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Summary. Dielectric dispersion measurements over a frequency range 0.01-100 MHz
were made with the suspensions of a cultured cell line, mouse lymphoma L.5178Y, and an
attempt to explain the observed dielectric behavior by taking explicitly into consideration
the possible involvement of cell nucleus has been presented.

The use of a conventional “single-shell” model in which the cell is represented by a
homogeneous sphere coated with a thin limiting shell phase did not duplicate the
observed dispersion curves, whereas a “double-shell” model in which one additional
concentric shell is incorporated into the “single-shell” model gave a much better fit
between the observed and the predicted dispersion curves. Based on the latter model, we
analyzed the raw data of dielectric measurements to yield a set of plausible electrical
parameters for the lymphoma cell: Cy~1.0 pF/em?, Cy~0.4 puF/ecm?, g,~300, « /x,~0.9,
and x,/x,~0.7. Here, Cy; and Cy are the specific capacities of plasma and nuclear membranes;
¢ and x are the dielectric constant and conductivity with subscript a, ¢ and k referring
respectively to the extracellular, the cytoplasmic and the karyoplasmic phases.

Although the knowledge of passive electrical properties such as
dielectric constant and conductivity of various cellular components (e.g.,
cell membrane, cytoplasm and nucleus) is claimed to add much to a
better understanding of cell functions [24], there have been so far very
few studies dealing with nonexcitable cells of animal origin except for
erythrocytes, oocytes and Ehrlich ascites cells [17, 19] (for review, see
Refs. 3, 24, 26). This is due partly to some technical difficulties involved
and partly to the sophisticated procedures needed for interpreting the
experimental data.
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However, the advent of Pauly-Schwan’s theory [21] concerning the
dielectric behavior of dispersed “spherical shells” as a model of biologi-
cal cell suspensions has provided a basis for the analysis of dielectric
measurements and has enabled us to estimate the cellular electrical
parameters in greater detail. Along this line of approach, we have also
reported a practical method of estimation [8], together with its applica-
tion to synaptosomes [11] and yeast cells [1].

On the other hand, when we deal specifically with an eukaryotic cell
which has a sizeable nucleus inside the cell, an a priori application thereto
of the Pauly-Schwan theory could not be justified any more. In order to
overcome this difficulty by any means, the “single-shell” model (Fig. 1a)
should be modified so as to effectively accommodate the actual cell’s
morphology, i.e., the presence of a round, large nucleus within the
intracellular space. Next to the simplistic model would then be a
“double-shell” model such as depicted in Fig. 1b. A detailed description
of the theory for the latter model will be given in a separate paper?® (here-
after referred to as Paper II).

€4

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

Fig. 1. Two models for a lymphoid cell. The “single-shell” model assumes only one
spherical shell (g) of thickness d separating the internal phase (¢f) from the ambient (g}).
In the “double-shell” model, the internal phase of the “single-shell” model is subdivided,
in a concentric fashion, into the cytoplasmic (subscript c), nuclear envelope (subscript n),
and karyoplasmic (subscript k) phases. Asterisk (*) denotes complex dielectric constant,

defined as e*=c¢+x/jws,, where e=dielectric constant, x=conductivity, jz]/ -1, w
=angular frequency and g, = dielectric constant of free space

1 A. Irimajiri, T. Hanai, V. Koizumi, A. Inouye. A dielectric theory of multi-stratified
spherical shell model with its application to lymphoma cells (in preparation). A brief
account of this work was presented at the 14™ Annual Meeting of the Japan Biophysical
Society, Osaka, October, 1975 (A4bstr. p. 340).
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In the present paper, we describe first the dielectric dispersions
observed with the cultured lymphoma cells (L5178Y) in suspension, and
second we shall demonstrate the effectiveness of this new model in
analyzing the raw data to obtain the electrical parameters such as
diclectric constants and conductivities of cell membrane, cytoplasm,
nuclear membrane and karyoplasm. The meaning of the parameter
values thus derived is discussed in light of their cell physiological
relevance.

Materials and Methods

Cell Culture and Suspending Media

L5178Y cells were grown in Fischer’s medium (Nissui Seiyaku Co., Tokyo, Japan)
supplemented with 109, bovine serum. The doubling time of the mixed population was
10.5hr at 37°C. Cell viability was monitored occasionally by a dye-exclusion test using
eosin Y [6] and found to be better than 95%,. When the cell count reached around 3
x 10° cells/ml, the cells were collected by low speed centrifugation (800 x g, 3 min),
washed once with a serum-free Fischer’s, and then resuspended in more than 100 vol of
the media of the desired composition. After standing for 10 min in the test medium at
25°C, the suspension was centrifuged to separate it into cell pellet and supernatant; both
the supernatant recovered and the pellet appropriately diluted with the same supernatant
were immediately subjected to dielectric measurements.

