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Adriamycin increases (a) the rate of agglutination of Sarcoma 180 cells by concanavalin A after brief exposure
of 2-3h and (b) membrane fluidity as measured by ESR within 30 min of exposure at concentrations of the
anthracycline of 10771075 M, The effect of adriamycin on agglutination is not due to an increase in the number
of surface receptors for concanavalin A, since the extent of binding of the lectin is not altered by adriamycin
and no change occurs in the rate of occupancy of the concanavalin A binding sites by the lectin in cells treated
with the antibiotic. The order parameter, a measurement of membrane fluidity, decreases in cells exposed to
adriamycin and is dose-related. The results indicate that adriamycin can induce changes in the surface membrane

of Sarcoma 180 cells within a brief period of exposure to a low but cytotoxic level of this agent.

Introduction

The biochemical mechanism by which the anthra-
cycline antibiotics exert their antineoplastic activity
has generally been considered to be due to either
intercalation with DNA and consequent inhibition of
the synthesis of both DNA and RNA [1-4] or break-
age of DNA by these drugs [5,6], perhaps as ‘site-
specific free radicals’ after intracellular activation to a
free radical state [7,8]. Although intercalative bind-
ing of agents of this class to DNA, blockade of DNA
and RNA synthesis, and degradation of DNA may be
important events for the expression of the cytotoxic
action of these antibiotics, evidence is accumulating
that these alterations may at best only account for
part of the biochemical mechanism of action [9—12].

Since the plasma membrane is the first barrier
encountered by the drug, 1t 1s important to consider
the interaction of adriamycin with this cellular struc-
ture. In addition, examining this phenomenon may be
important for understanding the cytotoxicity of
agents of this class.

A variety of interactions and associations of adria-

mycin with the plasma membrane and membrane
components have been reported [13-20]. For
example, adriamycin binds in considerable amounts
to erythrocytes and induces morphological changes in
these cells without concomitant cell lysis [13]. Ob-
servations made on cultured heart cells suggest that
ouabain antagonizes the toxic effects of adriamycin
by interacting at the level of cellular membrane sites
[14]. In addition, adriamycin binds to sulfated muco-
polysaccharides [15], associates with membrane-lipid
domains [16], increases the net transport of sodium
lons across epithelium [17], and exhibits a high
affinity for negatively charged phospholipids found
in membranes [18], particularly cardiolipin [19,20].

Previous reports from this laboratory demon-
strate that a correspondence exists between the con-
centration of adramycin required for cytotoxicity to
Sarcoma 180 cells in culture and effects on cell agglu-
tination by concanavalin A [21]. Utilizing liposomal
membranes as a model system, we also found that
adriamycin interacts in a specific manner with car-
diolipin-containing vesicles to alter fluidity and fusion
characterstics [22,23].
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The present report 1s an expansion of our studies
on the action of adriamycin on the plasma membrane
of Sarcoma 180 cells. The results obtained indicate
that the anthracycline rapidly produces (a) an altera-
tion 1 the rate of cellular agglutination with no
change 1n either the number of surface receptors for
concanavalin A or therr rate of occupancy by the
plant lectin, and (b) an increase 1n the fluidity of the
plasma membrane as measured by ESR spectroscopy.

Materials and Methods

Adriamycin was obtained from Dr. John Douros
of the Division of Cancer Treatment, National Cancer
Institute. Small aliquots of the drug were prepared
pertodically and stored below 0°C 1n the dark; high
pressure hquid chromatography verified the punty of
the compound [24]. The spin label, 2-(3-carboxy-
propyD-4,4-dimethyl-2-tnidecyl-3-oxazolidinyloxyl,
referred to commonly as 5-doxyl stearic acid, was ob-
tammed from Syva (Palo Alto, CA) and stored n the
dark under refrigeration. Stock solutions of 1 mg/ml
in ethanol were prepared. and 10-ul ahquots were
placed n individual tubes and dried to a thin film
with nitrogen.

Concanavalin A (3-times recrystallized) was ob-
tained from Miles Laboratories (Kankakee, IL).
[®H]Acetylated concanavalin A was obtamned from
New England Nuclear Corp. (Boston, MA). Fischer’s
medium, horse serum, and Hanks’ balanced salt solu-
tion (pH 7.4), without calcium and magnesium, were
purchased from Grand Island Biological Company
(Grand Island, NY) Female CD-1 mice were obtained
from the Charles River Breeding Laboratories (North
Wilmington, MA).

