influence of those phospholipids on its ionization and
consequently located deeper in the hydrocarbon region
of the bilayer. Here it will exert less influence on the
Ls-L, phase transition of these phospholipids but as a
result of this location have a dramatic effect on the
L,-H;; phase transition of the PtdEtn.

Experiments were also carried out to examine the
effect of phospholipid acyl chain composition on
flunarizine—phospholipid interactions by examining its
effects on dioleoyl phospholipids. Once again, flunari-
zine has had a far greater influence on the 7, of the
Lg-L, phase transition of the Ole,PtdSer than on those
of the corresponding PtdCho and PtdEtn. There is also
a large effect on the A H of the PtdSer and no effect on
that of the PtdEtn. The effects on Ole,PtdEtn and
Ole, PtdSer are very similar to those on the correspond-
ing dielaidylphospholipids. The influence of flunarizine
on the phase behaviour of Ole, PtdEtn mirrors its effects
on Eld,PtdEtn. We again observe little effect on ther-
modynamic parameters of the Lg-L, phase transition
and a strong promotion of the H;; phase. Comparison
of Figs. 2 and 5 clearly shows that these effects are
essentially identical for the two different PtdEtn species.
The influence of flunarizine on Ole,PtdSer is similar
but not identical to that on Eld,PtdSer. These effects
are the same at lower mole ratios but are somewhat
different at the highest mole ratio examined (x = 0.1).
At this mole ratio an apparent lateral phase separation
is observed with Ole,PtdSer which was not observed
with Eld,PtdSer. However, despite this difference the
effects of flunarizine on phase transition parameters are
quite similar for the two PtdSer species and the results
with Ole,PtdSer reinforce the idea of a more specific
interaction of flunarizine with this phospholipid class.
Therefore, these changes in acyl chain composition do
not seem to have effected the interaction of flunarizine
with these two phospholipid classes to any great extent.
Interestingly this is not the case with PtdCho.

Experiments carried out with Eld,PtdCho,
Ole, PtdCho and with Pam,PtdCho demonstrate a re-
markable influence of acyl chain composition on the
interaction of flunarizine with this phospholipid class.
Although there is no clear acyl chain-dependent effect
on the T, of the Ly-L, phase transition of these lipids
(Fig. 7A), there is a dramatic acyl chain-dependent
effect upon the AH of the transition (Fig. 7B). This
dependence is inversely proportional to acyl chain inter-
molecular interactions. Flunarizine has no effect at all



on the AH of the Lg-L, phase transition of Pam,Ptd-
Cho. This phospholipid with its saturated acyl chains
will undergo a large degree of acyl chain-acyl chain
interactions whereas Ole,PtdCho, which has a highly
disordering cis double bond in its acyl chains conse-
quently displays diminished acyl chain-acyl chain inter-
action and is more sensitive to the presence of flunari-
zine as a result. Eld,;PtdCho, containing trans double
bonds, will have a higher degree of inter acyl chain
interaction than Ole,- but lower than that of
Pam,PtdCho hence the intermediate effect of flunari-
zine on that phospholipid. The similar effects on the T
values of the PtdCho’s tested is indicative of a common
location for flunarizine in these bilayers, the different
effects on the AH values that phospholipid—phospho-
lipid interactions themselves have a large bearing on
how flunarizine interacts with those phospholipids. The
differences in the acyl chain dependency of the effects
of flunarizine with the different phospholipid classes
probably reflects the degree to which the acyl chains
themselves influence the phase transitions of those dif-
ferent phospholipid classes.

The results presented here demonstrate the complex-
ity of drug—phospholipid interactions, not to mention
phospholipid—phospholipid interactions, and emphasize
that drug interactions with the different phospholipids,
particularly the different phospholipid classes, must be
studied as individual cases. Flunarizine binding to the
different phospholipid classes, their influence on its
ionization state and the effect of factors such as pH on
these interactions are currently being investigated.
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