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Electrical Properties of Mitochondrial Membranes* 
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ABSTRACT \, 

The dcctrical capacity of the membrane of rat liver mitochondria is 0.5 to 0.6 
µf./cm'. This membrane capacity is obtained from the analysis of the fre(]uency 
dependence of the admittance of a suspension of swollen mitochondria./' 

In potassium chloride media the mitochondrial membrane capacity does not 
depend on the ion concentration. 

The internal conductance of the mitochondria ,rns approxiiJ~telv one-half 
that of the external medium; the same applies if the mitochondria ~r~ equilibrated 
in a medium with a 10-fold difference in potassium chloride concentration. Hence 
the swollen mitochondria investigated here appear to be able to adjust their 
internal ion concentration in proportion with that of the external phase. 

The similarity of the membrane capacity of isolated mitochondria "·ith the 
rang~· of ~~afues kno,vn for other inem bran es suggests a common molecular struc
ture. 

The analysis of experimental data suggests an anisotropic electrical behavior 
of the interior of mitochondria. This anisotropy is readil~- explained by the exist-
ence of internal membranes. ,:·· 

INTJWDl:CTION 

In recrnt years there have been a number of 
r('ports that isolated mitochondria exhibit osn101ic 
properties (Claude, 1946; Tedeschi and Harri;;, 

1955, 1958; Jackson and Page, 1')56; Reck11agd 
and Malamed, 1958). Electron microscopical cvi
drncc (Palade, 1953), permeability studies 
(de Duw and Berthct, 1954), in addition to 
osmotic properties suggest that mitochondria are 
:;urroundcd hy a 111!'mhrane. Historically, similar 
cl'idl'nrc was inl'okcd to prol'e the existence and 
lo show I.hi' propntit·s of the cl'll m('mhranl' .. -\ 
rrnnpari,on of the l'il'rlriral propcrtil's of mito

rlwndrial and rdl nwmhratH'S mav hl'lp to clarify 
lhl'ir structural rdationship. 

l<uhl'nstroth-Ba11!'r and Zl'iningn (l'l.'i(1) 
,,. 

rl'-
P<>rll'd that mitochondria :11T surr1111nrlnl J,_v a 

111,·111l;ranc.,,.2f rtlati'vdy high dl'f'lricil tT,islann· 

• This \\'Ork \\'as supporlcrl in parl I,_,. th,· l'nitrd 
S1:11<•s Ollicc nf Naval l<l's('arch ( ;\/0:\' I{ .. ,.'ii 10; I I 

a•ul in part hy the l.'nitcd States l'ul.Jic lh·allh S1·n·i,·1· 
,l.SPH-1253 (C6)). 

t L. R. Johnson Foundation ·for Medirnl l'hysirs. 
l 'ni,-crsity of Pennsylvania, Phil:uk-lphia. 

as sholl'n hy mt;asurcnwnts of the frcqul'ncy de
p,·111!1·nn· of thl' conducti\·ity of a mitochondrial 
suspen,ion, hul \\'t•n· unable to state actual clec
lrical mt·mhrarn· pn,pertit·s. In this article it will 
lw ,holl'll that thl' analogy hct11·L'l'n the cell and 
111i1ocl1011drial 111eml,rarn· gol's 1iurther, as ascer

tained hy m1·1nhranc capacity m,·asurt·ment;; of 
rat. livl'r n1i1odwndria. 

:\ compl,·1,, theory of thl' irl'quency dependence 
of 1111· d,·cl rical admit tancl' of a ,uspt·n,ion oi 
shelled sph1·1Ts is a\'ailahk (Pauly and Schwan. 
19,'i')). Sincl' miltll'hi,ndria isolatnl irom animal 

tissm·s assume a spherical shapl' i11 1·ilro, it is 
possible to analyzl' th,· llll'asured electrical dis

persion cun·es, taking a1h-antage of a \\'di founded 

thl'ory based .,on _equations gin·n originally hy 

Maxwell (1892). An assumption is made that mito

chondrial size does not significantly change the 

dertrical properties of the outer membrane. The 

,iu,tifiration for this assumption \\'ill be presented 

in a subsequent article (Pauly and Packer, 1960). 

Preparation 

Hat li,·,·r milnchondria were prepared in 0.25 M 

surrose acrordini:: to the method recommended h)· 
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SIZE DISTRIBUTION 
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2 '3 .u 
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FIG. I. Size dislribution of rat liver mitochondria after swelling in 0.001 M KCI solution and ef\uilihration in 

0.012 ~1 KCI solution (F,periment :\) or 0.13 ~1 KCI solution (Experiment Bl. 

