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Resealing dynamics of a cell membrane after electroporation
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The membrane of a living cell consists of a bilayer of amphipolar lipid molecules as well as much larger
proteins. Transmembrane potentials of up to 120 mV are physiologic and well tolerated, but when the potential
is more than 300 mV, this lipid bilayer is unstable. Pores are then formed through which measurable flow of
ions can occur. We follow currents through frog muscle cell membranes under 4-ms pulses of up to 440 mV.
We present a theory that allows us to describe the relaxation of the current back to zero after the pulse in terms
of membrane parameters. We obtain a line tension 083® © N, which is similar to that found in artificial
lipid bilayers.
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The membrane of a living cell is about 5 nm thick, and isto Ref.[3]. Figure 2 shows how the experiments were con-
primarily made up of a bilayer of phospholipid molecules. Aducted. The transmembrane potential is elevated for 4 ms.
cytoskeletal network gives structural reinforcement, and emuUnder the increased transmembrane potential, pores form
bedded proteins carry out the necessary exchange of materi@ghd expand. The conductivity of the membrane thus in-
between the inside and outside of the cell. The polar heads éFeases and we measure this as an increasing current. Once
the phospholipid molecules stick out into the aqueous intrathe pores form a stable stationary distribution, the current
cellular and extracellular solution. In the middle of the bi- r*emains constant. Upon returning from the pulse potential to
|ayer the apolar ta”sy with a |ength of 16-18 Carbonsy aréhe 90 mV resting potential, a relaxation back to an almost
directed towards each other. Even though the membrane &ro current takes place. Figure 3 shows the currents ob-
only kept together by hydrophilic and hydrophobic forces ittained in an actual experiment. .
is very resistive and generally able to withstand fields of All of the ion channels in our experiment were blocked.
several tens of MV/m. Transmembrane potentials up to 12&apacitative currents were subtracted. So the currents in Fig.
mV are normal and essential for the functioning of the cell,3 derive solely from the behavior of a population of pores in
but under more than 300 mV, the bilayer becomes unstabléhe membrane. Below we describe quantitatively the dynam-
Pores are then formed through which measurable flow of
ions can occur. Electroporation is commonly utilized to amp‘——
“open” a cell so that certain “foreign” material can be
brought in. In this context it is very important in the devel- vV L
opment of genetic engineering and gene theldp¥]. Elec-
troporation is also partly responsible for the damage that a amp
high voltage electric shock can do to living tissue, it is as- I
sumed to play a role in the effect of electroshock therapy in
psychiatry, and it is the reason that cardiac defribrillators can
damage the heart. A lot of experimental and theoretical work
has been done on electroporat[dn?] (see also references in
Ref. [2]). In this paper we describe the electroporation of a
membrane in terms of elementary membrane physics. ---

To study electroporation experimentally, we use a frog vi

musc]e cell in a double vaseline gélf]'g. D. W!th the double /Zé/////////% %
vaseline gap voltage clamp setup it is possible to control the

transmembrane potential and measure the current. For a ‘ v I v
complete description of the materials and methods, we refer
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_

.
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FIG. 1. The double vaseline gap voltage clamp. A muscle cell
o goes through two notches in a bath. Vaseline seals divide the extra-
*Present address: Department of Dermatology, University Ofelular space into three electrically isolated pools. In the end pools
lllinois at Chicago, Chicago, IL 60612. (EP), the membrane is permeabilized with a detergent. A muscle
"Present address: Harvard—MIT, Health Science and Technologyell has a length of 3—5 mm and a diameter of 50—400. The
Massachusetts Institute of Technology, Cambridge, MA 02139.  central pool is about 30@m long. The applied electrical potential
*Present address: Department of Physics, University of Mainebetween the edge pools and the central pool is also the transmem-
Orono, ME 04473. brane potential over the membrane in the central gG&).
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FIG. 2. Time course of the applied transmembrane potential . .
(top) and the measured currefttotton) in our double vaseline gap represents the line tension aNdepresents the transmembrane po-
tential. After the pulse the large number of pores forming a Boltz-

experiments. We apply a pulse of duration 4 ms and follow the o N .
trazsmembrane cur?epn)t/ thalz results. lon channels have been block&g " d'Str'bUtlon. on th£\,_pulse pro_ﬂle slides down” thek,
and capacitative currents have been subtracted, so the ensuing cBF—ome of the resting potential, and disappears.
rent is due solely to electroporation.

