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HIGHLIGHTS GRAPHICAL ABSTRACT

« Interactions of amantadine with human
erythrocytes and lipid bilayers were
assessed.

* Amantadine changed the morphology
of erythrocytes inducing formation of
echinocytes.

 This change of shape indicates that it
was inserted in the outer leaflet of the
erythrocyte membrane.

* Amantadine interacted with a class of
phospholipid present in the outer leaf-
let of the erythrocyte membrane.
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Fig. 1. Schematic formula of amantadine hydrochloride.

1. Introduction

Amantadine (1-aminoadamantane, Fig. 1), a glutaminergic re-
ceptor antagonist, is a stable quasi-spherical cyclic primary amine
which is therapeutically used for both influenza and Parkinson's dis-
ease [1-5]. This compound inhibits viral replication by blocking the
channel activity of the M2 proton channel that is critical in the virus
life cycle [6]. It has been suggested that the mechanism of M2 chan-
nel inhibition would be due to amantadine interaction with the
membrane side of the channel [7]. Association between amantadine
and cellular membrane was first reported by Epand et al. [8] who
demonstrated that the drug inhibited membrane fusion. Studies per-
formed by neutron and X-ray diffraction on dioleoylphosphatidylcholine
(DOPC) showed that the hydrophobic cyclic region of amantadine hydro-
chloride located between the phosphate and ester linkages of DOPC with
the polar "NH3 group protruding into the water space [1]. A solution NMR
study on dimyristoylphosphatidylcholine (DMPC) agreed in that amanta-
dine localized near the negatively charged phosphate group and the hy-
drocarbon chain of DMPC [7]. A more recent work on solid-state NMR
and molecular dynamics simulations reported that the long axis of aman-
tadine located parallel to DMPC bilayer normal and its amino group was
oriented toward the lipid head group [9].

Studies on the effects of amantadine on human erythrocytes are very
scarce. It has been reported that side effects of amantadine treatment
include anemia which could result from suicidal erythrocyte death or
eryptosis, which accelerates the clearance of circulating erythrocytes
[4]. Typical eryptosis is characterized by cell shrinkage and cell mem-
brane scrambling. However, amantadine does not decrease cell volume;
on the contrary, it produces cell swelling, effect that could not be satis-
factorily explained [4]. Amantadine has also been shown to affect eryth-
rocyte shape, inducing stomatocytosis [10]. With the aim to better
understand the molecular mechanisms of the interaction of amantadine
with cell membranes we have utilized human erythrocytes and molec-
ular models of its membrane. Human erythrocytes were chosen because
of their only single membrane and no internal organelles constitute an
ideal cell system for studying interactions of chemical compounds
with cell membranes [11]. On the other hand, although less specialized
than many other cell membranes they carry on enough functions in com-
mon with them such as active and passive transport, and the production
of ionic and electric gradients to be considered representative of the plas-
ma membrane in general. The molecular models of the erythrocyte mem-
brane consisted in bilayers of dimyristoylphosphatidylcholine (DMPC)
and dimyristoylphosphatidylethanolamine (DMPE), representative of
phospholipid classes located in the outer and inner monolayers of cell
membranes, particularly of the human erythrocyte, respectively [12,13].
The capacity of amantadine to interact with the bilayer structures of
DMPC and DMPE was evaluated by X-ray diffraction and differential scan-
ning calorimetry (DSC), and of DMPC by fluorescence spectroscopy; intact
human erythrocytes were observed by scanning electron microscopy

(SEM). These systems and techniques have been used in our laboratories
to determine the interaction with and the membrane-perturbing effects
of other therapeutic compounds, including antiarrhythmic drugs [14-17].