Schneider and Hogeboom with the exception that the 
washing procedure was carried out four times. In this 
state the mitochondria were sm,111 and shrunken. In 
the phase contra·,t microscope they appeared dark, 
indicating a high concentration of internal substances 
possessing a relatively high refractive index. The aver
age diameter in this state was 0.5 to 0.i µ,. 

In order to transform the mitochondria into a spheri
cal shape, the suspension was diluted 10-fok\ in 0.001 
M KU. The suspension was then incubated for 2 hours 
at room temperature to allow for equilibration oi the 
internal and external phase. Following this, the suspen
sion was ccnlriiuged, washed, and equilihrated in the 
same manner two addilional times in order to insure 
that equilibration ,ms complete. The sediment was 
suspended in the final KCI concentration employed for 

the dielectric measurement. 
A knowledge of the size distribution is necessary to 

interpret properly the experimental admittance data. 
This was clone with the phase contrast microscope 
(Leitz dialux with the Heine condenser, phase con
trast oil immersion objective, periplane ocular X 25, 
and a calibrated ocular micrometer). 

The result is shown in Fig. I. The distribution of the 
diameter is nearlr symmetrical with the most probable 
diameter near 1.2 µ,. The size distributions for experi
ment A anc\ H (Fig. 3) were found to be identical. This 
is not surprising considering the iact that in both cases 
internal ancl external media were equilibrated. 

The conventional techniques employed for the isola
tion of liver mitochondria used in the present experi
ments arc knmn lo yield preparations largely free of 
contamination from other cellular structures. These 
conclusions have been based on microscopic examina
tion oi preparations and assay of such enzymatic ac
ti\·ities as succinoxidase and cytochrome oxidase which 
are found L·xclusively in mitochondria (Siekevitz and 
Watson, 19S6) . .-\!though phase contrast microscopy 
of liver mitochondria after impedance measurements 

showed no evidence of damage to the mitochondria\ 
structure, it seemed desirable as a control to disrupt 
mitochondria and then examine their electrical prop
erties. Mitochondria\ membrane fragments were pre
pared from intact liver mitochondria by disruption with 
digitonin according to the method of Devlin and 
Lchninger (1958). Phase contrast microscopy, and also 
electron microscopy (cf. Siekevitz and Watson, 19:'ii) 
show that fragment preparations are completely free 
of whole mitochondria. Impedance measurements 
showed that Lhe electrical capacity of whole mito
chondria is not retained by the fragments even when 
the latter were tested al volume concentrations as high 
as SO per cent. These findings \end additional support 
to the interpretation of the impedance measurements on 
intact mitochondria reported below. 

Dielectric M casurrmc11ts 

1. Bridge.-The admittance of the sample was 
measured with the "l{X-Meter type 250-A" of the 
Boonton Radio Corporation, Boonton, New Jersey. It 
is designed to measure the equivalent parallel resistance, 
N.,,, in ohms, and the parallel capacitance, C,,, in µ,µf., 
of the sample, between 5 X 10'' and 2.5 X 10' c.r.s. The 
instrument consists of a Schering bridge circuit together 
with its associated oscillator, amplifier, null detector, 
and power supply. Bridge balance was obtained by 
means of two calibrated air capacitors, which indicate 
parallel resistance and parallel capacitance, respectively. 

2. Ce/l.-ln order to avoid a frequency dependent 
stray field, the cell, shown in Fig. 2, was constructed. 
The cell is essentially a parallel plate condenser with 
2 platinum electrodes, which were platinized to mini
mize electrode polarization effects. The sample was 
placed in the cylindrical lumen in the 2 mm. thick 
polystyrene ring. Rings with different bore diameters 
were used to adjust the capacity of the sample to the 
range of the bridge ior optimal resolution. Since the 
field in the sample space and the part of the poly-
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SECTION A-A 

1 cm. 

