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Partition coefficients of [14Clparathion were determined in several types of membranes. Model membranes 
of egg phosphatidylcholine, dimyristoyl- (DMPC), dipalmitoyl- (DPPC) and distearoyl- (DSPC) phosphati- 
dylcholines, and native membranes of mitochondria, sarcoplasmic reticulum, brain microsomes, myelin and 
erythrocytes were investigated. Parathion partition is variable among the membranes under study and 
depends on temperature and cholesterol content. First-order transition of membrane lipids from the gel to the 
liquid crystalline state is accompanied by a sharp increase in the partition coefficient of parathion. The 
insecticide is easily accommodated in bilayers of short-chain lipids, since the partitions were 1950, 650 and 
270 in DMPC, DPPC and DSPC, respectively, at temperatures 10°C below the midpoint of their transitions. 
Preferential interaction with short-chain lipids promotes phase separation in heterogeneous bilayers, favour- 
ing segregation of lateral domains enriched in insecticide-phospholipid complexes. Cholesterol incorporation 
in membranes prevents the binding of the insecticide either through competition for similar interacting sites 
or as a consequence of changes in structural organization of phospholipids. 

Introduction 

Since World War II, parathion has been widely 
used in control of insect pests. Unfortunately, the 
benefits of its use were accompanied by undesira- 
ble toxic effects on useful insects, other animals 
and man [1-3]. Thus, the exact knowledge of the 
effects of the insecticide is an imperative task. 
Consequently, several attempts have been carried 
out to understand the physiological effects, but the 
precise biochemical mechanisms are not yet com- 
pletely understood. 

The organophosphorus insecticides are power- 
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ful inhibitors of acetylcholinesterase. This target is 
responsible for most of the physiological effects, 
e.g., hyperexcitability, convulsions and muscular 
paralysis, events which precede death in poisoned 
animals [2,4-7]. Additionally, other markers of 
toxicity (memory and visual disturbances, schi- 
zophrenia and depression) not related to the in- 
hibition of acetylcholinesterase may chronically 
develop in poisoned individuals [2,7,8]. Effects of 
organophosphorus insecticides on other membrane 
enzymes have been reported [9-13], but the molec- 
ular mechanisms of action are unknown. 

The above findings, the lipophilic character of 
most organophosphates and the dynamic func- 
tions of membranes led us to envisage biomem- 
branes as candidates for target and sites of im- 
mediate and chronic insecticide action. Conse- 
quently, the interaction of the xenobiotics with 
biomembranes has been studied in our laboratory 
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in the past few years [14 17]. Organophosphorus 
insecticides dramatically modify intrinsic interac- 
tions in model and native membranes; these 
molecular effects induce perturbations of mem- 
brane permeability and enzyme dynamics [14 17]. 
Among the compounds under study, parathion, 
the most powerful toxic, was also the most effec- 
tive in inducing membrane perturbations. 

To characterize further the nature of parathion 
interaction, we report here its partitioning in model 
membranes of egg phosphatidylcholine, synthetic 
lipids (DMPC, DPPC and DSPC) and several 
native membranes. 

Though the observations in simple synthetic 
model lipids cannot be readily extrapolated to 
complex native membranes, they often facilitate 
the interpretation of results in clear physicochemi- 
cal terms. Therefore, artificial membranes were 
used here as model operational systems. 

Materials and Methods 

Preparation of materials" 
Liposomes, Liposomes were prepared as previ- 

ously described [15], except that buffer comprised 
50 mM KC1/10 mM Tris-maleate (pH 7,0). 
Cholesterol-containing liposomes were obtained by 
supplementing original lipid solutions with ap- 
propriate amounts of cholesterol. After hydration, 
the final lipid concentration was 20 mM. 

Natwe membranes. Mitochondrial fraction from 
rat liver was isolated according to Hogeboom [18]. 
Sarcoplasmic reticulum was prepared from rabbit 
white muscles as described by Carvalho and Mota 
[19]. Brain microsomes and crude myelin were 
obtained from sheep brain according to Haj6s [20]. 
Ghost membranes from pig erythrocytes were pre- 
pared by the method of Buckley and Hawthorn 
[21]. Protein concentration was measured by the 
biuret method [22] using bovine serum albumin as 
standards. The membrane suspensions were rapidly 
frozen in liquid air and kept at - 8 0 ° C  till use. 

