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A cooperative phenomenon showing a structural change m the urganizatton of bdayer liptd membranes at a critical value 
o |  tim ai~plied electric field is presented. The transtfion is ehara~terlzed by a sharp in¢reas¢ m ¢m~uctanee. The 
phenomenon can be observed umler era'rent-clamp conditions (ra~her lhan the usual vohage-clamp eondtnons) In avmd 
rupturing the membrane At a critical polen;ial value the conductance morea .s  and therefore Ihe poten~al decreases to 
keep the ccm-ent constant. Results refer to membranes made of egg ph- • ,~ ,- -. - ph)tnnoylphosphati- 
dylehollne and cholesterol/egg PC. It is f e d  that the criheal potential a* winch the trans|t~on occurs depends 
dramatically on pH and tome concentratkm, lndleafing that the electrical proccrties of the external surface determine 
the major characteristics of such a transition 

In regent years, the important role played by polar 
heads m hptd orgamzatton has been pointed out [1 ~5] 
The set of polar heads and bound water of nenlral 
hptds can be regarded as a b~danenstonal dipole system 
wRh a welbdefmed structure [1.6] Therefore, at a eer- 
tmn cnueal value, an electric held ~s hkely to reduce a 
shazp vataatton m the structural orgamzatlon of the 
polar heads of a membrane kept at a ltxed temperature 
In a bdayer hptd membrane, the d~reet consequence of 
tins can be a vanatton m an electrical parameter lake 
conductance or capa~tanee However, up to now, no 
entaeal phenomenon agso:tated wRh the present,, of a 
ste,dy dectn¢ field has been noted, since a steady 
pot~ntml on the order of 200--300 mV causes the mem- 
brane to rupture I.l~$her potentmls of the order of 1 V 
apphed for very short ttme (hundreds of rmcroseconds) 
cause electric breakdown I7-9| It ts generally accepted 
that thus phenomenon ~s based on the formatzon of 
pores m the hpad area of the m~mbrane In fins paper 
we report on complementary expertments m w~ch the 
formatton of new permeatmn pathways m obtmned at a 
etaueal value of the electric held 

In nor expertments the external ¢lecmc held is ap- 
phed under 'current-damp' condmons rather than the 
usual 'voltage-clamp' condmons At a enucal value of 
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the potential, the membrane exlublts a sharp trans]Uon 
to a higher conductance, md,caang the formauon of 
aqueous por~ 

'Solvent-free' (solvent-depleted) membranes were ob- 
lmned b,/ ~,ng a techmque that ~s s,n-~lar to the one 
described by Mental and Mueller I7] Monolayers were 
formed on aqueous solutions, and the double layers 
were formed on a 200 ttm d,arneter hole In a than Teflon 
septnm (12 5 ,am thick) separatm 8 two small Teflon 
chambers wtth a capaclty of about 2 ml each 

The tallowing hp.,ds were utlhzed' egg PC, &- 
phytanoylphosphatldylchol,.ne, phnsphat|dylsenne from 
bovine brain I Avantt Polar Ltptds), l . m o n o o l e o v l - r a c -  

glycerol (Slgrna Chemical Co)  and cholesterol 
(Calbtoehem) All th~e ~.ornpounds w~re highly TLC 
purified (>  99%) The electrolytm solutmns were pre- 
pared using analytical grade salts (Carlo Erba) buffered 
wtth Tns-chlonde (Trlzma, Sigma Chemical Co ) All 
experiments were  performed a t ,  onto temperature 

The electrm ,~tgnals were recorded by means of two 
Ag I AgCI electrodes The system for me~sunng the cur- 
rent onder voltage-clamp condmons and the membrane 
capa~atanee has been previously descnbed i l l]  Under 
current-damp condmons, the membrane ts m a feed- 
back network of the opcrauonal amphher (Burr Brown 
3528 CM), at tugh impedance (10 t3 R), whteh acts as a 
current-voltage converter The current-voltage (1- V) 
charaetengt~cs m the current-clamp eondttmn ~ere ob- 
tinned by sending the membrane a mangular stgnat, 
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~g l Current-voltage charactensues of membrtmeb made of (~) ¢g8 PC/thole.stere! (molar raUo 3 t )  and (b) egg PC Notice thai this ptesanc, e of 
chol.ateroi stabthzes the membrane tn the state of higher conconcluctance In erase (b) the phenomenon ts almost ¢ompleteiy tevel~tble In both 

the lame conceatranon was l a  - t  M KCI at pH 7 

usually with an 8- t0  nun pmaod Moreover, during the 
I F cycle, tt was also possible to measure the mem- 
brane capacflance as a function of the  potential Tins 
measurement was made after sending a 10 mV peak to 
peak and 10 kHz input smusotdal signal through an 
adder earcott. By using an appropriate decoding ctremt, 
an output signal was obtained that was proportional to 
the membrane capacltanta~ The measurement senstdvlty 
was of the order of 1% 