Three suspending media were used: 1x, 1/2x, and 1/3x Fischer’s, designated
according to dilution with respect to the original Fischer’s medium. The standard
medium was an undiluted Fischer’s containing 109 (w/v) Ficoll (Pharmacia Fine
Chemicals, Uppsala, Sweden; molwt, 4 x 10%); the modified ones were prepared by
diluting the standard medium two- or threefold with a buffered Ficoll-sucrose solution
(pH 7.3) while maintaining both the final osmolarity and the Ficoll concentration the
same as those of the standard medium, ie, 310+ 10mosM and 109, respectively. The
purpose of adding a polysucrose, Ficoll, was to retard cell sedimentation during dielectric
measurements by raising the viscosity as well as the density of suspensions. The use of
Ficoll in such a concentration proved fairly effective for this purpose, and it hardly ever
affected the morphology of cells for at least 30 min within which a single experiment was
completed.

The final volume concentration of cell suspensions, estimated conductometrically
[10], was adjusted usually to a value between 10 and 209%.

Dielectric Measurements and Corrections

Dielectric constants and conductivities were measured by an Ando Transformer
Ratio-Arm Bridge type TR-1BK covering a frequency range 0.01 to 2MHz and by a
Boonton RX-Meter type 250 A for a range 0.5 to 100 MHz. The Ando bridge was
calibrated against a General Radio Precision Capacitor type 1422-CB and a General
Radio Decade Resistor type 1433-X. Accuracy of the Boonton instrument was accepted
as specified by the manufacturer. Consistency between both bridges was carefully checked
and confirmed by using small polystyrene capacitors (5 and 10 pF) as working standards.
The dielectric cell used was a type of parallel-plate condenser having a sample cavity of
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Fig. 2. The dielectric cell used. Pt-coated Pt-disc electrodes (24 mm diameter) were fixed
on both sides of a lucite spacer having a cylindrical hole (Smm bore, 6 mm long)
machined at the center. E, electrodes; O, orifice; P, plug; and S, sample cavity

0.12 ml; its schematic diagram is shown in Fig. 2. All the measurements were performed
at room temperature regulated at 24-26 °C.

Correction was made for the electrode polarization effect which dominated below
about 0.1 MHz by means of a frequency variation technique [25]. The series inductance
effect was also corrected, according to Schwan’s method [25], by applying an inductance
value of 2.82x 10~®H which was determined with various concentrations of aqueous
KCL

Analysis of Data

Two models for the lymphoid cell as depicted in Fig.1 were employed in order to
explain the observed dielectric behavior of cell suspensions and, in so doing, to determine
the component phase parameters. A detailed description of the “single-shell” approach
has been reported elsewhere [8]. Briefly, this approach assumes, as the basis of numerical
analysis, the following general equation of Pauly and Schwan [21]:

sf =% (X —ef) ek o) +(eX +2e8) (e — ) (1 +d/R)”°
2eF e (e +e¥) (287 + )+ 2(eF —eF) (eF —ef) (1 +d/R) 7

(1)

where &* is the complex dielectric constant of a cell suspension in which the cells as
represented by Fig. 1a are dispersed uniformly in a medium of ¢} to a volume con-
centration @.
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A full explanation of the method based on the “double-shell” model with its
theoretical foundation will be given in Paper I1. In essence, the internal phase of Fig. 1a
should be electrically equivalent to the spherical domain of radius R in Fig. 15, so that

gf =gt (eF—ef)Qef +eP) (e 260 (eF — D)1 +d,/R,)> (R, +4d)’
Qe der (e +eN) ek +e8)+2(sF —e¥) (eF —ef)(1+4d,/R,) 3 R3

@

Thus the dielectric behavior of the “double-shell” model can be expressed by the
combination of Eqgs.(1) and (2), and these equations were used in the numerical
calculations presented below.

In both cases, the most plausible sets of parameters were obtained through a curve-
fitting method, in which an overall difference between the observation and the calculated
dispersion curves was minimized by changing the cellular phase parameters. Numerical
calculations were carried out by a programmable calculator, Yokogawa-Hewlett-Packard
Computer Model 10.

Estimation of Morphological Parameters

The mean cellular and nuclear diameters, D (=2R +2d) and D, (=2R,+2d,), were
measured on living, unfixed cells fresh from culture by means of a phase contrast
microscope. Both values were assessed, on a volume basis, according to the relations:

D? =arithmetic mean of (cell diameter readings)? (3)

D?=D? multiplied by a mean of (nucleus/cell diameter ratios)?, 4)

because the size parameters are related to the dielectric properties through the “volume”
fraction terms as seen from Egs. (1) and (2).

Determinations of membrane thickness were performed electron microscopically
with thin sections prepared by a slight modification of the conventional Luft procedure

[16].

Experimental Results
Morphological Parameters

We begin by describing the morphological characteristics of L5178Y
cells, since the morphological parameters such as D, D,, d and d, have to
be known before making analysis for the electrical parameters of the cell.

Phase contrast microscopy (Fig.3a) revealed that the cells were
almost ideally spherical with a mean diameter of 13.0um. The size
distribution was relatively narrow as seen in Fig. 3b. These two facts are
quite helpful in precluding the possible ambiguity of analysis due to
heterogeneity in cell morphology.

