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Abstract-The intluence of the antivirus drugs amantadine and rimantadine and of the anionic analogue 
l-adamantane-~r~~~c acid on a range of properties of human erythrocyte membrane and of throm- 
bocytes has been compared with the effect of the local anaesthetic tetracaine. At low antiviral drug 
~ncentrations the abiities of the drugs to induce e~hr~te shape change and suppress osmotic 
haemolysis were quantitatively proportional to their clinical potenty (~mantadine more effective than 
amantadine at the same concentration). Rimantadine was also more effective than amantadine in 
suppressing influenza virus-erythrocytc fusion and viral induced haemolysis. The antiviral drug effects 
were qualitatively similar to those induced by tetracaine. At the quantitative level, tetracaine was more 
efficient than the antiviral drugs in inhibiting osmotic haemolysis, virus membrane fusion and platelet 
aggregation. In the absence of any specificity of the antiviral drug effects we argue for a lysosomotropic 
mode of drug action, i.e. that the drugs modify virus-membrane interactions by changing the endosomal 
or lysosomal pH. 

The derivatives of adamantane amantadine (l-amino- 
adamantane hydrochloride) and rimantadine (LY- 
methyl-l-adamantaneme~yla~ne hydrochloride) 
have been widely used clinically for the prevention 
of influenza and other virus infections El]. However, 
at present there is still a variety of hypotheses about 
the mechanism of the antiviral effect. It has been 
reported that the drugs can affect&e early stages 
of the adsorption of viruses on the membrane and 
their penetration into the cell [2) and can affect later 
stages involving the M-protein [3-71. Recent studies 
with bilayer lipid membranes revealed that these 
drugs are indeed capable of modifying the interaction 
between virus proteins and lipid membranes [8]. 
It has also been shown by ESR-investigations that 
addition of antivirus drugs slightly influences the 
structure of the lipid phase of the virus envelope 
membrane [9]. Amphip~~c ad~antane derivatives 
are capable of modifying the properties of artificial 
bilayer Iipid membranes [lo] and of thrombocyte 
membranes [ll]. 

Summarising these findings it becomes clear that 
the adamantane derivatives have typical drug effects 
on membranes. It is also evident that we are far from 
understanding the mechanism of the prevention of 
virus infection [12]. Since the process of virus pen- 
etration and self-assembly includes several steps 
involving both intracellular and plasma membranes, 
we decided to investigate the influence of these anti- 
virus drugs on biological membranes. As the mol- 
ecular structure of amanta~ne and ~m~tadine is 
that of typical amphipaths, we compared their influ- 
ence on human red cells and thrombocytes with the 
effects of the local anesthetic tetracaine. 

MATERIALS AND METHODS 

(i) Observation of cell fragmentation during 
hearing. At 50”, the thermal denaturation tem- 
perature of the cytoskeletal protein spectrin [13], the 
erythrocyte shape becomes unstable. A surface wave 
grows on the rim of the cell and vesicles pinch from 
the crests of the growing waves ]14]. Erythrocytes 
were obtained by finger prick and collected into 
145 mM NaCI, 5 mM phosphate, pH 7.4. The cells 
were washed three times. The resulting cell sus- 
pension was held for 30min at room temperature. 
The cells were then centrifuged and were resus- 
pended in drug-containing solutions and held for 
approximately 10 min at room temperature. Obser- 
vations of erythrocyte shape after drug addition 
showed that after 2 min the induced shape change 
remained nearly stable for 60 mm. 

The apparatus for heating cells at a known rate 
has been described by Crum et&. [15]. In the present 
work microcapillaries of 100 w pathlength (Micro- 
slides, Camlab. ILtd.) were used. A thermocouple 
was inserted into a microslide filled with physio- 
logical saline which was then placed in the immediate 
neighbourhood of an empty microslide. The centres 
of both microslides were surrounded by external 
saline and a cover slip was placed on the saline. The 
whole system was heated at 0.5 K/set by applying 
20 kHz frequency current from an oscillator. When 
the temperature had reached about 30” a drop of the 
cell suspension was brought near an open end of 
the empty ~~ocapilla~ and capillarity pulled the 
suspension into the microslide. Heating was con- 
tinued and the process of cell ~agmentation process 
at 50” was video recorded using Nomarksi differential 
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interference contrast microscopy. The number of 
wave crests per cell rim was scored and W, the 
average number of waves for a given cell suspending 
phase, was calculated from observations on about 
100 cells. 

