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CHOLESTEROL INDUCED CHANGESIN THE CHARACTERISTICS OF THE TIME SERIESFROM PLANAR LIPID BILAYER MEMBRANEDURING ELECTROPORATION �Maªgorzata KotulskaDepartment of Medial and Measuring Instruments, Wrolaw University of Tehn.Wybrze»e Wyspia«skiego 27, 50-370 Wroªaw, PolandStanisªawa KoronkiewizDepartment of Physis and Biophysis, University of Warmia and MazuryOzapowskiego 4, 10-957 Olsztyn-Kortowo, Polandand Sªawomir KalinowskiDepartment of Chemistry, University of Warmia and MazuryPla �ódzki 3, 10-957 Olsztyn-Kortowo, Poland(Reeived Deember 5, 2001)The eletroporation an be used as a non-toxi method for introduing exo-genous maromoleules, espeially DNA and drugs, into various types of ells.Researh into new therapeuti methods based on Long Duration Eletroporation(LDE) is of speial interest. A new urrent-lamp method makes possible theeletroporation of very long duration with no damage to bio-membranes. In thispaper we ompare responses of lipid planar bilayer membranes at physiologialonentration of KCl, with lipid membranes formed at higher ioni strength,and membranes ontaining holesterol. A longer lifespan of the membraneswith holesterol and membranes with inreased ioni strength ould be observed.Sensitivity of the power spetrum response to the presene of holesterol, ionistrength, urrent intensity, and membrane ageing was examined. The membranememory was analyzed by means of autoorrelation funtion and resaled rangeanalysis. We showed that the memory of the system dereases for higher ur-rent intensities and this relation is pronouned better at higher ioni strength.At low urrent intensities all membranes showed slightly persistent type of noisebehavior with rossover to Brownian type of noise for higher urrent value. Thetransition was muh faster for higher ioni strength, where the next transition toanti-persistent response was observed for relatively low urrents. Very interestingresults were obtained from power spetrum analysis. At low urrent intensity, allmembranes exhibited 1=f noise, whih disappeared for higher urrents, main-taining f� type with rising value of �. Membranes formed at lower ioni strengthand with holesterol showed a pronouned tendeny to lose �iker noise whileageing, also with rising � value.PACS numbers: 87.16.Dg, 05.45.Tp� Presented at the XIV Marian Smoluhowski Symposium on Statistial Physis,Zakopane, Poland, September 9�14, 2001.(1115)



1116 M. Kotulska, S. Koronkiewiz, S. Kalinowski1. IntrodutionStrong eletri �elds applied to lipid bilayer membranes ause the phe-nomenon of eletroporation [1℄, whih stimulates the moleular transportsystem and the planar mehanial rupture of the membrane [2℄. Currently,the phenomenon is attrating a great interest beause of its appliation tobiotehnology and mediine. Eletroporation is used as a simple and rela-tively non-toxi method for introduing exogenous maromoleules (suh asDNA, RNA, proteins, antibodies, drugs, and �uoresent probes) into ellsof various types [2℄. Novel therapeuti methods in aner treatment an em-ploy eletroporation to enhaned topial and transdermal loal delivery ofhemotherapeuti agents to solid tumors [3℄. Eletro-hemotherapy (ECT),used for drug delivery, is a new and very promising tehnique. Reent stud-ies show that ECT an provide an e�etive treatment of tumors of vitalorgans like brain, liver, and lungs by means of intra-tumoral injetion of lowdosage of otherwise marginally e�etive hemotherapeuti drugs [4℄. Alsoa gene therapy of aner using eletroporation method is being examinedand raises a great hope [5℄. However, the use of eletroporation is limited byinomplete understanding of this phenomenon. Researh results on this �eldmay be used to optimize eletroporation protools to enhane DNA uptakeand its subsequent expression or improve ECT methods. This an be es-peially interesting when safe long duration eletroporation (LDE) methodsan be introdued into therapy [6℄, whih has not been ahieved, yet. Ele-troporation has also been observed during large de�brillation shoks appliedto the ardia tissue [7℄, and may prove lethal in severe ardia ishemiaases. Therefore, it is vital to examine how hanges in the membrane stru-ture a�et the membrane behavior after eletroporation.The knowledge on moleular phenomena responsible for the eletropora-tion is still very limited. Therefore, the use of eletroporation for laboratoryhemotherapy and transfetion is not very widespread. We lak knowledgeon the e�ets of eletroporation parameters on moleular uptake and ellviability [8℄. We do not know details on mirosopi strutural rearrange-ment that take plae in membranes during pore formation, ontration anddisappearane.The stohasti nature of pore dynamis ould be on�rmed only whenthe urrent-lamp method was �rst introdued [9,13℄. Unlike voltage-lamptehnique, in whih the membrane lifespan is very short with a high hanefor an irreversible breakdown within milliseonds, the new urrent-lampmethod is the only method in whih an eletroporated membrane an sur-vive over 1 hour (for high urrents an average membrane lifespan dereases),and a stohasti behavior of �utuating eletropores an be observed. Thestohasti proess underlying eletropore �utuations proved non-stationary