The nuclei, also having round contour, occupied 37 % (on an average)
in the cell volume as determined by light or electron microscopy, with

the exception of the cells in mitotic stage, whose occurrence was usually
less than 4 9.
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Fig. 3. (a): Phase contrast micrograph of L 5178Y cells in Fischer’s medium. Magnification,
810 x . (b): Size distribution obtained with 400 cells

With the aid of electron microscopy (Fig. 4), the values of cellular and
nuclear membrane thickness, d and d,, were estimated. It was also
noticed that the fine structure of the nuclear envolope of L5187Y cells
conformed, in all respects, to the ordinary one [7]: (i) the whole envelope
consisting of dual layers of unit membrane with an amorphous gap
(“cisterna”) sandwiched by them, and (ii) frequent occurrence of nuclear
“pores” which perforate the full thickness of the envelope. The latter fact
makes a cogent support for our finding that the nuclear membrane
conductivity x, was several orders of magnitude greater than the cyto-
plasmic membrane conductivity x, (see Table 2).
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Fig. 3b

The numerical values of the four morphological parameters® thus
estimated are listed in Table 1, in which are also included some assumed
electric parameters necessary for the analysis presented below.

Owing to the manipulated constancy of medium osmolarity around
the isotonic one (310 mosM), the cells did not change their gross mor-
phology significantly with changes in the salt concentration tested. To a
first approximation, therefore, the same values of the four morphological
parameters were used throughout the analyses regardless of varying
medium conditions.

Dielectric Behavior

In Fig.5 are plotted the observed dielectric constants and con-
ductivities, as functions of applied frequency, for a suspension of cells in
the standard (1x Fischer’s) medium. This figure shows an apparently

2 Of these, the cell membrane thickness d was the most difficult to measure, so that the
d-value of 80 A listed here has been chosen following a convention widely accepted by
membrane biologists.
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Fig. 4. Electron micrographs of the nuclear envelope of L5178 Y cells. Arrow indicates
the nuclear “pore”. M, cell membrane; C, cytoplasm; and N, nucleus. Calibration, 1000 A
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Table 1. Parameters employed in the numerical analysis of the observed dispersion curves

Morphological Electrical®
Diameter Membrane thickness Cell Cytoplasmic
membrane dielectric
Cellular, D Nuclear, D, Cellular,d Nuclear, d, conductivity, ¥, constant, ¢,
(pm) (um) A) (&) (mS/cm)
13.0 9.33 802 400 8x 107" 77

* Assumed values.
® This value corresponds to a specific resistance (with respect to area) of 1kQcm? for a
membrane of 80 A in thickness.

T T ] |13

"1x Fischer’'s”

0 | | |
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Frequency (MHz)

Fig. 5. Plots of dielectric constant (g) and conductivity (k), as functions of frequency, for a

suspension of L5178 Y cells in 1 x Fischer’s medium. Solid lines: the best-fit calculation

based on the “double-shell” model for the case of “k,=12.67mS/cm” in Table2. Dashed
lines: based on the “single-shell” model

typical dielectric dispersion having a characteristic frequency (indicated
by arrow) of about 1.3 MHz. Fig. 6 shows the complex plane plots of the
data presented in Fig. 5. The experimental points trace a circular arc, and
its depressed center indicates that the underlying mechanism(s) is not so
simple as can be represented by a single relaxation time.

Fig. 7 illustrates a measurement with 1/2x Fischer's medium, the
experimental condition being otherwise similar to that of Fig. 5. The
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Fig. 6. Complex-plane plot for the data of Fig. 5. The measuring frequency is indicated on
each point. Abscissae: the real part of complex dielectric constant e*(=¢'—j&"); Or-
dinates: the imaginary part of complex dielectric constant, defined by &’ =(x —K;)so/®

where x; is the limiting conductivity at low frequencies, ¢, is dielectric constant of free
space and o is angular frequency

3 T T 8
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Fig. 7. Plots of dielectric constant (¢) and conductivity {x), as functions of frequency, for a
suspension of L5178 Y cells in 1/2 x Fischer’s medium (the case of 1, =6.60 mS/cm in
Table 2). Solid and dashed lines, as in Fig. 5
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overall appearance of the dispersion curves resembles substantially that
observed with the standard medium (Fig.5) despite an approximately
two-fold difference in the medium conductivity «,,.

Unlike the above measurements, the one with 1/3 x Fischer’s was not
free from time-dependent, significant increases in the suspension con-
ductivity (especially at low frequencies) leading to poor reproducibility of
the bridge measurements. This was probably caused by net ionic leakage
out of cells exposed to such an extreme reduction in the ambient
salt concentration as 1/3. For this reason it was impossible to get any
reliable results in the case of 1/3 x Fischer’s.

