S. P. SAMKO, A. V. CHALYI

INFLUENCE OF EXTERNAL ELECTRIC FIELDS
ON MEMBRANE POTENTIALS

S. P. SAMKO, A. V. CHALYT!

UDC 536

®2003

Taras Shevchenko Kyiv National University
(6, Academician Glushkov Prosp., Kyiv 03127, Ukraine; e-mail: stan@Quniv.kiev.ua),

IBogomolets National Medical University
(13, Shevchenko Blvd., Kyiv 01601, Ukraine; e-mail: avchal@nmu.kiev.ua)

General notions of the thermodynamics of irreversible processes
are used to study membrane potentials in the presence of external
electric fields. A formula for the Nernst concentration potential
is derived giving the dependence of membrane potential not
only on ion concentrations and external fields, but also on the
electrodynamic characteristics on both sides of membranes. The
calculation of the electrodiffusive distribution of ion concentrations
under the action of an external electric field and the derivatives
of permittivity with respect to the concentration allows us to
estimate the numerical values of membrane potentials in the
presence of external electric fields.

Modern theories which describe the electric properties
of membranes were constructed, as a rule, in the case
where external fields are absent (see, e.g., [1—3|). At
the same time, the study of the effects of external fields
on membrane potentials is of great importance now not
only in the theoretical aspect, but also in the practical
one. This is related, first of all, to the wide use of
such methods as diathermy, hyper- and hypothermia,
microwave resonance therapy, etc. in contemporary
medical practice. In this case, by studying the electric
properties of membrane structures, it is necessary to
consider the presence of artificially created external
fields such as temperature gradients, electric and
magnetic fields, in particular electromagnetic millimeter
radiation. For example, works [4, 5] studied the influence
of temperature gradients on the membrane potentials
of cells and on the diffusion processes related to the
participation of the transport of ions through membrane
structures. The formulas for the Nernst concentration
potential and the stationary membrane potential with
regard for thermodiffusion effects and those describing
the conditions for ion balance and the redistribution of
ion concentrations under nonisothermic conditions were
deduced.

The purpose of the present work is to study
the influence of an external electric field on
membrane potentials. As known, one of the main
membrane potentials is the so-called Nernst equilibrium
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concentration potential [1—3]

RT  C;

$m = F lnCea (1)
where ¢, is the difference of electric potentials on
the membrane, C; and C, are the ion concentrations
inside and outside the medium limited by the membrane,
respectively, R is the universal gas constant, T' is the
absolute temperature, z is the valency, and F' is the
Faraday constant. It follows from (1) that the Nernst
concentration potential depends on temperature and the
difference of ion concentrations (as a rule, ions K+ are
considered) on the both sides of the membrane.

We consider the external “e” and internal “i” sides
of the membrane as different phases with respect to
the medium enclosed by it. The condition of balance
between these phases is satisfied if the equalities of
temperatures T, = T}, pressures P, = P;, and chemical
potentials of the phases p. = p; are established. We
assume that the first two conditions are satisfied. If an
external electric field is present, then the third condition
must be written with regard for not only the osmotic
and electric contributions from dissolved ions, but the
supplementary contributions to the chemical potentials
which are caused directly by the external field. To
this end, by considering firstly the general case with
the presence of electric field, we use the well-known
expression for the chemical potential of a dielectric
medium in an external electric field [6, 7],

* 2 fio O oy

= po Y e (2)
where pf is the chemical potential of the medium
without electromagnetic field, e and fip are the electric
and magnetic constants, ¢ and [ are, respectively,
dielectric and magnetic permeability of the given
medium, and £ and H are the electric and magnetic
field intensities.

In view of (2), we write the generalized formula for
electrochemical potential in an external electromagnetic
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field,
1
pPH = g+ RTInC + 2Fp — 5(505'E2 + fiofi’ H?), (3)

where we introduced the designations &' = 9¢/90C, i’ =
0f1/0C. Here, uo is the chemical potential of the pure
solvent (we assume its value to be identical on the both
sides of the membrane), RT In C is the term describing
the osmotic contribution from dissolved ions, and zF¢
is the term describing the contribution from the electric
field created by ion charges (¢ is the potential of the
electric field).

