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A cooperative ph he g A St al change 1n the organization of buayer hpid membranes at a cntical value
of the spplied electric field is presented. The transition is characterized by a sharp increase w conductance. The
phenomenon can be observed under current-clamp conditions {rather than the usual voltage-clamp condinens) to avaid
rupiuring the membrane At a critical poteniial value the conductance mereases and therefore the potential decreases to
keep the cwrent constant. Results refer to membranes made of egg ph- wom . ahyeanoylphosphati-
dylcholine and cholesterol /egg PC. It is found that the critical potential a* wmich the fransition occurs depends
dramatically on pH and ionic concentration, indicating that the clectrical proverties of the external surface determine
the major characteristics of such a transition

In recent years, the important role played by polar the potential, the membrane exhibits a sharp transitton

heads 1n lip:d orgamization has been pomted out [1-5§ 1o a hgher conductance, mdicating the formauon of
The set of polar heads and bound water of neutral agueous pores

lipids can be regarded as a buidumensional dipole system ‘Solvent-free’ (solvent-depleted) membranes were cb-
with a well-defined structure [1,6] Therefore, at a cer- tamed by sng a techmque that 15 similar to the one
tain cnucal value, an electric feld 1s Likely to induce a descrnibed by Montal and Mueller {7) Monolayers were
sharp vanation n the struclural orgamzation of ihe formed on agueous solutons, and the double layers
polar heads of a membrane kept at a fixed temperature were formed on # 200 pm diameter hole n a thin Teflen
In a bilayer hptd membrane, the dizect consequence of septum (125 pm thuck) separating two small Teflon
this can be a vanation m an electnical parameier like chambers with 4 capacity of about 2 ml each
~onductance or capacitance However, up to now, no The followmng lLpds were utihzed” egg PC, di-
critical phenomenon associated with the presenc. of a phytanoylphosphatidylcholine, phosphaudylsenne from
steady electnic field has been noted, since a steady bovine bramn { Avanti Polar Lipids), 1-monooleoyl-rac-
potenual on the order of 200300 mV causes the mem- glycerol (Sigma Chemical Co) and cholesterol
brane to rupture Higher potenitials of the order of 1 V (Calbiochem} All these compounds were hghly TLC
applied for very short ttme (hundreds of micreseconds) punfied (> 99%) The clectrolytic solufions were pre-

cause electric breakdown {7-9¢ 1t i1s generally accepted pared using analytical grade salts (Carlo Erba) buifered
that this phenomenon 15 based on the formation of with Tris-chlonde (Trizma, Sigma Chemucal Ca) All

pores 1n the lipad area of the membrane In thus paper expenments were performed at «com lernperature

we report on complementary expenments 1n whuch the The electric wignals were recorded by means of two

formation of new permeation pathways 1s obtamed at a Ag | AgCl elecirodes The systes for measuring the cur-

critical value of the electric field rent under voltage-clamp conditions and the membrane
In our expeniments the external electnc field 15 ap- capacitance has been previously descnbed {11] Under

phed under ‘current-clamp’ conditions eather than the curreni-clamp conditions, the membrane 15 10 a feed-

usual * voltageclamp’ condihons At a cntical value of back network of the operauconal amphfier (Burr Brown

3528 CM), at lugh impedance (10" ), which acts as a
current-voltage converter The current-voltage (J-V)
Correspondence A Ghoza Diparumento di Fiswa, Universith o charactenstics n the current-clamp condition were ob-
Genova, 16146 Genova, Italy tammed by sending the membrane a tnangular signal,
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Fig 1 Current—voltage of L made of (3) epa PC/cholesterol {molar ratio 3 1) and (b) egg PC Notice that the presence of

cholosterol stabilizes the membrare in the state of higher conconductance In case (b) the phenomenon 15 almost completely reversible In both
cases the 1onc concentration was 107 M KClat pH 7

usnally with an 8-10 mun penod Moreover, dunng the
I-¥ cycle, 1t was also passible to measure the mem-
brane capacitance as a function of the potential This
measurement was made after sending a 10 mV peak to
peak and 10 kHz mput sinusoidal signai through an
adder aircurt. By using an appropnate decoding circut,
an output signal was obtained that was proportional to
the membrane capacitance The ¢ ement ivity
was of the order of 1%

Fig 1a shows a current-voltage relationship ob-
tamned under current-clamp condiions for a 3 1
{mol/mol) egg PC/cholesterol membrane, separating
two symmeirical aqueous solutions of 10~ M KCl at
pH 7 Fig 1b refers 1o a pure egg PC membrane under
the same experumental conditions As can be seen, the
I-V function 1s mutially almost hinear but, at a ertical
value of the potential, the membrane exhibits a sharp
transition to a ten-umes higher conductance, passing
through a state of negative dynamuc resistance Since
expenments are performed under current-clamp condi-
tions, the increase m conductance occurs together with
a decrease i the potential. Moreover, m some cases, the
membrane remains 10 a state of ngh conductance, cven
when the current 15 decreased or inverted {as 1n Fig 1a),
whereas, in other cases (as 1n Fig 1b), tne phenomenon

15 partially reversible However, the I~V curves do not
appear entirely symmettieal about the ongn, exiubiting
a kind of hysteresis or after-effect Voltage fluctuations
which appear after the transiiion are much higher in egg
PC or diphytanoylphosphatidylcholine than n egg PC/
cholesterol membranes and their amphitude 1s reduced
by increasing the cholesterol /PC ratio This 15 probably
due to the well-known mechanism of immohilization of
phospholipids by chaolesterol [12] If the I-V run 1s
repeated several umes on the same membrane, the
enitical potential generally decreases in the second run
by 20% and then reaches an almost constant value,
whule the 1ncrease n conductance 1s always of the same
order of magmtude The phenomenon was not affected
by reducing the penod of the current signal from 10
mn to 3 min. Fig 2 presents the results of current—voli-
age and cwreni—capacitance measuremenis made on
the same membrane at the same time It 1s wadely
known that when a potenual ¥ is apphed to a mem-
brane, the capacitance vanes according to the relation-
ship