Fig la shows a current-voltage relattonslap oh- 
tamed under current-clamp conditions for a 3 1 
(mol/mol) egg PC/cholesterol membrane, separating 
two symmetrical aqueous solutions of 10 -1 M KCl at 
pH 7 Fig lb  refers to a pure egg PC membrane under 
the same exl:enmental condmons As can be seen, the 
I - V  funutton is ~mhally almost hnear but. at a ermcat 
value el the potenUM, the membrane exl~b]ts a sharp 
transmon to a ten-time* l u r e r  conductance, passing 
through a state of negatwe dynmmxc resistance Since 
expenments a~e performed under current-clamp condt- 
hans, the increase m conductance occurs together with 
a decrease m tile potenual, Moreover, m some cases, the 
membrane remmns m a state of bagh conductance, even 
when the current ~ de.eased or mverted (~s m Rg la). 
whereas, m other cases (as in Fig tb), t?te phenomenon 

ts partmlly reversible However, the I -  V curves do not 
appear enttre|y symmetrical about the origin, exlabltmg 
a kind of hysteresis or after-effect Voltage fluctuaUons 
which appear after the transmon are much lagher m egg 
PC or dtphytanoylphosphmidylcholme than m egg P C /  
cholesterol membranes and their amphtud¢ is reduced 
by increasing the cholesterol/PC raUo This is probably 
due to the well-known meehamsm of tmmobthzatlon of 
phosphohplds by cholesterol [12] If the I - V  run ts 
repeated several ames on the same membrane, the 
critical potential generally decreases m the second run 
by 20~ and then reaches an almost constant value, 
whde the merease m conductance ts always of the same 
order of magnitude The phenomenon was not affected 
by reducing the period of the current slgna| from 10 
man to 3 nun. Fig 2 presents the results of current-volt- 
age and tin'rent-capacitance measurcmcmts made on 
the same membrane at the same tram It is widely 
known that when a potential V as apphed to a mem- 
brane, the capaettanco vanes according to the relation- 
slap 

C( I , ,  = Colt + av ~) O) 

where u is a coefftctent depending on the amount of 
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l ipAl 
FII~ '~" C=[t:l~tUl|~ll~¢~--Ctlff~r~lt cbat'~t~glStlB for an ¢~ PC membrane (b) The voltu$¢ currul~t bchaVlOUr for the same membrane has been repolted 
011 top (a) NOtlr2 that there are iwo dtff¢~ent values o[ capacitance for the same applied pOlenhal hefore and after the itl-all.~lllOll Other 

c~pcnmenlal condmons are aS in Fig, 1 

solvent  cont inued m the m e m b r a n e  and ,  to a smaller  
extent ,  on  the hp td  type [13-16]  The  values o f  tins 
coeff icient  range f r o m  2 10 0~ to 10 V - 2  In  the mem-  
b ranes  consulered tn the  present  paper ,  a ts of  the o rder  
o f  1 V -2  a n d  C o lS a b o u t  0 6  p F / c m  2 Thls  fact  
mcheates  that  a l though  these membranes  are considered 
to  be  solvent free, small  amoun t s  o f  solvent are  stall 
p resen t  tn the  m e m b r a n e s  themselves Fig. 2 shows two 
d t f fe rem effects (t) p r io r  to the  t rans tuon,  the  capaca- 
tanee  v a n e s  accord ing  to  the  square  o f  the potent ta l ,  (u) 
the t ranmt lon  mvolves a n  increase o f  abou t  10 p F  As  
a n  example,  Ftg  2 compares  the values C~ a n d  C 2 they 
a re  re la ted to the same  potent ia l  before a n d  af te r  the 
t ranst t ton,  respectwely It  ts w o r t h  no t ing  tha t  the di f -  
ference m these values ]s a lmos t  one  o rde r  o f  m a g m t u d e  
grea ter  t han  the measurement  sens]uvtty.  T lus  v a n a t , o n  
ts irreversible a n d  seems to b~ du~ to the usual  mecha-  
msms  b y  whaeh the  capac i t ance  vane, s w a t h  the  po ten-  
ual ,  e g ,  solvent ejection o r  formataon of  nuerolenses  
To test tbas hypothests ,  the  mexnbrane was  subjected to 
several  I - V  cycles a n d  the cor~spoud,a~g changes  m 
capacitance w e ~  me.asured Capac t t anc¢  changes  g r adu -  
ally decreased a n d  af te r  5 - 6  runs  no fur ther  capae t tanee  
v a n a u o n  (wt th ,n  1 ~  accuracy)  was  detected Thus,  these 
membranes ,  whose  speCfflC capacnance  ls 0,75 p F / c m  2, 
can  be  safely consadered to be solvent-flee.  T lus  expert-  
men t  Mghhgbts  two results Firstly,  it/$~ows tha t  capa-  
c i tance  changes  are mdeed  due  to solvent e.lectton (or  

