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Abstract-Adriamycin (ADR) increased the lipid fluidity of dog brain synaptosomal plasma membranes 
(SPM) labeled with 1,6-diphenyl-1,3,5-hexatriene (DPH), as indicated by the steady-state fluorescence 
anisotropy [(rir)-11-l. Arrhenius-type plots of [(rO/r)-11-I indicated that the lipid phase separation 
of the membrane at 23.3 ? 1.2” was perturbed by ADR such that the temperature was reduced to 
16.2 -C 1.1”. Arrhenius plots of (Na++K+)-stimulated ATPase activity exhibited a break point at 
22.8 ? 1.1” in control SPM which was reduced to 15.8 2 l.O”in ADR treated SPM, suggesting differences 
in the interaction of (Na+ + K+)-stimulated ATPase with lipids between ADR treated and untreated 
SPM. (Na’ + K+)-stimulated ATPase and Ca2+-stimulated ATPase activities were increased at a con- 
centration range 10-‘8-10-‘5 M of ADR; higher concentrations (up to lo-‘M), however, led to a 
progressive inhibition of the enzyme activities. The allosteric properties of SPM-bound (Na+ + K+)- 
stimulated ATPase by fluoride (F-) (as reflected by changes in the Hill coefficient) were modulated by 
ADR whereas those of SPM-bound acetylcholinesterase remained unaffected. We propose that ADR 
achieves these effects through asymmetric perturbations of the membrane lipid structure and that 
changes in membrane fluidity may be an early key event in ADR induced neurotoxicity. 

Adriamycin (doxorubicin, ADR) is an anthracycline 
antibiotic with antineoplastic activity against a wide 
variety of tumours. Unfortunately, the development 
of acute and chronic cardiac damage often interferes 
with the full therapeutic potential of the drug (for 
reivew see ref. 1). Studies on the distribution of the 
drug using isotope labelling and fluorimetric tech- 
niques, showed long-lasting levels of adriamycin in 
the brain, quantitatively comparable to the plasma 
levels [2,3]. Administration of the drug by direct 
intrathecal injection or after disruption of the blood- 
brain barrier, induced detectable cell changes in the 
brain [4]. Neurotoxic effects of ADR injected i.v. 
occur in the mouse, in regions outside the blood- 
brain barrier and can be expected in situations where 
the barrier is damaged. Furthermore, retrograde 
axonal transport of ADR may be used as a model 
for experimental motor neuron disease [5-71. ADR 
has been shown to influence many properties of 
cellular membranes and model membrane systems. 
These include: transport of ions [8], membrane flu- 
idity [9], organization of lipids [lo] and membrane 
enzyme activities [ll]. The importance of these mem- 
brane changes to the cytotoxic action of ADR com- 
pared to its ability to bind to DNA and inhibit nucleic 
acid synthesis has not been clearly established. How- 
ever, it has been previously reported that change in 
membrane fluidity is the earliest measurable alter- 
ation occuring in cells following exposure to the drug 
[12]. Possible modulations of brain synaptosomal 
plasma membrane (SPM) fluidity, with consequent 
effects on the expression of membrane-bound 
enzymes, may initiate the series of events leading to 
brain cytotoxicity. 

Our experiments were designed to explore the 

relationship between brain synaptosomal plasma 
membrane fluidity and the mechanism of the cyto- 
toxic action of ADR in the brain. In our previous 
studies we reported on the effect of charged drugs 
or negatively charged phospholipids on the activity of 
some membrane-bound enzymes [13-151, suggesting 
that these compounds can alter the membrane 
fluidity, causing functional changes in the allosteric 
properties of integral enzymes. This report focuses 
on the modulations of lipid dynamics and lipid- 
protein interactions in dog brain SPM, induced by 
ADR using as functional parameters the activities 
of the inte ral 
ATPase, 4 

enzymes (Na+ +K+)-stimulated 
Ca +-stimulated ATPase and acetylcho- 

linesterase. Even if the plasma membrane is not the 
primary target for the cytotoxic effects of ADR, it is 
clear that interaction at this level is still required for 
entry into the cell. Consequently, it is reasonable to 
assume that the structure of the cell membrane may 
be an important determinant of the cytotoxicity of 
ADR, regardless of the ultimate cellular target of 
the drug. The experiments below demonstrate that 
ADR increases the SPM fluidity with subsequent 
decrease of the (Na+ + K+)-stimulated ATPase 
activity and increase of the Ca*+-stimulated ATPase 
activity. These effects could be related to the cyto- 
toxic effects of the drug in the brain. 

A preliminary report of these results has been 
presented [16]. 

MATERIALS AND METHODS 

Materi&. The following materials were obtained 
from the sources indicated: 45Ca (spec. radioactiv. 
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2 mCi/ll6 pg Ca2’) (Radiochemical Centre, Amer- 
sham, U.K.). Adriamycin; 1,6-diphenyl-1,3,5-hex- 
atriene (DPH) (Sigma Chem. Co., St Louis, MO). 
Ethylene glycol bis (2-aminoethyl-ether) N-N’-tetra- 
acetic acid (EGTA); calcium chloride; ATP (Serva, 
F.R.G.). All other chemicals were of the highest 
purity commercially available. 