Effect of Triton Treatment

In some experiments cells were suspended in a standard medium
containing nonionic detergent, Triton X-100, as a membrane-lytic agent.
Its critical lytic concentration varied between 0.01 and 0.05 9%, when the
cells were incubated for 10min at 25°C, depending upon the volume
concentration and condition of the cells examined. After treatment of the
cells with a critical lytic concentration of the detergent, the so-far-
established pattern of dielectric dispersion disappeared almost com-
pletely, although the definite nuclear structure still remained unaffected
as checked by a high power phase microscopy.

Such a “dispersion-erasing” effect of Triton was observed also in its
critical sublytic concentrations where no appreciable sign of lysis had yet
been detectable in the outermost cytoplasmic membrane and much less
in the nuclear membrane. These facts appear to indicate that it is very
difficult, though not impossible, to carry out a precision measurement
directly on bare nuclei isolated from living cells.

In light of these observations, we tried to estimate the electrical
parameters of the cell interior by inspecting it from outside the limiting
cell membrane with its physiological state maintained as intact as
possible.

Results of Analysis
A) Simulation by the “Single-Shell” Model

An example of the 1 x Fischer’s case is depicted in Fig. 5. The dashed
curves, the best fit in the sense of our criterion expressed previously [8],
represent the e- and k-values that have been predicted through Eq.(1) by
inserting the numerical parameters: ¢,=8.68, ¢, =136, x,=6.33 mS/cm,
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Table 2. Electrical parameters of L5178 Y cells determined by using the “single-shell” model or tt

“double-shell” model

Suspend. medium 1 x Fischer’s 1/2 % Fischer’s Mean +SE
x, (mS/cm) 12.67 11.73 6.60 6.55 6.03

Volume concn, &  0.155 0.150 0.144 0.138 0.162

A) “Single-shell” model

& 8.68 9.60 9.01 8.25 8.60 8.82+0.19
£ 136 137 135 137 131 139 +4

x; (mS/cm) 6.33 7.09 6.08 6.08 6.23 6.46+0.18
B) “Double-shell” model

&, 8.68 9.60 9.01 8.25 8.60 8.82+0.19
K, (mS/cm) 10.7 11.7 10.5 104 10.9 11.0 +£0.2
£, 16 20 22 18 25 19 +2

%, (mS/cm) 9x 1073 10x1072 6x1073 5x10°3% 1x107* 7 £2x10
& 300 300 300 300 250 308 +£20
K, {(mS/cm) 7 9 75 8 9 8 +04
Cy (uF/cm?) 0.96 1.06 1.00 0.91 0.95 0.98+0.02
Cy (uF/cm?) 0.35 0.44 0.49 0.40 0.55 0.4340.03
KK, 0.845 0.997 - - - 0.93%0.04
KifK, 0.65 0.77 0.71 0.77 0.83 0.72+0.04

The parameters employed in the analysis are those of Table1 and e,=77 (observed) throughou
The osmolarity of 1/2 x Fischer’s medium was raised by addition of sucrose to make isosmotic with

x Fischer’s (310 -+ 10 mosm). Temperature, 25+ 1°C. Symbols defined as in Fig. 1.

etc. The systematic deviation of the predicted curves from the experimen-
tal points was not alleviated effectively even after due attention was paid
to the possible contribution of heterogeneity in cell size (Appendix A).
Another candidate mechanism capable of broadening the dispersion
curves might be some distribution of electrical phase parameters, particu-
larly that of x; (cf. Ref. 11); but we shall not refer to it without data in
hand.

A similar trial was made on the 1/2 x Fischer’s case, and the result is
shown in Fig. 7 (dashed curves) and Table 2.

B) Simulation by the “Double-Shell” Model

When based on the “double-shell” model, the fitting improved ap-
preciably as illustrated in Figs. 5 and 7 (solid lines), covering almost all
of the observed points except for those at frequencies in excess of
20MHz The reason for the remaining discrepancy of x in the high
frequency region is not known; it is highly probable, as already noted by
Schwan, Takashima, Miyamoto and Stoeckenius [27], that poor perfor-
mance of the RX-Meter at frequencies above several tens of MHz might
have been responsible. In any case, if small residual deviations as seen in
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Figs. 5 and 7 be permitted, we can successfully assign a plausible set of
numerical parameters to the respective component phases of L5178Y
cell. The results of such trials applied to three separate experiments for
each medium condition are summarized in Table 2.

Of the eight parameters involved in the “double-shell” model, the
outer shell conductivity x, and the cytoplasmic dielectric constant ¢, have
been fixed at 8 x 10~ mS/cm (corresponding to a membrane resistance
of 1kQ cm?) and 77 (=¢,, the observed medium dielectric constant),
respectively. As these values have not been actually determined but
merely assumed for the purpose of calculation, the resulting estimates of
the other phase parameters are inconclusive to that extent. Nevertheless,
the choice of 1kQ cm? for membrane resistance appears not exceedingly
out of proportion with the resistance values commonly encountered in
cell membranes [3, 26]. Moreover, a choice of x,=8x10~°mS/cm
(corresponding to a membrane resistance of 100Q c¢cm?) did not fatally
affect the assignment presented in Table 2. This statement is much more
valid for x,<8 x 10~ " mS/cm (Paper II).

