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The dielectric dispersion of isolated intact mitochondria in suspension has been measured between 10 kHz 
and 500 MHz. In isotonic KCI media at 4°C, the mitochondria maintained their characteristic 'double 
membrane' structure as examined by electron microscopy, and the observed dispersion curves were 
successfully simulated in terms of a superposition of two sub-dispersions having different characteristic 
frequencies and different permittivity magnitudes. Taking these observations into account we analyzed the 
dispersion data on the basis of a 'double-shell' model in which two concentric shells are meant to represent 
the mitochondrial outer and inner membranes. The analyses by a computerized curve-fitting method revealed 
that: (i) electric capacities for the outer and the inner membrane are 1.7 and 0 . 5 / t F / c m  2, respectively, (ii) 
relative permittivity for the inner compartment (or the equivalent homogeneous matrical space) -- 50-60, (iii) 
outer compartment-to-external conductivity ratio -- 0.4-0.6, and (iv) inner compartment-to-external conduc- 
tivity ratio = 0.14. The implications of these parameter values are discussed with due attention paid to the 
limitations inherent in our 'double-shelr model approach. 

Introduction 

The preceding paper by Asami et al. [1] 
(hereafter, Paper I), dealing with a dielectric dis- 
persion analysis on the suspension of mitoplasts, 
has presented a plausible set of electrical parame- 
ters that are related to the intramitochondrial 
structure. The probing tool there employed was a 
conventional 'single-shell' model consisting of only 
two phases, viz., one limiting membrane and one 
homogeneous, internal compartment enclosed 
therewith (Fig. la). 

In the analysis of intact mitochondria, however, 
the single-shell model appears to be of limited 

* For Paper I see Ref. 1. 

(a) SINGLE-SHELL (b) DOUBLE-SNELL 

Fig. 1. Dielectric models for an intact mitochondrion: (a) 
Single-shell model, (b) Double-shell model. Complex relative 
permittivity (~*) for each phase is defined as ~ * = c  x -  
jrx/2~rfcv where c =  relative permittivity, ~=conduct iv i ty ,  
j = ( -  1) 1/2, f = frequency, and c v = permittivity of vacuum. 
Subscripts ( x ' s )  have the following meanings: a, suspending 
medium; m, membrane;  i, internal compartment  ( 'matrix'); 
ore, outer membrane;  im, inner membrane;  oc, outer compart- 
ment  ( ' intermembrane space'); and ic, inner compartment  
(' matrix'). 
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value because, in this case, at least four discrete 
phases are involved in the ultrastructure of par- 
ticles [2]. These include, to name from surface to 
core, the outer membrane, intermembrane space, 
inner membrane, and matrix. Therefore the next 
step towards a more elaborate analysis would be 
to adopt a 'double-shell' model (Fig. lb)  as the 
exploring framework for simulation. A successful 
application of this model to the bio-dielectric work 
has already been reported by Irimajiri et al. [3] 
who dealt with cultured lymphoma cells. 

The present paper describes how to simulate the 
dielectric behavior of isolated intact mitochondria 
in suspension and what meanings then the analyzed 
phase parameters have to our understanding of the 
mitochondrial organization. 

T h e o r e t i c a l  

The models and relevant symbols used are de- 
picted in Fig. 1. Theoretical expression for the 
single-shell model that has been employed in Paper 
I is as follows: ~*, the equivalent homogeneous 
complex permittivity of a suspension of volume 
fraction q~ is given by 

"*-~-~,]~,"1 = 1 - ~  (1)  

gously expressed as 

* 2 ( 1 -  vz)+(I+2oz)E2 
i*=%~ ~+vz)+(l_v~)E2 
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(4) 

where v 2 = (1 + doc/Ri)-3 and E 2 = Cim//£oc . - *  * Fi- 
nally, i*m may be given by 

2 ( 1 -  0 3 ) + ( 1  + 2 0 3 ) E  3 
-* - * ( 5 )  
' i ra--  tim (2_1_ O3)_t_ (1__ O3) E 3 

w h e r e  u 3 (1 d i m / R i )  3 a n d  E 3 * * = - = I[ic//l[im. Thus, 
combination of Eqn. 1 with Eqns. 3-5 enables 
calculation of c* when a set of morphometric and 
electrical phase parameters of the double-shell 
model is provided. 