Synaptosomal plasma membranes (SPM) from dog 
brain were prepared from Ficoll-purified and sub- 
sequently osmotically soaked synaptosomes by 
ascending fractionation through a discontinuous 
sucrose density gradient, as previously described 
[17]. Compared with the original homogenate from 
which they were prepared. they showed a 7-10- 
fold increase in the (Na+ + K+)-stimulated ATPase 
activity (EC 3.6.1.3). The protein content was deter- 
mined by the Lowry method as described by Miller 
]181, 

(Na+ + K+)-stimulated A TPase assay. (Na+ + 
K+)-stimulated ATPase activity of SPM was assayed 
in an incubation medium consisting of 40 mM 
Tris+HCl pH7.4; 5 mM MgClz; 3 mM disodium 
ATP; 80 mM NaCl; 20 mM KCl; 1 mM ouabain and 
0.1 mg of SPM protein, in a final volume of l.Oml. 
Incubations were performed in the reaction medium 
for 30min at 37”. The reaction was started by the 
addition of ATP and stopped with 0.2ml of 50% 
trichloroacetic acid. The liberated inorganic phos- 
phate (Pi) was measured by the method of Fiske 
and Subbarow 1191. (Na+ + K+)-stimulated ATPase 
activity was defined as the difference between the 
Pi liberated during incubation in the presence and 
absence of ouabain. The ouabain-inhibitable com- 
ponent of ATPase activity is the activity that is lost 
when Na+ or K+ is omitted from the reaction 
mixture. Arrhenius plots of the enzyme activity at 
temperatures of 5-42” at 3-4” intervals, were ana- 
lysed using a least squares minimalisation process to 
determine the break points. In every case initial rates 
were determined under maximal velocity conditions 
and constant pH to preclude artifactual breaks in 
slope. For the assay of the inhibition by fluoride (F-) 
of the (Na’ + K+)-stimulated ATPase the reaction 
mixture contained increasing amounts of NaF, as 
indicated in Fig. 6(A). 

Ca*+-stimulated ATPase assay. Ca*+-stimulated 
ATPase activity of SPM was assayed in the following 
incubation medium; 40 mM Tris-HCl pH 7.4; 2 mM 
MgC12; 100 mM KCI; 100 PM CaCl,, 100 ,uM EGTA; 
2 mM dipotassium ATP and 0.25 mg of SPM protein 
in a final volume of 1.0 ml. Incubations were carried 
out at 37” for 45 min and stopped with 0.2ml of 
50% trichloroacetic acid. The liberated inorganic 
phosphate (Pi) was measured by the method of Fiske 
and Subbarow [ 191. Ca*+-stimulated ATPase activity 
was defined as the difference between the Pi liberated 
during incubation in the presence and absence of 
calcium. 

Assay of 45Ca uptake. 45Ca2+ uptake to SPM was 
measured at 37” in a shaking water bath using an 
adaptation of the Millipore-filtration technique as 
previously described [20], and was always done on 
freshly prepared SPM. The reaction mixture was 
similar to that used for estimating Ca*+-stimulated 
ATPase activity. Samples (100 ~1) taken from the 

mixtures were placed on pre-wetted HAWP Mil- 
lipore filters (0.45 pm pore diameter) and filtered 
under suction by using a Millipore 3025 sampling 
manifold. The filters were washed three times by 
adding 3ml of ice-cold, 0.25 M sucrose-5 mM 
TrissHCl (pH 7.4) and transferred into counting 
vials. They were then shaken in 1 ml of 1% sodium 
dodecyl sulfate and mixed with 10 ml dioxane-based 
scintillation fluid [21]. Prior to use, all filters were 
washed with 10 ml of 5 mM Tris. HCl/lOO PM EGTA 
pH 7.4 solution; this procedure was required for low 
background counts. Appropriate blanks (no protein 
added), controls, and aliquots of reaction mixtures 
from blank tubes were counted for each experiment. 
Radioactivity (c.p.m.) was converted into nmol by 
using the known specific radioactivity. The amount 
of radioactivity that was constantly absorbed on to 
SPM at zero time (instantaneous deposition of radio- 
activity) was substracted in every case from all 
samples. Uptake in the absence of ATP was complete 
by 2 min and was subtracted to give ATP-dependent 
accumulation values. 

Acetylcholinesterase assay. Acetylcholinesterase 
activity was determined by measuring the hydrolysis 
of acetylthiocholine by the method of Ellman et 
al. [22]. The assay mixture (3 ml) contained 1 mM 
acetylthiocholine iodide, 0.125 mM 5,5’-dithio- 
nitrobenzoid acid, 100 mM NaCl. 0.24 M sucrose and 
10 mM Tris . HCl pH 8.0. Protein concentration was 
0.06 mg/3 ml incubation mixture. The reaction was 
followed spectrophotometrically by the increase of 
A4i2 by using a Beckman Acta MVI Spectro- 
photometer. For the assay of the inhibition by flu- 
oride (F-) of the acetylcholinesterase the reaction 
mixture contained increasing amounts of NaF as 
indicated in Fig. 6(B). 