The methodology employed for the measurement
of concanavalin A-induced agglutination of Sarcoma
180 cells obtained either directly from the peritoneal
cavities of CD-1 mice or from tissue culture has been
described in detail [21.25]. In brief, Sarcoma 180
and Sarcoma 180/TG cells were collected from mice
seven days after the intraperitoneal inoculation of
6 - 10% cells/animal. Cells were washed 2—3-times
with Ca?*, Mg®*-free phosphate-buffered sahne,
pH 7.4, suspended in Fischer’s medwmm plus 10%
horse serum at a concentration of approx. 107 cells/
ml with or without the addition of adriamycin, and
incubated at 37°C with gentle shaking for variable

periods of time as indicated. After incubation, the
cells were washed twice with 10 ml Ca®", Mg?*-free
phosphate-buffered saline and resuspended at approx.
107 cells/ml. The agglutination of cells by concana-
valin A was measured as the nitial rate of agglutina-
tion at 37°C defined by a change n optical absor-
bance at 546 nm and the lag time prior to the change
in absorbance [25]. The binding of [*H]acetylated
concanavalin A (approx. 2 uCi/mg) to Sarcoma 180
cells was ascertained by exposure of the cells to adria-
mycin as indicated above [21,25]. This was accomp-
lished by washing cells with Ca®", Mg?"-free phos-
phate-buffered saline and incubating untreated and
adriamycin-treated cells with a reaction mixture ¢on-
tamning 1.6 * 108 cells and various concentrations of
radioactive concanavalin A 1n a total volume of 0.25
ml. After 0—30 mun at 23°C 1n a shaking water bath,
the reactions were terminated by the addition of 5 ml
ice-cold Ca?*, Mg*'-free phosphate-buffered saline.
Cells were collected by centrifugation, washed two
times with Ca®*, Mg?*-free phosphate-buffered saline,
dissolved 1n 0.3 ml 0.4M NaOH, and radioactivity
was determined with a Packard Scintillation Spec-
trometer using a toluene-hiquifluor based scintillation
flmd. The inclusion of 100 mM a-mannopyranoside
in the mncubation mixture was employed to deter-
mine the extent of nonspecific binding of [3H]-
concanavalin A to the cell surface in the treated and
control samples.

For the analysis of membrane fluidity, Sarcoma
180 cells were grown 1n tissue culture to a cell density
of (1.25—16) - 10° cells/ml. 50 ml of cell suspension
were centrifuged, and the cell pellet was washed with
20 ml Ca?’, Mg?"-free Hanks’ balanced salt solution,
pH 7.4, at 37°C. The cells were collected by centri-
fugation and resuspended in 5 ml Ca?*, Mg®'-free
Hanks' balanced salt solution containing 2 ug/ml
5-doxyl stearic acid. After 15 min incubation at
37°C, the cells were collected, washed once, and
resuspended m 50ul of Ca®', Mg®'-free Hanks’
balanced salt solution. Exclusion of trypan blue was
observed in 90—95% of the cells. The appropriate
amount of buffer or adriamycin was added, the cell
suspension was drawn mto a 50-ul capillary pipette,
and the tip was sealed. The capillary pipette was
centrifuged for 1 min to gently sediment the cells
and then placed in the 37°C temperature controlled
cavity of a Brucker ER 200 D spectrometer. Spectra



were accumulated by computer for 10 min. Order
parameters were obtamed using a computer program
to locate the positions of the hyperfine extrema.
Measurements were made with a modulation ampli-
tude of 2.0 G and a microwave power of S mW, Total
time of exposure of the cells to adriamycin did not
exceed 30 min. Both drug binding to the plasma
membrane and transport into the cells reached equi-
librium by this time [26]. The order parameters were
calculated as defined by Hubbell and McConnell
[27]. Both uncorrected and polarity-corrected order
parameters were determined. Although the values for
S (order parameter) were slightly different by the two
methods, the trends within each experiment were
not; for this reason, only uncorrected values have
been reported.