(ii) Erythrocyte preparation for hemolysis and 
f&on experiments. Citrate blood l-2 days old from 
the bloodbank (Berlin-Lichtenberg) was centrifuged 
at 5OOg for 5 min to remove plasma and the buffy 
coat. Two subsequent washings in phosphate buf- 
fered (5 mM, pH 7.4) physiological saline at 2000 g 
for 10 min followed. 

(iii) Osmotic hemofysis. [NaClsc], the sodium 
chloride concentration resulting in 50% hemolysis 
was determined by means of measuring hemolysis in 
a series of NaCl concentrations buffered with 5.8 mM 
phosphate (pH7.4). Erythrocytes which had been 
resuspended (about 1% w/w) in isotonic phosphate- 
buffered NaCl containing drug were incubated for 
5min at room temperature. A volume of 5.8mM 
phosphate buffer with the same drug concentration 
was added to reduce the sodium chloride con- 
centration to [NaC&a]. After 5 min the cells were 
centrifuged at 1500 g for 5 min. The extinction value 
of the supernatant was determined at 540 nm and 
expressed as a percentage of the extinction after total 
hemolysis. 

(iv) Virus-induced fusion. Influenza virus A,PRS 
was kindly supplied by the Institut fur Angewandte 
Virologie (Berlin-Schoneweide) at an initial con- 
centration of 52 mg protein/ml (1.2 x lo6 HAU/ml). 
Erythrocytes were resuspended in 150 mM NaCl, 
20 mM Na-acetate, pH 5.2, containing various virus 
concentrations to a final haematocrit of 2.5%. The 
cells were incubated at 4” for 10 min and at 37” for 
30 min. The sample was then diluted to a haematocrit 
of 0.1%. The particles were counted using phase 
contrast microscopy ensuring also counting of ghosts. 
The fusion index 

fusion index = 
particle count in control 

particle count after fusion 
-1 

[ 161 was calculated. 
(v) Virus-induced hemolysis. Following the above 

incubation the cells were washed at 2OOOg for 
10 min. The supernatant (0.5 ml) was diluted in 2 ml 
of 0.5% WOH and the extinction was measured 
at 540 nm. The reference value was determined by 
total hemolysis in WOH. 

(vi) Thrombocyte preparation. Venous blood was 
drawn using siliconised needles. The first 2-3 ml was 
immediately discarded. The next 9 ml was collected 
into a siliconised glass or plastic tube containing 1 ml 
3.8% w/v sodium citrate. A very gentle shaking 
followed immediately. The blood was stored for 1 hr 
at room temperature. Platelet rich plasma (PRP, 
about 3.5 x 10’ platelets/@) was prepared by cen- 
trifugation at 4”, 200 g for 10 min. Another 10 min 
centrifugation at 300 g yielded platelet poor plasma 
(PPP) which was later used to prepare dilutions of 
PRP. The platelets were counted using a Thoma- 
Chamber. After 2 min gentle stirring at 37”, 20 ,ul of 
the aggregation-inducing solution was added and 
subsequently the change of light transmission was 
continuously recorded. We used either collagen 
(Kollagenreagenz Horm, Hormon-Chemie, 

Munchen) or Test-Kollagen (Behringwerke AG, 
Marburg) in concentrations of 0.25-4.0 pg/ml or 
ADP (Reanal, Budapest) in concentrations of 0.31- 
5.0mM. Platelet aggregation was studied using a 
KZM-1 (MLW Labortechnik, Ilmenau). As a meas- 
ure of aggregation we used the difference between 
light transmission of PRP and PPP. The measuring 
chamber contained 500 fl of suspension. 

(vii) .EPR measurements. Erythrocyte ghosts (in 
PBS at 4”) were prepared according to the procedure 
of Dodge et al. [17]. Proteolytic activity in ghost 
preparations was inhibited by addition of 1 mM 
PMSF. Forty micrograms of maleimide (MAL-6) 
spin label were added per mg of ghost protein and 
the ghosts were held for 2 hr at 4” [18]. The excess 
of spin label was removed by six washings. After 
this, no EPR signal could be detected in the super- 
natant. The EPR spectra were recorded by means of 
a ZWG 231 spectrometer with variable temperature 
adjustment using a fiat quartz cell at 1 G modulation, 
20 mW. 