Malondialdehyde (MDA) assay. Malondialdehyde 
(MDA) was measured by the thiobarbituric acid 
colour reaction as described by Wilbur et al. [23] but 
with slight modification. One millilitre of incubation 
medium contained NaCl (150 mM), KC1 (10 mM), 
MgC12 (5mM) and 0.3-0.5 mg SPM protein in 
50mM TriseHCl buffer pH7.4 with or without 
10m7M ADR. Incubations were carried out at 25” 
for 1 hr under continuous magnetic stirring, and 
terminated by the addition of 1 ml of 20% tri- 
chloroacetic acid in 0.6 M hydrochloric acid. After 
centrifugation at 2000 g for 15 min in a refrigerated 
(4”) bench centrifuge, 1.5 ml of the supernatant was 
added to 0.3 ml of 0.12M thiobarbituric acid 
solution, followed by 15 min incubation in a boiling 
water bath. After cooling slowly to room tem- 
perature the colour produced was read at 535 nm 
and the amount of MDA formed was determined by 
using appropriate reference samples and the molar 
extinction coefficient E5r5 = 1.56 X lo-’ [24]. A 
stock solution of 10 mM MDA was made by hydro- 
lyzing 8.2 ~1 of malondialdehyde tetramethyl acetal 
(Eastman, Rochester, NY) with 3 or 4 drops of 
concentrated hydrochloric acid, and then dilution 
to a final volume of 5 ml with distilled water. For 
determination of recovery, a portion of the stock 
solution was diluted with saline to give 0.1 mM 
MDA, and known amounts were added to saline 
or SPM. The contents were decanted into tri- 
chloroacetic acid and treated as described above. 
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A solution of 0.12 M thiobarbitur~te was prepared 
by dissolving thiobarbituric acid (Eastman) in 0.25 M 
Tris - WC1 pH 7.0 and filtered. The MDA produced 
during 1 hr incubation in the presence and/or 
absence of ADR was expressed as nmol MDA per 
mg SPM protein. 

S~eff~~-sta~e ~i~ore~ce~ce ~~~a~~~a~~~n ~~u~~e~, 
Lipid ~uidity was assessed by the steady-state fluor- 
escence poiarizat~on of 1 ,~-diphenyl-l,Z&hexa- 
triene (DPH) according to the method described by 
Shinitzky and Barenholz [25j. Measurements were 
made in an AMfNCO SPF-500 Spectrofluorometer 
with polarization accessory for fluorescence pola- 
rization measurements at excitation waveiength 
360nm and emission wavelenth 430nm. The pola- 
rization of fluorescence was expressed as the Auor- 
escence anisotropy, r> and the anisotropy parameter 
I(W@ - II-’ a w s cafcufated using a value of r0 = 
0.365 for DPH [26]. The anisotropy parameter varies 
directly with the apparent rotational relaxation time 
of the probe and thus inverseIy with the fluidity. The 
fluorescence anisotropy, r, was calculated according 
to the equation Y = Ivv - IvH/lvv +21v,, where Ivv 
and lvH are the intensities of the emitted light 
oriented, respectively, parallel and perpendicular to 
the plane of the exciting beam. Light scattering cor- 
rections were always ~5% of the total signal and 
did not differ sign~~cantly in various preparations. 
Measurements were made at least in triplicate. The 
temperature dependence of [(ro/r) - l]-* was deter- 
mined over the range of 4-40”. Membranes (approx. 
5Ogg) were warmed initially to 40” and the fluor- 
escence polarization was estimated every l-2” as the 
suspension cooled slowly to 4”. Plots of log [fro/r) 
- I]-’ versus I/r were constructed to detect ther- 
motropic transitions as previously described [26]. 
The movements of the DPH within the medium 
depend on both life-time (7) and viscosity of the 
medium (5). It is generally assumed that t-is constant 
at one temperature and thus fluorescence pola- 
rization is directly related to K However, the pres- 
ence of a third compound can modify t if this com- 
pound acts as a quencher. A direct measurement of 
t in the presence or in the absence of quencher 
checks this possibility. An estimate can be obtained 
by measuring the intensity of tatal fluorescence F = 
I”” -I- 2rv,. The identical fluorescence intensities 
measured in presence and in absence of ADR 
(low8 M) tested, allows us to conclude that ADR has 
no effect on z and that consequently the observed 
variation in [(ro/r) - I]-* values represent fluidiza- 
tion of the lipid membrane bilayer. 