2. Materials and methods
2.1. X-ray diffraction studies of DMPC and DMPE multilayers

The capacity of amantadine to interact with DMPC and DMPE multi-
layers was evaluated by X-ray diffraction. Synthetic DMPC (lot 140PC-
24, MW 677.9) and DMPE (lot 140PE-54, MW 635.9) from Avanti
Polar Lipids (AL, USA), and amantadine hydrochloride (MW 394.5)
from Sigma-Aldrich (Milwaukee, USA) were used without further purifi-
cation. About 2 mg of each phospholipid was introduced into Eppendorf
tubes which were then filled with 200 I of (a) distilled water (control),
and (b) aqueous solutions of amantadine in a range of concentrations
(50 uM-100 uM for DMPC and 1 mM-10 mM for DMPE experiments).
The specimens were shaken, incubated for 30 min at 30 °C and 60 °C
with DMPC and DMPE, respectively and centrifuged for 10 min at
2400 rpm. Samples were then transferred into 1.5 mm diameter special
glass capillaries (Glas-Technik&Konstruktion, Berlin, Germany) and
X-ray diffracted utilizing Ni-filtered CuKa radiation from a Bruker
Kristalloflex 760 (Karlsruhe, Germany) X-ray system. Specimen-to-
film distances were 8 and 14 cm, standardized by sprinkling calcite
powder on the capillary surface. The relative reflection intensities
and interplanar spacings were obtained from an MBraun PSD-50 M
linear position-sensitive detector system (Garching, Germany) and
ASA software; no correction factors were applied. Data analyses
were performed by means of Origin 3.0 software (Origin Lab Corp.,
USA). The experiments were performed at 19 °C and 1 °C, which is
below the main phase transition temperature of both DMPC and
DMPE. Higher temperatures would have induced transitions onto
fluid phases making the detection of structural changes harder.
Each experiment was performed in triplicate.

2.2. Differential scanning calorimetry (DSC) studies on DMPC and DMPE
liposomes

Appropriate amounts of DMPC or DMPE dissolved in chloroform
were gently evaporated to dryness under a stream of gaseous nitrogen
until a thin film on the wall of the glass test tube was formed. To remove
the remnants of moisture, the samples were subsequently exposed to
vacuum for 1 h and then dry lipid films were suspended in distilled
water. Amantadine was added in the concentration range of 0.10 to
10 mM for DMPC and 0.10 to 1.0 mM for DMPE. The multilamellar lipo-
somes (MLV) were prepared by vortexing the samples at the tempera-
ture above gel-to-liquid crystalline phase transition of the pure lipid
(about 30 °C for DMPC and 60 °C for DMPE). DSC experiments were per-
formed using a NANO DSC Series Il System with Platinum Capillary Cell
(TA Instruments, USA). The calorimeter was equipped with the original
data acquisition and analysis software. In order to avoid bubble forma-
tion during heating mode the samples were degassed prior to being
loaded by pulling a vacuum of 0.3-0.5 atm on the solution for a period
of 10-15 min. Then the sample cell was filled with about 400 pl of
MLV suspension and an equal volume of buffer was used as a reference.
The cells were sealed and thermally equilibrated for about 10 min below
starting temperature of the run. All measurements were made on sam-
ples under 3-bar pressure. The data were collected in the range of
0-40 °C (DMPC) and 30-70 °C (DMPE) at the scan rate 1 °C min~"
both for heating and cooling. Scans of buffer as a sample and a reference
were also performed to collect the apparatus baseline. In order to check
the reproducibility, each sample was prepared and recorded at least
three times. Each data set was analyzed for thermodynamic parameters
with the software package supplied by TA Instruments.
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2.3. Fluorescence measurements of large unilamellar vesicles (LUV) and of
isolated unsealed human erythrocyte membranes (IUM)