the total membrane area and thus a decrease of energy. For
ics of this population of pores. The creation of a pore re-the intact muscle cell in our setup, there is a constant surface
quires the formation of a new edge. For the lining of the edgeirea and no mechanical tension on the membrane. We there-
to consist of hydrophilic heads a number of lipid moleculesfore do not have the frequently used surface energy term
have to reposition themselves and form a highly curved sur=I'7r. There will be a small quadratic term irdue to the
face[4]. This requires an energy per unit length of pore 0smotic pressure, but this term will be hard to estimate
edge. Thisy is called the line tension. Line tension has the Our assumption will be that the pores are sufficiently small
dimension of force. The formation of a circular pore of ra-for the linear term i to dominate.
diusr requires 2ryr of energy. A variety of ingenious meth- Next, we make a quantitative assessment of the effect of

ods has been employed to obtain estimates for the line teribe transmembrane potential. It is erroneous to think of the
sion for different kinds of artificial and biological lipid Membrane as positioned in between two capacitor plates and

bilayers[5]. to conceive of a pore as a piece of lipid bilayer matgniath

In many experiments with artificial bilayers, a piece of @ dielectric permittivity ofe,=2) that is replaced by water
membrane is stretched across a small hole in a thin pidte ~ (With £,,=80). We measure the presence of pores via the
In such experiments the membrane is under some tensioﬁ!ectrlc current that they conduct. If a pore Is conductive, the

and the appearance of a pore in that case means a decreas@@plied voltage will collapse in the region of the pore. In
such a case the force exerted on the pore by a Yiel@s to

200 T T T T T T T be derived from the Maxwell stresses. After some algebra
[6], a leading order linear term in the pore radiusan be
4-msec pulse; ~200 fo —440 mV 1 Qerlved. .Th|s term can be interpreted as a correction on the
o . 7 line tension:

Wl
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oor Figure 4 shows the pore energy as a function of the pore

radiusr. Eg represents the energy at the resting potential and
E, represents the energy at the pulse potential. When the
pulse is applied or upon returning to the resting potential, the
population of pores relaxes to a new Boltzmann distribution.
N I T SR SR The relaxation of the current during the pulse and after the
0 2 e fmm) 8 10 12 pulse(Figs. 2 and Breflects this behavior of the pore popu-
lation. For a pore to be conducting, i.e., to let water and ions
FIG. 3. A series of 4-ms pulses of amplitude 200-440 (mv  through, its radius needs to be larger than the minimum ra-
steps of 10 mY is applied. The transmembrane currents that resuldius r n,j,. This minimum radius is estimated to be around
from these pulses are shown. 0.3 nm[2]. The force driving the pore back tg,;, (i.e., the

Transmembrane Current (nA)
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slope in Fig. 4 is independent of, so it is no problem to
identify r =0 in Fig. 4 withr,;,. The exponential factor in 0.2
the Boltzmann distribution does not dependrgf, .
The evolution of a population of pores can be described 2SR 4 H—H"'
by the Fokker-Planck equation. The Fokker-Planck equation time for
takes the forces due to the energy profile into account as well (ng 0.t
as the thermal noiséBrownian motion, and it is the appro-
priate way of description in the microscopic realm. Let 0.05
n(r,t)Ar be the number of pores that at timmbave a radius
in betweenr andr +Ar. Then the Fokker-Planck equation T i o o i ha om om

that describes the time evolution of a distributiofr,t) is pulse voltage, V (volt)
FIG. 5. The characteristic time of the relaxation back to zero

current after the pulse has ended as a function of the pulse potential.