~~ea~rne~~ of s~~u~~~~~rn~~ plasmn rnern~~~ne~ 
~~~~~ with a~r~arnyci~. Preincubations of SPM with 
ADR (lo-l8 - lO-‘M) were carried out for 1 hr at 
25” in an incubation mixture of 2QmM Tris*HCi/ 
20 mM KC1 pH 7.4, containing 0.2 mg of SPM pro- 
tein in a final volume of 1 ml with continuous stirring 
with a magnetic bar. (Na+ + K*)-stimulated ATPase 
activity, Ca2*-stimulated ATPase activity, Ca2+ 
binding, acetylcholinesterase activity and steady- 
state fluorescence pola~zation were estimated in por- 
tions of the membranous suspensions as described 
above. Following incubation of SPM with ADR the 
bound and free ADR were separated by cen- 
trifugation at 100,OOOg for 1 hr. The bound and free 

ADR fractions were pooled separateiy, extracted 
and analyzed by thin layer chromatography as 
described by Johnson et al. F27] in a solvent system 
chloroform:methanol: acetic acid:water (40:10:3:1). 
The extracts of membrane-bound and free ADR 
moved identically with those of unincubated ADR. 
suggesting that no significant metabolic conversion 
of membrane-bound and free ADR occurred under 
the present incubation conditions. 

~~a~~t~~u~ analysis. All experiments were per- 
formed in duplicate or triplicate, Computer analysis 
for curve fitting was performed with a programmable 
Hewlett-Packard HP-97 calculator. The correlation 
coefficients (r) for the straight lines were above 0.95. 
The mean value and SD were calculated. Com- 
parisons between two groups were performed by the 
use of a paired standard Students t-test. A P value 
of fess than 0.05 was considered significant. When 
two different curves were made with the same mem- 
brane preparation under the same experimental con- 
ditions the individual points and the slopes obtained 
showed a maximum variability of 5%. At different 
membrane preparations the maximum variability 
was less than 10%. 

RESULTS 

Changes of SPM-bound (Na* -5 K~)-stimulated 
ATPase activity at different concentrations of ADR 
are illustrated in Fig. 1. A considerable increase of 
the enzyme activity (-48%) was appeared at approx. 
lo-l5 M ADR. Higher concentrations of the ADR, 
however, led to a progressive inhibition of the 
enzyme activity (-35%) with respect to the control 
SPM (untreated with ADR). Mgz4-stimulated 
ATPase activity was not changed at different con- 
centrations of ADR. The curve representing the 
changes of Ca2+-stimulated ATPase activity at dif- 
ferent concentrations of ADR has biphasic character 
(Fig ZA). Up to a concentration of lOWi M of ADR 
a dramatic increase in the specific activity of the 
enzyme was induced, with maximal effect of approx, 
75% above its original value. Further increases in 
ADR concen~ation above this point, however, led 
to inhibition of the enzyme activity with respect to 
the maximal percentage of stimulation. The activity 
of the SPM-bound acetyIc~olinesterase, showed a 
slight but not statistically significant increase 
(P> 0.05) at different ADR concentrations (Fig. 
2A). Data from 4SCa uptake experiments indicate 
that the SPM uptake system requires ATP (Fig, 2B). 
CaZ” uptake was measured over a range of CaZ” free 
~on~entrar~ons, from 0.1 to lOpM, as calculated by 
Ca2+-EGTA buffers [28]. As iliustrated by these 
experiments, a significant increase (-3-fold) is seen 
in Ca2+ uptake when ATP is added to the incubation 
media containing CaZ+. The ATP-dependent Ca2* 
uptake is 3.8 nmol/mg SPM protein and represents 
the difference between Ca2* binding to the SPM 
surface prior to uptake and the amount of total Ca2* 
accumulation. We have used Ca?+ uptake as an 
operational term to include a11 the processes whereby 
4sCa2+ becomes associated with membrane vesicles. ’ 
We think the term binding should be used for chemi- 
cal association between C$” and a membrane site. 
Given this distribution of CaZ* at the SPM, it is klear 
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Fig. 1. Effect of Adriamycin (ADR) on dog brain synap- 
tosomal plasma membrane @PM)-bound (Na’ + K+)- 
stimulated ATPase activity (0--O). Aqueous solutions 
of ADR were preincubated with SPM (0.2 mg/ml) in a 
medium consisting of 20 mM Tris.HCl/gO mM NaCl 
(pH 7.4) for 1 hr at 25”. Enzyme activity was estimated as 
described in Materials and Methods sections. The specific 
activity of the enzyme in control SPM was 12.1 pmol of Pi/ 
hr per mg of SPM protein. The straight line represents the 
Mg2+-ATPase activity (@--O). Values are means 5 SD 

of three different experiments. 

that ADR acts to increase ATP-dependent Ca2+ 
uptake into SPM. Following ADR treatment, the 
Ca2+ uptake by SPM is 5.1 nmol/mg protein and 
7.8nmol/mg protein, respectively at lo-l5 and 
10es M of ADR. Repeated (thrice) washing of ADR- 
treated SPM with 20 ml of ice-cold 5 mM Tris 9 HCl 
buffer pH7.4 by means of centrifugation at 4” for 
45 min at 100,OOOg is found (Table 1) to restore 
(Na+ + K+)-stimulated ATPase and Ca?‘-stimu- 
lated ATPase by approx. 90%. These results suggest 
that ADR exerts its action not directly on the protein 