To grasp the general features of the dielectric 
behavior predictable from the model we calculated 
~* for a hypothetical suspension (q, = 0.3) of the 
double-shells having the parameters as defined in 
legend to Fig. 2, in which only the inter-shell 
distance, doc, was varied from zero to the full 
radius. The results (Fig. 2) are expressed as 
frequency dependence curves for relative permit- 
tivity (e) and conductivity ( r )  which are related to 
c* through 

,*=, + g/j(2~f)% (6)  
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where v I = (1 - d o m / R )  3 and E 1 -* * = %J%m" Here, 
c-*oc has been introduced to represent the spherical 
region of radius ( R -  dom ) and may be analo- 

(3)  
• 2 ( 1 - o , ) + ( I + 2 o , ) E ,  

i~, = ' o , ,  ( - ~ +  o , ) + ( 1  - u 1 ) E  1 

with v = (1 - -  d /R)  3 and E = c i*/c m.* 
For the double-shell model (Fig. lb), on the 

other hand, the interim parameter, %,-* should be 
modified so as to properly represent the internal 
concentric structure of the particle. As already 
developed by Irimajiri et al. [4] on the basis of 

-* for the stratified sphere may be Maxwell [5], ~p 
written 

- , _  • 2 ( 1 - v ) + ( l + 2 v ) E  
(2)  
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Fig. 2. Theoretical frequency dependence of relative permittiv- 
ity (c)  and conductivity (K), predictable f rom the single-shell 
model  (solid lines) or the double-shell model (interrupted lines). 
Calculations employ the following parameters:  c a = c oc = c ic = 

£i = 80, ga ~ goc = gic = gi = 10 mS/cm, ~m = ~om = tim = 10, 
g m = g o m = ~ i m = g a ' 1 0  -6,  ~ = 0 . 3 0 ,  R = 0 . 5  #m,  d = d o m  = 
dim = 7.0 rim; and doc in n m  is varied as: 0 ( . . . . . .  ), 5 ( . . . . . .  ), 
20 ( . . . . . . .  ), and 80 ( . . . . .  ); and R i = 0  ( ). 

where 60o 11 
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As illustrated, the double-shell model gave rise to 
at least two dispersions whose separation in the 
log frequency axis was a decreasing function of 
doc. In the extreme cases where R i = 0 and do~ = 0 
the dispersion curves reduced to those of the 
single-shell model. 

Methods 

Rat liver mitochondria were prepared by a 
sucrose step gradient method described in Paper I. 
After pelleted by centrifugation in a washing solu- 
tion containing 0.25 M sucrose and 5 mM Tris-HC1 
(pH 7.4), the isolated intact mitochondria were 
divided into two aliquots each of which was resus- 
pended and equilibrated in the test medium at 4°C 
for at least 1 h. Two test media, A and B, with 
differing salt concentrations but with the same 
osmolality (280 mosmol /kg  H 2 0  ) and pH (ad- 
justed to 7.4 with 10 mM Tris-HC1) were used: 
Medium A contained 130 mM KC1 plus 15 mM 
sucrose and Medium B, 65 mM KC1 plus 125 mM 
sucrose. The final wash with the test media was 
made immediately before dielectric measurements 
and the supernatants from this step were subjected 
to the determination of c a and r a. 

Dielectric measurements, electron microscopic 
morphometry and protein assay were performed 
exactly as described in Paper I. 

Results 

Morphology 
Electron microscopic observations (Fig. 3) re- 

vealed that transfer of the specimen from the 
initial sucrose medium to an isotonic KC1 medium 
(Medium A) elicited a structural change in the 
isolated mitochondria from the 'condensed'  to the 
'orthodox'  form during incubation for 1 h. How- 
ever, the preservation of the outer membranes was 
temperature dependent; i.e., at 4°C the double 
membranes structure characteristic of the intact 
mitochondria was well preserved (Fig. 3a), while at 
25°C a frequent detachment of the outer mem- 
branes ( 'mitoplasts ')  and a greater degree of par- 
ticulate swelling were both observed (Fig. 3b). 
Therefore, the condition for equilibration with the 
test media was chosen at 4°C at which tempera- 
ture the occurrence of damaged mitochondria was 