A typical EPR spectrum of human erythrocyte 
ghosts labelled with MAL-6 is given in Fig. 1. It 
consists of two components. There is a broad-line 
component, s+~ corresponding to a strongly immo- 
bilised site and a narrow-line component, w+i, cor- 
responding to a weakly immobilised site which is not 
caused by non-specific incorporation of the spin label 
into the membrane [19]. After Fung [20], the ampli- 
tude ratio w+i/s+i was used to characterise changes 
in the state of membrane proteins. Since this ratio is 
very sensitive to differences between various donors 
we compared for each donor the values before and 
after drug treatment. The drugs were added 5 min 
prior to the EPR measurements. 

(vii) Drugs. The effects of the antivirus drugs, 
amantadine (Serva) and rimantadine (Inst. Organic 
Chemistry, Acrid. Sci. U.S.S.R., Riga), and of an 
analogue without therapeutic effect (sodium and 
potassium salts of 1-adamantane-carboxylic acid 
(Inst. Electrochem., Acad. Sci. U.S.S.R., Moscow)) 
were tested. The effects were compared with those 
of tetracaine (Sigma). In some cases the influence of 
chlorpromazine (Sigma) and indomethacin (Sigma) 
were also studied. 

RFULTS 

(i) The influence of drugs on thefragmentationpattern 
of heated erythrocytes. 

It has recently been shown [21] for a number of 
anionic and cationic drugs, that the heat-induced 
fragmentation pattern of red cells can be used to 
quantify the effects of drugs on cell shape. If W, the 
average number of waves per cell rim, is measured 
as a function of the drug concentration, one obtains 
an exponential decrease (with an associated constant 
of proportionality, k) to a limiting value for cationic 
drugs and an increase for anionic drugs [21]. Since 
we had previously found that the antivirus drugs 
amantadine and rimantadine both induce stoma- 
tocytes under physiological conditions [22] we were 
interested in comparing the values of k for these 
drugs with those for anesthetics. Figure 2 shows the 
experimental data and the best exponential fits for 
the two cationic antivirus drugs amantadine and 
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Fig. 1. Typical EPR spectrum of MAL-6 labelled human erythrocyte ghosts in 150 mM NaCI, pH 7.4. 
2A,,. is the external peak distance of the strongly imrnobilised component. w+r and s+r refer to the 

amplitudes of the weakly and strongly immobilised components. 

Concentration (mM) 

Fig. 2. %, the average number of surface waves on frag- 
menting heated erythrocytes as a function of drug con- 
centration: A, rimantadine; 0, amantadine; 0, I-ada- 
mantane-carboxylic acid. The solid lines represent the best 
exponenti~ fits; N = 3; SD approximately 0.6. Saturation 
values of W were set at 4.4 and 12.5. The cells were heated 

in phosphate buffered physiological saline, pH 7.4. 

rimantadine. The increase in waviness induced by 
the anionic analogue 1-adamantane-carboxylic acid 
is also shown. The values of k were: k,, = 
0.71 2 0.26 mM-i, & = 3.34 + 0.26 mM-‘, and 
k = 0.035 + 0.007 mM_’ for amantadine, riman- 
tadine and I-adamantane-carboxylic acid respect- 
ively. The neutral analogue adamantanol was also 
tested. Since this compound is insoluble in water 
ethanol was used as a solvent for the 80mM stock 
solution. Up to final adamantanol concentrations of 
1 mM no effect on the fragmentation pattern of the 
cells was detected. At higher adamantanol con- 
centrations the ethanol started to influence the red 
cell fragmentation pattern and stability. 

In summary, we found that the fragmentation 
pattern of both, anionic and cationic derivatives of 
adamantane was very similar to those induced by 
anaesthetics [21]. Rimantadine has an effect com- 
parable to that of tetracaine (k = 3.9 mM-’ [21]) 
while I-adamantane-carboxylic acid was much less 
efficient. 

(ii) Osmotic haemolysis protection. 