C(F )=Cy(l+ak?) {1y

where « 15 a coefficient depending on the amount of
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for an egg PC membrane {b) The voluge current behaviour for the same membrane has been reported

an top (a) Motice that there are wwo diifersnt values of capacitance for the same applied polennal hefare and after the tansiion Other
expenmenial conditions are as i Fig, 1

solvent contaned m the membrane and, to a smaller
extent, on the hpd type [13-16] The values of this
coefficient range from 2 1077 10 10 V 2, In the mem-
branes considered 1n the p paper, & 15 of the order
of 1 V°2 and &, s about 06 pF/ocm® Ths fact
indicates that although these membranes are considered
to be solvent free, small amounts of solvent are stil
present n the membranes themselves Fig. 2 shows two
different effects (1) prior o the transition, the capaci-
tance vanes according to the square of the potential, (u)
the transition mvolves an increase of about 10 pF As
an example, Fig 2 compares the values C, and C, they
are related to the same potential before and after the
transition, respectively It 1s worth noung that the dif-
ference in these values 15 almost one order of magnitude
greater than the measurement sensitvity. This variation
1s 1ereversible and seems to be due to the usual mecha-
msms by which the capacitance varies with the poten-
tral, e g, solvent eection or formation of microlenses
To test thas hypothesis, the membrane was subjected to
several I-V cycles and the correspond.ng changes in
capacitance were measured Capacitance changes gradu-
ally decreased and after 5-6 runs no further capacitance
vanation (within 1% accuracy) was detected Thus, these
membranes, whose spectfic capacitance 15 0.75 pF fend?,
can be safely considered to be solvent-free. This experi-
ment hghlights two results Furstly, it shows that capa-
citance changes are indeed due to solvent glection (or

formation of muicrolenses) and this process seems to
occur mainly (but not exclusively) dunng the transtion
Secondly, 11 indicates that small amounts of solvent do
not affect the phenomenon Additional expenments
performed on membranes with different values of
specific capacitance (in the range 05-07 pF/cm?),
indicated no correlation between this parameter and the
snuical potental at wiich the transition occurs By
vonirast, a dramatic dependence was observed upon pH
and 10mc concensration of the external electrolyte solu-
ton The cntical potentia! at which the conductance

TABLE 1

Critical potennal V., for the fitst transinion of membranes of dyfferent
camposition i1 KCI at the indicated condinions

Each number 15 the mean value of at least 10 membranes

Lipid Mularmtio pH  Comen F.
(mol,/mol) (M) {(mV)

IhphytancyPC - 7 107} 390470
Egg PC - 7 167} 286+70
Fgg PC/cholesterol 2 1 7 10! 20170
Egg PC/cholesterol 3 1 7 107! 270470
Egg PC/cholesterol 3 1 4 1! 19070
Egg PC/cholesterol 3 1 3 10! 140470
Egg PC/cholesterol 3 1 ? 1032 3301 50
Egg PC /cholesterol 3 1 4 1072 320+ 60
Egg PC/cholesterol 3 1 3 1072 310430
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transiion 1akes place v PC and PC/cholesterol mem-
branes in several expervmental situations 15 given in
Table I Since pure egg PC has a very low pX, one
would expect no pH dependence for such a lipid 1n the
pH range covered by thus study, as mdeed observed in
107 M KClI The pH dependency m 107" M KCi 15
probably due to adsorption of 1ons which maght vary
the electnical properties of the membrang surface

With lipids wath different polar heads, e g, mono-
olemn and phosphpatidylsenine at pH 7 1n 107" M KCI,
a completely different behaviour 1s observed For mono-
olein, m 80% of the cases membranes ruptured at about
150-200 mV, while only 1z 20% of the coses 1n this
polenual range was a sudder change in conductance
observed, followed almost immediately by the rupiure
of the membrane Also 1n these membrane: voltage
flucivations up to 100 mV were detected after the
transiton For phosphatidylsenne ne transihon was
observed up to potentials as hugh as 500 mV

The phenomenon we have described indicates that a
sharp vanation m the membrane structure has been
induced by the external electnic field at a cnical walue
of the potenual Such a vanation gives nse to hydro-
philic paths that increase the membrane conductance,
which 15 usuaily 1n the range 20-50 pS/cm’, by one
order of magmtude I 1s warth noting that this phe-
nomenon cannot be observed under voltage-clamp con-
divons, as the transition to the new state of very hugh
conductance (which can be obtaned by exirapolaung
the gher conductance curve to the critical potental
value ¥,) would cause the membrane to break

We suggest that the electrical layer, composed of
headgroup dipoles on phosphatidylcholine molecules,
bound water and ions, rearranges tn an external feld
and this conformauonal transition affects the permea-
uon properiles of the bilayer This interpretation 15 1n
egreement with models for the dynamucai behaviour of
the phosphandylcholing headgroup [17], which show

that there are severat local energy runuma, in the range
0-55 keal mol™', with respert 1o the energy of the
global mumumum The energy conferred to the headgroup
layer by applying to the membrane 200-300 mV s
precisely within this range

The authors are indebted to Dr Ehsabetta Bianco
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Pubblica Istruzione) grant
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