In the presence of an external electromagnetic field,
the condition for ion balance is the equality of the
generalized electrochemical potentials of both phases,
ie., ufH = ulE’H. This yields the following formula for
the Nernst concentration potential:

RT . C;
E,H:_l ~r
m zF nC’e +

60E2 ﬂon ~ ~

It is seen from (4) that the membrane potential in the
presence of an external electromagnetic field is defined
not only the difference of concentrations on both sides of
the membrane, but also the difference of the derivatives
of dielectric and magnetic permeability of these media
with respect to concentration.

In this work, we consider a special case with only
an external electric field. Then the Nernst membrane
potential is described by the first two terms in (4).
The second is directly related to the presence of the
external electric field, and its value is defined by the
field intensity and the dielectric parameters of the given
medium (by the difference of derivatives, e/, —€}).

With the purpose to determine the change in the ion
concentrations in the first term in (4) which depends on
the presence of the external electric field, we used the
following reasoning. For some section of the membrane
which has geometry of a plane-parallel layer with
thickness L, let the intensity vector of the external
electric field Eqy be directed from phase “i” to phase “e”.
Then, taking into account that the ion concentrations
on both sides of the membrane are changed by the
same value AC, we can write the ion concentrations
in the presence of the external electric field as follows:
CE = CY — AC and CF = C? + AC (we consider
ions with positive charge). But if the external electric
field has the opposite direction, a change in the ion
concentrations reads as C¥ = C? + AC and CF =
CY — AC. Respectively, in the general case, the Nernst
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concentration potential has the following form:
AC
¥ =% 2
Ci EoE ’ ’
— R+ 2 <) ()
1+ o

€

RT  C? RT

E i )
(pn“ == _1 N _1
zF C)  zF

Here we separated the term which corresponds to the
initial value of the membrane potential (the first term
which we will denote as 9))). In (5), the second term
is the supplementary contribution to the membrane
potential at the expense of the influence of the external
electric field on the distribution of ion concentrations (we
will denote it as Aptot©)). The third term in (5) which
appears directly due to the presence of the external
electric field will be denoted as ApZ. Thus, in these
designations, formula (5) takes the form

el = % + APl + ApE. (6)

The electric field intensity in which charged particles
(ions) are situated is defined as the total intensity of the
electric field created by the charges of ions E;,; and the
external field Eeqyy, i.e., Esum = Eing + Eext- We suppose
that the internal electric field of the membrane (we will
denote it as E ) existed prior to the appearance of
the external field. Moreover, the internal medium of the
region limited by the membrane is charged negatively
relative to the environment, and the vector E? is
directed inward this region. Such a situation is valid for
biological membranes where EO, is of order of 105 = 107
V/m. For example, the Nernst concentration potential
for ions KT at the temperature T = 293 K in the giant
calmar’s axone is ¢ =72.67 mV, and, respectively, the
intensity of the internal electric field at L = 107% m is
E9. ~7.3-10° V/m.

The quantity EY, is defined in terms of the initial
ion concentrations C? and C?. If an external electric
field Eeyt is present, the ion concentrations are changed,
which leads to a new value of the “new” internal field.
This means that Einy = EQ, + ES¢ where ESC is
the supplementary contribution to the intensity of the
internal field which arises due to a change in the ion
concentrations. Thus, the total electric field intensity in
which ions are situated is defined as follows:

Esum = E), + ES%C + Eey. (7)

1 int

This formula should be compared with formula (6)
for the difference of electric potentials by considering
the connection of the electric field potential with its
intensity.

We calculate the redistribution of ion concentrations
occurred at the expense of the external electric
field. First, we express the flow of charged particles
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(ions) in the form of the well-known Nernst—Planck
electrodiffusion equation [1—3],

I=-DVC - CbVy, (8)
where D and b are the coefficients of diffusion and
mobility for the given sort of ions.