Determination of partition coefficients 
Incorporation of [14C]parathion was de- 

termined by a filtration procedure in fibre-glass 
filters [23] and the filters were counted for radioac- 
tivity. The retention of membrane materials was 
always controlled by measuring the amount of 

phospholipid retained in filters. After filtration of 
a suitable amount of membrane suspension, the 
filters were treated at 180°C with 1.0 ml 70% 
HCIO 4 [24] for 2 h. Released lipid phosphate was 
then measured according to Bartlett [25]. Gener- 
ally, the amount of retained lipid was about 80% 
of the total filtered. 

For studies of parathion incorporation, 
['4C]parathion (1 .10  6 M) was added to mem- 
brane suspensions in buffer (132 /*M in lipid). 
After 4 h equilibration, aliquots (0.5 ml) were 
rapidly filtered through Whatman G F / B  filters, 
under vacuum. The excess radioactive buffer in 
filters was washed out by filtering 5 ml of nonra- 
dioactive buffer. The filters were then transferred 
into vials containing 8 ml Triton X-100-supple- 
mented scintillation fluid [26]. After several hours 
of equilibration, the radioactivity was counted in a 
Packard 460 spectrometer programmed for auto- 
matic quenching correction computed from an ef- 
ficiency correlation determined for 14C-quenched 
standards, by the external standardization method. 

The partition coefficient was calculated from 
the fraction of insecticide retained in membranes 
(p )  according to the equation [27]: 

K,(V~/~.) 
P Kp(VI/V,)+I 

where K v is the partition coefficient, V~ and I~ are 
the volumes of the lipid and aqueous phases, re- 
spectively. In our experimental conditions, the 
equation can be rewritten as: 

P .1()  ~ 
Kp 1.22L(1 - p )  

where L is the amount of lipid in nmol. 
Data were statistically analysed. The average of 

at least six independent measurements was calcu- 
lated. Standard deviations were calculated with 
n -  1 weight. Linear regressions were determined 
by the least-squares method and the correlation 
coefficients were calculated. Significance coeffi- 
cient is defined as the square of correlation coeffi- 
cient. 

Thermotropic lipid phase transitions 
Thermotropic transitions were estimated by 

turbidimetry, as previously described [15]. The 



p s e u d o - a b s o r b a n c e s  of  l i p o s o m e  suspens ions  

(abou t  1 m M  in l ipid) were recorded at 430 nm in 
a set-up composed  of a Spectronic  20 spec t ropho-  
tometer  (cell holder  special ly modi f ied  to permi t  
thermoregula t ion)  and  a log recorder .  Para th ion  
was added  at a final concent ra t ion  of 1 - 1 0  - 4  M. 

Reagents 
Egg phospha t idy lcho l ine  ( type V-E), cholesterol ,  

D M P C ,  DPPC,  and DSPC,  at least 98% pure,  were 
ob ta ined  from Sigma. [ring-2,6-14C]Parathion (21 
m C i / m m o l )  was ob ta ined  from Amersham,  Inter-  

nat ional ,  U.K. 

Resul t s  

Partition coefficients of [14C]parathion in model 
membranes 

The o rganophosphorus  insecticide,  para th ion ,  
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Fig. 1. Partition coefficient of parathion in egg phosphati- 
dylcholine membranes, as affected by temperature. When the 
membranes contain equimolar mixtures of phosphatidylcholine 
and cholesterol (open symbols), the partition is dramatically 
decreased. Note that partition of parathion has a negative 
dependence on temperature. This dependence is not apparent 
when cholesterol is incorporated. The regression line was 
calculated by the least-squares method: each point represents 
the average of at least six independent measurements (vertical 
lines indicate ± S.D.). 