As will be discussed in Paper II, an actual determination of ¢, is
related closely to that of ¢, so that the estimate (g,~300) would have
been changed depending on a choice of ¢, substantially different from 77.
However, we have chosen here a fixed value (¢,=77) as a practical and
reasonable assumption in that the resultant pattern of dispersion curves
was virtually insensitive to changes in ¢, from 30 up to 200 (Paper II)
and in that there has been no available evidence for ¢, to take a high
value as much as several hundreds dielectric unit or more. Hence the
whole body of the assignment given in Table 2 might be acceptable as
being not too unrealistic.

Thus the following is concluded from the results in Table2 (the
“double-shell” model case): (i} the imposed, two-fold difference in the
ambient salinity did not induce any systematic changes in the analyzed
electrical parameters of the lymphoma cell, and (ii) each parameter
averages £,~8.8, g, ~19, g~300, xk,~11, x,~7x 1073, and x,~8 (¥’s in
mS/cm), with some derived data such as C,,~1.0, Cy~0.4 (both in
uF/em?), x,/x,~09 (with x, for 1 x Fischer’s), and x,/x,~0.7. Here, the
specific capacities, C,, and Cy, referring respectively to the cellular and
the nuclear membranes, have been calculated according to the equations:

Cy=¢,60/d (5)

CN= SnSO/dn (6)
where ¢,=8.85x 10~ ® uF/cm.
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Discussion
Comparison of the “Single-Shell” and the “Double-Shell” Models

The results of our curve-fitting as shown in Figs.5 and 7 clearly
demonstrate that the “double-shell” model has an obvious advantage
over the “single-shell” model in explaining the dielectric behavior shown
by the cell population of lymphoid origin. The reason for such relative
inadequacy of the “single-shell” model to the present case may be argued
in the following way>.

The Pauly-Schwan theory (Eq.(1)) for the “single-shell” model is
written, in terms of two Debye-type expressions, as

. Aep deg
(o) 1+ (w1y)?

+&, (7

where Aep and Aeg, are the dielectric increments of P- and Q-dispersions
[8], respectively, 7, and 7, are their relaxation times, and ¢, is the
limiting dielectric constant at high frequencies. Of the two quantities, Ae,
and de,, the latter is assessed, as pointed out previously [8], to be
negligible compared with the former when one considers the conditions
that d/D=80A/13um <1 and x/x,=(8 x 10~ " mS/cm)/(~ 10 mS/cm) <1,
in which all the numerical parameters pertain to the present cell system.
Thus, under these conditions, Eq.(7) reduces to

Aep

SN ECTA ®

suggesting that the major portion of the experimental points should
conform to a curve characteristic of the simple Debye expression like
Eq.(8) if the “single-shell” model were to be a good approximation.
Such a prediction was not realized, however, as illustrated in Figs. 5
and 7 (dashed curves). Even if some distribution of relaxation times, say,
that of a Cole-Cole type [4], is allowed to have taken place (as is
suggested from Fig. 6), the “single-shell” model would not fully account
for the observed dielectric dispersion curves, because if a Cole-Cole type
distribution had been involved then the observed dielectric constants

3 Other lines of argument should include: (i) contributions of intracellular proteins and
protein-bound water, and (ii) the possibility of frequency-dependent membrane parame-
ters. However, we attempt here to focus upon the “shell models” which assume implicitly
that all the parameters involved are independent of frequency and that interfacial
polarization due to the layered structure is solely responsible for the observed dispersion
characteristics.
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should have traced a curve which is symmetric around the point of
inflection (indicated by arrow) in the diagram of & vs. log frequency
(Figs. 5 and 7); this, however, was not the case either.

Taking into account the above together with the structural pecu-
liarity of the cells examined, we adopted the “double-shell” model as a
more favorable tool in analyzing the observed raw data of dielectric
measurements.

Evaluation of the “Double-Shell” Model
and Interpretation of the Analyzed Parameters

&;. The dielectric constant of the outermost phase ¢ is the only one
parameter to which either model gave the same estimate with high
precision. The membrane capacity C,, of 1 pF/cm?, derived from e, is in
full accord with that of various cell membranes [3, 26].

k.. One of the most remarkable features of the “double-shell” model
approach lies in its feasibility of discriminating x, from «, or x,. In fact,
our new approach provided the assignment such as x,=11.0, x,=7
%x107? and k, =8 (all in mS/cm), while the conventional “single-shell” ap-
proach could only provide a crude estimate of conductivity (k; = 6.4 mS/cm)
for the cell interior as an apparently homogeneous phase.