Cholesterol Indued Changes in the Charateristis . . . 1117[14℄ due to the stohasti trend and variable variane, whih makes thestandard analysis less reliable. However, appliation of the lassial de-omposition method improves the stationarity, whih an be quantitativelyontrolled by means of the reverse arrangements statistial test [14℄. Thespetral analysis of the data showed that eletropore �utuations produe1=f noise at low urrent intensities with a very interesting dependene oneletropore dynamis resulting from the membrane �uidity and the ionistrength of the forming solution. Also the memory of the membranes ouldbe examined.The reason for the inreased lifespan of the membrane under urrent-lamp onditions lies in a feedbak mehanism that dereases the trans-membrane potential when pores open, followed by a signi�ant inrease inthe ondutane. This mehanism prevents the membrane breakdown andinreases the average lifespan. Therefore, urrent-lamp tehnique may pro-vide us with a new safe method for ECT drug delivery. The use of eletro-poration protools based on urrent-lamp approah an also help to designmore e�ient LDE methods that guarantee longer time for introdution andsubsequent expression of DNA in ells. It is very important, however, howthe presene of physiologial ompounds a�et the membrane response tothe eletroporation. In this paper we examine how holesterol a�ets themembrane harateristis and suseptibility to the eletroporation. To dis-tinguish the e�et of ioni strength of the forming solution, two di�erentonentrations of KCl were tested.Cholesterol is an aromati ompound with a well-developed side hainand a hydroxyl group (Fig. 1). In lipid bilayer membranes holesterolmoleules assume perpendiular orientation to the membrane surfae in suh

Fig. 1. Struture of holesterol moleule.



1118 M. Kotulska, S. Koronkiewiz, S. Kalinowskia way that the hydroxyl group is in the immediate viinity of the phospho-lipid arbonyl. The holesterol rings are oriented in parallel to the hydroar-bon hains of the phospholipids. Suh orientation of holesterol moleulesrestrits free movement of the phospholipid hains. Rigid struture of theholesterol moleule inreases stability of the membrane through improvingorder of other membrane moleules and suppressing their mobility. Highholesterol ontent in the membrane, above the gel temperature, dereasesits �uidity. Condutivity of the membrane with holesterol for small ationsis also very dereased sine holesterol moleules impede reating of themembrane defets. For the same reason, membranes with holesterol needhigher potential for eletroporation [11℄, whih is losely related to ran-domly emerging defets [12, 16℄. The holesterol moleule does not �t wellin the urvature of the pore, and it inreases the energy onsumed by thepore reation. As an e�et the pore diameter is smaller [11℄. Cholesterol isa natural omponent of biologial membranes [15℄, where it improves stabil-ity by preventing thermal and mehanial rupture.Experiments show that holesterol improves signi�antly the membraneability to survive for long time. The same result is aused by the inrease inioni strength. Although the mehanism underlying this e�et is identialin both ases, eletropores of muh smaller diameter are reated, propertiesof these two types of membranes are not idential. The membranes withholesterol annot sustain high urrent intensities (I > 1 nA), while mem-branes formed at higher ioni strength an endure the urrent up to 50 nA.This di�erene stems from their �uidity. In this paper we examine howioni strength and holesterol a�et other properties of the membranes andeletropore dynamis.We ompared harateristis of pure lipid planar bilayer membranes atphysiologial onentration of KCl (0.1 M), the lipid membrane at non-physiologially high, 2 M, onentration of KCl, and the membrane withholesterol added at its physiologial onentration (at 0.1 M KCl). Con-ditions for the �iker noise to appear and its sensitivity to the presene ofholesterol, ioni strength, urrent intensity, and membrane ageing were ex-amined. The membrane memory was analyzed by means of autoorrelationfuntion and resaled range analysis.2. Materials and methodsEgg yolk phosphatidyl-holine (PC) was purhased from Fluka (Buhs,Switzerland), n-deane from Aldrih (Gillinghem-Dorset). Analytial gradeKCl was obtained from POCh (Gliwie, Poland). Forming solution for bi-layer membranes ontained lipids (20 mg/ml) dissolved in n-deane. Twotypes of the eletrolyte were used 0.1 M KCl and 2 M KCl, whih were