molecules, but rather through its association with 
the lipid matrix of the membrane bilayer. To assess 
the ability of ADR to form lipid peroxides from 
peroxidation of membrane fatty acids, the presence 
of malondialdehyde (MDA) was measured with the 
use of a modification of the thiobarbituric acid reac- 
tion method as described in the Experimental 
Section. One disadvantage of the spectrophoto- 
metric determination of MDA is that other sub- 
stances may be extracted which have absorption in 
the visible range. We overcome this problem by 
using appropriate controls as reference samples. A 
second problem is that compounds other than MDA 
are known to react with thiobarbituric acid to form 
colored pigments. We know of no such pigment with 
an absorption maximum at 535 nm which is why we 

scanned between 450 and 550 nm to ensure that a 
distinct peak occurred at this wavelength. MDA 
production during 1 hr incubation of SPM in the 
presence of lo-* M ADR is shown in Table 2. A 
statistically significant increase (P < 0.05) approx. 
25% of MDA production was observed in ADR 
treated SPM as compared to untreated SPM. 

The temperature dependence and the Arrhenius 
activation energy of SPM-bound (Na+ + K+)-stimu- 
lated ATPase activity in the absence and in the 
presence of lo-* M ADR is shown in Fig. 3 and in 
Table 2. Arrhenius plots of the (Na+ + K+)-stimu- 
lated ATPase showed a transition temperature at 
22.8 ? 1.1”. The depression of the transition tem- 
perature to 15.8 -t 1.0” in the presence of ADR may 
be due to modulations in the physical state of the 
membrane lipids. The Arrhenius activation energies 
(E,) for the (Na+ + K+)-stimulated ATPase above 
and below the break point was increased from 
14.5 I 0.7 kJ/mol and 79.3 ? 6.9 kJ/mol for the con- 
trols (SPM non-treated with ADR) to 39.8 i 4.1 kJ/ 
mol and 269.4 + 15.9 kJ/mol for the ADR treated 
SPM, respectively. Presumably, the lipid micro- 
environment around the particular integral enzyme 
and the nature of the specific lipid-protein inter- 
action influence the transition temperature and the 
Arrhenius activation energy [29]. These results are 
indicative of microscopic changes in the relationship 
between membrane-bound (Na+ + K+)-stimulated 
ATPase and its associated lipids, induced by ADR. 
Incubation of SPM for 1 hr at 25” with various con- 
centrations of ADR resulted in a linear increase of 
lipid fluidity estimated by the fluorescence aniso- 
trophy parameter, [(ro/r) - l]-‘, of DPH as shown 
in Fig. 4. 

The effects of temperature on the fluorescence 
anisotropy parameter, [(r,,/r) - l]-‘, of DPH in SPM 
are illustrated by representative Arrhenius plots in 
Fig. 5. The increase of the temperature produces 
concominant diminution in the [(To/r) - 11-r values, 
which means an increase of the membrane fluidity. 
However, the evolution of the fluidity was not linear; 
a thermotropic transition temperature was indeed 
observed at 23.3 +- 1.2” in untreated SPM, which 
separates two domains where the evolution of the 
fluidity is directly proportional to the variation of the 
temperature. Treatment of SPM with ADR exhibit 
a statistically significant (P < 0.01) decrease in [(ro/ 
r) - 11-l compared to untreated (control) SPM. It 
must be realised that the corresponding increase in 
fluidity is constant over the full range of temperatures 
studied. Furthermore, the thermotropic transition 
temperature was depressed to 16.2 ? 1.1”. What is 
particularly significant in our present study is that the 
observed transition temperatures for (Na’ + K+)- 
stimulated ATPase correspond closely to the ther- 
motropic transitions of the lipid-phase separations 
(Table 3). 

Further evidence for the increase in the SPM flu- 
idity induced by ADR was obtained by the allosteric 
inhibition of (Na+ + K+)-stimulated ATPase activity 
by fluoride (F-). Figure 6(A) shows the curves 
obtained when the relative rates of the enzymatic 
activity were plotted against different concentrations 
of F- in control SPM and in those preincubated with 
lo-* ADR for 1 hr at 25”. The Hill coefficient (slopes) 
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Fig. 2. (A) Effect of ADR on SPM-bound Ca2’-stimulated ATPase (G-0) and acetylcholinesterase 
(U) activities. Ca*“-stimulated ATPase activity was estimated at approx. 10 #vf Ca2+, and the 
specific activity of the enzyme in control SPM was 4.2 pmol of Pi/hr per mg of SPM protein. The value 
of the acety~choiinesterase activity estimated at 20“ and p1-I 8 was 0.52 t O,OZ AA~,~/min per mg of SPM 
protein. For experimental details see the Materials and Methods section. Values are means + SD of 
three different experiments. (B) Effect of ADR, lOa M (U) and 10-rs M (o---O) on ATP- 
dependent Caz’ uptake by SPM, in the presence of lOU@vf EGTA and Ca2+ concentrations varying 
between 10 and 100 PM. Control (untreated) SPM (W- n ) and Ca2’ uptake by SPM in the absence 
of ATP (A- lr). The straight lines were fitted by the method of least squares. Points in the drawn 