The influence of amantadine on the physical properties of DMPC LUV
and IUM was examined by fluorescence spectroscopy using DPH and
laurdan (Molecular Probe, Eugene, OR, USA) fluorescent probes. DPH
is widely used as a probe for the hydrophobic regions of the phospholip-
id bilayers because of its favorable spectral properties. Their steady-
state fluorescence anisotropy measurements were used to investigate
the structural properties of DMPC LUV and IUM as it provides a measure
of the rotational diffusion of the fluorophor restricted within a certain
region such as a cone due to the lipid acyl chain packing order. Laurdan,
an amphiphilic probe, has high excitation sensitivity and emission spec-
tra to the physical state of membranes. With the fluorescent moiety
within a shallow position in the bilayer, laurdan provides information
about the polarity and/or molecular dynamics at the level of the phos-
pholipid glycerol backbone. The quantification of the laurdan fluores-
cence spectral shift was effected by means of the general polarization
(GP) concept [18]. DMPC LUV suspended in water were prepared by
extrusion of frozen and thawed multilamellar liposome suspensions
(final lipid concentration 0.4 mM) through two stacked polycarbonate
filters of 400 nm pore size (Nucleopore, Corning Costar Corp., MA,
USA) under nitrogen pressure at 10 °C above the lipid phase transition
temperature. Erythrocytes were separated from heparinized venous
blood samples obtained from normal casual donors by centrifugation
and washing procedures. IUM were prepared by lysis, according to
Dodge et al. [19]. DPH and laurdan were incorporated into LUV and
IUM by addition of 2 pl/ml aliquots of 0.5 mM solutions of the probe
in dimethylformamide and ethanol, respectively, in order to obtain
final analytical concentrations of 1 x 10~ mM, and incubated them at
37 °C for 45 min. Fluorescence spectra and anisotropy measurements
were performed in a phase shift and modulation K steady-state and
time resolved spectrofluorometer (ISS, Inc., Champaign, IL, USA) inter-
faced to computer. Software from ISS was used for both data collection
and analysis. LUV suspension measurements were carried out at 18 °C
and 37 °C, and IUM measurements were made at 37 °C using 10 mm
path-length square quartz cuvettes. Sample temperature was controlled
by an external bath circulator (Cole-Parmer, Chicago, IL, USA) and mon-
itored before and after each measurement using an Omega digital ther-
mometer (Omega Engineering Inc., Stanford, CT, USA). Anisotropy
measurements were made in the L configuration using Glan Thompson
prism polarizers (1.S.S., Inc.) in both exciting and emitting beams. The
emission was measured by means of a WG-420 Schott high-pass filter
(Schott WG-420, Mainz, Germany) with negligible fluorescence. DPH
fluorescence anisotropy (r) was calculated according to the definition:
r=(Iy—1.)/(l + 2I.), where I, and I, are the corresponding parallel
and perpendicular emission fluorescence intensities with respect to the
vertically polarized excitation light [20]. Laurdan fluorescence spectral
shifts were quantitatively evaluated using the GP concept (see above)
which is defined by the expression GP = (I, — I;) / (I, + 1), where I,
and I, are the emission intensities at the blue and red edges of the emis-
sion spectrum, respectively. These intensities have been measured at
the emission wavelengths of 440 and 490 nm, which correspond to
the emission maxima of laurdan in both gel and liquid crystalline
phases, respectively [21]. Amantadine was incorporated into LUV and
[UM suspensions by addition of adequate (10 mM) aliquots of concen-
trated solutions in order to obtain the different concentrations used in
this work. Samples thus prepared were then incubated at 37 °C, for ca.
15 min and measured at 18 °C and 37 °C; at 18 °C because the X-ray
experiments were performed at about this temperature, and at 37 °C
because that is the normal temperature at which erythrocytes circulate
in humans. Blank subtraction was performed in all measurements
using unlabeled samples without probes. Data presented in Fig. 6
represent mean values and standard error of ten measurements in
two independent samples. Unpaired Student's t-test was used for
statistical calculations.