Cholesterol Indued Changes in the Charateristis . . . 1119bu�ered with Hepes (Aldrih, Gillinghem-Dorset) to pH = 7:0. Ultrapurewater was prepared with a Milli-Q system (Millipore). Experiments wereperformed on planar bilayer membranes formed in an aperture of septum sep-arating two eletrolyte solutions. The membranes were formed by Mueller-Rudin method in a vessel made of one-piee Te�on, whih onsisted of twohambers, 10 m3 volume eah. The septum between the hambers was0.3 mm thik and the aperture diameter was 1 mm. The proess of spon-taneous membrane formation was monitored by the membrane apaitanereording, and by visual observation of transmitted light. The experimentswere performed at temperature of 23�25Æ C. Data of 16000 points in eahseries were olleted with the sampling frequeny of 100 Hz, whih is jus-ti�ed by the signal band [14℄. Before the analysis �rst 2000 points of eahseries were ut o� to allow time for a pore formation or the system to reahequilibrium if the membrane already had a pore. The applied urrent valuesranged from 0:2 nA to 50 nA for membranes at 2 M KCl, and from 0.2 nA to1 nA for membranes at 0.1 M KCl. The data were di�erened with step 2,whih improved the stationarity level by subtrating the stohasti trend [14℄and removed artifat omponent of 50 Hz and its multiple.Chronopotentiometry measurements were performed with four-eletrodepotentiostat-galvanostat desribed in earlier paper [17℄. The measuring sys-tem is fully ontrolled by PC omputer and software working in WindowsTM (Mirosoft) environment. The system uses two pairs of Ag�AgCl ele-trodes. One of these pairs applies diret onstant intensity urrent. They areonneted to the urrent supply. Speialized software designed by one of theauthors for the purpose of this measurement method ontrols urrent supplyonneted to 12-bit digital-to-analog onverter. Two other eletrodes on-neted to the ampli�er of high input resistane, measure the transmembranevoltage, whih is onverted by the 12-bit analog-to-digital onverter. Inputresistane of the ampli�er is higher than 1012 
 and input o�set urrent islower than 0.5 pA. 3. Experimental resultsThe hronopotentiometri harateristis of lipid bilayer membranes un-der urrent-lamp onditions were registered for several diret urrent val-ues. Some measurements were onduted at the same urrent value untilirreversible breakdown of a membrane, whih provided us with relativelylong time series. Other measurements were taken in several stages fordi�erent urrent values, in inreasing sequene, for the same membrane.Our objetive was omparative analysis performed on the data from thesame membranes, without averaging on stohasti properties of the mem-brane [18�20℄. Fig. 2 shows a typial hronopotentiometri urve. The urve
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Fig. 2. Ahronopotentiometri urve for the membrane with holesterol(0.1MKCl)showing dependene of transmembrane potential �utuations on time, underurrent-lamp onditions (0:4nA). An exponential rise of the voltage is followedby rapid derease of the potential (4 s), whih indiates eletroporation. The pore�utuations an be observed afterwards.begins with an exponential rise of the voltage, for whih membrane apai-tane is responsible. Then, a sudden derease of the voltage an be observed.This e�et reveals a pore formation. The estimation of pore diameter [10℄indiates that usually a single pore is formed, and short breaks in urrentsupply do not let the pore re-seal. The stage of pore formation is followedby stohasti voltage osillations, whih re�et pore size �utuations. Typi-ally, the urve shape depends strongly on the urrent value. For low urrentvalues no eletroporation takes plae and the voltage rises exponentially toa onstant value. It should be stressed that results similar to those reeivedfor membranes at very low urrent values (no eletroporation) were obtainedfor passive RC iruit, with eletri parameters orresponding to the typialplanar bilayer membrane formed in our laboratory, for low and high urrentvalues. This result reassured us that the registered voltage �utuations orig-inate in the eletroporated membrane proesses. We were also very arefulso as not to introdue any ionophore into the membrane by an aidentalontamination. 4. Memory of the eletroporeEstimating autoorrelation funtion by sample autoorrelation funtionbrings information on the memory of the proess. Very slow derease of theautoorrelation funtion may also suggest non-stationarity of the proess.