5] 

concent ra tes  700-1000-fo ld  in egg phospha t i -  
dylchol ine  bi layers  relat ively to the buffer  phase,  
over  the t empera tu re  range of 1 0 - 4 0 ° C  (Fig. 1). 
Egg phospha t idy lcho l ine  bi layers remain  in the 
fluid state over this t empera tu re  range, since the 
phase  t ransi t ion is centered at - 5 ° C  [28]. The 
par t i t ion  of the insect icide decreases d ramat i ca l ly  
to about  50 in bi layers  supp lemented  with 50 
tool% cholesterol.  This d ramat ic  effect led us to 
s tudy the effect of  the relat ive concent ra t ions  of 
cholesterol  incorpora ted  in l iposomes,  as docu-  
mented  in Fig. 2. The par t i t ion  coefficient  of  

pa ra th ion  decreases l inearly with the molar  rat io  
of  cholesterol .  This l inear  dependence  is statist i-  
cal ly significant (correla t ion coefficient  - 0 . 9 7 ) ,  

meaning,  an absolute  s ignif icance coefficient  of 
0.94. Ex t rapo la t ion  of the theoret ical  curve to ab- 
scissa predic ts  a zero par t i t ion  at about  50 mol% 
cholesterol .  Nevertheless,  a l imited amoun t  of 
pa ra th ion  incorpora tes  in the m e m b r a n e  at this 
high cholesterol  content .  This ' r e s idua l '  amoun t  
may  be related ei ther  with unspecif ic  absorp t ion  to 
l ipid lamel lae  surfaces or  may  represent  the com- 
p o u n d  en t r apped  between lamel lae  of mul t i layered  
l iposomes used in this study. In any case, ' r es id-  
ual '  b ind ing  does not  represent  filter adsorp t ion  
which was convenient ly  cont ro l led  with ap-  
p ropr ia te  blanks.  
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Fig. 2. Effect of cholesterol on partition coefficient of parath- 
ion in egg phosphatidylcholine liposomes. The regression line 
was calculated as described in Fig. 1. Except for control (zero 
mol% cholesterol), the standard deviations are within the space 
covered by the symbols. The correlation coefficient is -0.97. 
Note that, in theory, the expected partition would approach 
zero for about 50 mol% cholesterol (abscissa intersection). 
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In order  to under s t and  the dependence  of par t i -  
t ion coefficient  on the f luidi ty and s t ructure  of 
l ipid bilayers,  studies have been carr ied out  in 
l iposomes reconst i tu ted  with wel l -def ined syn- 
thetic l ipid species, e.g., D M P C ,  DPPC and DSPC 
(Fig.  3). In all cases, it is clear that  par t i t ions  of 
pa ra th ion  are increased within the t empera tu re  
range of coopera t ive  t ransi t ion from the gel to the 
l iquid crystal l ine state. With in  this t empera tu re  
range, gel and l iquid-crysta l l ine  domains  coexist  
la teral ly in the b i layer  and  osci l la t ion between the 
two phases is expected to occur at high rates 
[29,30]. Therefore,  the phase  osci l la t ion appears  to 
favour the incorpora t ion  of para th ion .  

Fig. 3 also indicates  that  pa ra th ion  incorpora tes  
bet ter  in bi layers  of shor t -a l iphat ic-chain  l ipids 
than in those p repared  with long-chain species. 
Thus,  maximal  par t i t ions  ob ta ined  in D M P C ,  
DPPC and DSPC bi layers  were about  2200, 1000 
and 500, respectively.  Therefore,  an increase in 
chain length by two ca rbon  a toms  results in a 
decrease of par t i t ion  to about  one-half .  Since 
short -chain l ipids p roduce  more fluid membranes  
as c o m p a r e d  with those formed with long-chain 
l ipids [31], we are t empted  to conclude  that  mem- 
brane  f luidity is one of the factors which control  
the insecticide incorpora t ion .  However ,  other  fac- 
tors may as well con t r ibu te  since, for D M P C ,  the 
par t i t ion  is s ignif icantly increased in the gel state 
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Fig, 3. Partition coefficients of parathion in synthetic bilayers 
of DMPC (11 B), DPPC (O O) and DSPC 
(A A). Note the significant increase of partition in the 
temperature range of thermotropic phase transition (T,, values 
for DMPC, DPPC and DSPC are 24, 41 and 54°C, respec- 
tively, as indicated by arrows). 

(10-20°C) ,  as opposed  to the fluid condi t ion  
(30°C), by a factor  of about  4. 

Effect of parathion in thermotropic lipid phase tran- 
sitions 

Para th ion  displaces  the midpo in t  t ransi t ion 
tempera tures  (T,,)  of bi layers  reconst i tu ted  with 
several l ipid species (Fig. 4; also see Ref. 15). 
When  added  to pure  D M P C  and DSPC bilayers 
( t ransi t ions  centered at 24 and 54°C), the insecti- 
c ide  lowers T m by about  5 and 3°C, respectively,  
This  difference in effect is expected as a conse- 
quence of higher par t i t ion  of the insecticide in 
D M P C  bilayers.  