24. Scanning electron microscopy (SEM) studies on human erythrocytes

One blood drop from a human healthy donor not receiving any
pharmacological treatment was obtained by puncturing a previously
disinfected ear and received in an Eppendorff tube containing 100 pl
of heparin (5000 Ul/ml) in 900 pl of phosphate buffer saline (PBS),
pH 7.4. Red blood cells were centrifuged (1000 rpm x 10 min), washed
three times in PBS and bovine serum albumin (BSA) and then distribut-
ed in several Eppendorf tubes that were centrifuged; the supernatants
were replaced by 100 pl of amantadine in a range of concentrations,
and then incubated at 37 °C for 1 h, period in line with the larger effects
induced by compounds on red cell shape [22,23]. Controls were cells re-
suspended PBS without amantadine. Samples were incubated at 37 °C
for 1 h and centrifuged at 1000 rpm for 10 min, the supernatant was re-
placed by 1000 pl of 2.5% glutaraldehyde and left to rest for 24 h at 5 °C.
Samples were washed three times in distilled water and centrifuged
(1000 rpm x 10 min.); about 20 pl of each sample was placed on silicon-
ized Al glass covered stubs, air-dried at room temperature, gold coated
for 3 min at 13.3 Pa in a sputter device (Edwards S 150, Sussex,
England), and examined in a scanning electron microscope (JEOL JSM-
6380LV, Japan).

3. Results
3.1. X-ray diffraction studies of DMPC and DMPE multilayers

Fig. 2A exhibits results obtained by incubating DMPC with water and
amantadine. As expected, water altered the structure of DMPC as its bi-
layer repeat (phospholipid bilayer width plus the layer of water) in-
creased from about 55 A in its dry crystalline form to 64.5 A when
immersed in water, and its small-angle reflections, which correspond
to DMPC polar terminal groups, were reduced to only the first two or-
ders of the bilayer width. On the other hand, only one strong reflection
of 4.2 A showed up in the wide-angle region which corresponds to the
average distance between fully extended acyl chains organized with
rotational disorder in hexagonal packing [24]. These results were indic-
ative of the less ordered state reached by DMPC bilayers. Fig. 2A dis-
closes that after being exposed to 60 tM amantadine concentration
there was a considerable weakening of the small- and wide-angle re-
flection intensities (indicated as SA and WA in the figure, respectively)
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Fig. 2. Microdensitograms from X-ray diffraction patterns of DMPC (A) and DMPE (B) in
water and aqueous solutions of amantadine hydrochloride; (SA) small-angle and (WA)
wide-angle reflections.
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which with 100 UM concentration practically disappeared. From these
results it can be concluded that amantadine produced a significant
structural perturbation of DMPC bilayers. Fig. 2B shows the results of
the X-ray diffraction analysis of DMPE bilayers incubated with water
and amantadine. As reported elsewhere, water did not significantly af-
fect the bilayer structure of DMPE [24]. Fig. 2B shows that increasing
concentrations of amantadine did not cause any significant effect on
DMPE reflection intensities, all of which still remained practically un-
changed even with 1 mM amantadine.

3.2. Differential scanning calorimetry (DSC) studies on DMPC and DMPE
liposomes

Fully hydrated DMPC and DMPE bilayers in the absence of any
additives, showed a well-defined and known thermal behavior. In the
temperature range of 0-30 °C DMPC liposomes exhibited a strong and
sharp main transition at 23.83 °C, with an enthalpy change (AH) of
21.46 k] mol~! which arises from the conversion of the rippled gel
phase (Py/) to the lamellar liquid-crystal (L) phase. Here, the transition
temperature corresponds to the transition peak at the maximal peak
heat and the transition enthalpy is equal to the integrated area under
the peak divided by the lipid concentration. The transition was revers-
ible and hysteresis of about 0.77 °C was observed between the heating
and cooling processes ascribed to the formation of an intermediate
metastable phase that slowly interconverts to the L, phase [25]. The
shape of the peak was roughly symmetrical, with only a slight skewing
toward lower temperatures. At 14.71 °C, a pretransition arising from the
conversion of a lamellar gel phase (L) to a rippled gel phase was
observed, with AH of 2.93 k] mol~'. DMPE liposomes exhibited a
single sharp transition at 50.60 °C; with an enthalpy change of
28.15 k] mol~ 'in the 30-70 °C thermal range. This transition, designat-
ed as transformation of the gel phase (L) to the L, phase, was highly re-
producible, strong and sharp, with a nearly symmetrical profile. The
thermodynamic data of the pure DMPC and DMPE are consistent with
previous reports [26-28].