Fig. 3. Electron micrographs of isolated intact mitochondria 
incubated in medium A at: (a) 4°C and (b) 25°C. Magnifica- 
tion, 20000 × .  

less than 4%. Subsequent dielectric measurements 
and morphometric analyses were made at this 
same temperature throughout. The stereologically 
corrected mean radius was found to be 0.46 ~m 
for the mitochondria equilibrated in meidum A or 
B followed by fixation at 4°C. The quantitative 
assessment of the intermembrane space, do~, was 
by no means feasible because of the irregular 
spacing between the two membranes as apparent 
from Fig. 3. Therefore, a rough estimate of 30 nm 
was taken for do~ together with an estimate for dom 

and dim of 7 nm; these figures were used in the 
analyses described below. 

Dielectric dispersion curve and phenomenological 
analysis 

A typical example of measurements on the in- 
tact mitochondria is shown in Fig. 4a. The steep 
rise of permittivity as frequency decreased, espe- 
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Fig. 4. Dielectric dispersion curves for intact mitochondria 
suspended in medium A at 4°C. (a) Filled circles, observed. 
Solid lines depict the best-fit simulation based on combination 
of Eqns. 7 and 8. 'cp' refers to arfefactual components due to 
electrode polarization capacitances. Dot and dash line, c-curve 
corrected for '~r,'. (b) Solid lines, lower-frequency dispersion 
characterized by permittivity increment Ac 1 and characteristic 
frequency f¢l. Broken lines, higher-frequency dispersion char- 
acterized by permittivity increment Ac 2 and characteristic 
frequency f¢ 2. Ac' and AK' are interrelated according to Eqn. 9. 

cially in the region below 1 MHz,  was due to the 
electrode polarization capacitances Cp superposed 
on c for the suspension. To correct for this effect 
we applied the following formula [6]: 

cp/c, = ,p = A/-~" (7) 

where f is frequency in MHz;  C t ('cell constant ') ,  

A and m are constants determined experimentally. 
The result of  such corrections, with A = 3.87 and 
m = 1.50, of  the low-frequency data  is indicated by 
the dash and dot line in Fig. 4a. 

The next trial made was to simulate the cor- 
rected data points in terms of two Cole-Cole type 
[7] dispersions formulated by 

A¢ I Ac  2 K I 
~ * = ~ h +  + + - -  ( 8 )  

l+(yf/f¢,)#, l+(jf/fc2)~: j(2~rf)c~ 

Here, zac's are permittivity increments, fc's char- 
acteristic frequencies, f l ' s  the Cole-Cole parame- 
ters, j is unit imaginary, numerical subscripts de- 
note dispersions 1 and 2; and subscripts 1 and h 
refer to the limiting low- and high-frequency val- 
ues, respectively. Curve fitting based on Eqn. 8 
were carried out by a nonlinear least-squares mini- 
mization algorithm to yield the best-fit parameters 
(Table I) and the resulting curves for both c and x 
(Fig. 4a). The fitting as a whole was more than 
satisfactory. Thus, the two dispersions were suc- 
cessfully separated as depicted in Fig. 4b. It is to 
be noted that the conductivity curves, denoted by 
A~¢~ and A~¢~ (where x = r I + AK' l + Ai¢~), are the 
results of computa t ion  assuming a relation of  the 
form (cf. Appendix  B to Paper I): 

& ' -  Y&"= Ac 

1 + (yf/f~) B 
(9) 

which implies, as discussed in Paper I, that, if 
fl 4: 1, neither the curves for AK~ and Ar~ in Fig. 
4b nor  the resultant r in Fig. 4a should level off in 
the frequency domain. 

