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Fluorescence polarization of I,~-diphenyl-l,3,S-hexatriene (DPH) wa~ used to study the iuieraction of lindane with 
model and uatJve membranes Lindane disorders the gel phase of liposomes reeonshtuted ruth dimyristoy~, dlpalmltoyl- 
and dtstearoylphespbaudylcholines (DMPC, DPPC and DSPC), since d broader~ and shifts the main phase transition, 
but no apparent effect is detecled in the fired phase These effects of lindane are more pronounced in bilayers of 
short-chain hpids, e.g., DMPC. In equlmolar mixtures ccmtaining DMPC and DSPC, Imdane preferemtially interacts 
with the more fluid lipid species inducing lateral p~.se separations. However, in mixtares of DMPC and DPPC, the 
insec~cide only broadens and shifts the main phase trm~ltioB, i e,  an effect similar to that observed in bilayers of pure 
lipids. Lindane has no appmeut dfeet in DMPC i~layers enriched with high cholesterol content ( ;~ 30 tool%), whereas 
disordering effects can still he detected in bilayers with low clmlesterol ( <  30 rrml%) Apparently, hndane does not 
perturb the fluid phase of ~presenlanve native membranes, namely, mntochondrm, sarcoplasmie retieulnm, myelin, brain 
mierosontes and erythroc4jtes in agreement with the results obtmned in fluid phosphotipid bdayers, de,~te the 
reasonable hlcolporMJon of the ir-n~2tleide m these membranes, as previo,sly reported (Anttme~Madeira, M.C and 
Made~ra, V M e .  (1985) Biochim. Biephys. Aeta 820, 165--172). 

tntrodt~tion 

F'revtous studms in our and other laboratories sup- 
port the tdea that b~omembrane.8 are primary targets of 
mseette~de acuon [2-13] Therefore, the parttUons of 
some popular msectmtdes, namely. DDT. vazathLon. 
malatluon and lindane were extcnstvely studted m model 
and nattve membranes [1.14-16] lnsecttctde partltlOrt- 
mg does not correlate wtth toxtcaty and ts affected by 
multiple pararaeters, such as, temperature, cholesterol, 
flm&ty and phystco-ehetmcal profiles of the membrane 
components and the mseetacldes themselves [1,14,15,17] 
Flmdtty and the insecticide character are mare parame- 
ters affecting mcorporatton and. probably, msecuc~de 
toxtcaty 

To further characterize ms¢¢tac~de tntcractton wl~  
membrane components, ,~e now report the effects el ~ 

Abbrevlauons DMPC &mvnsteylphosphat~d.dchvhn¢" DPPC dP 
palautoylphosphatld)lchohne, DSI~C' d~sleatc~ylphosphatid~lcholme 
hndane ~l 2 3 4.5 6-hexachlorucyeltkhexane, Tin, l~dpomt lempera 
tl~ of therraotrople phase transdlon DPIt I 6-dlphenyl-l,3,5.- 
hexatne~ 

CormsIrondence V M C Madeira, Centre de l~tologta Cdular, De- 
parlameato de Zoologta, 3049 Coimbra Codex, Portugal 

hndane m the flmdtty of well defined model and nattve 
membranes m terms of fluorescence polanzahon of the 
probe 1,6-dIphenyl-l,3,5-hexatnene (DPH) 

Materials and Methods 

Preparation o f  hposomes and  na twe  membranes  Solu- 
loons of pure phospholJplds were taken m round-bottom 
flasks and the solvent (CHCl3) was evaporated to dry- 
ness The hpld film was then hydrated with an ap- 
propriate volume of 50 mM KCI, 10 mM Tns.maleate 
(pH 7 O)~ and dispersed under N z atmosphere by hand- 
shakmg m a water bath, 7-10 Cdeg above the transttmn 
temperature of the phosphohplds The sample was *.hen 
shaken vigorously by vortex for 1 nun and briefly 
somtated (five bursts of 30 s each) Heterogeneous 
pbosphohpld batayer~ were obtained with eqmmolar 
amounts el single components and phosphollpld- 
cholesterol b]layers by supplementing original phos- 
phohptd solutmns wtth appropriate amounts of 
cholesterol The final concentration of hpId was nomi- 
nally 34.5 ~M, tn all cases 

Various nanve membranes, namely, erythrocytes, 
brain mlcrosomes, myehn, sarcoplaarmc retlculum and 
nutochondna were prepared as described dsewhere [14] 
Protein cencentratmns were deterrmned by the bmret 
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method [18] cahbrated with serum albunun Membrane 
suspenmons were rapxdly frozen m hqmd mtrogen and 
kept at - 8 0 ° C  