curves are mean values of duplicate determinations from a typical experiment, which was repeated three 

times. 

Table 1. Effect of repeated washing of ADR (lo-r5M) treated SPM on the recovery of 
(Na’ + K+)-stimulated ATPase and Caz+-stimulated ATPase activities 

(Na+ + K’)-stimulated ATPase Ca2+-stimulated ATPase 

Control SPM 
Before washing 12.4 rt 1.8 4.4 + 0.8 
After washing 10.1 t 1.5 4.1 ‘- 0.7 

ADR treated SPM 
Before washing 18.3 2 2.7 7.1 -t 1.6 
After washing 13.1 2 I.9 4.7 2 0.9 

Each value represents the mean 2 SD of three different experiments. Specific activity of 
the enzymes was expressed as nmol of Pi/hr per mg of SPM protein. 

Table 2. Effect of ADR (10-s M) on the malondia~dehyde (MDA) production, transition temperature 
and Arrhenius activation energies of SPM-bound (Na’ + K+)-stimulated ATPase activity 

MDA produced 
(nmol/mg protein/hr) 

Transition 
temperature 

(“) 

Activation energy (Ea) 
(kJ/mol) 

Above break Below break 

Control SPM 
ADR treated SPM 

18.1 + 1.8 
22.5 t_ 2.1” 

22.8 f 1.1 14.5 z!z 0.7 79.3 f 6.9 
15.8 -c 1.0” 39.8 t 4.1* 269.4 f 15.9* 

Values represent means t SD of three different experiments. 
* Statistically significant compared with control (P < 0.01). 
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Fig. 3. Effect of temperature on the activity of SPM-bound 
(Na’ + K+)-stimulated ATPase in control (O-----O) and 
ADR (10-s) treated SPM (0----O). Each point represents 
the average value of duplicate determinations from a typical 
experiment which was repeated three times. The straight 

lines were fitted by the method of least squares. 
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Fig. 4. DPH mobility expressed as fluorescence anisotropy 
[fro/r) - 11-l in synaptosoma1 plasma membranes as a func- 
tion of Adriamycin concentration, at 25”. Measurements 
were performed in duplicate for each sample. Decrease in 
fluorescence anisotropy reflects an increase in membrane 
fluidity. Each point represents the mean (CSD) of three 

membrane preparations. 

for the control (non treated SPM) was h = 
2.15 + 0.3, indicating the presence of cooper?“ 
which was reduced to h = 1.38 k 0.1 in SPM I_ Lated 
with ADR. In contrast, there was no statistically 
significant difference (P > 0.05) in Hill coefficients 
of SPM-bound acetylcholinesterase activity assayed 

3.2 3.3 3.4 3.5 3.6 

fxl03(K-'1 

Fig. 5. Temperature dependence of the fluorescence ani- 
sotropy of DPH in control SPM (u) and ADR 
(10Y8M) treated SPM (A -A). The ordinate is the 
fluorescence anisotropy and the abscissa is the reciprocal 
of the absolute temperature. Experiments details are given 
in the test. This experiment is representative of three that 
were performed. The straight lines were fitted by the 

method of least squares. 

in the absence (h = 1.75 k 0.15) or in the presence 
(h = 1.67 ‘- 0.14) of ADR (Fig. 6(B)). These results 
may suggest that ADR increases the fluidity of the 
inner leaflet of the membrane and subsequently 
changes the allosteric behaviour of the SPM-bound 
(Naf -I- K+)-stimulated ATPase, whereas it does not 
modulate the fluidity of the outer leaflet of the mem- 
brane within which the acetylcholinesterase resides 

1151. 

DISCUSSION 

From studies on the mechanism of action of the 
anthracycline antibiotic adriamycin (ADR) . nuclear 
DNA has usually been considered the prime target 
for this antibiotic’s antineoplastic action [30]. How- 
ever, recent studies have suggested that ADR may 
be cytotoxic primarily as a result of its interactions 
with cell plasma membranes (for a review, see ref. 
31). The most serious side effect of adr~amycin is a 
dose-related, cumulative, myocardial toxicity which 
appears when the total dose exceeds 550 mg/m’ and 
which may lead to congestive heart failure [32]. 
Experimental studies have shown that ADR injected 
i.v. in the rat may induce changes in the peripheral 
gangiia, regions which are devoid of the vascular 
barrier [33f. Signs of cerebral injury have also been 
reported when the blood-brain barrier was cir- 
cumvented by intrathecal injection of the drug [34] 
or when the barrier was disrupted by intracarotid 
injection of mannitol [4]. Progressive ataxia and 
anesthesia were reported in rats given a single i.v. 
injection of adriamycin in a dose corresponding to 
that used for patients [35]. 

The ability of ADR to interact with SPM isolated 
from dog brain, causing significant changes of the 
SPM-bound (Na+ -I- K+)-stimulated ATPase and 
Ca2’-stimulated ATPase activities by altering the 
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Table 3. Effect of ADR (lo-* M) on the fluorescence anisotropy of DPH in SPM 
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Thermotropic 
Diphenylhexatriene (DPH) transition 

[(TO/r) - I]-’ at 25” temperature (“) 

Control SPM 1.43 2 0.05 23.3 t 1.2 
ADR treated SPM 0.75 2 0.03* 16.2? l.l* 

Values represent means 2 SD of three different experiments. 
Thermotropic transition temperatures were determined from Arrhenius plots illus- 

trated in Fig. 5. 