Fig. 5 shows the complex plane plots of  data in 
Fig. 4. Apparently,  the trace in the permittivity 
plane (Fig. 5a) is asymmetric with respect to the 

TABLE 1 

PHENOMENOLOGICAL DIELECTRIC PARAMETERS OBTAINED FROM CURVE FITTING 

Data are same as in Figs. 4 and 5. 

j c h Dispersion 1 Dispersion 2 

(mS/cm) At1 fd (MHz) /31 At2 fc2 (MHz) /32 

4.70 58.2 469 0.957 0.916 108 9.89 0.676 
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Fig. 5. Complex permittivity (a) and conductivity (b) plane 
plots of data in Fig. 4. Solid lines depict the best-fit curves 
obtained by a vectorial synthesis of two subdispersions (broken 
lines) of a Cole-Cole type. fcl and fc2 are the respective char- 
acteristic frequencies. Number on each point refers to marker 
frequency in MHz. Filled circles in parallelogram in (a) corre- 
spond to 3 MHz. 

half-value f requency at which c = c h + A t / 2 .  The 
same is true for the conduct iv i ty  plots  (Fig.  5b). 
Here  again, however,  an excellent  f i t t ing between 
theory and exper iment  has anyway  been realized. 
The  uniqueness  in separa t ing  those two sub-dis-  
pers ions  f rom the measured  is clearly shown by 
the bui l t -up para l l e logram connect ing  the c o m m o n  
frequency poin ts  (in this case, 3 MHz)  in Fig. 5a. 

Determination of phase parameters by the shell mod- 
els 

In Fig. 2 we have a l ready  examined  the behav-  
ior  of  t h e  double-shel l  model  by  app ly ing  the 
pa rame te r  values taken as being relevant  to the 
intact  mi tochondr ia .  The calcula t ion gave a family 
of d ispers ion curves each of which was a com- 
posi te  of two dis t inct  dispersions.  On the o ther  
hand,  the observed dispers ions  were also of a 
similar,  compos i te  type as jus t  descr ibed.  The main  
difference between the two was such that  the 

sub-dispers ions  involved in the la t ter  were gener- 
al ly of  a Cole-Cole  type while those pred ic ted  
f rom the model  were of a Debye  type when ,# < 0.3; 
in o ther  words,  we formal ly  have 

/31 < 1 and/32 < 1 (for the observed) (lO) 

and  

fll = f12 = 1 (for the predicted) 01) 

Strict ly speaking,  therefore,  the use of  the dou-  
ble-shell  model  as it is should place l imi ta t ions  
upon  the s imula t ion  of  the observed dispers ion 
curves. Whi le  keeping this in mind,  we have at- 
t empted  to curve-fit  on the basis of the double-shel l  
mode l  with a typical  result  such as i l lus t ra ted in 
Fig. 6. Here,  the f i t t ing of  curve a was pe r fo rmed  
under  the res t r ic t ions that  the values of  the dielec- 

tric pa ramete r s  (i.e., Act, fcl, A%, fc2 and % )  to be 
pred ic ted  were fixed to those read  from the Cole- 
Cole  plots,  viz., the values l isted in Table  I. Curve 
b s tands  for the nonl inear  least-squares  f i t t ing 
conduc ted  without  the above  restr ic t ions except  
for e I whose level was fixed at 635 ( = Aq + A% + 
% )  which was the same as for curve a. Curve c 
represents  the best  f i t t ing with the single-shell  
model .  Values of the phase  pa ramete r s  thus de- 
t e rmined  are given in Table  II. As  clearly shown, 
the 'double-she l l  mode l '  app roach  such as repre-  
sented by  curve b gave the most  sa t isfactory fit- 
ting. Accordingly ,  our  rout ine  analysis  employed  
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b ,  - -  o ° 
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Fig. 6. Best-fit curves, for data in Fig. 4, predictable from the 
double-shell model ( - - ,  ) or the single-shell 
model ( ). Calculations employ three sets of phase 
parameters listed in Table II. Open circles, observed. 
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TABLE II 

PHASE PARAMETERS OBTAINED FROM CURVE FITTINGS ILLUSTRATED IN Fig. 6 

Assumed parameters: Corn = Cim =< •a '10  - 6 ,  ~oc = ~a, dora = dim = 7.0 nm, do~ = 30 nm. Determined parameters: c a = 9.50 mS/cm, 
~a = 87.7, R o = 0.460/~m, ,# = 0.374. These values are fixed throughout. 