Results

We reported that exposure of Sarcoma 180 cells
to 1 - 1077 M adriamycin for 24 h 1n culture results in
surface changes detected by measurement of changes
in the rate of cellular agglutination by concanavalin A
[21]. The present study mdicates that long-term
exposure to the anthracycline is not required for cell
surface changes to occur as measured either by cell
agglutination or by changes 1n membrane fluidity. An
enhanced rate of agglutination by concanavalin A of
Sarcoma 180 cells was produced after 3 h exposure to
adriamycin and the increase n agglutination rate
caused by the anthracycline was concentration-depen-
dent (Table I). Similarly, a characteristic lag period
prior to change in absorbance at 546 nm was altered
by the treatment of the neoplastic cells with adria-
mycin. At the highest concentration of concanavalin
A employed, which produced rapid agglutination, the
lag time prior to an optical change at 546 nm was
relatively short. However, differences were more
distinct at a lower concentration of concanavalin A,
where agglutination occurred more slowly and rela-
tively long lag periods were observed. In other experi-
ments in which Sarcoma 180 ascites cells were
exposed to adnamycin at 7-107° and 7-107° M,
an enhanced rate of cellular agglutination occurred as
early as 2 h after incubation with the drug (data not
shown).

To ascertain whether the effects of adriamycin
were unique to Sarcoma 180 cells, the action of the
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TABLE1

AGGLUTINATION OF SARCOMA 180 ASCITES CELLS
BY CONCANAVALIN A AFTER INCUBATION WITH
ADRIAMYCIN IN VITRO

Sarcoma 180 cells were suspended in Fischer’s medium plus
10% horse serum at a concentration of approx. 107 cells/ml
with or without adriamycin at the indicated levels for 3 h at
37°C. After incubation, the cells were collected and their rate
of agglutination was measured as described in Materials and
Methods. The data shown 1s a representative experiment,
Although absolute values observed from one experiment to
another varied depending upon the batch of concanavalin A
(Con A), each experiment consistently demonstrated
enhanced agglutination by adriamycin treatment.

Adriamycin = Con A Initial rate of  Lag time
M) (ug/1.2 m) agglutination  (min)
(8A4546/mn)

0 50 0.026 6.7

1 10¢ 0.044 4.4

1 105 0.091 34
1-107% 0.106 37

0 250 0.104 13
1-1076 0.114 1.2
1-10°5 0.176 1.2
1-1074 0.296 11

drug on a closely related 6-thioguanine-resistant
vaniant, Sarcoma 180/TG, was examined. Table II
shows the comparative rates of agglutination and the
lag time prior to the onset of cell clumping for un-
treated control and adriamycin-treated Sarcoma 180
and Sarcoma 180/TG cells. The resistant variant
(Sarcoma 180/TG) did not agglutinate as readily as
the parent Sarcoma 180 subline under identical con-
ditions. These findings indicate that the spectro-
photometric measurement of lectin-induced aggluti-
nation had sufficient specificity to detect surface
differences between two related cell lines. Incubation
of Sarcoma 180/TG cells with 7 - 10”5 M adriamycin
for 3h produced an enhancement of the rate of
agglutination similar to that observed for Sarcoma
180; this was characterized by a faster change in
absorbancy at 546 nm and a decrease 1n the lag phase
prior to cell agglutination.

Since the effect produced by adriamycin may be
the result of an influence by the anthracycline on the
interaction of concanavalin A with cell surface recep-
tors, the effect of adriamycin treatment on the bind-
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TABLEII

COMPARATIVE EFFECTS OF ADRIAMYCIN ON THE AGGLUTINATION OF SARCOMA 180 AND SARCOMA 180/TG

ASCITES CELLS BY CONCANAVALIN A

Cells were mcubated and agglutination assays were performed as described in Table I, except that either Sarcoma 180 or Sarcoma

180/TG cells were employed. Con A, concanavalin A.