format ion o! mmrolenses) a n d  tlus process seems to 
occur  mainly  (but  not e×clustvely) du r ing  the  t ran~lbon 
Secondly, ~t mdmates  that  small  a m o u n t s  o f  solvent d o  
not  affect  the p h e n o m e n o n  A d d m o n a l  exper iments  
per formed  o n  membranes  w~th different  values of 
specific capac t t ance  On the range  0 5 - 0 7  ~ F / c m 2 ) ,  
m&ea ted  no  correla t ion betwe¢~ tMs p a r a m e t e r  a n d  the 
z rmca l  potenttal  a t  wtuch the t r a n s m o n  occurs  By 
~ontrast ,  a d r a m a h c  dependence  was observed u p o n  p H  
a n d  ~omc concen t ra t ion  of the external  electrolyte solu- 
t ion The critical po tenba l  a t  wluch  the conduc tance  

TABLE I 

Crmcal potemtal V,  for the fr~; ttan~rlon of membranes of different 
composmon trt X O  ~ the mdlcaleff condltlons 

Each number ,~ the mean value of at least lO mcmb~.n~ 

Llp,d Mul ~-f fat, o pH Concn V e 
(~ol/mol) (M) (mV) 

l~phytanoyl-I~ 7 10 -~ 390+')0 
EggPC 7 10 -~ 28C,:~'/0 
P4~PC/cholcsterol 2 1 7 l0 1 270:t:70 
/':..gg PC/¢ hole,~t • tel 3 I 7 10 - I  2?04-'/0 
Egg PC/cholesterol 3 1 4 10 - I  190-1r 70 
F~g t'C/choleSt¢~01 3 I 3 I0 -~ 140± 70 
1 ~  [~/choIcd~t tirol 3 I 7 10 -~ 3~]O~ 50 
Egg PC/choleMc~I 21 I 4 10 =2 3204-60 

PC/cholesterol 3 ] 3 I0 -~ 310:t 30 
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tr_.ansltzon zakes place in PC and PC/cho le s t e ro l  mem- 
branes  m several experimental  s~tuatlons ~s g~vcn in 
Table  I Since pure egg PC has a very low pK, one  
would expect no  pFI dependence for such a hpld  m the 
pH range covered by flus study, as wdced observed m 

10 -z M KCI The pH dependency m 10 -i M KCi is 
probably due to adsorpUon of tons which n~ght vary 
the electrtca], propert~e~ of  the membrane  surfar.¢ 

Wi th  hplds  vath different polar  heads, e g ,  mono-  
o lem and phosphpaudy l senne  at  pH  7 m 10-~ M KCI, 
a completely different behavtour  ~s observed For  mono-  
ole~n, m 80~ of  the cases membranes  ruptured at  abou t  
150-200 mV, wlule only  m 20~ of the coses m t ins  
polent la l  range was a sudden change ,n conductance  
observed, followed a lmost  tmmedtate ly  by the rupture  
of  the membrane  t-Aso m Ihese membrane-  vol tage 
fluctuatlOIL~ up  tO 100 mV were delccted after the 
t r ~ s l n o n  For  phosphat ldylserme no  transRton was 
observed up to potent ia ls  as tugh as 500 mV 

The phenomenon  we have descnbvd ra&cates  that  a 
sharp  vanaUon m the membrane  s t ructure  has  been 
reduced by the external  electric field a t  a crit ical  ~,due 
of  the potent ia l  Such a var ia t ion g~ves nse  to hyd-o- 
pbahe paths  that  increase the membrane  c o n d u c t a n ~ ,  
winch is usually m the range 20-50  p S / c m  z, by  one 
order  of m a g m t u d c  I t  is worth n o u n g  that  this phe-  
nomenon  cannot  be observed under  vo l t age -damp  con-  
dmons ,  as the t r ansmon to the now state of very lugh 
conductance  (which can be obta ined by ex t rapola t ing  
the lngher conductance curoe to the crttacal po ten t ia l  
value P~) would  cause  the membrane  to break  

We suggest that  the electrical layer, composed  of  
hcadgroup dipoles on  phosphat tdylcholme molecules,  
bound ,~ater and  ions, Ecarranges m an  external  field 
and  tins conformer(coal  t r ansmon  affects the permea-  
non propert tes  of the bdayer  This  ra terpretat ton ~s m 
agreement  with models  for the dynanuca |  behavtoar  of  
the phosphat ldylehohne  headgroup [17], wluch show 

that  there are ~cvcral local energy mamma, m the range 
0 - 5  5 k¢~l t o o l - ' ,  wt th  respew* to ti-e energy of 'he  
global  rmrumum The energy conferred to the headgroup 
layer by  apply ing  to the membrane  200-300  mV is 
precisely Wltinn t lus range 

The authors  are indebted  tO Dr Ehsabe t t a  Btanco 
for her help m por t ions  of the exper imenta l  work  Ttus  
work has  been suppor ted  by a MPI  (M,.'mslero del la  
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