The value of k, turned out very close to that of the physiological
medium used (Table2, x,/x,). This might be possibly related to the
intracellular ion composition of L5178Y cells. Wotring Roti Roti and
Rothstein [30] and Buckhold Shank and Smith [2] describe this cell line
to contain 24-28 mMm Na, 198-205mM K, and 51mm Cl as its major
univalent ions. Although there is no direct evidence for these values to
represent exclusively the cytoplasmic compartment since the analyses
were made with the whole cell, one can still have a rough estimate for the
concentration of osmotically active (free) ions in the cytoplasmic fluid of
about 280 mM, which figure compares favorably with that of the standard
medium (290 mM for 1 x Fischer’s). Hence, subject to an allowance for the
possibility that the cytoplasmic conductivity can be lower (because of
relatively high viscosity and presumedly low ionic activity coefficient in
protoplasm) than would be expected when the analytic concentration
(280 mm) referred to a simple salt solution, our result (x /x,~0.9) appears
to fall within a quite reasonable range. In addition, it is inferred that a
high degree of so-called “sequestration” of ions in the cytoplasmic
compartment is unlikely if it were not for an uneven, cytoplasmic



224 A. Trimajiri, Y. Doida, T. Hanai, and A. Inouye

accumulation of the intracellular ions. This point will be discussed in
relation to an interpretation of the nucleus-related parameter x,.

¢, and x,. Of particular interest is to compare the present results with
those obtained by the microelectrode technique (for review, see Ref. 15).
Loewenstein and Kanno [13, 14], studying the electrical properties of
nuclei from several cell species, have reported that the specific resistances
of nuclear envelope (Ry), with the exception of oocytes (<0.001 Q cm?),
center around 1Q cm? (salivary gland cells), which is considerably lower
than those associated with the cell membrane. Our estimate of Ry for the
lymphoid cell turned out to be 0.6Q cm?, when calculated using k,=7
x10~3*mS/cm and d,=400A, in good agreement with the gland cell
nuclei in the order of magnitude. Such a coincidence appears to support
the general notion that Ry~1Q c¢m? in some somatic cells. As for the
capacitive counterpart Cy, on the other hand, our method gave a value
~0.4 pF/cm? which is nearly one half of C,,, the cell membrane capacity.
This is far smaller than the apparent capacitances calculated from time
constants in gland cell nuclei [13] and rather resembles a figure
(~0.5 uF/cm?) reported on mitochondrial limiting membranes [20].
Loewenstein and Kanno [13] advanced a possible explanation for the
unusually large capacitance (~ 100 uF/cm?); they consider that the
nuclear membrane may be extended by endoplasmic reticulum in the
gland cell. On the other hand, there is a structural analogy between
the nuclear and mitochondrial membranes in that the major portion of
both systems consists of double membranes arranged in series, so that
if each unit of the double membrane system has a capacitance of
~1pF/cm? then the composite capacitance ought to be about
0.5uF/cm? An apparent discrepancy between our result and that of
Loewenstein and Kanno [13] might be due to different techniques as
well as different cell species employed.

In order to correlate ¢, and x, with the nuclear envelope structure, we
attempted a calculation based on a model (Fig.8) in which a
“membrane-covered” portion is in parallel with lumped “pores” that
occupy an areal fraction f over the entire nucleus surface. By using the
notations defined in Fig. 8 and neglecting the possible interaction be-
tween neighboring pores [12], the complex dielectric constant of the
overall envelope is expressed as

ef=fet,. +(1—f)éen ©)
and i 25 5
S*H =‘8Tm+f£ (10)
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Fig. 8. Schematic profile of the nuclear envelope of L 5178 Y cells. The overall envelope is

composed of two layers of unit membranes separated by “cisterna” and perforated by
“pores”

where asterisks (*) denote the respective complex quantities defined, for
example, ¥ =¢,+K,/jwe,, and ¢, . stands for the composite dielectric
constant of the “membrane-covered” area. The final expressions deduced
from these relations on the reasonable assumption that ¢,=¢, x,
=Ky LKy, and 0,,=d, together with the numerical results for ¢, and «,
(Table 2), are written (for derivation, see Appendix B) as

€pore=22—2.8/f (11)

K pore(in MmS/cm) =(7.2 x 107 %)/f. (12)

Recalling the constraints that ¢,,,>1 and 0< f<0.60 (f=0.60 means
the closest packing), onc obtains, as a requirement from Egs.(11) and

(12),

1 <Epore <17 (13)
0.012 <Ko, <0.055 (in mS/cm) (14)
0.13 < f<0.60. (15)

Now, with the aid of electron micrographs (Fig. 4), another estimate
of f, the pore fraction, is made as follows. Fig. 4 shows that the pore
diameter averages 1000 A with a minimum center-to-center distance of
1500 A. If we assume a hexagonal distribution [29] for the pores in
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question, these values give rise to an f-value of 0.27, a result completely
satisfying relation (15). Next, insertion of f=0.27 into Eqgs.(11) and (12)
gives an electrical correlate of the “nuclear pores” such as ¢,,,, ~12 and
Kpore=0.03mS/cm, the latter being two to three orders of magnitude
smaller than k., or x,. Such a result appears to confirm, at least
qualitatively, the finding of Loewenstein and Kanno [13] who for the
first time pointed out the essential role played by the “pore material” in
rendering a diffusion barrier nature to the nuclear envelope.