DPH and Imdane rncorporatton rnto membranes DPH 
(2 raM) m tetrahydrofuran was rejected, while vortex- 
rag, into membrane suspensions (34~ pM m hpid) to 
give a final phosphohptd/probe molar ratm of about 
200 The rmxture ~as then incubated, to the dark, for 
18-20 h After th~ period of mcubauon, hndane was 
added from concentrated ethanollC ~luttons (50 raM) 
The pcnod of eqmhbrauon w]d, hndlme vaned ¢rom 
1-2 h according to the concentratmn used Control 
samples received eqmvalent volumes of tetrahydrofuran 
and eth~nol 

Fluorescence polartzaOon measuremems Fluorescence 

spectra were measured m a Perkan-Elmer spectrofluo- 
rometer, Model MPF-3, prowded with a thermostateA 
ceil holder The excitation was set at 336 nm and the 
enusmon at 450 nm The excitation and ermsslon sl~ts 
were 4 and 6 nm, respectively The temperature of the 
samole was checked with an accuracy of =l= 0 1 ° C, umng 
a terrmstor thermometer The degree of fluorescence 
polarization <P) was calculated, according to Lttman 
and Barenholz [19] from the equatmn 

F = III - I±G 
III + i±G 

where I=E and I x are the mtensmes of the emitted hght 
oriented, respecUvely, parallel and perpendicular to the 
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Fig ] Lmd~c effects on the Ihermouoptc phase traasiuon of DMPC (A). DPPC (B) ncli DSPC (C) btlaye~s, as dct©rrmncd by Iluor~enc.e 
polarnauon or m~rpomted DPH Ma.~mal mcorpomtzons were obtained m the temperature range of the themtotroplc phase transition (T m values 

for DMPC DPPC attd DSPC ~e about 24 o 4L a n d  54  C ,  respect:rely, as reported m Fig ]A of Ref 1) 
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plane of the exe,tatton beam G is the correctxon factor 
for instrument polarization, gwen ~y the fOliO of ecrU- 
ca] to the horizontal components when the excttatmn 
light is polarized in the horizontal dtreetlon [19] H~gh 
degree of fluore*eence polarization (P)  represents high 
structural order or low membrane fluidity, and vtce- 
V~[Sa 

Reagents Cholesterol, dlmynstoyl-, d]pahmtoyl- and 
dtstearoylphosphatadylehohnes, at least 98% pure and 
DPH were obtamed from Sigma Lmdane was obtamed 
from Supe*eo, lae 

TADLE I t  

Effect~ o / h a d a n e  (50 #34) an tire mrdpomt temperature trans:twn o/  
bslagem r~cottrtttuteY . :th pure bp~ds or with h~oary ra: tture~ o f  hptds 

Type of Control L,ndane (50 #M) ~tT m (Cdeg) 
b,iavers T m ~ ° C J  Tm I ~C3 

DMFC 23 2 20 7 2 5 
DPPC 40 7 30 1 ? 
DSPC 52 9 51 6 m 3 
EtMPC- Dpp(. 30S 2~6 22 

DKWC+ DStaC 326 (32 106  
256 70 

R e s u l t s  and  D , s e n s ~ o a  

FluMffy o f  model membranes of pure phospholipM* 
Lmdane lowers the phase transtt]on temperature 

lmdpomt (T=) of DMPC, DPPC and DSPC bdayers 
(Fig 1 and Table I) and broadens the tmnstuon, I e+ 
expands the temperature range at which two-dlmen- 
monal domams of fluid and gel phase eoexast (Fig IA. 
B and C) These ¢ff¢.cLs depend on lmdane concentra- 
tion up to about 100 FM Furthermore, the msecttetde 
interacts more effectively with short-chaan rather than 
long-eham hptds, since larger sl'uft~ In T m were observed 
in DMPC as compared ~ t h  DPPC and DSPC btlayers 
Thus, tar 50 pM hndane, Tm of DMPC, DPPC and 
DSPC are shifted by 2 5, 1 7 and 1 3 Cdeg, respeetlvdy 
(Tabl," It) The shift and broademng of the transition in 
pure hpld bflayers induced by Imdane ,s consistent wah 
other results reported previously [20,21]. Forthermore, 
slrmlar effects have been described for other msect]cides 
and other drugs [11,20-25] 

Apparently, hndane disturbs mgmfmantl) the bdayer 
order m the temperature range of the cooperative phase 
tranmtton in DMPC, DPPC mad DSPC htlayers, but no 
dtsordenng effects are noticed at temperatures 10 Cdeg 
below T m. This may partially reflect the relatxve e>ch,-- 
slon of lmdane from the htlayers (espemally, DPPC md 
DSPC) at low temperatures (Fig 3A of Ref 1) Ne,,~r- 
theless, r e # c a n t  mcorporauon t~eeurs tu DMPC bt- 
layers, at temperatures 10 Cdeg below tke T=. wnhout a 
eorrespondmg effect m membrane flmdlty Apparently. 
thermotropm geometrical factors mtposed by the In le t -  