Cholesterol Indued Changes in the Charateristis . . . 1121After di�erening the eletropore time series, whih remarkably improvedthe stationarity level [14℄, the autoorrelation funtion derease is signi�-antly faster. The autoorrelation funtion range an be alulated from theBartlett's formula. The autoorrelation funtion, is negligible for h > q, i.e.with probability 0:95 falls between the bounds�1:96r (1 + 2�2(1) + :::+ 2�2(q))n :In pratie �1:96pn bounds an be used. The same formula an be usedfor partial autoorrelation funtion, where the partial orrelation funtionbetween Xt and Xt�k is the orrelation funtion between these two randomvariables, provided that all variables in the intervening time�Xt�1;Xt�2; :::;X t�k+1	are �xed. If the range of autoorrelation funtion or partial autoorrelationfuntion is small enough we may try to represent the proess by linear ARMAmodel.Linear Auto-Regressive Moving Average (ARMA) models [21℄ inludeMoving Average (MA) and Auto-Regressive (AR) omponents. In aseof a non-stationary proess, whih an be made stationary by di�ereningtransform, Auto-regressive Integrated Moving Average (ARIMA) models anbe applied. Time series Xt is an ARMA(p; q) proess if Xt is stationary andif for every t holds:Xt � �1Xt�1 � :::� �pXt�p = Zt + �1Zt�1 + :::+ �pZt�p ; (1)where fZtg represents white noise with mean 0 and variane �2, and thepolynomials (1��1z� :::��pzp) and (1+ �1z+ :::+ �pzq) have no ommonfators. Left side of equation (1) represents auto-regressive (AR(p)) part,and right side moving average (MA(q)) omponent of ARMA (p; q) proess.Estimation of the linear model order is possible by evaluation of orders of MAand AR omponents on the basis of the range of autoorrelation and partialautoorrelation funtions derived from Bartlett's formula. Linear modelingis often arbitrarily employed to redue the problem in expressing the �niteseries by means of linear white noise parametri funtions. Given a detailedmodel, it may be easier to �nd a physial interpretation of its omponentsand general properties of the proess. Also, a possible predition of the dataseries future values an be performed.It ould be observed that neither orrelation nor partial autoorrela-tion funtion of the di�erened �utuation proess falls into the range su�-iently (Fig. 3). It means that the eletropore dynamis annot be modeled
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Fig. 3. Autoorrelation funtion of the membrane with holesterol (solid line), andthe negligibility range derived from the simpli�ed Bartlett's formula (broken line).by means of a linear ARMA proess of a reasonably low order. For bothfuntions, however, there are lag values above whih orrelation and partialautoorrelation funtions osillate around bounds of the negligibility range.In the following, these values, whih proved sensitive to the measurementonditions, will be termed a orrelation (partial orrelation) range.Estimating autoorrelation funtion by sample autoorrelation funtion,it was observed that the autoorrelation range depends stritly on the ur-rent value (Fig. 4), it is signi�antly lower for high urrents. It is morepronouned for the lipid membranes at 2 M KCl. Moreover, the value ofautoorrelation range is more repeatable for high urrents. Sine the auto-orrelation funtion re�ets memory of an investigated system, it an be on-luded that eletropore dynamis has signi�antly better memory for lowerurrents. No dependene between orrelation range and time was deteted.Analysis of the autoorrelation funtion showed its osillations aroundthe bounds of negligibility up to the very large lag. Therefore, we ouldnot model the proess with any linear ARMA proess. On the other handthe behavior of the autoorrelation funtion did not bring a de�nite answerwhether the proess has really long range orrelations. Therefore, anothertool was employed � the resaled range analysis (R=S) invented by Hurst[23℄. This heuristi method for analyzing proesses with long memory om-pares the orrelations measured at di�erent time sales. For the time seriesx = fxkgNk=1 and any 2 � n; it an be de�ned:
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Fig. 4. Evaluation of Hurst exponent, for I = 0:2 nA (membrane with the holes-terol), by means of the resaled range analysis. The slope value H = 0:64 indiatesa persistent proess. hxin = 1n nXi=1 xi ; (2)X (i; n) = iXu=1 (xu � hxin) ; (3)R(n) = max1�i�nX(i; n) � min1�i�nX(i; n) ; (4)S(n) = " 1n nXi=1 (xi � hxin)2#1=2 ; (5)R(n)S(n) � �n2�H : (6)As a result the Hurst exponent H, 0 < H � 1, is obtained, whose valuebrings the information on the nature of the system orrelations. For theseries generated by Independent Identially Distributed random variables(IID noise) the Hurst exponent takes the value H = 0:5. The exponentH > 0:5 informs us of the long-term memory of the proess. The proessis termed persistent, whih means that an inrease of the series is morelikely to be followed by another inrease, and the same tendeny oursfor the derease. By ontrast H < 0:5 means antipersistent proess, where