Bilayers formed with b inary  mixtures of the two 
l ipids (equimolar  concent ra t ions)  exhibi t  a single 
phase  t ransi t ion within a t empera tu re  range com- 
pr ised between those of pure  l ipids,  i.e., centered 
at 42°C (Fig. 4). This t ransi t ion is, however,  
b roade r  than those of individual  lipids, and the 
b ina ry  system tends to deviate  from the behaviour  
of an ideal solut ion due to the difference in chain 
lengths by 4 carbon  a toms  [32]. Para th ion converts  
the single t ransi t ion of the b inary  system into a 
clear  b iphasic  t ransi t ion.  In par t icular ,  the high 
t empera tu re  componen t  is only sl ightly modif ied  
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Fig. 4. Effect of parathion on thermotropic transitions of 
liposomes containing DMPC, DSPC or equimolar mixtures of 
the two lipid species. Parathion shifts the midpoint transitions 
for DMPC and DSPC by about 5 and 3°C, respectively. The 
insecticide induces a biphasic transition in mixed bilayers 
(DMPC + DSPC). The lower transition is centered at 26°C, a 
value close to T,, of pure DMPC. The higher temperature 
transition of the mixture (T,n = 42°C) is not significantly af- 
fected by parathion. The curves represent heating cycles. For 
the sake of clarity, experimental points (about I°C intervals) 
were deleted. 



upon addition of the insecticide, but a distinct 
transition centered at 26°C is now apparent (Fig. 
4). This temperature closely approaches T m of pure 
DMPC bilayers (24°C), but the new transition is 
relatively broader, beginning at about 22°C and 
ending up at about 30°C. Though less pro- 
nounced, a similar effect of parathion has been 
observed in binary mixtures of DMPC plus DPPC 
[15]. These effects are presumably a consequence 
of preferential partition of parathion in DMPC, 
thus disturbing the random lateral distribution of 
lipid species in the bilayer. 

Partition of parathion in native membranes 
Incorporation of parathion was studied in a 

variety of biomembranes isolated from cellular 
homogenates, namely, mitochondria, sarcoplasmic 
reticulum, brain microsomes, erythrocyte ghosts 
and myelin. Incorporation is limited in myelin as 
compared to brain microsomes. In its turn, parti- 
tion in this fraction is lower than in sarcoplasmic 
reticulum and mitochondria, where the insecticide 
incorporates to a greater extent (Fig. 5). Data 
clearly show (Fig. 6) that partitioning of parathion 
decreases with the increase of the relative amount 
of 'native' cholesterol, similar to the observations 
found in artificial membranes reconstituted with 
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Fig. 5. Partition coefficients of parathion in native membranes. 
Regression lines were calculated as described for Fig. 1. II, 
Mitochondria; [2, sarcoplasmic reticulum; O, microsomes; C), 
myelin; A, erythrocytes. 
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Fig. 6. Partition of parathion in native membranes as a func- 
tion of intrinsic cholesterol content. These data were taken 
from Fig. 5 (partitions at 24°C). Regression line was calculated 
as described for Fig. 1. The correlation coefficient is -0.97. 
Intrinsic membrane cholesterol was determined in lipid extracts 
by the Lieberman-B'urchard technique as described elsewhere 
(Huang et al. [33]) and ratioed with the phospholipid content. 

synthetic lipids (Fig. 2). A linear relationship of 
partition decrease with increase in cholesterol is 
also apparent. Surprisingly, the determined corre- 
lation coefficient is also close to that found for 
synthetic membranes, i.e., -0 .97.  Therefore, 
cholesterol is the main regulator of insecticide 
partition in native membranes. Thus, myelin and 
erythrocyte membranes with high cholesterol con- 
tents (e.g., cholesterol/phospholipid molar ratios 
of 33 and 37 mol%, respectively) have limited and 
similar partitionings of about 60. Partition in- 
creases to about 100 in brain microsomes where 
cholesterol is less abundant (25%), and to 120 and 
150 in sarcoplasmic reticulum and mitochondria, 
respectively, i.e., membranes with minimal 
cholesterol contents. 