It is known that the majority of anaesthetics and 
tranquilisers protect erythrocytes from colloid- 
osmotic haemolysis in hypotonic media [23]. Figure 
3 shows this effect for the drugs of the present study. 
Since (i) rimantadine has an approximately lo-fold 
effect on bilayer membranes [24], (ii) its therapeutic 
concentration is one-tenth that of amantadine, and 
(iii) the ktii, from the fragmentation experiments was 
five times larger than k,, one might expect a lower 
optimum haemolysis protection concentration for 
rimantadine compared with amantadine. On the con- 
trary, Fig. 3 shows that while at low concentrations 
rimantadine affords better protection than aman- 
tadine, both antiviral drugs have nearly the same 
maximum protection concentration around 5 n&I. 
The optimum haemolysis protection concentration 
for tetracaine is below 0.05 mM. 

(iii) Virus-induced haemolysis and fusion inhibition. 

The human erythrocyte (while of course not being 
the influenza virus target cell) has proved a useful 
system for studying virus cell interaction [25,26]. 
Virus-induced erythrocyte fusion is always 
accompanied by haemolysis [27]. Consequently, 
both effects were measured with rimantadine and 
amantadine and compared with the influence of 
tetracaine. Figure 4 shows the virus-induced hae- 
molysis inhibition, and Fig. 5 gives the data for the 
fusion index. We used concentrations of drugs which 
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Fig. 3. Human erythrocyte osmotic haemolysis protection as a function of drug concentration: 0, 
amantadine; 0, rimantadine; 0, tetracaine. Note that haemolysis in the absence of drugs was 50%. 

Virus protein (r/mlt 

Fig. 4. Virus-induced haemolysis of human erythrocytes 
in the presence of drugs: 0, control ceils; A, 0.05 mM 
chlo~romazine; l , 5 mM rimantadine; I?, .5 mM aman- 

tadine; l , 5 mM tetracaine, N = 3. 

“ 

Virus Protein C&ml) 

Fig. 5. Virus-induced human erythrocyte fusion in the 
presence of drugs: 0, control cells, A, 0.05 mM chlor- 
promazine; 0, 1 mM tetracaine; Cl, 5 mM amantadine; 0, 
5 mM rimantadine. At 5 mM tetracaine no fusion occurred; 

N = 3. 

corresponded to the range of osmotic haemolysis 
protection concentrations. The main results were 
that the qualitative effects of the antivirus drugs 
did not differ from the effect observed with the 
anaesthetic tetracaine. Additions studies with other 
~phipaths (e.g. chloroprom~ne) showed that gen- 
erally these substances seem to inhibit virus-induced 

Table 1. Relative increase of the ratio of the amplitudes of 
the narrow (w+J and broad (s,.J line ~rn~nen~ in drug- 
treated human erythrocyte ghosts compared to untreated 

(control) ghosts 

~~1’“+1)“(“+1/“+1)C 
(w+Js+M 

(w+*/s+A 

Drug (mMj At 20” SD At 37’ SD 

Amantadine 2.5 1.10 0.04 1.13 0.07 
Amantadine 

:.: 
1.16 0.08 1.18 0.02 

Rimantadine 
Rimantadine 5 10 

1.16 0.04 1.14 0.11 
1.21 0.05 1.14 0.08 

AdCOONa 2.5 1.14 0.04 1.08 0.03 
AdCOONa 5.0 1.18 0.06 1.14 0.06 

Standard deviation (SD) is included; N = 3. AdCOONa 
is the sodium salt of I-adam~tane-carbo~lic acid. 

haemolysis and fusion (cf. Figs. 4 and 5). However, 
we found that there was the same order of efficiency 
as in the osmotic haemolysis protection experiment 
LW 

