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Plasma membrane fluidity alterations in cancerous tissues 
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Plasma membrane is a heterogeneous structure with several coexisting domains having different fluidity 
characteristics. It plays an important role in the control oj cell growth, differentiation and transforma
tion. Fluidity oj the whole plasma membrane reflects the ordering and dynamics oj phospholipid acyl 
chains in specific membrane domains, as well as the fraction oj each domain in the membrane. Changes 
in the membrane fluidity affect processes on the membrane such as transport, enzyme activities and 
expression oj the receptors. 
In this paper we present results oj our recent electron paramagnetic resonance (EPR) studies oj plasma 
membrane f luidity characteristics, which take into account heterogeneous nature oj the plasma mem
brane. By the computer simulation oj the EPR spectra line-shapes, the number oj coexisting domains in 
the plasma membrane, their relative portion in the membrane as well as the ordering and dynamics oj 
each domain can be determined. Therefore, we could distinguish the contribution oj the relative portion 
oj each domain from the contribution oj fluidity alterations in the domain to the entire fluidity changes 
in the membrane. 
Two examples will be discussed: membrane fluidity characteristics oj excised lung tumor tissues and 
influence oj microtubule depolymerizing agent vinblastine on membrane fluidity oj vinblastine sensitive 
and resistant HeLa cel/s. 
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Introduction 

Plasma membrane fluidity 
Plasma membrane is a heterogeneous struc
ture, composed of lipids and proteins 
(enzymes, receptors, transport proteins) with 
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or without the attached oligosaharides. It reg
ulates the transport of ions and chemicals 
and plays an important role in the control of 
cell growth, differentiation and transforma
tion.1 Lipids are arranged in lipid bilayer, and 
can be treated as an anisotropic two-dimen
sional liquid in which constituent molecules 
undergo translational and rotational motion 
at a rate characteristic for viscous oil. It is 
characterised by membrane fluidity, which is 
in opposite relation to membrane microvis-
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cosity. 2 In the membrane, where the struc
ture is heterogeneous, fluidity in different 
regions is different. In such a case the term 
fluidity is used to describe the motional free
dom of lipid-soluble molecular probe within 
the bilayer. It is described by order parameter 
(S), time-averaged deviation of the acyl 
chains from the normal to the bilayer plane, 
and rotational correlation tirne (-te) , tirne 
required for the molecules to forget what 
were their previous spatial orientations.3 

Membrane fluidity regulates the dynamics of 
conformational changes and the lateral mo
bility of membrane proteins. Changes in me
mbrane fluidity influence membrane pro
cesses such as transport, enzyme activities 
and receptor expression. Fluidity of plasma 
membrane seems to be biologically very im
portant since bacteria, yeast and other organ
isms whose temperature fluctuates with that 
of the environment, change the fatty acid 
composition of the membrane in order to 
maintain a relatively constant fluidity.1 

Main factors which influence the fluidity 
are: composition of lipids and distribution of 
integral and peripheral proteins within the 
bilayer. Main lipid components of plasma 
membrane are phospholipids. Membranes 
are fluid if lipids are in liquid crystalline 
phase and rigid if lipids are in gel phase. 
Phospholipids with short acyl chains or non
saturated bonds in the chain make bilayer 
more fluid. Phospholipids of the same type 
tend to aggregate and as a consequence a 
phase separation in the bilayer can occur, 
therefore domains with different fluidity 
characteristics are formed. Another impor
tant lipid constituent of the plasma mem
brane is cholesterol, which composes 30 to 50 
mol % of all lipids in eucaryotes. In this cho
lesterol concentration region a new type of 
phase is obtained in which the acyl chains 
are more highly orientationally ordered than 
in the fluid phase of pure phospholipid sys
tem (liquid-ordered phase). In this way cho
lesterol tends to regulate or completely elimi-

nates the possible phase transitions of phos
pholipids from solid to fluid phase. Besides, 
it decreases permeability for water molecules 
and enhances mechanical stability of 
bilayer.2 Highly non-saturated acyl chains 
(20:4 and 20:6) are unlikely to associate with 
cholesterol, while highly saturated phospho
lipids, such as sphingomielin preferentially 
interacts with cholesterol, creating highly sat
urated and non-saturated lipid domains.1 

Another factor which contributes to mem
brane heterogeneity is specific interactions 
between lipids and proteins.4 Lipid-protein 
interactions influence the distribution of 
lipids around proteins which cause the for
mation of domains with different fluidity 
characteristics. The important parameters for 
the interaction are polar heads (charge, size) 
and matching of acyl chains with the 
hydrophobic span of proteins (length and flu
idity of acyl chains). Influence of polar heads 
is stronger as that of the chains. It is also 
influenced by pH, temperature and ionic 
strength. 