TABLE I 
The e//eels Of oar+ova hndane concetltratton~ (0-100 I~M7 on the rid.  
poant tetnt~era~ure trallslt~on.v fTm) of blla2~m reconstktuled with DMPC 
D P P C  and D S P C  Io~ld speocs 

Type o[ A d d ~  Imdanc (~ M) and respective 7 m values I o C) 

hda)cr~ O 10 25 50 5 100 

DMPC 232 22B 217 207 20.5 ~tta 
DPPC 40 7 40 ] 39 38 ~i 38 l 
DSPC 52 q 52 5 51 6 50 5 fi0 5 

ular ~tructure at th]z hpl01 permit accommodation of the 
mseett¢lde without perturbaUon of membrane order 

Also, a rca~onabM mcorporaUon of hndane txcar~ m 
the find phase nf DMPC DPPC and DSPC btlayers 
Nevertheless. the tn~et.tmtde fads to disorder the fluid 
phase of the above hptds as concluded from the ther- 
motroptc data of Fig 1 Hence, it appear~ that the find 
phase holds enough flee volume to accommodate this 
small tnsectlelde molecule f4 A. ef Ref 26). without 
perturbation of the bdayer structure This conclusion ts 
reinforced by the fact that hndane ha-< almost no effect 
m the permeability of fluid egg-PC membranes to non+ 
electrolytes and to ton-ionophore complexes [lO] 

Flmdnv o f  model membranes o f  b*~ta~, mrvture~ 
Lmdane affects the thermotroptc behavtor of b]laycrs 

contammg cqutmolar rmx*ures of DMPC plus DPPC 
mmllarly a~ described for smgle DMPC or DPPC (ffig. 
2A) Lmdane (50/4M) lowers the phase transtuon r id -  
pont  of the mixture by dbn,tt 2 2 Cdeg, a value clos~ to 
that observed m pure DMPC bllayers (Table II) This 
mdacates a preferential nnteraction with DMPC Inptd 
spe-'o~, but a btphas]¢ transmon ts not observed How- 
ever, a cleat biphastc transition is observed m mixed 
bdayers of DMPC plus DSPC upon interaction v, tth 
hndane (Fig 2B and Table II) The higher temperature 
profile is only shghtly modthed by the insecticide, but 
the lower temperature componenL, m e the new transi- 
tion, ts bro,idened and shifted to lower temperatures 
relatively to the control "l'tus new transRton ts centered 
at 256°C,  r e ,  at a T m close to that of pure DMPC 
bflayers, which ts about 24 ° C This property of hndane. 
as promoter of phase separaOons ts stmular to that 
prevaously described for the organophosphorus earn- 
pounds paratbaon and azmphos [11] Therefore, hndane 
interaction with membranes depends on the phymco- 
chermca] character of membrane hptds altO Js famhlated 
by speeaes which form domams with higher flmdtty m 
agreement wLth the conclusions previously aeh:eved by 
Omann and Lakowtcz [27] Smce native membranes 
consist of domams or patches of hpldS differing in 
composmon and flmd]ty [28-30], it can be predicted 
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Fig 2 ~ucr~t~rc-~ pol~nzat;rm of DPH m bdayerg reconstituted wath equ,molar rraxturea of I )MPC D P I ~  (A) and D M P C  DSPC (B) ,n the 
absence (sohd symbols) and pre..mnee (open symbols) of 50 g M  lmdatle as li funeuon of temperature Lmdan* t.oa~¢rts the angle tranSttlc, n of  t!1¢ 
binary mixture of DMPC plus DSPC ,a te  a blphasle ttallmllon The new transit,on (lowe~ lernperatur¢ component) has a midpoint at 2~ 6 ° C  

', due  close, to the T~ of DMPC, wMch ts about 24 ~ C 

that hndane ~s not homogeneously dhstnbuted, but pref- 
erentaally assocmted "~qth fired zones Furthermore, upon 
interacting with more fluid hpld species, llndane may 
cause phase separations m nuerodomams w~th the con- 
sequent physical I31,32] and physiological [ql-34) Lrn- 
phcattons 