(iv) EPR-measurements 

The primary action of anaesthetics is directed 
towards membrane proteins in order to inhibit exci- 
tation. However, most of the membrane actions of 
anaesthetics occur also in non-excitable membranes, 
such as the human erythrocyte membrane. It is gen- 
erally assumed that an important part of the anaes- 
thetics action is to cause some conformational 
changes of the membrane proteins either directly, 
or more probably through modified lipid-protein 
interactions. The conformational changes of the 
membrane proteins can be easily demonstrated 
using covalently bound spin labels [19,20]. With the 
use of maleimide (MAL-6) we determined the ratio 
of the amplitudes of the narrow-line and the broad- 
line component. This ratio represents a measure 
of conformational alterations of membrane proteins 
1201. Table 1 presents this ratio for drug-treated 
membranes and for control membranes at two dif- 
ferent temperatures. The external peak distance 
2A,., of the strongly immobiiised component was 
not affected by the drug treatment. It followed that 
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Fig. 6. Inhibition of platelet aggregation as a function of 
drug concentration: 4, tetracaine; 0, chlorpromazine; VI 
indomethacin; 0, rimantadine; 0, l-adamantane-car- 
boxylic acid. SD approximately 10%; N = 10 2 3. Aggre- 

gation induced by 2.5 j&l ADP. 

~dependent of the sign of the charge of adamantane 
derivatives these changes were similar. Sinha and 
Chignell [29] found almost the same values with 
antitumour drugs. The increase of the ratio w+t/s+i 
indicated that the proteins became more mobile and, 
consequently, were probably less ordered leading to 
disfunction in the presence of drugs. 

(v) Platelet aggregation studies 
It is known that a number of drugs inhibit platelet 

activation 1301. Colman et al. [ll] showed that the 
cationic antivirus drugs of the adamantane group 
inhibit platelet aggregation induced by ADP. We 
partly repeated that (111 study and compared the 
influence of amantadine and ~mantadine with tetra- 
Caine and additionally with chloropromazine and 
indomethacin. We confirm the platelet aggregation 
inhibition in Fig. 6 and also show that the anionic 
analogue of amantadine (I-adamantane-carboxylic 
acid) was an efficient inhibitor. Figure 6 dem- 
onstrates the platelet aggregation inhibition occurred 
almost with the same efficiency independently of the 
sign of the charge of the particular compound used. 

DIsaJSSION 

Although the action of anaesthetics is primarily 
directed towards excitable membranes, it is known 
that most, if not all, membranes can be used to 
detect the basic membrane-perturbing influences of 
anaesthetics 1231. We selected the human eryth- 
rocyte, which has long been used in anaesthetics 
research because its membrane structure and func- 
tions are much better known than those of other 
cells, to investigate the influence of the antivirus 
drugs amantadine and rimantadine, 

However, one advantage of the antivirus drugs is 
that they are not metabolised and are relatively 
harmless to membranes. Amantadine and, 
especialiy, rimantadine as shown in Fig. 3 can be 
applied to the red cell membrane in rather high 
concentrations without causing destruction of the 
cell membrane integrity. With rimantadine we found 
a well pronounced stomatocytic effect below 1 mM 
[22] and also a significant reduction of the wave 
number (Fig. 2), but even at more than a lo-fold 
greater concentrations (10 mM) the degree of 
osmotic haemolysis was not higher than in control 
cells. Tetracaine, as shown in Fig. 3, is also well 
tolerated by membranes. In the concentration range 
~ves~gated te~ac~ne-induced lysis was not 
observed. This is not the case with all ~phipaths 
where haemolysis concentrations may not be much 
higher than the concentration range where significant 
membrane effects are observed. It has been sug- 
gested that the methyl group of rimantadine may be 
responsible for the greater tolerance to rimantadine 
as compared with amantadine during medical treat- 
ment [34]. The inhibition of fusion and haemolysis 
(Figs 4 and 5) is consistent with the conclusion of 
Bashford et al. [35] that osmotic swelling caused by 
virus-induced permeability changes is an important 
step in virus-induced fusion of erythrocytes f27]. 
Since the membrane surface area increases due to 
inco~oration of amphipaths less membrane tension 
arises when osmotically-induced volume increase 
occurs and swelling take place. Remarkably, we 
observed the same order of drug efficiency in virus- 
induced fusion and haemolysis inhibition and in 
osmotic haemolysis. We conclude that the effect of 
the antivirus drugs on the virus-induced phenomena 
is related to inhibition of swelling and, consequently, 
not a special antivirus effect of rimantadine and 
amantadine. 