Neoplasm Adriamycin Con A Initial rate of agglutination Lag time

(71075 M) (ug/1.2 ml) (A4 546/min) (min)
Sarcoma 180 - 100 0.026 4.6

+ 100 0.084 2.7

- 150 0.060 2.6

+ 150 0.112 25

- 250 0.144 1.2

+ 250 0.288 1.1
Sarcoma 180/TG - 100 0.014 6.5

+ 100 0.048 3.9

- 150 0.018 5.7

+ 150 0.052 3.0

- 250 0.026 34

+ 250 0.132 2.6

ing of concanavalin A to Sarcoma 180 cells was mea-
sured, The results and statistical fit are shown in Fig.
1. A biphasic interaction of [*H]concanavalin A with
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Fig. 1. Binding of [3H]concanavalin A to Sarcoma 180
ascites cells after 3 h exposure to adriamycin. Sarcoma 180
cells were incubated in the presence and absence of adria-
mycin for 3 h, washed twice in Ca®", Mg2*-free phosphate-
buffered saline, resuspended in buffer, and incubated at
23°C 1n 0.25 ml of reaction mixture (1.6 - 10% cells) con-
tatning increasing concentrations of [3H]concanavalm A
(2 uCi/mg) for 30 min. Binding was determined as described
1n Materals and Methods. The nonspecific binding represents
the amount of [3H]concanavalin A bound to cells in the
presence of 100 mM o-D-mannopyranoside. (©) control;
(v) 7-107® M adnamycmn; (&) 7-1075 M adriamycin. Con
A, concanavalin A.

Sarcoma 180 suggests the presence of at least two
types of binding sites with different affinities for the
plant lectin on the surface of Sarcoma 180 ascites
cells. No statistically significant difference (P> 0.5)
was seen 1 the amount of [*H]concanavalin A bound
to either untreated cells or to cells exposed to either
7107 or 7-107% M adriamycin for 3 h. When 100
mM o-mannopyranoside was included in the incuba-
tion mixture to determine the extent of nonspecific
binding of [*H]concanavalin A to the cell surface, no
statistically significant difference (P> 0.5) i the
degree of nonspecific binding was observed between
untreated and adriamycin-treated cells.

To determine if the rate of occupancy of cellular
receptors by the lectin was altered by exposure of
cells to adriamycin, the rate of binding of [*H]con-
canavalin A was measured. Untreated cells and cells
treated with exther 7 - 107° or 7 - 1078 M adnamycin
for 3h were exposed to 100 or 200 ug/mi [*H]-
concanavalin A for increasing intervals of time from
0 to 30 mmn at 23°C. The results obtained with 100
ug/ml [*H]concanavalin A are shown in Fig. 2. No
statistically significant rate difference (P> 0.5) m
specific or nonspecific binding occurred between
control and drug-treated cells. Similar results were
observed for specific binding with 200 ug/ml [*H]-
concanavalin A.
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Fig. 2. Rate of binding of [3H]concanavalin A to Sarcoma
180 ascites cells after 3 h exposure to adriamycin. Procedures
used were the same as described in Fig. 1, except that the
concentration of [3H]Jconcanavalin A was 100 ug/ml
throughout, and the time of incubation was varied. (o) con-
trol; (v) 7107 M adriamycm; (&) 7 - 1075 M adriamycin.
Con A, concanavalin A.

The effect of various concentrations of adriamycin
on the order parameter (S) determined from spin-
labelled cells, 1s shown in Fig. 3. The data points were
obtained from three independent experiments per-
formed on different days and correspond to S values
obtained by us and others [28,29] for Sarcoma 180
cells at 37°C utilizing 5-doxyl stearic acid as the spin
label probe. Although the control values varied within
a certain range depending upon the experiment, in
each experiment shown, as well as in other experi-
ments not reported here, the addition of adnamycin
consistently decreased the order parameter at every
concentration tested when compared to untreated
control cells (Fig. 3). A detailed statistical analysis of
variance supports these observations. There is not a
significant interaction between drug concentrations
and experiments, indicating consistent results within
each experiment. The control values are sigmficantly
different (a) from values at the highest concentra-
tion of adriamycin in all three experiments (P <
0.01), and (b) from values at every concentration of
adrniamycin for two of the three experiments (P <
0.01).
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Fig. 3. The effect of adriamycin on the order parameter (S)
of Sarcoma 180 cells. Three independent experiments are
shown with duplicates taken at each concentration of adria-
mycin mn each experiment. (0) Expt. I, (a) Expt. II; (o) Expt.
III. The lines connect the average values observed for S at
each concentration of adnamycin.