Fluidity in malignant cel/s 
There are some typical cellular alterations 
observed after neoplastic transformation 
which are in close relation to plasma mem
brane fluidity. Transport of ions and chemi
cals is altered as well as membrane perme
ability, phagocytosis or endocythosis , etc. 
Typically is increased lectin agglutinability, 
which is generally correlated with enhanced 
ability of lectin binding sites on transformed 
cells to move laterally through the plasma 
membrane. This enhanced mobility may be a 
consequence of the increased plasma mem
brane fluidity.5 

However, plasma membrane fluidity mea
surements in malignant cells are controver
sial. 5 According to the literature most tumor 
cells in vitro exhibit higher membrane fluidi
ty than their normal progenitors. For exam
ple, such differences were observed in Mal-
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oney sarcoma-virus transformed murine 
tumor cells, 6 in leukemic T lymphocytes,7 in 
human CLL lymphocytes,8 in mouse malig
nant lymphoma cells,9 in rat colon tumor 
cells,10 in mouse Morris 7 288C hepatoma 
cells, 11 in human ovarian carcinoma cells.12 

However, in KiMSV transformed rat kidney 
cells,13 in virally, chemically or tumorigeni
cally transformed 3T3 cells,14 in hepatoma 
cells15 and in T lymphocytes from untreated 
patients with Hodgkin's disease16 decreased 
membrane fluidity was found, in comparison 
to corresponding controls. In freshly excised 
tumors only a few studies have been per
formed. In excised local and metastatic LM 
cell tumor tissues17,18 and in malignant brain 
tumors19 more fluid plasma membranes were 
observed as in the corresponding non-malig
nant samples. 

One possible reason for the measured dif
ferences in plasma membrane fluidity is the 
technique of measurements. Most investiga
tions were performed with EPR or fluores
cence polarisation method. In both methods 
a probe, which measures the properties of its 
surrounding, has to be introduced into the 
membrane. It should be stressed, that in the 
measurements reported, heterogeneous 
membrane structure composed of severa! 
coexisting domains with different fluidity 
was not taken into account. Only an average 
order parameter and correlation tirne were 
measured, which include the contribution of 
different domains and could be biased in 
favour of more fluid domains. Besides, the 
parameters could be biased by preferential 
distribution of the probe in certain type of 
domains. 

Having this in mind the model for com
puter simulation of the EPR spectra line 
shape was developed, 20 which takes into 
account heterogeneity of the plasma mem
brane. It will be described in more details in 
the next section. We present two examples 
where this method has been applied. One is 
in vitro model where fluidity of two types of 

HeLa cells was compared: wild type and the 
type resistant to the chemotherapeutic drug 
vinblastine. In the other example the study 
was performed on excised human lung tumor 
tissue and fluidity characteristics for differ
ent types of tumors were determined. 

EPR method 
In our electron paramagnetic resonance 
(EPR) studies lipophilic spin probe 
methylester of 5-doxyl palmitate (MeFASL 
(10,3)) was used, which is sparsely dissolved 
in water solutions but very well dissolved in 
lipids. It is incorporated preferentially into 
the membrane bilayer of cells and/or tissues. 
Since it is reduced very fast in hypoxic condi
tions by oxy redoxy systems in cells and tis
sues, which are primarily located at the site 
of ubiquinone in mitochondria21 we believe 
that the main EPR signal observed corre
sponds to the EPR spectrum in the plasma 
membranes. 

For rough estimation of relative changes 
in plasma membrane fluidity a maximal 
hyperfine splitting 2Au, which is related to 
the average order parameter (Sef), and/or 
empirical correlation tirne "e

f 
can be deter

mined from the EPR spectra.2 

Sef = k(A11 - A J_)/ (Azz -AxJ (2) 

k = correction due to the polarity of spin 
probe environment 

A11 and A J_ = measured maximal and mini
mal hyperfine splitting ( Figure 2. A). 

Azz and Axx = hyperfine coupling con
stants of MeFASL(l0,3). 