By index “0”, we denote the concentration gradient
existed on the membrane before the appearance of the
external electric field, i.e., VoC ~ (C? — C?)/L. The
external field induces a change in concentrations, and the
gradient takes other value. In other words, the action of
the external field leads to a supplementary contribution
to the total concentration gradient. We separate this
contribution, i.e., VC = VoC + VgC. The first term in
the last formula is the initial gradient, and the second
is defined by the change of ion concentrations relative
to their initial values. We represent the gradient of the
electric field potential in the second term of (8) as the
sum of two terms Vo = Vop+V gp where the first term
corresponds to the initial (prior to the appearance of the
external field) potential gradient (Vop ~ ¢ /L). Thus,
according to the above-presented formulas, the ion flow
can be written as I = Iy + I, where Iy = —DV,C —
CbV oy is the ion flow without external electric field and
Igp = —DVC — CbV gy is the supplementary ion flow
caused by the presence of the external electric field. By
using the Einstein relation for the coefficients of diffusion
and mobility (see, e.g., [3]), we may represent the ion

flow as
eEY
I= int _
<VOC’ c—= T >
ECOHC Eex
D (VEC _ C%) , 9)

where k is the Boltzmann constant and e is the
elementary charge value. In (9) and below, we consider,
for definiteness, ions for which z = 1.

To find a change in the concentrations on both sides
of the membrane, we use the ion balance condition, i.e.,
we take that the full flow of ions through the membrane
is zero. Without external field, Iy equals zero because
the system was in the state of ion balance before the
“switching on” of the external field. After the appearance
of the external field, the full flow became I = Iy + Ig.
Thus, to satisfy the ion balance condition, it is necessary
now that the additional ion flow be also zero, i.e., Iy = 0.
This yields

int

(Econc + Eext)
kT ’

V0 =S (10)
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The difference of concentrations between two phases
“i” and “e” which appears due to the presence of the
additional electric field equals 2AC. The value of this
difference of concentrations can be found by using the
approach used in [5]. According to it, the ion balance
condition reads

c?—ol+AC L
dc [conc E «
o~ ( mt + ext /dl’
C

AC 0

(11)

oo

The limits of integration on the left-hand side of (11)
correspond to the case where Eqy is directed from phase
“1” to phase “€”. For the opposite direction of Egy, the
integration limits must be interchanged, which does not
affect the absolute value of AC' in the general case. Thus,
by integrating relation (11), we get

conc
exp { c (Eint kijj_ Eext) L} -1

conc .
exp {—e (B k; Bext) L} +1

AC= (€0 - ) (12)

Formula (12) allows us to calculate AC if the numerical
values of the intensities Fey and Ei3'° are known.
However, the value of E{9"® would be determined
through the already known values of AC. With regard
for this circumstance, we apply the method of successive
approximations, i.e., we find firstly AC in the zero

approximation [by setting ESO"® = 0 in formula (12)]:

exp {%L} -1

ACO — exp{egje-)v(tL} N 1.

(c) —?) (13)

In Table 1, we present the numerical estimates of AC(?)
by (13) for various intensities of the external field. We
note that all numerical estimates in the present work are
carried out for the giant calmar’s axone (a nerve fiber)
for which the initial concentrations of ions K™ outside
and inside of the axon are well known: C? = 22 mmol/1
and C? = 392 mmol/1 [1]. In this case, we assume the
temperature to be equal to 293 K and the membrane
thickness L = 1078 m

Table 1
Eext, V/m AC®©) | mmol/l
102 7.3-1078
103 7.3-1072
104 0.73
10° 7.32
109 72.26
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By using the data of Table 1 and the formula for
Ap&ne [see formula (5)], we calculated ESS™ at various
values of Feyg:

ACWY
conc 1 + 0
peone = Aow™ _LAET, - G (14)
L LF |, ACY
CO

e

Table 2 presents the numerical estimates of the
supplementary contribution to the internal field
intensity due to a change in ion concentrations Eio"¢
calculated by (14). In Table 2 and in Tables 3 and 4, the
field Eeyq is antiparallel to E?nt in the first case which
corresponds to upper signs in formulas (5) and (14). In
this case, the redistribution of ion concentrations occurs
in such a way that the initial internal field is weakened,
ie., B = EY, — ELC (B9 < 0). The field ESope
is directed contrarily to E —and, at the same time, is
parallel to the external field Eqy¢. In the second case
which corresponds to lower signs in formulas (5) and
(14), the field Eex has the same direction as E? . In this
case, the internal field increases due to the redistribution
of ion concentrations, i.e., Einy = EO, + ESOR¢ (ELone
0). Respectively, the vectors E{  and E{% have the
identical direction. Like the first case, the field E{3"¢ is
parallel to the field Eeyg.

Thus, given the value of E{$"¢ at various intensities
of the external field, we can calculate a change in ion
concentrations AC' in the first approximation, i.e., by
formula (12) in which ES3¢ is defined by (14). Table 3
includes the relevant numerical estimates of AC("). In
the first case, AC(!) is negative. This is related to the
fact that a change of the concentrations by AC on both
sides of the membrane leads to a decrease in the initial
gradient. In the second case, the concentration gradient
increases due to the redistribution of ions, and therefore
AC is positive.

Thus, by using the results of Table 3, we can
calculate the contribution of the redistribution of ions to
the membrane potential. Table 4 presents the numerical
estimates of ApS"° for various intensities of the external
field.

We consider now the third term in (5). The electric
field intensity, for which the breakdown of biological
membranes happens, is about 3 - 107 V/m. In view of
this fact, we implement the numerical estimates for an
external electric field whose intensity varies in the limits
Eexy = 1-10%2 =2 - 107 V/m. In this interval, the
coefficient g9 E/2F of the difference of the derivatives
of permeability takes the values 4.6 - 10716 +1.84-107°

V-mol/l. The derivatives of dielectric permeability with
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respect to concentration can be determined by the
Lorentz—Lorentz formula. For the giant calmar’s axone,
this formula gives e, — £/=3 - 10?> 1/mol. Thus, for the
indicated interval of variation in the external field, the
numerical value of ApZ is in the limits 1.4 - 10710 =
5.52 mV. This yields that the third term in (5) will
significantly contribute to the membrane potential only
in the external field whose intensity is of order of 107
V/m. At considerably less intensities, e.g., in the interval
Eexy = 10% = 10° V/m, the value of ApE will be by
6—8 orders less than the value of the concentration
contribution described by the second tern in (5).

Of course, ApZ can be considered as a distinctive
energy contribution to the membrane potential.
Moreover, since the internal electric field is of order
of 10° =+ 107 V/m, one may expect a remarkable
contribution to the membrane potential from ApE at
the same intensities of the external field. We note
that dissolved ions react to external electric fields with
significantly less intensities (the redistribution of ion
concentrations occurs), which explains such a great

difference of numerical values of Apf™¢ and ApE.

Thus, based on the numerical estimates performed,
we may infer that 1) variations of the membrane
potential equal 0.07 +10.7 mV at external fields of 10% +
10* V/m, 2) the main contribution to the membrane
potential from the external electric field is caused by
the redistribution of the ion concentrations between the
interior and exterior media limited by the membrane,
and 3) the membrane potential decreases on membranes
where the external electric field is directed to the exterior

phase. On the contrary, the membrane potential
Table 2
Eext, V/m|ELPC, V/m (the 1st case)| ES2"¢, V/m (the 2nd case)
102 —8.8.102 8.8 102
103 —8.8-10% 8.9.103
104 —8.7-104 9.0-10%
10° —7.7-10° 10.7 - 10°
Table 3
Eext, V/m ACM) | mmol/] ACM) | mmol/1
(the 1st case) (the 2nd case)
102 —5.7-10"2 7.2.1072
102 —5.7-10"1 7.2-1071
104 —5.64 7.32
Table 4
Eext, V/m ApR¢, mV ApR¢, mV
(the 1st case) (the 2nd case)
102 —6.9-10"2 8.7-1072
102 —6.8-10"! 8.9.10-1
104 —6.12 10.67
969
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increases on membranes with the opposite direction of
the external electric field.
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BIIJIMB 3OBHIITHBOI'O EJIEKTPUYHOI'O IIOJIA
HA MEMBPAHHI ITOTEHIIAJIN