D i s c u s s i o n  

Accumulation of parathion in biological struc- 
tures is often estimated on the basis of the classical 
octanol /water  partitioning (141, cf. Ref. 34). Our 
data indicate that such estimations are very rough, 
since the actual partitions in membranes depend 
on several physical parameters and the type of 
biomembrane. 

A consistent factor controlling incorporation of 
parathion is temperature. Generally, the partition 
decreases as temperature is increased. Since the 
major effect of temperature on membrane lipids is 
to decrease the structural order, it appears that 
parathion preferentially accommodates in ordered 
structures. On the other hand, data obtained with 
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synthetic phosphatidylcholines suggest that incor- 
poration is improved in membranes of short-chain 
lipids, i.e., with higher degree of fluidity as com- 
pared with those formed with longer-chain species 
[31]. Apparently, as the length of fatty acid hydro- 
carbon chain increases, the voids which accom- 
modate the insecticide decrease in number. There- 
fore, fluidity and membrane order may both play 
a role on parathion incorporation: however, the 
apparent contradiction arising from the effect of 
temperature and chain length suggests that other 
factors, indirectly related with these structural 
parameters, may also be important. Thus, the par- 
tition in DMPC is significantly increased in the gel 
state (temperature range from 10 to 20°C) relative 
to the liquid-crystalline state (30°C). Therefore, 
complementary fitness of insecticide accommoda- 
tion is improved by short-chain lipids in the gel 
phase. In addition to membrane fluidity, geometri- 
cal factors imposed by molecular structure de- 
termine the partition of parathion. 

Partitions of parathion in synthetic membranes 
are maximal within the temperature range of coop- 
erative phase transition (Fig. 3). At the phase 
transition, gel and liquid-crystalline phases coexist 
and oscillate at a high rate. Ordering oscillation in 
adjacent phases may create transient defects be- 
tween disordered and ordered domains [29,30] 
which would favour incorporation of extraneous 
molecules. Additionally, enhancement of lateral 
compressibility and extensibility at the phase tran- 
sition [35,36] may also contribute to the increased 
incorporation of parathion. 

Preferential accommodation of parathion in 
short-chain lipid bilayers explains the biphasic 
transitions induced in binary systems of DMPC 
plus DSPC (Fig. 4). This effect interpreted as a 
phase separation is substantiated by the finding 
that parathion preferentially interacts with DMPC. 
Some components of the mixture undergo a phase 
transition in a lower temperature range while other 
remain in the gel state. Since the lower tempera- 
ture transition is centered at a T m close to that of 
DMPC, it appears that parathion moves part of 
DMPC lipids into separate membrane domains, 
favouring lateral phase separation. In the tempera- 
ture range of 30-35°C, the bilayer contains two 
separated domains, one containing fluid DMPC 
species associated with parathion and the other 

containing an insecticide-free solution of DMPC 
plus DSPC in the gel state. 

These findings and the increased permeability 
of liposomes and erythrocytes promoted by 
parathion [14,16] are apparently in contrast with 
the conclusions of other investigators [12] who 
claimed that parathion decreases the membrane 
fluidity. However, these conclusions were derived 
from indirect evidence, i.e., n-values for allosteric 
inhibition of acetylcholinesterase and fluidity were 
not precisely defined. Hence, other physical 
parameters such as geometry, structure and molec- 
ular shape of lipids may as well contribute for the 
reported observations. 

Cholesterol  content  of membranes  also 
determines to a large extent the partition coeffi- 
cient of parathion. Apparently, cholesterol pre- 
vents insecticide interaction, either by modifying 
the membrane structural organization or competi- 
tively opposing the entry of parathion. Cholesterol 
from 7 to 33 mol% progressively increases molecu- 
lar order in the liquid-crystalline state [37--39]. At 
33 tool% in DMPC or DPPC, observed broad 
transitions have been assigned to 'uncooperative 
melting' of loosely associated phospholipid with 
1 : 1 cholesterol-phospholipid complexes [40]. This 
arrangement leaves little intermolecular void in the 
bilayer. At 50 mol%, there are strong interactions 
between all cholesterol and phospholipid mole- 
cules (1:1 binding stoichiometry), allowing for 
maximal van der Waal's contacts in the hydro- 
carbon region. 