The interpretation of ¢, ~ 12 remains an open question; at best, it is
conjectured that the nuclear pores might be abundantly filled up with a
certain kind of polymer substance like protein or polysaccharide, or a
combination thereof, either of which has a relatively low dielectric
constant compared with that of water (¢ ~80).

&, and x,. On account of very leaky and fragile nature inherent in the
nucleus envelope [7] any in situ information of the state of nuclear ions,
especially that of small ions such as Na* and K™, has been considered
almost inaccessible by the conventional chemical-analytical or mic-
ropuncture techniques as applied to the nuclei isolated (or semi-isolated)
under an artificial condition. One of the objectives of the present study
was to challenge these difficulties. Indeed, the approach presented above,
albeit immature at present, did disclose some knowledge of the nucleus
interior, that is, ¢,~ 300 and x, ~8 mS/cm.

The determination of ¢ might have been spurious because of its
strong dependence upon the assumed value for ¢, the cytoplasmic
dielectric constant, as stated in Paper II. Moreover, the relative in-
sensitivity of the dispersion curves to changes in ¢, (Paper II) makes the
determination even less convincing. For all these, however, if such an ¢,
should be any indication of karyoplasmic dielectric properties, it is
tempting to correlate the ¢, with the nuclear content of DNA which is
known to have a large dipole moment of 10*-10° Debye [9, 23, 28]. By
using an analytical value for the L5178Y cells (7pg DNA/nucleus)
reported by Defendi and Manson [5] in conjunction with our nuclear
volume data (0.37 pl/nucleus), the order of the DNA concentration in
question is calculated to be 20 g/liter. This figure favors, qualitatively at
least and in case the nuclear DNA plays a role in building up ¢, the
above estimate of ¢, which is apparently higher than that of water®.

4 A recent experiment [23] shows: (i) ¢ of aqueous DNA solutions (concn, 0.1-0.5 g/liter)
amounts to an order of 10°-10% in an ambient univalent salt of millimolar con-
centrations, (ii) ¢ increases with increasing concentration of DNA, and (iii) elevated concen-
tration of added salt decreases ¢ and increases characteristic frequency.
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Last but not of least importance is a brief remark on «,. As seen in
Table 2, our analysis gave a ratio x,/x,~0.7. The most straightforward
interpretation of this value would be such that the total ion activity in
the nucleoplasm is lower by approx. 309 than in the cytoplasm if the
conductivity can be a faithful measure of total ion activity as in an ideal
ionic solution. It should be noted, however, this interpretation does not
necessarily mean that the nuclear compartment contained less ions than
the cytoplasm. Conversely, more excess ions could have been distributed
in nucleus than in cytoplasm just as is the case with many other cell
species (for references, see, e.g., [18]). If so, then the nuclear ions
conceivably underwent a higher degree of “sequestration” than the
cytoplasmic ones”. Such a situation could have occurred as a result of,
say, preferential binding of nuclear cations such as Na®™ and K* to
anionic sites of nuclear macromolecules.

Concluding Remarks

As described above, the assignment as a whole appears fairly reason-
able and realistic. This in turn favors the use of the “double-shell” model
rather than the “single-shell” model as far as the present lymphoid cells
are concerned. It is also indicated that a further refinement of the
dielectric dispersion method would reveal more information about the
cell interior including various membranous structures, the access to
which has been highly limited to date.

We wish to thank Dr. N. Koizumi for valuable suggestions on the bridge measure-
ments and Dr. G. Roy for critical reading of the manuscript. Dr. H. Ozaki’s collaboration
in electron microscopy is gratefully acknowledged.

Appendix A

On assuming that the superposition principle applies to a relationship
between ¢* and differential volume fraction @ (where 2@, =), Eq.(1)
can be extended to include a distribution of size parameter R;’s (R;
=inner radius of particles of class j) as

& —&* -y (e —ed)2ef +&f) + (eX +268) (e —&f)(1 +24/R)) °
ek e 728k +ef)(2eF +eF) +2(eF —e¥)(e¥ —ef)(1+2d/R) 3

@,.

5 As discussed in detail by Pauly and Schwan [22], another factor to retard karyoplas-

mic jon mobility, and hence the conductivity x,, is supposedly a high viscosity of nucleus
interior that contains such a high concentration of nuclear macromolecules.
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Then one may compute ¢ and x for any polydisperse system by using its
size histogram such as shown in Fig.3b. A similar attempt has been
made in our previous paper on synaptosomes [11].