In Fig. 3A, a set of the representative high-sensitivity DSC heating
thermograms is depicted that were obtained for pure DMPC multibilayer
vesicles and binary mixtures of DMPC and amantadine at 0.1 to 10 mM
content. Upon the addition of the drug, thermotropic phase behavior of
DMPC changed and as a result it was observed a gradual diminishing of
the main phase transition peak and its shift to the lower temperatures.
Moreover, amantadine affected the pretransition of DMPC bilayer; how-
ever, it was still retained at as high drug concentration as 10 mM. Illustrat-
ed in Fig. 3B, heating profiles recorded for DMPE bilayers showed
considerably smaller ability of amantadine to distort the phase transition
of the phospholipid molecules bearing ethanolamine moiety. The effec-
tiveness in perturbations of DMPE thermotropic phase transition exerted
by amantadine was further analyzed in terms of thermodynamic param-
eters. Tables 1 and 2 present values of temperature, enthalpy and entropy
for DMPC and DMPE systems, respectively, determined on the basis of
heating and cooling scans. In Fig. 4 the values of the main-transition
(Tm) and pretransition (T,) temperatures are plotted as a function of
the amantadine concentration. As a general feature, both in heating and
cooling processes in the presence of amantadine a non-linear decrease
of Ty and Ty, was observed. Additionally, from Fig. 4A it could be
seen that for DMPC bilayers pretransition was abolished during
cooling at drug concentrations higher than 0.5 mM. While the pres-
ence of amantadine in DMPC bilayer at the concentration range up
to 10 mM resulted in gradual decrease of Ty, Fig. 4B shows that T,
of DMPE membrane decreases up to 0.5 mM and remains constant
thereafter, especially during cooling. Lowering of DMPC main phase tran-
sition and DMPE transition in concentration-dependent manner is pre-
sented in Fig. 5. When present at 1 mM, amantadine caused a decline of
transition peak height by 38% and 29% in case of DMPC and DMPE
bilayers, respectively.

ISkJ.'rnoI K

Molar Heat Capacity

Molar Heat Capacity

Temperature [°C]

Fig. 3. Representative DSC curves obtained for multilamellar DMPC (A) and DMPE
(B) liposomes containing amantadine hydrochloride at various concentrations. Scans
were obtained at a heating rate of 1 °C min~".

3.3. Fluorescence measurements of large unilamellar vesicles (LUV) and of
isolated unsealed human erythrocyte membranes (IUM)

The concentration-dependent effects of amantadine on DMPC LUV
and IUM were explored at two different depths of their bilayers: at the
deep hydrophobic core determined by DPH steady-state fluorescence
anisotropy (r), and at the hydrophilic/hydrophobic level, estimated
from laurdan fluorescence spectral shift through the GP parameter.
These effects were studied at 18 °C and 37 °C on DMPC LUV and
at 37 °C on IUM. The steady state fluorescence anisotropy of DPH as a
function of the additive in DMPC LUV is depicted in Fig. 6A. A very
sharp decrease was observed in the bilayer gel state (18 °C) at
10 uM amantadine, result that can be interpreted as an acute struc-
tural disordering of DMPC acyl chains. However, the opposite effect
was produced at 37 °C when the bilayer was in a fluid liquid crystal-
line phase. As shown in Fig. 6B, 10 uM amantadine sharply increased
laurdan GP at 18 °C, effect that can be interpreted as an acute struc-
tural ordering of the polar head group region of DMPC bilayer; how-
ever, at 37 °C once again the opposite effect was induced. From
these results it can be concluded that amantadine interacted with
both DMPC regions producing opposite effects: in its gel phase (18 °C) or-
dering its polar head groups and disordering the hydrophobic acyl chains
whereas in the liquid crystalline phase (37 °C) ordered the polar groups
and disordered the acyl chains. Fig. 6C presents the results observed
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Thermodynamic parameters of the pretransition and main phase transition of pure, fully hydrated DMPC multilamellar liposomes and DMPC/amantadine mixtures determined from
heating and cooling scans collected at a heating (cooling) rate of 1 °C min™". The accuracy for the main phase transition temperature and enthalpy was +0.01 °C and =+ 0.8 k]/mol,

respectively.