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Fig. 5. Dependene of the Hurst exponent on the urrent value of the lipid mem-brane at 2 M KCl, showing transition from the persistent proess, through Brow-nian motion, to antipersistent proess for higher urrents.the tendeny is reversed. However, then the Hurst exponent annot beinterpreted in suh an easy way and we an only say that the proess hangesthe diretion more often than the Brownian motion during the same timeinterval.The Hurst analysis performed on the series re�eting eletropore dy-namis showed that at low urrent intensities all membranes showed slightlypersistent type of noise behavior (Fig. 5), with rossover to Brownian typeof noise for higher urrent value. This transition was muh faster for lipidmembranes at 2 M KCl, where the next transition to antipersistent responsewas observed for relatively low urrents (Fig. 6). Hurst exponent was main-tained onstant throughout the lifetime of the membranes at 2 M KCl, but itshowed a slight derease of value for the membranes at 0.1 M KCl withoutregard to the holesterol presene, whih indiates hange of the memoryharateristis related to ageing of the eletropores in membranes at lowerioni strength.Studies on the distribution funtion for moderate urrent values by meansof histogram of the series [14℄ indiate Gaussian distribution of the di�er-ened voltage �utuations with mean 0. The idential distribution for thewhole time series, regardless of the urrent intensity and stationarity levelof the interval, means that, however, the series is non-stationary in generalsense, it is stationary in the distribution sense, whih is su�ient for powerspetrum analysis and explains insensitivity of PSD funtion on the hoseninterval.
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Fig. 6. The power spetrum density (PSD) funtion, for I = 0:2 nA (membranewith holesterol), in linear and log�log sale showing f� dependene. The slope� � �1 indiates a 1=f type of noise.5. Disappearane of �iker noiseThe spetral analysis, whih applied for stationary stohasti proesses,is the analoge of the Fourier representation of deterministi funtions, bringsabout essential information on the proess. It omplements the time domainanalysis based on the autoorrelation funtion with the frequeny domainanalysis. The spetrum analysis, performed on all new membranes at lowurrents, show a 1=f type of the noise (�iker noise) for frequenies in therange of 1�40Hz (Fig. 7). Conditions for the �iker noise to appear and dis-appear show very interesting dependene on eletropore dynamis resultingfrom the membrane �uidity and ioni strength of the forming solution.The phenomenon of 1=f noise attrats a great interest sine the meha-nisms underlying its appearane are still poorly understood. Experimentaldata from various systems proved that �iker noise does not result fromnon-optimal data olletion or data proessing. The �iker noise an be en-ountered in omplex systems whose subsystems produe eletrial signalssigni�antly varying in amplitudes and harateristi time sales. Presum-ably these subsystems are related to eah other by some saling fators [25℄.However, the spei�s of this saling, as well as properties of the simplestobjet still apable of produing the �iker noise, have not been disoveredyet. In biology the basi level seems to be represented by various types



1126 M. Kotulska, S. Koronkiewiz, S. Kalinowskiof biologial membranes, whih play essential role in ion �uxes, and on-trol voltage gradients in the ell. Biologial membranes an generate 1=fnoise even under steady-state onditions. It was shown [26℄ that �iker noisean be generated by arti�ial planar lipid bilayer membranes with inorpo-rated hannel forming ompound with �utuating dynamis. Permanentlyopen ion hannels do not produe 1=f noise [25℄. Similar results were ob-tained [27℄ for large aqueous pores and porous syntheti membranes. Theseexperiments show that the �iker noise phenomenon is inherent to the mem-brane ion transport through the openings of high enough dynamis.Current-lamp tehnique allows to observe the �iker noise from muhsimpler system of the biologial membrane without an ionophore. There-fore, the dynamis of the eletropore does not depend on the properties ofthe hannel ompound. Instead, the straightforward relation between mem-brane properties, pore dynamis, and �iker noise an be observed. Ourexperiments showed that, however, power spetrum of the eletroporatedmembrane is always of f� type, � depends on the urrent value [14℄, mem-brane age, and ioni strength of the forming solution. For all membranesthe value of � had a rising tendeny when the urrent value was inreased(Fig. 8). Time dependene for the value of � was, however, di�erent for eahtype of the membrane. For the membranes at high ioni strength the valueof � did not hange with time and the �iker noise was maintained through-out the whole membrane lifetime. Derease of the ioni strength disturbedthe appearane of the �iker noise, whih was not observed in all intervals.