Data points and error bars are from eight different experiments like

the one depicted in Fig. 3. The curve derives from E&fj.with y

=3.6x10 ' N for the line tension and=9.0x10 * m?/s for

the diffusion coefficient of the pore in radius space.

Ban(r,t)=—(F—kTd,)d,n(r,t), (2

where B is the coefficient of friction “experienced” by the
expanding or contracting pork,is the Boltzmann constant,
andT is the temperature. The varialdterepresents the mac-
roscopic force towards =0 and equald-, at the resting

potential ancE, during the pulse. The diffusion coefficiedt One easily checks that for this exponential distribution the

of a pore in radius space is related B by Einstein’s pore sealing equals the pore creation. When th_e pulse_ends,
fluctuation-dissipation theorem, i.eD=kT/B. We assume we go back to the steeper slofg and an absorbing barrier
that D (and thusg) is independént of the pore radinsWe atr=0. At the beginning of the relaxation, we have for the
will come back to this point later. One phospholipid headﬂux () = (L) (Fo—kTany(r) = (1/B)(Fo— Fy)ny(1),

. : i.e., the distributiom,(r) “slides down” towardsr =0 with
occupies about 0.6 7], and this means that the surface Y B L
of the inside lining of a torus shaped pore with a 0.3 nm2 constant and uniform spe¢f,—F,|/8. This implies for

radius contains about 100 phospholipid heads. Brownian mot-he pore density right after the shock ends:

tion of the phospholipid heads and of the surrounding water S =N IFo—Fy|
implies that the radius of a pore will also fluctuate. The term n(r,t)~ —nexp[ - ( o )] 4
with the second derivative in represents the diffusive ef- Sout KT B

fects(i.e., the net effect of the Brownian motion on the popu-

lation of pores. The equation predicts exactly the behaviorwe see from this formula that the characteristic time for the
) . . _ _ -1 _
that is depicted in Fig. 3. It is, for instance, easily seen inrelaxanon ist=[(Fv/KT)(Fo—F\)/B] " The electropora

. . : . tion current will be proportional to the total surface area
Fig. 3 that the relaxation to the stationary value during the ccupied by all pores together, i.¢n(r,t)r2dr. Upon sub-

pulse is much slower than the relaxation back to zero currergcey! . L .
after the pulse. This makes sense after the realization thg{ltutlng Eq.(4) into this integral, the time dependence sepa-

during the pulse the pores first have to be formed and that thr@e!ﬂefS out and eXp-t/7] becomes a prefactor before the inte-
subsequent growth of pores during the pulse is diﬁusiorgratlon_overr. The current will therefore also _have thg same
driven and against a forde,. The relaxation after the pulse relaxation timer. If we let yo represent the line tension at
involves the population of pores being “pushed”ite-0 by tmhgr\éob_az?c r;;/r;;séltr;grlspotentlal, then we have in terms of
a large forcer,. '

Because there is no measurable curren{g@tthe resting 2 2
potential, we assume zero pore creationvgt When the +_ 4T D(Yo= 7w _ (8°8W) (2777 _Vz)(vz_vz)
pulse is applied, the slope in Fig. 4 drops frofy| to |F,|. T (kT)? KT | \eoew o
We assume that during the 4-ms pulse, pores are formed at 5)
r=0 at a rate5,, that depends on the pulse potentiaPores ] .
can also seal when they reach the minimum radius. The rate Figure 5 shows the experimentally measured postpulse
Of pore Sealing is proportiona' to the pore density:ao_ So !’elaxation times and a best fit @fas. a function ol accord-
in every time unitS,,n(0t) pores seal and disappear from ing to Eq. (5). It appears from Fig. 3 that for the lower
the pore population. Once the pores have formed a Boltzvoltage pulses the relaxation during the pulse to a stationary
mann distribution, just as many pores are Created as are déurrent IS SIOWer. In Ol’del’ to be sure that we start the pOSt'
stroyed. In that case we have a stationary state with a coriulse relaxation with a distribution(r) [cf. Eq. (3)], we