Compound Pretransition heating Main transition heating Pretransition cooling Main transition cooling
Conc [mM]  AH [Kk]/mol]  AS [J/molK] T, [°C] AH[k]/mol] AS[J/molK] Ty [°C] AH[k]/molK] AS[J/molK] T,[°C] AH/[k]/mol] AS[J/molK] Ty[°C]
DMPC
1.0 2.93 1.02 1471 2146 7.23 23.83 1.30 0.46 9.04 20.34 6.87 23.06
+ amantadine
0.1 2.76 0.96 1464 2125 7.11 23.83 1.29 0.46 9.00 17.45 5.89 23.06
0.5 2.75 0.96 1330 2071 6.97 23.73 1.10 0.42 8.56 18.50 6.25 22.93
1.0 2.17 0.76 1296  18.93 6.28 23.66 - - - 16.07 5.43 22.82
5.0 1.85 0.65 1159 2141 7.22 23.28 - - - 18.45 6.24 22.41
10.0 1.53 0.54 9.94 25.87 8.74 22.94 - - - 22.01 7.46 22.03

from the interaction of amantadine with erythrocyte membranes at 37 °C.
A significant decrease was observed in laurdan GP in the drug 10-100 pM
range concentration; on the other hand, 10 iM amantadine produced a
sharp increase in DPH anisotropy and then a sharp decrease; these results
imply that amantadine mostly perturbed the hydrophobic core of the
erythrocyte membrane bilayer. It is worthwhile to be mentioned that
most of these effects were produced with the lowest assayed amantadine
concentrations (10 uM).

3.4. Scanning electron microscopy (SEM) studies of human erythrocytes

The effects of the interaction of amantadine with human erythrocytes
were evaluated in vitro by SEM. The resulting micrographs (Fig. 7) show
that the drug induced notorious changes in the morphology of the red
blood cells. The normal resting shape of the human red blood cell is a
flat biconcave disc (discocyte) ~8 um diameter which can be observed
in Fig. 7A, corresponding to the erythrocytes incubated with PBS 1x
(pH 7.4) (control). On the other hand, morphological analysis of the
results revealed that amantadine changed the normal shape of the red
blood cells in a dose-dependent manner. Fig. 7B (50 uM) clearly shows
that discocytes underwent a partial transformation into echinocytes
(erythrocytes with crenated shapes), and 100 uM amantadine (Fig. 7C)
somewhat increased the number of echinocytes.

4. Discussion

Interactions with biological membranes are of utmost importance
for drug's pharmacokinetic (molecular pathway to specific receptor
site) and pharmacodynamic (specific interactions with high affinity re-
ceptor sites) actions. It is not only dependent on their partitioning into
lipid bilayer and drug permeability but also their therapeutic target
are often anchored in membranes. Moreover, it is believed that numer-
ous cardiovascular and other diseases are related to modifications of
membrane lipid composition and structure. Our studies here represent
an attempt to analyze the molecular basis of membrane structural
perturbations induced by amantadine using the human erythrocyte

Table 2

Thermodynamic parameters of the phase transition of pure, fully hydrated DMPE
multilamellar liposomes and DMPE/amantadine mixtures determined from heating and
cooling scans collected at a heating (cooling) rate of 1 °C min~ . The accuracy for the main
phase transition temperature and enthalpy was +0.01 °C and + 0.8 kJ/mol, respectively.