Generally, all experiments performed did not Another question to be discussed is what might be 
exhibit any special feature of the antiviral drugs the significance of the sign of the charge of the 
compared with anaesthetics (Figs 2-6, Table 1). antivirus drugs. To our knowledge all adamantane 
Consequently one might expect, during therapeutic derivatives used for virus infection prevention form 
treatment with these drugs, effects similar to those cations around the physiologi~l pH-range. In our 
induced by anaesthetics. Indeed, that there are side studies above with an especially synthesised anionic 
effects of antiviral treatment, particularly on the analogue (I-adamantane-carboxylic acid) we have 

central nervous system [31] and on muscle excitation 
[32]. Amantadine has also been used to treat central 
nervous disorders, e.g. Parkinson’s disease [ 1,331. 

The similarities in the effects of rimanatadine, 
amantadine and tetracaine arises from the amphi- 
pathic nature of the drugs. No dramatic effects of 
antiviral drugs on the virus envelope have been 
detected [9]. Neither did we find in this study effects 
which were signific~tly qualitatively different from 
those of other ~p~phi~c molecules. On the other 
hand it is highly improbable that the amphipathic 
character of the molecule itself is the primary expla- 
nation for its antiviral effect. Otherwise one would 
expect that other amphipaths (e.g. anaesthetics) 
would generally also show antiviral activity. How- 
ever, to our knowledge, such an effect has not been 
reported to date. It may well be that because of 
their dramatic effect on excitable cell membranes 
anaesthetics cannot be applied in the necessary 
dosage to prevent virus infections. 
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examined the influence of drug charge on the mem- 
brane effects. The thermal fragmentation pattern 
(Fig. 2), EPR-results and thrombocyte activation 
inhibition did not differ qualitatively from the other 
drugs. Of course, anionic drugs caused exter- 
nalisation (Fig. 2) of erythrocytes at physiological 
concentrations and pH [36]. 

Recently, Simonova et al. (371 found that only 
neutral rimantadine is capable of pene~ating planar 
lipid bilayers. When drugs pass through biological 
membranes in the neutral form they will accept 
protons at the inner membrane surface becoming 
again positively charged. If the membrane is not 
permeable to protons this will lead to a continuous 
decrease of the proton concentration of the interior 
until equilibrium of drug distribution with the result- 
ing electrical gradient is reached. 

Influenza and other similar virus infections at the 
single cell level occur in distinct steps. The final 
uncoating of the virus and release of the genome 
is thought to take place at the inner Iysosomal or 
endosomal membr~e i38-413. One of the necessary 
requirements for this fusion process is a sufficiently 
low pIGvalue. At pH5.2 the exposing of hydro- 
phobic parts of the virus envelope proteins is at a 
maximum and can mediate the fusion process 
(42,431. Weak bases perturb the lysosomal and endo- 
somal pH [40,44,45]. Cassell et al. [44] showed that 
the infection of BHK-21 cells by sindbis virus was 
inhibited by weak bases and Helenius ef al. [41] 
demonstrated inhibition of Semliki forest virus pen- 
etration. So, a possible explanation of the mechanism 
of rimantadine and amantadine action is that these 
substances cross the lysosome or endosome mem- 
brane in a neutral form and subsequently accept 
protons from the interior of the lysosome or endo- 
some. In this way both the inner surface pH and 
internal pH of Iysosomes increases. Such an increase 
would act to block the influenza virus-lysosome mem- 
brane fusion process. A simple calculation supports 
this mechanism. At pH 5.0 a lysosome of diameter 
0.5 w contains approximately 400 protons. We 
recently estimated the charge density of human 
erythrocyte membranes due to rimantadine incor- 
poration as being 4 x 10e4 C/m* [22]. Assuming that 
this value would be of the same order with the 
endosomal or lysosomal membrane we estimate that 
there are about lo4 molecules of rimantadine associ- 
ated with the in~a~ellular vesicles. That is, there 
would be su~cient proton acceptors to increase the 
internal pH of lysosomes or endosomes, even taking 
into account a certain buffer capacity of the intra- 
somal content. 

The efficiency of this suggested mechanism of virus 
penetration inhibition essentially depends on the 
surface to volume ratio of the particles under con- 
sideration With large particles, e.g. cells, there 
would be no significant pH increase. The suggested 
mechanism may explain why not all kinds of envel- 
oped viruses, even not all influenza viruses, are sen- 
sitive to these antivirus drugs. It may be that the pH- 
sensitivity differs for different viruses. 
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