FluJdav of bdayees containing cholesterol 
Cholesterol progresswely increases the molecular 

order m the fluid phase of DMPC bllayers and 
equtmolar mixtures of DMPC plus cholesterol are de- 
void of thermotropm phase transitions (Fig. 3), accord- 
ing tO classzcal observations [35] Dlsordenng effects of 
lmdane can be detected m DMPC bdayers with low 
cholesterol content ( < 30 reel%) However, the disorder- 

mg effects of hndane are gradually depressed and vamsh 
at cholesterol concentrations lugher or equal to 30 mol~& 
(Fig 3) Apparently, cholesterol counteracts msecUtade 
mteractton, (uther by modlf~ng the membrane struct- 
ural organization or by compel,lively opposing the 
incorporation of hndane Indeed, hndane partmomng, 
prexaously studmd m egg-PC membranes m 240C, 
decreases linearly with the increase of cholesterol con- 
tent, and a complete exclusion of Imdand is observed 
for cholesterol concentratmns of about 50 reel% (Fig 2 
og gel. 1). Therefore, m native membranes, hndane 
influence would be greater m organelles and regions 
wath low cholesterol contents, i e, highly functional 
bmmembrane systems such as rattochondrm and endo. 
plain'at retlcuhtm 
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Fig 3 Fluorc~en~: polart¢.atlo1~ of DFH m DMFC bflavers ectnehgl 
gath cholesterol in the absence (sohd hoes) and m the pmsene~ 
(dotted hoes) of S0 ~,M hndane Each curve was drawn acros~ 16-2f~ 
experimental points For the sake of clan,y, the expeaunental points 
were removed The numbers adJacent to the curves represent moF£ of 

mcorl}oratcd ehol~terol 

Fluidity of native membranes 
Fluorescence polarization of  DPH was studied m 

several representative native membranes, namely, 
erythroeytes, brain nuerogomes, myelin, sareoplasrmc 
retlculum and rmtochonchaa, over the temperature range 
from 10 to 40°C Data illustrated m Fig. 4 clearly 
indicate that. independently of temperature, membrane 
flm&ty depends considerably on the membrane type 
and compomhon Cholesterol is an intrinsic modulator 
of natwe membrane fltn&ty, since it decreases linearly 
(correlation eoeffJelentffi0975) with the increase of 
'nattve' cholesterol content (Fig 4B) Temperature also 
modulates the general membrane flmdtty since tt m- 
creases linearly with temperature (Fig 4A) 

Lmdane has no apparent dtsordenng effects into 
fluid native membranes (Fig 4, dotted lines), In close 
agreement with the results obtained m model bt|ayers m 
the fluid state However, a s,gmhcant incorporation was 
detected mid the above membrane& over the temper,ore 
range under study, t e, from 10 to 40°C (Fig 4 of Ref 
1) Tl:erefore, hndane accommodates into the mere- 
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MOLt. CHOLESTERQL 
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(sohd symbols) mad m the preseiace (open symbols) of 50 t~M hndane Data of B wer¢ ~.ak4.n from A (f[unregcence pofanzatmn dam at 24°Cl 
Regression lines ~et'e calculated by the least-~quares method CO[TetaIIOU coefllcaents o~" -0991 -0973  - 0 9 6  -0993  and - 0 9 6  were 
calculated fur e~-ythro¢,~te.,s (E) brain trd¢:osomes (aM} msehn (My) ~,ttcc~pla~mtc reuculum ~,SR) and mHochondna (Mr1 respechvel~ 
(~nol~tefo/pho~phohpld molar ratios for mitochondrm sarcoplasm~c rel~culum bmnr mlcrn~orneg mvtAm and t.t"4throcyt~. ,tteO 6 25 33 and 37 

tool% resp~tr,,elv 

branes without causing perturbatton cf the general 
membrane flmd]ty However, th, s finding d o ~  not role 
out that discrete membrane dommns cannot be per- 
turbed by hndaue Esp¢~-taliy ordered domains sur- 
rounding i n t eg ra l  p r o t e i n s  ( ' a n n u l a r  hp~ds')  h a v e  been  

dese r thed  [36 -38]  T h e s e  re la t tvely  o r d e r e d  d o m a i n s  

may be differentLy affected by hndane and consequently 
the activates of integral proteins dependent on the 
phymco-chetmcal characteristics of boundary domams 
[39], m a y  be  a f fec ted  b y  the  msect tc~d¢ Acco rd ing ly ,  tt 
h a s  been  . u f e r r e d  tha t  the  p e r t u r b a t m n  o f  the  C a  2+- 
p u m p  ac t tv t ty  of  s a r c o p l a s m m  r e t t c u l u m  m d u o ~ d  by  

h n d a n e  m a y  ref lec t  the  m s e c t m l d e  m t e r a c t m n  wt th  t h e  

b o u n d a r y  hp~d of  t h e  p u m p  [13,40] 
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