* Statistically significant compared with control (P < 0.01). 

-9 -9 -7 -5 -5 

In F-l 

0.5 1 1.5 2 0 0.5 1 1.5 2 2.5 3 

Fluoride (F-), mM Fluoride (F-). mM 

Fig. 6. Effect of F- on the reaction rate of the SPM-bound (Na+ + K+)-stimulated ATPase (A) and 
effect of F- on the reaction rate of SPM-bound acetylcholinesterase for ADR (10-8M) treated 
(M) and untreated SPM (control; W) (B). The inserts show Hill plots of the same data. 
Corresponding Hill coefficients (h) are as indicated. The correlation coefficients (r’) for the straight 
lines in the inserts are >0.95. u is the reaction velocity, and V, is the rate of the reaction in the absence 
of F-. Points in the curves drawn are mean values of duplicate determinations from a typical experiment 

which was repeated three times. 

membrane fluidity, was investigated in the present 
study. The evidence presented here, derived both 
from measurement of calcium transport and enzyme 
activity, demonstrates that ADR increased the Ca2+- 
stimulated ATPase of the SPM. The increase of 
Ca2+-stimulated ATPase activity was observed with 
pharmacologically relevant concentrations of the 
drug, as the concentrations of ADR (lo-r5 M) which 
produced significant effects are associated with mod- 
erate to severe intoxications in uivo [31,34]. The 
increase in Ca*+-stimulated ATPase activity 
amounted to approx. 75% with a calcium con- 
centration of -10 PM (Fig. 2A). The calcium depen- 
dence of the effect indicated, however, that the 
enhancement is greater at lower concentrations of 
calcium. Because intracellular concentrations of free 
calcium are between 1 and 0.01 PM in vivo [36], it 
is likely that the effects of the drug are even greater 
under these conditions. A close relationship between 
increase of SPM Ca2+ uptake and enhance of SPM- 
bound Ca2+-stimulated ATPase activities appears to 
exist (Fig. 2B). Since Ca*+ uptake is coupled to Ca2+- 
stimulated ATPase activity which serves to transport 
Ca2+ at the expence of ATP hydrolysis, the present 
results suggest that ADR increase the capacity of 

SPM to retain Ca*+ by increasing the activity of the 
Ca*+-stimulated ATPase. The curve representing the 
changes of (Na+ + K+)-stimulated ATPase activity 
at different concentrations of ADR has biphasic 
character (Fig. 1). Low concentrations of the drug 
progressively activated the (Na+ + K+)-stimulated 
ATPase activity; increasing the concentration above 
that maximally stimulating the enzyme activity 
caused a progressive inhibition with respect to the 
control value. 

To investigate whether the effect of ADR on 
(Na+ + K+)-stimulated ATPase and Ca2+-stimu- 
fated ATPase activities is consistent with an effect 
on the physicochemical characteristics of the mem- 
brane, and to discount the possibility that this drug 
interacts directly with the protein molecules to cause 
an irreversible change in their activities, the drug 
was removed from the membrane after washing of 
the drug-loaded SPM. The functional effects were 
fully reversible. Therefore the drug does not irre- 
versibly change the (Na+ + K+)-stimulated ATPase 
and Ca2+-stimulated ATPase activities and its pres- 
ence in the membrane causes a modulation of the 
enzyme activities. The membrane functional effects 
of ADR appear to be mediated through changes in 
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the membrane fluidity, and the stimulation of the 
enzyme activities that ensued was presumably due 
to an increase in the conformational flexibility of the 
enzymes achieved by a relief of a physical constraint 
imposed by the bilayer on the protein molecules. At 
the ADR concentration of 10-a M the decrease in 
the activity of the Ca*+-stimulated ATPase with 
respect to the maximal stimulation and the decrease 
of the (Na+ + K+)-stimulated ATPase with respect 
to the original value, is probably due to fluidizing 
effects of ADR on bulk lipids of SPM or to dis- 
placement of annular lipids from around the enzyme 
molecules (see, e.g. ref. 37). 

Acetylcholinesterase is an integral enzyme with its 
active site exposed at the external cell surface, and 
it may be a biologically significant component of 
the membrane, contributing to its integrity and to 
permeability changes occurring during transmission 
and conduction (for review, see ref. 38). It has been 
suggested that charged drugs may act preferentially 
at one or the other side of the plasma membrane, as 
the negatively charged (acidic) phospholipids pre- 
dominate at the cytosol-facing surface [39]. Con- 
sistent with such a suggestion is that the negative 
charged phenobarbital does stimulate the acetyl- 
cholinesterase activity of SPM while the positive 
charged imipramine does not [15]. In the present 
study the lack of effect of the positive charged ADR 
on acetylcholinesterase activity(Fig. 2) reveals that 
ADR acts preferentially on the negative charged 
inner leaflet of the membrane. It was recently 
reported that ADR forms a specific complex with 
negatively charged phospholipids. The association 