Curve Model Phase parameters 

~om tim tic Coc Kic 
(mS/cm) (mS/cm) 

a Double-shell 12.1 3.1 14 4.1 0.86 
b Double-shell 12.1 3.4 54 4.0 1.21 

Cm (i c i (mS/cm) 

c Single-shell 12.1 23 0.56 

TABLE III 

PHASE PARAMETERS FOR INTACT MITOCHONDRIA IN MEDIA A AND B AT 4°C 

Values are expressed as the mean (range of scatter) of 4 (for medium A) or 3 (for medium B) separate determinations for each 
medium. Analyses were preformed on the following assumptions: kom = tim =< C a" 10 -6 ,  Co: = ~oc = ( a ,  dora = dim = 7.0 rim, do¢= 30 
nm, and R o = 0.460 # m. 

Medium A B A/B  a 

KC1 (mM) 130 65 2.0 
c a 86.9 87.7 0.99 
c. (mS/cm) 9.49 4.78 2.0 

Corn 13.3 (11.1-15.6) 14.0 (11.6-16.2) 0.95 
tim 3.8 (3.1-4.5) 4.3 (3.1-5.7) 0.89 
co¢ (mS/cm) 3.8 (2.7-4.5) 2.9 (2.8-3.0) 1.3 
tie (mS/cm) 1.2 (1.1-1.3) 0.71 (0.66-0.74) 1.7 
c ~c 58 (52-70) 46 (43-50) 1.3 
Com (/.tF/cm 2) 1.69 (1.40-1.97) 1.78 (1.46-2.05) 0.95 
C~m (/xF/cm 2) 0.48 (0.40-0.57) 0.54 (0.40-0.73) 0.89 
co¢/c a 0.40 (0.29-0.47) 0.61 (0.60-0.63) 0.66 
ci~/c a 0.13 (0.12-0.14) 0.15 (0.14-0.16) 0.87 
v b (/Ll/mgprotein) 2.8 (2.5-3.1) 2.6 (2.4-2.9) 1.1 

a Ratio of value for medium A to value for medium B. 
b Specific volume. 

t h i s  s a m e  m e t h o d ;  t he  n u m e r i c a l  r e s u l t s  o b t a i n e d  

w i t h  t he  m i t o c h o n d r i a  i n c u b a t e d  in  m e d i a  A a n d  

B a r e  s u m m a r i z e d  in  T a b l e  I I I .  D a t a  for  t he  

spec i f i c  v o l u m e  ( v )  a re  a l so  a t t a c h e d .  

T a b l e  I I I  s h o w s  t h a t  t he  t w o - f o l d  d i f f e r e n c e  in  

t h e  m e d i u m  ion i c  s t r e n g t h s  as  r e f l e c t e d  b y  ~a 

i n f l u e n c e d  o n l y  s l igh t ly  t he  m e m b r a n e - r e l a t e d  

p a r a m e t e r s ,  %m a n d  Cim ( h e n c e ,  Co, ̀  a n d  C i m ) ,  

m o d e r a t e l y  b o t h  ~o¢ a n d  tic, a n d  r a t h e r  seve re ly  

t h e  co re  c o n d u c t i v i t y  t ic .  

Discussion 

Double-shell model as the probing tool 
T h e  g e n e r a l  t h e o r y  o f  t he  m u l t i p l e - s t r a t i f i e d  

she l l  m o d e l  [4] p r e d i c a t e s  t h a t  t he  s y s t e m  gives  r ise  

to  m u l t i p l e  d i e l ec t r i c  d i s p e r s i o n s ,  t he  n u m b e r  of  

w h i c h  c o r r e s p o n d s  to  t he  n u m b e r  o f  i n t e r f a c e s  

l y i n g  b e t w e e n  t he  success ive  she l l  phase s .  F o r  t he  

' d o u b l e - s h e l l '  s t r u c t u r e ,  t h e r e f o r e ,  t he  ful l  n u m b e r  