Compound Heating Cooling
Conc  AH AS Tm AH AS Tm
[mM] [k]/mol] [J/molK] [°C] [kl]/mol]  [J/molK] [°C]
DMPE
1.00 28.15 8.70 50.60 2235 6.93 49.33
+ amantadine
010 27.94 8.63 50.54 28.40 8.82 48.95
050 2644 8.17 50.54 25.71 7.99 48.81
1.00 17.61 5.44 50.50 15.09 4.69 48.80

membrane as a model membrane system. In order to understand the lo-
cation and interaction of amantadine with the erythrocyte membrane
lipid bilayer, molecular models constituted by DMPC and DMPE bilayers
were used. These are classes of lipids preferentially located in the outer
and inner monolayers of the human erythrocyte membrane, respective-
ly [12,13]. Results by X-ray diffraction on the interaction of amantadine
with DMPC showed that the drug produced a significant structural per-
turbation of the lipid bilayer whereas no effects were observed in DMPE,
even at ten times higher drug concentrations (Fig. 2). DMPC and DMPE
differ only in their terminal amino groups, these being "N(CHs)3 in
DMPC and *NHj; in DMPE. DMPE molecules pack tighter than those of
DMPC due to their smaller polar groups and higher effective charge,
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Fig. 4. A plot of phase transition temperature of DMPC (A) and DMPE (B) multilamellar
liposomes determined for cooling and heating scans as a function of amantadine hydro-
chloride content.
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Fig. 5. A plot of height of DMPC main phase transition (A) and DMPE phase transition
(B) determined on the basis of heating scans as a function of amantadine hydrochloride
content.

resulting in a very stable bilayer system held by electrostatic interac-
tions and hydrogen bonds. However, the hydration of DMPC results in
water filling the highly polar interbilayer spaces with the resulting in-
crease of their width [24]. This phenomenon might allow the incorpora-
tion of the positively charged amantadine molecules into DMPC bilayers
and their consequent interaction. In fact, it was observed that amanta-
dine in a concentration as low as 60 pM induced a considerable weaken-
ing of the small- and wide-angle reflection intensities (indicated as SA
and WA in the figure, respectively) which with a 100 pM concentration
all reflections practically disappeared. This result implies that both the
polar and hydrophobic regions of DMPC were perturbed by the inser-
tion of the drug in the lipid bilayer. It is very likely that the tricyclo-
decane moiety is in contact with the lipid alkyl chains, while a positively
charged amine group of amantadine interacts with the negatively
charged phosphate of the lipid headgroup; the latter interactions
would lead to a disruption of the electrostatic attractions and hydrogen
bonds that maintain DMPC molecules in their bilayer arrangement.
Previous studies on the interaction of amantadine with lipid bi-
layers have generated confusing conclusions about the location of
amantadine within the lipid bilayer [9]. Neutron and X-ray diffraction ex-
periments performed on multilayers of dioleoylphosphatidylcholine
(DOPC) concluded that the uncharged amantadine had two popula-
tions, one that was nearly at the bilayer center and one at the water/
bilayer interface [1]. Another study, carried out by EPR on DMPC,
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Fig. 6. Effect of amantadine hydrochloride on (A) the fluorescence anisotropy (r) of DPH,
on (B) the generalized polarization (GP) of laurdan in DMPC LUV at 18 °C and 37 °C, and on
(C) IUM at 37 °C. Each point represents an average of data in duplicate and standard error.

dipalmitoylphosphatidylcholine (DPPC) and distearoylphosphatidyl-
choline (DSPC) liposomes concluded that amantadine could penetrate
into the gel-phase membrane practically with the same partitioning as
into the fluid-phase membrane, and that in both cases a significant part
of amantadine was located deep in the acyl chain region of the lipid bilay-
er [2]. A molecular-dynamics simulation on the location of amantadine in
palmitoyloleoylphosphatidylcholine (POPC) concluded that the drug
formed substantial interactions with the lipid head group, and its orienta-
tion is such that the tricyclodecane moiety is in contact with the lipid acyl
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Fig. 7. Effect of amantadine on the morphology of human erythrocytes. Images obtained by scanning electron microscopy (SEM) of (A) control, (B) incubated with 50 uM, and (C) with

100 pM amantadine hydrochloride.

chains, and the ammonium group is in contact with the lipid head group,
in particular the glycerol oxygens [3]. Our X-ray diffraction results tend to
agree with the conclusion reached by Chew et al. [3]. However, we believe
that phosphate instead of glycerol oxygens interact with the amantadine
charged amine group; as explained above, this interaction would be re-
sponsible for the structural perturbation induced by the drug to DMPC
polar region. Moreover, our fluorescence spectroscopy results coincided
in that amantadine located in both the polar head and acyl chain regions
of DMPC in both the gel and liquid crystalline phases.