Our data summarized in Figs. 1 and 2 concur 
well with the above proposals. Indeed, membranes 
containing 33 tool% cholesterol only incorporate a 
small amount of parathion. Furthermore, extrapo- 
lation of the theoretical curve predicts a zero parti- 
tion at 50 tool% cholesterol; strong interactions 
between sterol and phospholipids prevent void 
volumes for parathion accommodation. Therefore, 
it is concluded that the main effect of cholesterol 
is mediated by the alteration of the overall struc- 
ture of the bilayer, rather than by a decrease in 
fluidity. 
= Regarding parathion incorporation, native 
membranes behave similarly to liposomes. Depen- 
dence of partition on temperature also displays 
negative correlation. Similarly, linear decrease of 
insecticide partition is observed with the increase 



of  cho les te ro l  m o l a r  c o n c e n t r a t i o n ,  wi th  a cor re la -  

t ion  coe f f i c i en t  of  0.97. P e r t u r b a t i o n s  i nduced  by 

cho les te ro l  in na t ive  m e m b r a n e s  are p r e s u m a b l y  

s imi la r  to those  desc r ibed  for syn the t ic  b i layers ;  

therefore ,  i n c o r p o r a t i o n  of  p a r a t h i o n  in na t ive  

m e m b r a n e s  is p r o b a b l y  c o n d i t i o n e d  by the long-  

range  b i layer  s t ruc tu re  a f fec ted  by cho les te ro l  in- 

t e rac t ion .  In conc lus ion ,  the cho les te ro l  c o n t e n t  is 

the  ma in  fac to r  c o n t r o l l i n g  pa r t i t i on  of  p a r a t h i o n  

in na t ive  m e m b r a n e s .  S imi la r  b e h a v i o u r  has been  

obse rved  for  o t h e r  d rugs  [41] whose  pa r t i t i on  coef-  

f ic ients  also dec rease  wi th  the cho les te ro l  con ten t .  

Var iab i l i ty  o f  i n c o r p o r a t i o n  in na t ive  m e m -  

b ranes  ind ica tes  that  d i s t r i bu t ion  of  p a r a t h i o n  in 

p o i s o n e d  o r g a n i s m s  is p r e s u m a b l y  ra ther  he te roge-  

neous .  A c c o r d i n g  to the  m e a s u r e d  pa r t i t i ons  in 

vi t ro ,  we are  t e m p t e d  to p red ic t  that  the insec t i c ide  

w o u l d  p r e f e r en t i a l l y  a c c u m u l a t e  in h igh ly  func-  

t i o n a l  m e m b r a n e s  o f  o r g a n e l l e s ,  n a m e l y ,  

m i t o c h o n d r i a  a n d  m i c r o s o m e s .  I n c o r p o r a t e d  

p a r a t h i o n  pe r tu rbs  several  bas ic  m e c h a n i s m s  oper -  

a t ing  at the m e m b r a n e  level, as shown  be fo re  for  

the  inc reased  p e r m e a b i l i t y  of  l i p o s o m e s  and  na t ive  

m e m b r a n e s  to n o n e l e c t r o l y t e s  and  inc rea sed  

fac i l i t a ted  d i f fus ion  of  e lec t ro ly tes  [14,16]. It  was 

a lso  shown that  the  insec t ic ide  pe r tu rbs  the ac t ion  

o f  the  Ca  2 ~ p u m p  of  s a r cop l a smic  r e t i cu lum m e m -  

b ranes  by i nc rea s ing  its e f f i c iency  and  overa l l  ac- 

t iv i ty  [17]. A p p a r e n t l y ,  this ef fec t  m a y  resul t  f r o m  

insec t i c ide  i n t e r a c t i o n  wi th  the Ca  2 + p u m p  

b o u n d a r y  l ipid;  c o n s e q u e n t l y ,  this w o u l d  p e r t u r b  

n o r m a l  l i p id -p ro t e in  i n t e r ac t ions  i n v o l v e d  in m o d -  

u la t ion  o f  e n z y m e  act ivi ty .  Likewise ,  s imi la r  ef- 

fects are  expec t ed  for o the r  m e m b r a n e  enzymes ,  

i n c l u d i n g  ace ty lcho l ines te rase .  

The re fo re ,  the i n t e r ac t i on  o f  o r g a n o p h o s p h a t e s  

wi th  b i o m e m b r a n e s  mus t  be c o n s i d e r e d  in the 

p rocess  of  toxic  ac t ion  o f  these c o m p o u n d s .  
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