C.II.Camro, O.B.Yarudi
Peszmowme

Jlns BuBueHHsT MeMODAaHHHX MOTEHIAJIB B HPUCYTHOCTI 30BHImI-
HiX €JIeKTPUYHHUX IIOJIiB BUKOPHCTOBYIOTHCS 3araJibHi ITOJIOKEHHS

970

TepMOAUHAMIKE HEOOOpOTHHX mponeciB. OTpumMaHo HOpMYITy IjIs
KOHIEHTparinoro norexniany Hepucra, sika omucye 3ajexHICTH
MeMOpaHHOIO IOTEHIiaJy He JIUIIe Bij KOHIeHTpalii ioHiB Ta Be-
JINYWHY 30BHIMIHBOTO IOJIs, @ H BijJ eIeKTpOgMHAMIYHUX XapaKTe-
pucTuk cepegoBuiy o 0bugBa 60k MemOpanu. Po3paxyHOK ejek-
Tpoaudy3iiHOro pO3NMOAiNYy iIOHHMX KOHIIEHTpAIill mIiJ €0 30B-
HINIHBOTO €JIEKTPUYHOIO MO, & TAKOXK IOXiJHUX AieTeKTPHIHOT
MPOHUKHOCTI 1O KOHIEHTPAIil JO03BOILIE 3POOUTH 9UCETbHI OIIHKA
MeMOpaHHUX IOTEHIiaJiB B IPUCYTHOCTI 30BHIIIHIX €IeKTPUIHAX
MOJTiB.

B/IMAHUE BHEITHET'O 9JIEKTPUYECKOI'O I1OJIA
HA MEMBPAHHBIE ITIOTEHIIMAJIBL

C.11.Camko, A.B. Yanrwvi

Pezwowme

Jlna wu3ydeHuss MeMOpaHHBIX IIOTEHIIMAJIOB B IMPHUCYTCTBHH
BHEIIHAX 9JIEKTPHYIECKHX [IOJefl HCHONB3yIOTCd ofImme mo-
JIOXKEHHUsI TEePpMOJUHAMHKH HEeODpPAaTUMBIX IporneccoB. [lomy-

gena QopMyna IS KOHIEHTPAIMOHHOIO MHOTeHnuasaa HepH-
CcTa, KOTOpasi ONUCHIBAET 3aBUCUMOCTH MEMOPAHHOIO ITOTEHIH-
ajla HE TOJBKO OT KOHIEHTDAIMHA WHOHOB K BEJIUIUHBI BHEII-
HUX TOJIel, HO U OT 3JIeKTPOJAMHAMHYECKHX XapaKTe€PUCTHUK
cpeq mo obe CTOpOHBI MeMOpaHbl. BerumcieHune 371eKTpogud-
GbYy3HOHHOrO pACHpEIEesIeHAsT HOHHBIX KOHIEHTDAIUHE I[Og BO3-
EeHCTBHEM BHEIIHErO 9SJI€KTPUYECKOrO IIOJs, a TaKXkKe Ipo-
U3BOJHBIX ,E[HSHeKTpH‘IeCKOﬁ IPOHUIAEMOCTHA II0 KOHIEHTpPa-
OUA  TO3BOJISIET CHAEJIATh JIUCIEHHBIE OIEHKH MeMOpAHHBIX
MIOTEHI[HAJIOB B M[PUCYTCTBAU BHEIIHAX 3JIEKTPUIECKUX IIO-
seit.
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