o f  s u c h  s u b - d i s p e r s i o n s  s h o u l d  b e  f o u r  b e c a u s e  
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every shell is demarcated by two boundaries. How- 
ever, under the present conditions of the mito- 
chondrial dimension (membrane thickness/part i -  
culate diameter ratio = 10 -2)  and of the electrical 
parameters (membrane/aqueous  phase conductiv- 
ity ratio < 1 0 - 6 ) ,  only two out of four sub-disper- 
sions have predominated, as seen in the model 
calculation (Fig. 2) and also in the simulation of 
the observed behavior (Fig. 6, curve b). Such being 
the case, our analysis relied upon the double-shell 
model while neglecting, to a first approximation, 
the possible involvement of distributed size and 
phase parameter values. In practice of the curve 
fittings, we took full advantage of the model's 
characteristic behavior that can be disclosed by a 
perturbation method (cf. Appendix) similar to one 
already devised by Hanai et al. [8]. The single-shell 
model has been proved to be a poor model for the 
present specimen (Fig. 6, curve c). 

Validity of the assumptions employed 
Our analysis presented above has been based 

on the following assumptions: (1) Xom/X ~ = Kim/Ka 

< 1 0  - 6 ,  (2) £o~ = ( a ,  (3) do¢ = 30 nm, and (4) d o m  

= d i m  = 7 nm. Among these, assumption 1 (Xom = 
0) was essential since, without this restraint, an 
accurate determination of ~, the volume con- 

centration of a given suspension, would not have 
been feasible. Although the practically 'null '  con- 
ductivity of the membrane phase appears valid for 
mos t  biological  m e m b r a n e s  including the 
mitochondrial, we dare to question what difference 
should emerge in the analyzed parameters if the 
outer and inner membranes are more conductive 
than here assumed. The answer is, as shown in 
Table IV, that as far as the mitochondrial mem- 
branes of •m'S < 10 -5 × X a are concerned the er- 
rors in the analysis due to a misestimate for K m 
values as being one order of magnitude less con- 
ductive than the real ones are at most 2-3%. The 
~m-value of 10 -5 × x a corresponds to a membrane 
resistance of approx. 10 I2. cm 2, too small a value 
for the natural membranes. If, however, the outer 
membrane resistivity is actually as low as approx. 
1 I2-cm 2 or less, then the present analysis using 
the assumption, Xm'S< 1 0  - 6  × X a ,  would lose 
ground especially for the determinations of (om 
and Ko~, as clear from Table IV. The other param- 
eters are nonetheless relatively tough to such a 
loose assumption for K m values. 

Assumption 2 (%c = %) has been introduced 
rather arbitrarily but inevitably because the re- 
sponse of the pertinent dispersion curves was ex- 
ceedingly dull to changes in Coc (see Appendix, 

T A B L E  IV 

E F F E C T  O F  M E M B R A N E  C O N D U C T I V I T I E S  O N  T H E  A N A L Y S I S  O F  P H A S E  P A R A M E T E R S  

Curve- f i t t i ng  ana lys i s  is m a d e  for  d i f fe ren t  values  o f  Xom or  ~iro. D a t a  a re  f rom Fig. 4. Va lues  in (A) refer  to the re fe rence  s ta te  

o b t a i n e d  wi th  Kom = rim = 0. Ca l cu l a t i ons  in (B) a n d  (C) are  m a d e  wi th  ~im = 0 a n d  Kom = 0, respect ively;  a n d  the results  are 

expressed  as '% dev ia t ion '  f r om (A). Corn a n d  Cim , der ived  respect ive ly  f r o m  %m a n d  Elm. 

g, Phase  p a r a m e t e r  M e m b r a n e  c a p a c i t y  

( om ( im ( ic K oc • ic Corn C im 
( m S / c m )  ( m S / c m )  (#  F / c m  2 ) ( ~ F / c m  2 ) 

(A) 0.374 12.1 3.35 54.1 3.98 1.21 1.53 0.42 

(%) 

(B) Xom/ra  a 
10 - 5  + 0 . 1  + 2 . 4  - 0 . 3  - 0 . 0  + 0 . 6  + 0 . 2  1.56 0.42 

10 - 4  + 1 . 0  + 2 3  - 2 . 5  - 0 . 4  + 6 . 0  + 1 . 3  1.88 0.41 

10 - 3  + 5 . 2  + 2 1 4  - 7 . 0  - 1 . 4  + 4 8  + 5 . 7  4.80 0.39 

( C )  K i m / K a  a 
1 0 -  s 0 0 + 1.0 - 0.2 - 1.0 + 0.2 1.53 0.43 
10 4 0 0 + 9.6 - 2.3 - 9.5 + 2.6 1.53 0.46 

1 0 -  3 0 0 + 93 - 12 - 71 + 28 1.53 0.82 

a Ka = 9.496 m S / c m .  