PLATINUM 
ELECTRODES 

SAMPLE SPACE 

POLYSTYRENE 
RING 

FIG. 2. Cell for dielectric measurement. For description see text. 

styrene ring l;ordrring on this span.: wen: homogeneous, 

stray Jielrl rnmp"ncnts 11car th!' edges of the plates do 

not depend on the sample load, and arc, therefore, 
fre<]ucncy independent. Hence a linear relationship 
between sample dielectric constant and total capaci
tance was obtained. It was found convenient to con
nect the cell to the bridge terminal by a mercury con

tact. The contact resistance was found to IH: nt·gligil,Je. 
The dielectric constant t of the sample was ol,tained 

from 

t = C.s - CA11t 1 + (EAq - 1) -.,. ----~--- · 
C,1., - CA11t 

(I) 

in which 

t,1., = Dielectric constant (VK) of water, obtained 
from tahles, 

C s 

C,., 

Capacity of the cell "·ith the sample, after 
correction for the series inductance /,, due to 
leads to the sample cell, 

Capacity of the cell, filled with ,rater and 
corrected for /,, 

Cim = Capacity of the empty cell, corrected for L. 
The et'II constant for the conductivity \\·as obtained 

bv calibration with a standard 0.1 normal KC] solu
ti~n. There was ,:oocl agreement between the cell con
stant obtained b): calibration anrl that calculated from 

the dimension of the cell. Similar])·, the cell constant 

for the dielectric constant was obtained I"· calibration 
with irater, as indicated in equation (I) anrl checked 
well with that for the conductivity. 

3. Corrrrlions.-:\n fre<]uencies in excess of $0 :\fc., 
the Sl'rics inductance L of the connected cell and hrirlgc 
terminals causl's ronsidt·rable error in sample conduct

ance and capacitance, especially in highly conductive 
media. The corrt-ction was made l,y means nf the 
equations 

R 

C 

R,, [(I +.w' !, C,.)' + (~J'J 
L 

C,.(1 + w' L C,,) + - -
- R,Y 

( ')··· ( I + w' L C,,)' + .':':'...'. . 
R,, 

in which R = rl'sistance in ohm, 

12) 

(3) 

C = capacitance in farad, 

R,, = measured equivalent parallel resistance 
in ohm, 

C,, = measured equivalent parallel capacit,· 
in farad, 

L series inductance, 8.2 X 10-,• h,·nr)·, 
w 2-irf, 
f = frequency in c.P.s. 
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El.ECTRIC.\l. l'ROl'EKTIES OF J\IF.MBRANES 
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FIG. 3. /3-dispersion of swollen rat liver mitochondria . 

. -1. Suspension in 0.012 ll KCl solution. 
B. Suspension in O.L, ~, KCl solution. 

Temperature 25°C. 

T.-\BLE I 

Rat Lfrcr Jlilocl"'ndria 

Summary oi the data and final \'alues for the mcmorane capacity and internal conductivity. For explanation 

see text. 

Experiment · KCI 

Ill.\/. 

.-\ 12 
B 130 

Dilution 92 
series 

, 1 1 , 1 . 1 1 1 1 ·1 1 

I "' I < I <a ·. <i I ~ 1' P I " I , 1, lo.= C.lf from I CM from • x 1 '-a :e (JofjoK.)1/ 2 I fO Jo 

--- ---:---,--l--1---i--,-i---!--- ----
Ill 111 1,01 I m mho/ I m m!to/ i m mlw/ ! ·1 I I l/ · 1 I I I I • c. µf .. cm.2 µf./cm. 2 

, cm. cm. cm. · cm. 
1 

I 
o.si 1.3s 1.8-1 1.0110.s8 o.60, 480, 64 2.8 o.so 0.61 

I I 1 
' -6.8 13.i ' 18.i 10.0 ,0.541 0.531• 4-10, fo 2i 0.49 0.62 

I ' I 
13.2 / / 1 

/ ;0-0.51,i6-430 / / / 
-3.9 13.2 I 0.51 

4. /3-Dispcrsio11 of the Mitoclro11dria Suspc11-
siou.1-The ircquenc~· dependence of mitochondria 

suspensions at t\\'O KC! concentrations, differing by 
a factor of about 10 is sholl'n in Fig. 3. The data, 
together ll'ith the results of the analysis of the 
disper,;ion cun·es arc s•immarized in Table 1. 

1 The "structural"' relaxation effect of interest here 
is oi the "/3-type" following the nomenclature intro
duced by Schwan t195i, 1959). Other dispersion phe
nomena at different fr~quency ranges and of different 
origin are obsernd in tissues and cell suspensions 
1Sch,rnn. 195i, 1959;. 

Analysis of Data. 