constants were calculated to be 1.6 X lo6 M-l for 
cardiolipin and 1.8 x lo4 M-’ for phosphatidyl- 
serine. Indeed, N-acetyladriamycin (uncharged) 
does not interact with cardiolipin or other phospho- 
lipids, but adriamycin does not interact with neutral 
phospholipids [40]. Since the outer membrane of the 
cells apparently does not represent a barrier to ADR, 
the latter has direct access to the cytosolic side of the 
inner membrane. The inhibitory effect of ADR on 
the SPM-bound (Na+ + K+)-stimulated ATPase 
activity may also be due to ADR-phosphatidylserine 
complex, since phosphatidylserine is essential for the 
enzyme to be active [41]. 

Further evidence for the preferential action of 
ADR on the inner half of the membrane was 
obtained from the alterations in the cooperative 
behaviour of the SPM-bound (Na+ + K’)-stimulated 
ATPase and acetylcholinesterase. As shown in Fig. 
6(A, B), the value of the Hill coefficient, h, for the 
inhibition of (Na+ + K+)-stimulated ATPase by F- 
was decreased by the positive charged ADR, indi- 
cating a loss of the co-operativity of the enzyme, 
while the Hill coefficient, h, for the inhibition of 
acetylcholinesterase by F- was not changed by ADR 
suggesting that this drug influences the fluidity of the 
inner leaflet of the membrane bilayer [15,42]. 

The observation that ADR can yield free radical 
species in plasma membranes is of special import- 
ance, since it has been reported an oxidative destruc- 
tion of erythrocytes ghost membranes catalyzed by 
an adriamycin-iron complex [43]. Our in uitro studies 
showed a small (approx. 25%) but statistically 
significant increase of malondialdehyde (MDA), 

which is marker of lipid peroxidation, in response to 
in vitro incubation of SPM with ADR (Table 2). 
Gilbert and Savvas [44] have shown that MDA 
inhibits the (Na+ + K+)-stimulated ATPase activity 
of brain synaptosomes. It seems likely that the inhibi- 
tory effect of high amounts of ADR on the 
(Na+ + K+)-stimulated ATPase activity, shown in 
the present study, is due to radical damage of unsatu- 
rated fatty acids in membrane phospholipids which 
are essential for (Nat + K+)-stimulated ATPase 
activity. Although MDA formation increases the 
molecular order of biomembranes (e.g. decreases 
the lipid fluidity) [45], in the present study, appar- 
ently, ADR overrides the MDA-dependent lipid 
ordering such that the bilayer becomes more fluid 
than untreated membranes. 

In vitro exposure to ADR decreased the fluor- 
escence anisotropy of DPH incorporated into SPM 
membranes. DPH is a nonpolar molecule which 
distributes throughout the hydrophobic core of the 
membrane bilayer [25]. The fluorescence anisotropy 
of DPH or, more rigorously, the rotational relaxation 
time, indicates the mobility of the probe and thus 
reflects the ordering of the membrane core. The 
decrease in fluorescence anisotropy observed in this 
study indicates that ADR disorders or fluidizes the 
SPM. In SPM a thermotropic lipid phase separation 
occurring at 23.3” can be detected by the DPH fluor- 
escence anisotropy (Fig. 5). ADR decreased the 
temperature of the lipid phase separation from 23.3” 
to 16”, and this is matched by a similar effect on 
the (Na+ + K+)-stimulated ATPase activity (Fig. 3). 
Such a depression in the temperature presumably 
reflects the interaction of the positive charged ADR 
with acidic phospholipids in the internal half of the 
membrane, and would be in accord with the effects 
of ADR on the transition temperatures of model 
lipid membranes [46]. It is, therefore, probable that, 
under in vivo conditions, ADR will interact with the 
internal surface of the plasma membrane, lowering 
the temperature of the lipid phase separation to 
around 16”. This would imply that a variety of cell 
surface phenomena sensitive to the membrane lipid 
structure will be regulated by the binding of ADR 
to the inner leaflet of the plasma membrane. 

It is then of particular interest that ADR can 
inhibit (Na+ + K+)-stimulated ATPase and increase 
Ca2+-stimulated ATPase activities of brain synap- 
tosomal plasma membranes. Ca2+-stimulated 
ATPase has a pivotal role in regulating the neuro- 
transmitter synthesizing enzymes, and the phos- 
phorylation of synaptic membrane and vesicle pro- 
tein [47]. A constant intracellular concentration must 
be maintained in order to have a dynamic equilibrium 
of all these processes. Any disturbance in the cellular 
calcium homeostasis may lead to neuronal dysfunc- 
tion. The basis for these observations would appear 
to be related to our observation that ADR is able to 
increase the bilayer fluidity and also to induce lipid 
peroxidation in cell plasma membranes in vitro. 
However, the activity of a variety of other plasma 
membrane enzymes, binding of neurotransmitters, 
conformation of receptors, may be affected by alter- 
ations in membrane lipid fluidity. It may be there- 
fore, that the increase in lipid fluidity is an early key 
event in brain cytotoxicity induced by ADR. 
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