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Fig. 8. Time dependene of the exponent �, in PSD funtion, for three types ofbiologial membrane at 0:2 nA, showing disappearane of the �iker noise for themembranes formed at lower ioni strength.The membranes with holesterol showed 1=f noise only at the beginning oftheir lifetime. Afterwards, the exponent � kept inreasing its value with thetime.There ould be observed that redution of the eletropore diameter ex-tends the membrane lifespan and results in better dynamis of the eletro-pore. This dynamis may underlay appearane of the �iker noise at smallurrents, for all new membranes. However, only the membranes formed athigher ioni strength an keep this harateristis throughout all their life-time. It an be onluded that derease of the eletropore dynamis an beprevented only by the elevated ioni strength. More rigid struture of themembrane, introdued by the holesterol, aounts only for smaller eletro-pore size, whih results in extended lifespan. It does not help to maintainthe eletropore dynamis with time and prevent the ageing proess.6. Disussion and onlusionsIn this paper, we presented an analysis of the voltage time series produedby eletropores indued in planar lipid bilayer membranes under urrent-lamp onditions. This experimental method, whih seems very promisingwith regard to development in medial appliation into ECT and LDE teh-niques, may also provide us with better understanding of the stohastiproesses that take plae in the membrane during eletroporation.



1128 M. Kotulska, S. Koronkiewiz, S. KalinowskiWe showed that linear ARIMA noise proesses of reasonably low or-der ould not model the eletropore �utuation proess. Sensitivity of thesystem memory to the urrent value was proved. The resaled range analy-sis revealed dereasing Hurst exponent value and transition from a slightlypersistent proess for low urrent intensities, through the Brownian proess(with Gaussian PDF funtion), and to an antipersistent proess for high ur-rents. This transition was faster for lipid membranes at higher ioni strength.These membranes maintained also the Hurst exponent value throughouttheir lifetime. Membranes at lower ioni strength exhibited a slight dereaseof Hurst exponent, without regard to the holesterol presene, whih indi-ated hange of the memory harateristis related to faster ageing of themembranes with lower ioni strength.The spetral analysis of the series demonstrated 1=f noise produed byeletropore �utuations at low enough urrent intensity, for new membranes.The �iker noise disappeared for higher urrent intensities and during theageing proess of the membranes at low ioni strength, whih was morepronouned if the membrane �uidity was hanged by the holesterol. We anonlude therefore that however the holesterol makes biologial membranesmore rigid and extends their lifespan, it does not improve the viability ofthe eletropore. This an be ahieved by the inrease of the ioni strength.The analysis of data obtained by urrent-lamp method provided lues tobetter understanding of the moleular proesses of the biologial membraneswith regard to their �uidity and ioni strength.The authors are grateful to Prof. A. Fuli«ski for very stimulating dis-ussions. REFERENCES[1℄ J.C. Weaver, Y.A. Chizmadzhev, Bioeletrohem. Bioenerg. 41, 135 (1996).[2℄ A. Chang, C. Donald, Guide to Eletroporation and Eletrofusion, AademiPress, 1992.[3℄ G.A. Hofmann, et al., IEEE Trans. Biomed. Eng. 46, 752 (1999).[4℄ B.N. Singh, C. Dwivedi, Antianer Drugs 10, 139 (1999).[5℄ C.F. Rohlitz, Swiss Med. Wkly. 131, 4 (2001).[6℄ J. Bodwell, et al., J. Steroid. Biohem. Mol. Biol. 68, 77 (1999).[7℄ F. Aguel, et al., J. Cardiovas. Eletrophysiol. 10, 701 (1999).[8℄ P.J. Canatella, et al., Biophys. J. 80, 755 (2001).[9℄ M. Robello, A. Gliozzi, Biohim. Biophys. Ata 982, 173 (1989).
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