stant current. only included pulses 0¥=300 mV. The best fitaccording
The Boltzmann distribution when the pulse potentids 10 @ least squares criteripto the experimental data occurs
on is given by for  y=35(*15x10*N and D=1.0(+0.4)

X 10~ m?/s. The theoretical curve is still within the experi-
mental error bars of Fig. 5 for values gfandD within the
Sin exp{ _ 2myy ) 3) indicated margins of error. The value that we find for the line

n(r)= Sout kT | tension of the membrane is in the range of what has been
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found with other methodéoften involving much larger pore
radii) for other artificial and biological membranésee, e.g.,
Ref.[5]). The result of our fit is orders of magnitude smaller
than the highly speculative values reported elsewh2)&.
The experimentally obtained relaxation timein Fig. 5
shows almost no variation when the pulse potentiais
changed. It is possible to derive estimatesfoandD from
the almost constant value afwithout the use of a compu-

tationally laborious least squares fit. Taking away the addi-

tive and multiplicative constants, we see that thelepen-
dence in Eq(5) looks like f(V2)=V3{[(27ylege,) + V3]
—V?2}. If the relaxation time varies little in response to
changes inV, then V must be around the value, where
1/f(V?) has its minimum. This occurs forV2,
=%[(2wy/sosw)+vé]. In our experiments, the values of
V2. were more than ten times as large\s So neglecting
V3 relative toV2,,,, we find a simple formula for the line
tensiony. Substituting this back into Ed5), a simple rela-

tion betweerD and 7 is obtained.

(kT)?

—
7€08wVmin

2
£08wVnin

[

(6)

It is possible to analytically solve the Fokker-Planck
equation[Eq. (2)] for the situation that arises after flipping

from Fq to F,, and thus describe how the current evolves
during the pulse. But the solution is complicated and in-
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Fig. 4 will be small and some pores may expand to a size
where the quadratic term inis significant. If the quadratic
term is negative, then there will be a critical value for the
radius above which the net force expands the pore. Only one
pore has to reach the critical radius for such a rupture to
occur. It is possible for the cell to seal such a rupture on a
time scale of minutef9,10] through a mechanism that prob-
ably involves the cytoskeletal network.

Based on macroscopic physics, a conducting pore with
the minimum radius of 0.3 nm can be estimated to have a
conductivity of about 300 p§l1]. Even for a 440-mV pulse,
the characteristic radiusT/(27y,) for the exponential dis-
tribution in Eq. (3) is such that 90% of all pores have a
radius betweem,,;, andr;,+0.1 nm. So the microampere
currents that we see correspond to at most féres. The
total membrane area in the central pool of the double vase-
line gap is about 0um?. The pores thus occupy a negli-
gible fraction (10°8) of the total area. Finally, with almost
all pores in a narrow range between=0.3 nm andr
=0.4 nm the ansatz of anrindependenD appears to be a
valid approximation.

Even though cell membranes consist of different kinds of
phospholipid and contain up to 30% protein, the electropo-
ration properties are well described by simple phospholipid
dynamics. We obtain an estimate of the line tension, which is
comparable to that found in chemically pure artificial bilay-
ers. Equationg5) and (6) express the easily measurable re-
laxation time in terms of basic membrane parameters. These

volves the pore sealing rag, in a nontrivial way. The time equations can, for instance, be useful in assessing effects of
and radius dependences do not separate like they do in ﬂ?ﬁugs on membrane integrity.

description of the postpulse relaxation of the current. So the
analysis of the current during the pulse will not help us to get

estimates fory andD.
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