To the best of our knowledge, little is reported about thermotropic
behavior of membrane models in the presence of adamantanes, and
even more so there are no DSC studies on the influence of amantadine
on phospholipids. Calorimetric measurements performed on DMPC li-
posomes showed that amantadine was capable of distortion of both
pretransition and main phase transition of lipids that form a bilayer.
As a small molecule, with its experimentally determined log P value of
2.44 [29], amantadine is a very lipophilic compound and could pene-
trate easily into the core of the lipid bilayer. This leads to reduction of in-
terfacial tension and affects the lateral interaction between the apolar
fatty acid chains. The presence of the polar head group on the phospho-
lipids gives rise to specific and direct interactions between DMPC mole-
cules and amine group of a drug. As a result, we observed the decrease
of molar heat capacity and broadening of the main phase transition as
well as its shift to the lower values. Significantly, smaller effect of aman-
tadine on DMPE liposomes shown in the calorimetric studies was prob-
ably related to the tight packing of this lipid, whose head group occupies
a molar area smaller by about 8 A2 in comparison with that of DMPC
[30]. Being distributed within DMPC bilayer homogenously, amantadine
molecules despite small size and lipophilic properties were unable to
penetrate the hydrophobic core of DMPE. It can then be assumed that
smaller miscibility of amantadine with DMPE liposomes may arise
from the fact that van der Waals interactions between the lipid acyl
chains themselves are much stronger than those in which amantadine
molecules participate.

SEM in vitro observations showed that amantadine induced mor-
phological alterations to human red cells from their normal discoid
shape to echinocytes. According to the bilayer couple hypothesis [31,
32] shape changes induced in erythrocytes by foreign molecules are
due to differential expansion of the two monolayers of the red cell
membrane. Thus, cup-shaped stomatocytes are formed when the com-
pound inserts into the inner monolayer whereas spiculated-shaped
echinocytes are produced when it locates into the outer moiety. The
finding that amantadine induced the formation of echinocytes indicates
that it was inserted in the outer leaflet of the erythrocyte membrane.
This conclusion is supported by X-ray and calorimetric experiments
carried out in DMPC and DMPE bilayers, In fact, results showed that
amantadine mostly interacted with DMPC, which is preferentially located
in the outer monolayer of the human erythrocyte membrane. There are
very scanty reports related to morphological changes induced by amanta-
dine to human erythrocytes. In one of them, Tverdislov et al. [10] found
that amantadine induced the formation of stomatocytes. The difference
with our results might be due to the higher drug concentration they

used (2.66 mM and 5.32 mM). In general, plasma amantadine levels
range from about 7 uM after therapeutic doses [33], about 16 UM in
patients with toxic symptoms, and up to about 0.13 mM in lethal concen-
tration [34]. It is important to emphasize that the effects of amantadine
detected in the present work, particularly at the erythrocyte membrane
level, were observed at a concentration range of 10-50 pM, which is
somewhat higher than the plasma therapeutic concentration. How-
ever, it must be taken into account that these were biophysical stud-
ies in vitro carried out, which usually require high concentrations in
order to detect drug effects.

In conclusion, our experimental findings are certainly of interest as
they have demonstrated that amantadine interacts with the human
erythrocyte membrane affecting the cell morphology. It must be con-
sidered that alteration of the normal biconcave shape of red blood cells in-
creases their resistance to entry into capillaries, which could contribute to
a decreased blood flow, loss of oxygen, and tissue damage through micro-
vascular occlusion [35,36]. Functions of ion channels, receptors and en-
zymes immersed in cell membrane lipid moieties also might be affected.
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