Table A1). This stems from the fact that the 
relative volume occupied by the outer compart-  
ment (i.e., intermembrane space) is only approx. 
18% when calculated using the morphometric 
parameters: R = 460 nm, dora = 7 nm, and do~ = 30 
nm. Consequently, our analysis is ineffectual with 
respect to the determination of Co~. 

The intermembrane distance (do~ = 30 nm) and 
the membrane thicknesses (dom = dim = 7 nm) have 
not been simply assumed but rather more experi- 
mentally based as compared with the other fixed 
parameters. However, we still call them 'assump- 
tion' since the electron microscopic images of 
membrane-related fine structures were variable de- 
pending on the fixation methods employed and 
hence did not necessarily reflect the true thickness 
of the membranes. What uncertainty then should 
arise to affect the final results of analysis? Numeri- 
cal assessment revealed that (1) the best-fit value 
of Ko~ changes with change in do~ such that the 
product % J o c  is kept relatively constant and (2) 
the membrane permittivities, %m and c im, are to be 
analyzed as being proportional to the respective 
membrane thicknesses, dora and d~ .  Therefore, 
ambiguity in doc even fatally affected the de- 
terminations of Xo~, whereas the problem arising 
from uncertainty in dom or dim could be cir- 
cumvented [9] by taking membrane capacitance 
C,, instead of the membrane permittivity c m which 
is related to C a through 

C m = ,vE m/dm (12) 

where ~v = 8.854.10 -8 /~F/cm (permittivity of 
vacuum). 

Evaluation of the analyzed phase parameters 
The result of analysis concerning Com and Cim 

(Table III)  appears satisfactory to the point that 
either parameter falls within 0.5-2 /~F/cm 2, a 
range that has been widely accepted for the bio- 
membrane capacitances [10]. To be meticulous, 
however, there is an approx. 3-fold difference be- 
tween Com and Cim , the reason for which is at 
present not obvious. Possible misestimates for d m 
values have nothing to do with this matter, as 
noted in the preceding section. Nor  critical is a 
moderate misestimate for R i, the radius of spheri- 
cal region covered with the inner membrane. One 
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possible mechanism is that different degrees to 
which the two membranes wrinkle or infold may 
well change the effective membrane area which is 
difficult to measure with accuracy but does affect 
the analyzed values of C m expressed in /~F/cm 2. 
This mechanism might be responsible, at least in 
part, for the difference between the present Cim- 
value of approx. 0.5 # F / c m  2 and the C m of ap- 
prox. 1 /~F/cm 2 for the swollen mitoplasts [1], 
Accordingly, we do not purport  that the dielectric 
permittivities in general differ by 3-fold between 
the outer and the inner membrane of rat liver 
mitochondria. 

The equivalent permittivity for the inner com- 
partment, tic, of 50-60 is significantly smaller 
than c a and seems to be a likely estimate in the 
light of discussion in Paper I where we took into 
account the protein effect. The conductivity ratio 
x i J x  a of about 1 / 7  is not extremely out of pro- 
portion in view of the well preserved membranous 
substructures (Fig. 3) and the claimed presence of 
gel-like matrix [2] inside the intact mitochondria. 

In conclusion, the dielectric dispersion tech- 
nique coupled with a pertinent shell-model analy- 
sis has been demonstrated to provide a promising, 
non-invasive approach toward dissecting out the 
small vesicles' electrical parameters that are at 
present inaccessible by any other means. 