Empirical correlation tirne "ep is given by 
the expression: 

"ep = k�H0(hjh_1 - 1)112 (3) 
where �H0, h0, and h_1 are parameters which 
can be measured from the EPR spectra. �H0 
is the line-width of the middle line of the EPR 
spectra, while h0, and h_

1 
are amplitudes of 
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Figure 1.  Typical EPR spectra of MeFASL(l0,3) in the 
membrane of HeLa K, and HeLa CA cells. 
A. Full line: experimental spectra, dotted line: the best fit 
to the experimental spectra, taking into account that the 
experimental spectra are superimposition of the spectra 
of three coexisting domains (b,c,d), which are presented 
in B together with the corresponding fluidity parameters 
S and '

c
· 

B. Computer simulation of the EPR spectra of three coex
isting domains in HeLa K and HeLa CA cells: domain b 
(spectrum b), domain c (spectrum c). Spectrum b and c 
are the same for HeLa K and HeLa CA (S = 0.7 and 0.32, 
respectively and 'c = 4.0 ns and 2.0 ns, respectively) and 
domain d (spectrum dl for HeLa K, S = 0.15, 'c = 1.5 ns 
and spectrum d2 for HeLa CA with S = 0.10 and 'c = 1.0 
ns). 

middle- and low-field line (Figure 1 .A.), k is 
constant typical of the spin probe used. The 
relation is valid only for fast isotropic motion 
of spin probes and can be used as a rough 

approximation to estimate relative membrane 
alterations under different influences.22 

However, to obtain more precise informa
tion about the heterogeneous structure of 
bilayer with severa! coexisting domains with 
different order parameter (S) and correlation 
tirne (i:c) the line shape of the experimental 
EPR spectra should be compared with the 
spectra calculated by the model which takes 
into account heterogeneous bilayer structure 
with severa! coexisting domains. In the 
model an isotropic motion of spin probe mol
ecules around the long molecular axis and 
the restricted motion in the direction parallel 
to the long molecular axis of lipids is used. In 
the calculation the number of domains and 
the relative portion of each domain (W), 
which is related to the area occupied with the 
particular domain, is varied as well as the flu
idity parameters S and •c of each domain. 
Beside the ordering parameter and correla
tion tirne the line width of the middle line is 
also included as a variable which describes 
the anisotropy of the two parameters, as well 
as the ratios g/gi and a/ai, which include the 
difference in the polarity of the spin probe 
surroundings.2° From the best fit with experi
mental spectra relative portion of each 
domain in the membrane as well as their 
ordering and dynamics could be determined. 
Therefore, we could distinguish the contribu
tion of the relative portion of each domain 
from the contribution of fluidity alterations 
within the domain, to the entire fluidity 
changes in the membrane. 

Membrane fluidity of vinblastine sensitive 

and resistant HeLa cells 

Depolymerization of microtubules by micro
tubule depolymerizing drugs, such as vin
blastine (VLB), colchicine and vincristine, the 
antimitotic alkaloids commonly used as 
chemotherapeutic drugs that arrests many 
mammalian cells in the metaphase of mitosis 
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by its action on microtubules, were shown to 
be responsible for changes in the plasma 
membrane fluidity. 23,24 On the other hand, 
severa! studies indicate that pre-treatment of 
tumors with a low VLB <lose can facilitate 
uptake of other chemotherapeutic drugs. 
With respect to these observations we sup
pose that, among the other factors, facilitated 
uptake of drugs after VLB treatment could be 
associated with increased fluidity of the plas
ma membrane of VLB sensitive cells. On the 
basis of these findings it would be interesting 
to compare the fluidity characteristics of cells 
which are sensitive to VLB with those which 
are resistant to VLB. 

Membrane fluidity of human uterine car
cinoma cells (HeLa K cells) was compared 
with the fluidity of a subclone HeLa CA cells, 
which was proved to be resistant against vin
blastine (VLB)(our results, sent for publica
tion). The cells were grown in Eagle minimal 
essential medium (EMEM) supplemented 
with 10 % FCS. In some experiments the cells 
were incubated for 1 hour with VLB (1 
ng/ml). For EPR measurements the cells were 
trypsinized 48 hours after removal of VLB 
and spin labelled with MeFASL(l0,3) as 
described elsewhere. 23 The EPR spectra were 
recorder on Bruker ESP 300 X-band EPR 
spectrometer. 