Appendix B
Derivation of Egs.(11) and (12)

By definition, Eq.(9) is rewritten as

K K 1—f)x
&, +- n :fepo"e+£ﬂ+(l_f) Ec _}_w
JeEy Jwey Jwéqg

(B1)

Comparison with respect to the real and the imaginary parts of Eq.(B 1)
gives:

gnzfepore+(1—f)8m-c: (B 2)
anfkpore-i_(l_f)’cm-c'v (B 3)

Similarly, from Eq.(10), we have

Em-c dn _ 28m 5m + Eeist 5cist

81’2'1-6 + (Km-c/w 80) B Sr%l + (Km/('o‘c"O)2 8%ist + (Kcisl/w80)2 ’ (B 4)
Koy _ 2Ky0, Koist Ociet

8’%"" + (Km-C/w 80)2 B 831 + (K:m/(‘OEO)2 aczist + (Kcist/w 80)2 ‘ (B 5)

Our concern here is to obtain the relations at static field since the
parameters are defined as such, so that at w—0 Eqs.(B4) and (B5)
reduce respectively to

Em-c dn _ 2 Em 5m Ecist 5cist

KV%I-C Krzn " K?ist (B 6)
and
d, = & + % (B7)
Km-c Km Keist

On assuming here that k,, <K, as stated in the text, the above two
relations can be approximated by

memin () () ®9

m
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and

K 26, (B9)
Combination of Egs. (B 8) and (B9) gives
Emec = Emn/2 01y (B 10)

By substituting Eqgs. (B 10) and (B 9), respectively, into Egs.(B2) and (B 3),
as well as recalling the assumptions that ¢,=e¢,, k,=k, and §,=d
together with their numerical values listed in Tables1 and 2, we can
finally derive text Eqs.(11) and (12).

Appendix C
Assessment of Dispersion Magnitude for ¢, and x,

Our standpoint throughout this article is such that all the phase
parameters included in the “shell models” (Fig. 1) should be independent
of the applied frequency. It is necessary therefore to assess the magnitude
of variation of ¢, (and of k,), if any, as a function of frequency, in case the
nuclear envelope phase (for which ¢, and «,, stand) is no longer approxi-
mated by a single, homogeneous entity but by a combination of its sub-
structures such as depicted in Fig. 8. In other words, we cannot go into
any details beyond the gross knowledge of &f(=¢,+x,/jwe,) if either or
both of these nuclear envelope parameters should show a strong fre-
quency dependence as a result of subdividing & into &},,, &%, and &%
(see Fig.8).

For the purpose of numerical assessment it is advantageous to rewrite
text Eq.(10) as

& —é& K

* =

Em-e 8h+1+jcof jwey (€1)
where
& = Em Ecist C2
" Ecist + d) (Em - 8cist) ’ ( )
1—¢)e, K, ,—&.; 2
81 . 8}, — (b( ¢)( m "VCist 8L‘1sl Km) =, (C 3)
[gcist + ¢ (8m - 8cist):l [Kcist + ¢ (Km - Kcist)]
Km Kcist

K= (C4

Keist + d) (Km - Kcist) ’
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1 _ ctst+¢( Clst) e
27tf0 cisz+¢( K — cist) o’

T=

(C5)
and
¢ = 5cist/dn . (C 6)

Here, the subscripts, [ and h, refer respectively to the low- and high-fre-
quency limiting values to be attained by that particular portion (“m-c”);
7 is relaxation time; and f, is critical frequency.

Separating the real and imaginary parts of Eq.(C 1),

. &—¢, 1 (COZ’CSO (El—zah)+ .
En-c =] +Hw1)*  joe, 1+(w7)? ! ) (C7)
On the other hand, ¢ is expressed as
& =¢,(0) + K, (w)jwe,. (C8)

Substituting Eq.(C7) into text Eq.(9) and comparing Eq.(C 8) with text
Eq.(9), we finally get the expressions:

8n(a)) fpore (lﬁf)sh (1 f) 1—{—(60’[)2’ (C9)

Kn(@) = fpore +(1 = f) 15,4+ (1 —f)-w—ﬁ(’((—;lf)_z@- (C 10)

Table 3. Frequency-dependent variation of ¢, and x,

K., (mS/cm)  Frequency (MHz) Critical
frequency
0.1 1 10 100 fo (MHz)
£, (@)
10 193 19.3 19.3 18.8 199
1 193 19.3 18.8 17.0 19.9
0.1 19.3 18.8 17.0 16.9 1.99
0.01 18.8 17.0 16.9 16.9 0.199
Kk,(w) in uS/cm
10 7.20 7.21 7.86 59.9
L 7.20 7.27 12.4 294
0.1 7.21 7.73 9.72 9.82
0.01 7.25 7.45 7.46 7.46

g, (), K,(w), and f, were calculated from Egs.(C9), (C10), and (C5) by using: &,,.
=11.8; Kpore =0.0268 mS/cm; ¢, =77; K4, =10, 1, 0.1, or 0.01mS/cm; f=0.269; and ¥
=0.6.
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Now we can calculate the values of ¢, and k, on the basis of the model
shown in Fig. 8. The result is given in Table 3. Note that the «,;,-values
were chosen for probing purpose.

Now it is apparent that subdivision of the nuclear envelope phase
gives rise to slight, but definite, frequency-dependent variation in the
resultant values of ¢, and «x,. However, as far as the present frequency
range (0.1-100 MHz) is concerned, the magnitude of variation is not so
great as to seriously affect our rather qualitative estimates of ¢,,,, and

Kpore g
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