1. Theory.-Thc dispersion curves were analyzed 
by application oi an appropriate extension of 
:viax\\'ell-Wagner's theory oi inhomogeneous di-
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l'kctrics (:\laxwell, 181J2). The mathematical case, 

1d1ich was fitted to this problem, was that for a sus

pcn,ion of spheres ll'ith the DK E; and specific con

duct iYily , ;, surrounded by a shell (membrane) 

with the DK E., and ,, suspended in an outside 

medium ll'ith the electrical properties Ea and Ka, and 

has htTn di;;cussed in detail (Pauly and Schwan, 

1951!). Tlw frequency dependence of a suspension 

of shelled spheres can be described by a superposi

tion of tw" 1Jl'hyc-cxpressions of the form 

tr 

p 

R 
CM 

CM 

= 1/h X 9 X 1011 = diell'ct ric con-

slant of \·acuum, 

= \·olumc fraction occupied l,1·_ thl' 

spheres, 

= radius of the ,phercs [cm.], 

= capacity of the membrane (,hell) 

[farad/cm.2
], 

~ , in which Es = the D1'. oi the 

d 
membrane and d the thicki1e,, oi 

the membrane in cm. 

EO - E,,, . 

E = Eoo + l + (wT)2 , 

(4) (wT) 2 

Equations (4) to (9) describe a relaxation phe

nomenon with the single relaxation time T. It has 

been shown (Cole and Cole, 1941) that the plot 

K = Ko + (K,., - Ko) 1 + (wT) 2 ~ = E" ,·erszts E in the dielectric plane, and 

ln the special case of a relatively thin shell with 

a negligible conductance compared to the inside 

and outside media, the following approximations 

hold (Fricke, 1924; Cole, 1928, a, b; Danzer, 1934, 

a, b; Schwan, 1957): 

(5) 

(6) 

1 Ki+ 2 Ka 
T = - = R·CM _.:_ __ 

21Tfo 2 K;'K,i 

9 C 
Eo = Ea + 

4
- P · R · M 

Er 

(7) E,,, 

(1 + 2p) Ei + 2 ( 1 - P) Ea 

= Ea (1 - p) E; + (2 + p) Ea 

(X) 

(9) 

Ko= 
1 - p 

Ka--

1 +! 
2 

K·i - Ka 
1 +2p-·-

K; + 2Ka 
K~ = Ka ___ _.:_ __ 

Ki - Ka 
l - p 

Ki+ 2Ka 

In equations (.i) to (9) 
T relaxation time [sec.], 

/o 
Eo 

E,o 

•o 

""' 
E ;, Ea 

characteristic frequency [c.P.s.], 
lm1· ircquency dielectric constant of 

the suspl'nsion, 
high frequency dielectric constant of 

the suspension, 
= loll' frequcn-cy conductivity of the 

suspension [mho/cm.], 
= high frequency conductivity of the 

suspension \mho/cm.l, 
didectrie constant of the interior and 

the medium, respectively, 

Ii;, ,., = conductivity of the interior and the 

medium, respectively [mho/cm.], 

WEr 

the plot WEr·(E - Eoc) ,•crsus, in the admi\\ance 

plane yield semicircles with the ccnt(•r on the 

abscissa. When a spectrum of relaxation times ll'ith 

a Cole-Cole distribution function (Cole and Cole, 

1941) occurs, the center of the semicircle will be 

depressed. lf the distribution function of the 

relaxation time is nut a Cole-Cole function, but a 

statistical (Gauss-, Poisson- or general Bernoulli

distribution) function, a circle with dcpressl'd 

center is a good approximation of the actual cun·e 

in the diclect rie or admittance plane (Sch\\'an, 

1957). For a giYen distribution the clegrl'l' oi the 

depression is different in the dielectric and ad

mittance plane for theoretical reasons. This can be 

Sl'en hy comparison of Fig,. 4 and 5. 

The dielectric plot of Experiment .-\ in Fig. 3 is 

given in Fig . .i; the corresponding admittance plot 

is given in Fig. 5. The centers of those circll's in 

these plot:;, chosl'n to approximate the resulh, arc 

depressed. The ,amc result \\'as found ll'hl'n the 

data of Experiment Bin Fig. 3 \\'ere trcatccl in thi., 

manner (not shown). Therefore the dispcr,ion 

curves of Fig. 2 can he dl'scribccl by a supnpo,ition 

of Dcbye-terms, each ll'ith a different timl' con

stant T. Systl'matic <k1·iations irom the circle at 

high frequencies are due to additional Tl'laxation 

effects located in the cell interior (sec da,hcd line 

in Fig. 3), as \\'ill be discw;scd later. The 1·alUt·, ior 

""' ""'' Eo, and Ecc, summarized in Table 1 11-.:rc· ob
tained from these plots hy cxtrapolati,111 t,, the 

abscissa. 
The spectrum of time constants can be· ,·x-

plained b~·: 
1. .-\ cli:;tribution of the radius R of the ,;1\'\llkn 

mitochondria. sinn· T is a function of R (d. equa-

tion (5)). 
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