EPR spectra of HeLA K and HeLa CA cells 
are presented in Figure l. For a rough estima
tion of membrane fluidity changes, empirical 
correlation tirne 'ep was calculated from the 
EPR spectra in Figure 1 using the expression 
(3). Empirical correlation tirne in HeLa CA 
cells ('ep = 2.08 ns) was significantly lower 
than in HeLa K cells ('ep = 2.43 ns, p < 0.001). 
A significant decrease in 'ep was also 
observed after treatment of HeLa K cells with 
VLB ('ep = 2.16 ns). However, treatment of 
HeLa CA cells with VLB did not significantly 
affect 'ep' compared to the untreated HeLa 
CA cells. Similar results were already 
obtained previously for Chinese hamster 
ovary cel! lines 24 where a decrease of order 

parameter of resistant mutant was observed 
in comparison to the wild type CHO cells 
with 5-doxyl stearic acid as a spin probe. 
Treatment with microtubule depolimerizing 
agents have the same influence as on HeLa 
cells. Also in our previous work on spindle 
cel! sarcoma similar results were obtained.23 

In these studies only an average fluidity char
acteristics were measured, (an average order 
parameter S or average correlation tirne 
, 23,24. In the present experiment hetero-ep. 
geneity of plasma membrane was taken into 
account and by computer simulation of the 
EPR spectra line-shape, the information 
about the domain structure alteration in the 
plasma membrane was obtained, additionally 
to the average 'e alterations. 

In Figure 1 (dotted lines) the best fits to 
the experimental spectra are presented. The 
calculated spectra which fitted the best to the 
experimental spectra of HeLa CA and HeLa 
K cells (Figure 1, full line) were superimposi
tion of three spectra (Figure l.B). These spec
tra correspond to the spin probe molecules in 
three different types of domains (b, c, d) with 
different order parameter (S) and correlation 
tirne (,J The spectrum of VLB resistant HeLa 
CA cells could not be fitted adequately if only 
altered ratio between the domains was taken 
into account. For good fit it was necessary to 
decrease the order parameter S, of the most 
fluid domain (d) (spectrum d2 in Figure l.B.). 
The portion of this domain in HeLa CA was 
slightly smaller (W = 25 %) than in HeLa K 
cells (W = 30 %). On the other hand, treat
ment of HeLa K cells with VLB did not 
change fluidity characteristics (S and 'c) of 
membrane domains; only the portion of dif
ferent domains was changed. In HeLa K por
tion of domain b and d was 30 % and in HeLa 
K treated with VLB portion of domain b was 
20 % and of domain d it was 40 %. The por
tion of the middle domain c remained 
unchanged (40 %). 

From the results obtained it could be con
cluded that the reason for the average fluidity 
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decrease, observed from 'ep measurements 
for HeLa CA cells and VLB treated HeLa K 
cells is not of the same origin. The altered 
ordering and dynamics of the most fluid 
domain (d) in HeLa CA cells indicates that 
the composition of domain d is altered in 
comparison to HeLa K cells, while after treat
ment of HeLa K cells with VLB the composi
tion of domains remain the same, but the 
portion of domains in the membrane change. 
An increased content of non-saturated acyl 
chains, and/or decreased cholesterol content 
may be the reason for the increased fluidity 
of the most fluid domain (d) in HeLa CA in 
comparison to HeLa K cells. On the other 
hand it seems that the treatment of HeLa K 
cells with VLB, which causes depolymeriza
tion of microtubules, triggers some rear
rangement of membrane constituents in a 
way which favours the less ordered regions in 
the membrane. 

Membrane fluidity characteristics of excised 
lung tumor tissues 

In this study we used EPR with spin probes 
to investigate membrane fluidity in human 
lung cancer tissues specimen, cut at the tirne 
of resection. By computer simulation of the 
EPR spectral line-shape we wanted to distin
guish the contribution to the EPR spectra of 
the membrane fluidity alterations within 
domains, from the alteration in the portion of 
each domain in the membrane. 

Fiftyone lung cancer samples from 
patients with predominantly non small lung 
cancer, who were operated at Department of 
Thoracic Surgery, University Medica! Centre 
in Ljubljana from June 1988 to June 1990 
were analysed by EPR. From lung resectat the 
samples of cancer and histologicaly normal 
tissue were cut for EPR analysis, which was 
performed not more then two hours after 
operation. The samples were cut to cca 0.5 
mm thick slices, weighting from 10 to 20 mg. 

A 

B 

� 
� 

C1 

C 

Figure 2. Typical EPR spectra of MeFASL(10.3) in the 
membrane of normal lung tissue, and in lung cancer tis
sues (Cancer II) . Full line: experimental spectra, dotted 
line: calculated spectra, taking into account that the 
experimental spectra are superimposition of EPR spectra 
of three coexisting domains (a, b, c), with fluidity para
meters (S and 'c) presented in Table 1. Computer simula
tion of the EPR spectra of MeFaSL(10,3) in three coexist
ing domains in normal lung tissue and in lung cancer 
(cancer II), calculated with the parameters presented in 
Table 1. Spectra a and b, which correspond to the 
domain a and b are the same for both tissues, while spec
tra c1 and c2 correspond to the most fluid domain in 
normal lung tissue and in malignant tissue, respectively. 