To provide a model of the observed decrease in S,
an analysis of covanance was performed utilizing the
statistical software packages MINITAB and Statistical
Analysis System [30,31]. The log, concentration of
adriamycin (In C) was defined as the independent
variable and § as the dependent variable. For pur-
poses of this analysis, the control values must be in
terms of some concentration of adriamycin since In 0
is undefined. The value 10™° M was chosen since this
is well below the concentration of the drug that has
a discernible effect on cell growth [21]. The ade-
quacy of a common slope for all three experiments
again bears out the overall consistency of the experi-
ments. A 95% confidence interval for the true value
of the common slope 1s given by —0.00179
0.00045. 1t 1s important to recognize that while an
equal-slopes model may be adequate to describe this
particular set of data, it does not necessarly explain
or describe the underlying process. Further delinea-
tion beyond this model would require more data,
specifically, at intermediate concentrations in addi-
tion to the concentrations of the drug tested here and
must be observed within the same experimental day
preferably in duplicate.

Discussion

The finding of enhancement of agglutination of
Sarcoma 180 cells by the plant lectin concanavalin
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A after only relatively brief exposure to adriamycin,
complements our previous study [21] in which expo-
sure of neoplastic cells to the anthracycline anti-
biotic at low cytotoxic levels for a relatively long
period of time (1e., 24 h) also increased the rate of
cellular agglutination. Together, these observations
demonstrate that an agent whose principal target has
generally been considered to be nuclear DNA, also
elicits structural changes on the cell surface. The con-
cluston that the organization of the plasma mem-
brane is indeed changed by the drug 1s enhanced by
the demonstration that the affinity and number of
lectin binding sites 1s not altered by the drug under
conditions 1 which the agglutination rate is
increased.

Endocytosis and subsequent mternalization of
concanavalin A has been reported to be dependent
upon the clustering of receptors in mature erythro-
cytes of newborn humans [32] and to be indepen-
dent of clustering in Chinese hamster ovary cells {33].
Internahization of the lectin may be occurring as part
of the phenomenon reported 1n the present studies,
however, the occurance of such an event does not
negate the principal objectives of these experiments,
namely to utilize concanavalin A as a probe to detect
differences 1n the behavior of cell surface receptors
for the lectin 1n the presence and absence of adria-
mycin. If the internalization rate of concanavalin A
1s altered by adriamycin and this in turn leads to an
alteration n agglutination, then modulation of the
cell surface by the antibiotic 1s occurring.

Cell agglutination mvolves not only static cross-
lmking of cells by multivalent lectin, but also dy-
namic mobility of lectin receptors [34]. This receptor
mobility has important functional consequences.
Wang and Edelman [35] have shown that there 1s a
direct correlation between concanavalin A receptor
mobility and the ability of the plant lectin to stunu-
late DNA synthesis mn lymphocytes. Thus, compo-
nents of the cell surface that control receptor mobil-
ity may be involved in the regulation of cell prolifera-
tion. Since adriamycm 1s a drug which mnfluences
cellular replication by exerting cytotoxicity, and pro-
motes changes mn the expression of lectin action, a
mechanism of action for this agent could imnvolve
modulation of surface receptors involved in normal
growth control.

The concept of receptor mobility envisions the

membrane as a two-dimensional fluid, with the rela-
tive degree of ‘fluidity’ being one of the dominant
elements in the control of motion in the plane of the
membrane. The effect of adriamycin on membrane
fluidity was assessed by ESR of a nitroxide-labeled
fatty acid incorporated mto Sarcoma 180 cell mem-
branes. These spectra provide a measure (the order
parameter, §) of the amplitude of motion about the
average orientation of the fatty acid in the mem-
brane. This motion 1s sensitive to the flexibility of the
membrane lipids and 1s a measure of fluidity. Previous
spin labeling work with Sarcoma 180 cells by Bales
et al. [29] has shown that no change in membrane
fluidity occurs upon interaction of the cells with
concanavalin A and consequent agglutination. Thus,
although lectin-induced cellular agglutination may
require a certain degree of fluidity to support recep-
tor mobility, a change in normal fluidity is not a
necessary prerequisite for agglutination. Our work
shows that a drug which increases agglutination also
increases membrane fluidity, as observed with the
paramagnetic probe. A direct functional linkage
between these two events, however, cannot be
implied.