Appendix 

A theoretical model for the suspension of ho- 
mogeneous double shells as shown in Fig. l b  is 
represented by the combination of text Eqns. 1, 3, 
4 and 5. This model gave a compound dielectric 
dispersion which consisted essentially of two 
quasi-Debye type dispersions each having a char- 
acteristic frequency, fcl or fc2, and an associated 
permittivity increment, Ac 1 or Ac 2. Taking this into 
account we decided to divide the whole procedure 
into two steps. The first step was to fit the data of 
c ( f )  to the following composite Debye type equa- 
tion: 

AE 1 A~ 2 
¢ ( f ) = % +  + (A1) 

l + ( f / f c l )  2 l + ( f / f c 2 )  2 

where Ac I = E 1 - -  C n and Ac 2 = % -- %. Thus we 
have one set of phenomenological parameters (~l, 
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TABLE AI 

RESPONSE OF PHENOMENOLOGICAL PARAMETERS TO INDIVIDUAL CHANGES ( -  50%) IN PHASE PARAMETERS 

'Response' is expressed as % change from the starting value for a reference state defined by: c a = 80, ~a = 10 mS/cm, co, ' = 15. 
Cim=10, Kom = rim _< 0.1 #S/cm, ~o~= 70, Koc=8 mS/cm, Kit=5 mS/cm, R=0.5  btm, d o m =  d i m =  7.0 nm,  do~=30 nm, and 
q, = 0.3. 

Step in Phase 
curve parameter 
fitting 

% Change in phenomenological parameters 

c, c° LI L: ,h 

l Corn -- 46.7 - 21.9 44.3 34.0 - 1.5 
2 tim 0.0 - 33.6 22.9 53.0 - 1.9 
3 Xo~ 0.0 - 1.1 - 49.2 - 2.8 0.2 
4 ~ic 0.0 5.5 - 2.0 - 42.9 1.0 
5 c ic 0.0 0.0 0.0 4.3 - 11.8 
6 co~ 0.0 - 0.2 0.2 0.2 - 1.7 

(n, ~h, fcl and  f~2) d e t e r m i n e d  wi th  a l eas t - squares  
me thod .  

T h e  nex t  step was to search  for  a set of  e lectr i -  

cal  phase  p a r a m e t e r s  so that  these  p a r a m e t e r  val-  

ues  m a y  r e p r o d u c e  as c lose ly  as poss ib le  the  phe -  

n o m e n o l o g i c a l  p a r a m e t e r s  e v a l u a t e d  f r o m  the first  

step.  T o  this end  we  ca lcu la ted  re la t ive  changes  in 

the  p h e n o m e n o l o g i c a l  p a r a m e t e r s  as func t ions  o f  a 

50% r e d u c t i o n  in o n e  o f  the  phase  p a r a m e t e r s  such 

as %m. T h e  resul t  is s u m m a r i z e d  in T a b l e  AI .  T h e  

case  for  %m, p r e s e n t e d  on  the  top  l ine o f  T a b l e  AI ,  

impl i e s  that  the p h e n o m e n o l o g i c a l  p a r a m e t e r s  

o the r  than  c h are  all sens i t ive  func t ions  of  (om" In  

con t ras t ,  the  p a r a m e t e r  Co~ is shown  to be  least  

e f fec t ive  in a l t e r ing  the  genera l  shape  o f  the ob-  

se rvab le  d i spe r s ion  curves.  T h u s  we n o w  have  a 

gu ide l ine  a long  which  to p r o c e e d  in the cu rve  

fi t t ings.  O u r  s t ra tegy  de f i ned  acco rd ing ly  is as 

fo l lows:  

S tep  0. Search  and  fix q~ so that  K~ ca lcu la t ed  

m a y  fit  

S tep  

m a y  fit 

Step 

m a y  fit 

S tep  

m a y  fit 

S tep  

m a y  fit  

the  o b s e r v e d  K n. 

1. Search  a n d  fix ~onl so tha t  ~1 ca lcu la t ed  

the o b s e r v e d  ~l. 

2. Search  and  fix tim SO tha t  E n ca l cu la t ed  

the  o b s e r v e d  c n. 

3. Search  and  fix ro~ so tha t  f¢l ca lcu la t ed  

the obse rved  fcl. 

4. Search  and  fix xic so that  f~2 ca lcu la t ed  

the obse rved  f~2- 

Step 5. Search  and  fix ~ic so that  c h ca lcu la ted  

m a y  fit the  o b s e r v e d  c h. 

Step 6. R e p e a t  s teps 1 - 5  for  the  best  fit. 
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