They were immersed for 30 min into 0.1 
mmol/1 solution of MeFASL(l0,3) in phos
phate buffered saline (PBS) (0.01 ml of 10 
mmol/1 MeFASL(l0,3) in ethanol solution 
was added to 1 ml of PBS). 
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Typical EPR spectra of normal lung tissue 
and of lung cancer are shown in Figure 2A. 
The calculated line shapes of such heteroge
neous EPR spectra, which fitted the best the 
experimental spectra are superimposition of 
three spectra (Figure 2.B), which correspond 
to the spin probe molecules in three different 
types of domain with different order parame
ters (S). The parameters, by which the best 
fits of the calculated spectra to the experi
mental spectra were obtained, are presented 
in Table 1 for normal tissue and for two dif
ferent lung cancer samples (cancer I and can
cer II). 

Our results demonstrate that plasma 
membranes in lung cancer samples are more 
fluid than the membranes in normal lung tis
sue. The alterations observed are connected 
with an enlargement of the most fluid and 
less ordered domains as well as with an 
increased fluidity of these domains in malig
nant tissues. This is reflected in a decrease of 
order parameter S from 0.25 in normal tissue 
to 0.05 in malignant tissues. This indicates 
that the lipid composition of the most fluid 
domains is altered, and could be most proba
bly ascribed to a decreased cholesterol con
tent in plasma membrane of tumor tissue. 
This is in accordance with other studies 
which showed that the membranes of tumor 
cells were more fluid then the membranes of 
normal cells.7,8,9 According to Vitols 25 there 

are two possible explanations for enhanced 
plasma membrane fluidity of tumor cells: 
rapid cholesterol turnover and plasma mem
brane shedding in tumor cells. Adequate cho
lesterol/phospholipid molar ratio in plasma 
membrane is maintained by cell' s own cho
lesterol biosynthesis and intense receptor 
mediated endocytosis of serum choles
terol. 25,26 The consequence could be a 
decreased serum cholesterol level in tumor 
bearing subjects, which was found in tumor 
bearing mice 26 and in cancer patients with 
tumor of different origin described in many 
epidemiological and clinical studies.27,28,29 

On the other hand, cholesterol is lost from 
plasma membrane by continuous exfoliation 
or shedding of membrane vesicles, which are 
reach in antigens and cholesterol. 30,31,32 

From Table 1 it is also evident that two 
cancer types differ only in the ratio of 
domains with different fluidity, while the 
ordering and dynamics of these domains 
does not change significantly. Enlargement of 
the most fluid domain and a decrease of the 
area with the most ordered domain could be 
attributed to the protein and/or antigen 
redistribution in the membrane. This could 
be connected with bulbs formation in tumor 
cells, which could be the first step in plasma 
membrane shedding. 

Table l. EPR fluidity parameters S ,  and 'c and the portion of each domain in the membrane W used in the calcula
tion of the EPR spectra of MeFASL(10,3) in the membrane of Jung tissues presented in Figure 1, which gave the 
best fit to the experimental spectra 

Normal* tissue Cancer I Cancer II 

Domain a b C a b C a b C 

s O.S 0.5 0.25 O.S 0.5 0.05 O.S 0.5 0.05 
'c(ns) 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 
W ( %) 0.72 0.10 0.18 0.43 0.27 0.3 0.3 0.15 0.55 
--
* normal tissue was taken from the periphery of resected Jung, far away from tumor 
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Conclusions 

In this review article we showed two exam
ples of EPR investigation: on cultured malig
nant cells and on non-treated human tissues 
taking into account heterogeneity of plasma 
membrane. With this approach the fluidity 
changes within certain membrane domain 
were distinguished from the alteration in the 
portion of domains in the membrane. In this 
way we could obtain additional information 
about the modification of lipid and/or pro
tein composition in the domain and about 
the redistribution of membrane components 
within the membrane. 

The general observation was that in tumor 
tissues the fluidity of the most fluid domain 
is increased, what could correspond to the 
decreased cholesterol concentration in plas
ma membrane. In different tumors only the 
area of domains is altered, while the fluidity 
of domain is basically unchanged. Similar 
observations were also obtained for two 
HeLa cell lines. They differ in the fluidity 
characteristics of certain domains, while the 
treatment of VLB sensitive cells with VLB, 
only altered the area of domains. 

In further membrane fluidity investiga
tions it should be also taken into account that 
different probes could preferentially be dis
solved in different domains, more or less 
reach with cholesterol or proteins. Therefore 
different probes should be applied. 
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