The observed decrease m the order parameter (S)
with ncreasing concentrations of adriamycin as
reported by the fatty acid spin probe indicates that
membrane fluidity is susceptible to perturbation in
the presence of adriamycin. In addition, the observed
increase in membrane fluidity occurred within 30
min of exposure to the drug, and an overall analysis
of covariance showed a statistically significant dose
response to the concentrations of adriamycin em-
ployed. The varations observed between experiments
may be due toavarety of factors or cumulative effects
of several factors, such as a vanation in the rate of
cell replication during the log phase when the cells
were collected, a vaniation in the growth medium and
availability or production of membrane lipids, or
slight vanations in the temperature control of the
cavity of the spectrometer on different days. These
variations, however, apply uniformly within each
experiment, allowing a consistent pattern to evolve
and be analyzed and described. Thus, the variations
from day to day initiate and require a statistical
model for analysis but do not preclude a comparative
analysis of the experiments. Indeed, the model
satisfies these variations and predicts the dimensions



and limitations of the experimental design.

The distribution of the spin label among various
membranes 1n the cell 1s an important consideration
in the interpretation of our results, and redistribution
of the fatty acid probe from the plasma membrane
(the site of initial labeling) to internal membranes
probably occurs over some time scale. Klausner et al.
[36] have shown that very little redistribution of
free fatty acids occurs over a period of 30 mun.
Furthermore, work from Bales’ laboratory [29,37]
has provided evidence to suggest that in Sarcoma 180
ascites cells, over 80% of the fatty acid spin label
resides in the plasma membrane. Since our experi-
ments were performed within a maximum time
pertiod of 30 min, we assumed that the spin label
reflects fluidity primarily in the plasma membrane.

The magnitude of the changes observed in the
order parameter after exposure to adriamycin 1s
biologically significant. After exposure to adriamycin
at 1 -107° M for a relatively brief period of time (less
than 30 min), the order parameter decreased 2.5—
4.1%. A variety of experiments have shown that
changes in the order parameter of this magnitude can
result 1n major alterations in cell function [38,39].
Sinensky et al. [38] utilized a somatic cell mutant
defective in the regulation of cholesterol biosynthesis
to obtain cells in which plasma membranes displayed
various cholesterol contents and acyl chain order
parameters. With increasing amounts of cholesterol
in the plasma membrane, the actwvity of the Na*, K*-
stimulated adenosine triphosphatase (EC 3.6.1.3)
present in these cells varied by a factor of 10, while
the order parameter varied from 0.663 to 0.697,
a change of 5,13%. Alterations 1n cholesterol content
that did not change the order parameter, also did
not alter enzyme activity. The authors concluded that
the rate of catalysis by (Na” + K")-ATPase is deter-
mined by the order parameter and that vaniation of
membrane lipid composition or factors which deter-
mine membrane lipid acyl chain ordering can result
1n variation in membrane enzyme activity. Likewise,
comparable changes m the order parameter were
shown to be coupled to the action of local anesthe-
tics by Pang et al. [39]. General anesthetic concen-
trations were correlated with a 2—5% change in the
order parameter and a 20--50% change 1n 10n per-
meability. The functional change observed was about
an order of magnitude larger than the structural
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change. Thus, small percentage changes in the order
parameter can result in substantial modification of
biological activity.

Furthermore, the magnitude of the fluidity change
1s consistent with the possibility that this change may
be relevant to the cytotoxic action of this agent. The
following considerations support this possibdity: (a)
the order parameter change exhibits a pharmacologic
dose response to adriamycin; (b) the concentrations
of adriamycin are biologically relevant and coupled
biophysical responses should occur in this concen-
tration range — the fluidity changes shown by adria-
mycin meet this criterion; and (¢) modulation of
membrane fluidity is the first response in time that
can be measured 1n the biologically relevant concen-
tration range. The increase in membrane fluidity
occurs within 30 min of exposure to the antibiotic,
whereas 1-2h of drug treatment are required to
affect the synthesis of DNA or the viability of these
cells at low concentrations of antibiotic [26]. Thus,
the modulation of membrane fluidity with associated
effects on membrane functions may be a primary
event in the initiation of cytotoxicity by adnamycin.
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