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Determination of intracellular conductivity from electrical
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The intracellular resistivity (conductivity) of cells can be easily calculated with high accuracy from electrical
membrane breakdown measurements. The method is based on the determination of the size distribution of a
cell suspension as a function of the electrical field strength in the orifice of a particle volume analyser
(Coulter counter). The underestimation of the size distribution observed beyond the critical external field
strength leading to membrane breakdown represents a direct access to the intracellular resistivity as shown
by the theoretical analysis of the data. The potential and the accuracy of the method is demonstrated for red
blood cells and for ghost cells prepared by electrical haemolysis. The average value of 180 2-cm for the

intracellular resistivity of intact red blood cells is consistent with the literature.

Introduction

There is an extensive bulk of literature covering
the field of reversible electrical breakdown of cell
membranes [1-5] and artificial bilayer membranes
[6-10]. The possibility of efficiently carrying out
genetic manipulation and fusion of cells (electrofu-
sion, magneto-electrofusion and electro-acoustic
fusion) by means of electrical breakdown has con-
siderably stimulated further research on high elec-
tric field effects on biological and artificial mem-
branes in recent years [4,5,11-16].

In this communication we will be considering a
new application of the electrical breakdown tech-
nique, namely the determination of intracellular
conductivity of cells. The possibility of measuring
this parameter by way of electrical breakdown
measurements was already pointed out by us at an
early stage [17,18] and later confirmed by Akeson
and Mel [19,20]. However, at that time the neces-
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sary equipment was too sophisticated or else the
measurements were too time-consuming,. )

In this paper we shall demonstrate that this
interesting parameter can be determined relatively
quickly and easily by measuring the size distribu-
tion of a cell suspension as a function of the
electric-field strength in the orifice of a particle
volume analyser. Above a critical field strength
which gives rise to electrical breakdown of the
membrane, the distribution is underestimated. The
extent of this underestimation enables direct de-
termination of the internal conductivity of the cell.
The necessary analysers (also known as Coulter
counters) are available in almost every (clinical)
laboratory, so that, generally speaking, measure-
ments of this kind require no new apparatus.

Theoretical considerations

In order to determine the intracellular conduc-
tivity from reversible electrical breakdown mea-
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surements and to perform the associated measure-
ment of virtual volume after electrical breakdown,
1t is necessary to consider in detail the fundamen-
tal equations for the treatment of the problem in
question. The aim is then to demonstrate how the
cell-dependent signals before and after reversible
electrical breakdown can be related to the in-
tracellular conductivity with the aid of these sys-
tems of equations.

According to Velick and Gorin [21], the con-
ductivity, k, of a suspension of cells with an
ellipsoid shape is determined by the following
equation:

2kr 1
k_kl_l—r(Z—abcLa) O

k, k, and k, are the conductivities of the suspen-
sion, medium and cells, respectively. r is the frac-
tion of the total volume occupied by the sus-
pended cells. a, b and ¢ represent the three axes
of the cell, and L, is an elliptical integral.

Eqn. 1 presupposes that the suspended cells can
be regarded as nonconductive (i.e. that their
specific conductivity, k,, is equal to zero) and that
the external electrical field is applied parallel to
the longitudinal axis of the cell. Because of the
high membrane resistance, the first condition is
always fulfilled for virtually all cell types. The
second condition is also fulfilled in the experi-
ments described here, because hydrodynamic
focussing aligns the cells in such a way that their
longitudinal axis is parallel to the field (and to the
direction of the current) [1].

Substituting the conductivities by the corre-
sponding resistivities and solving Eqn. 1 for r
provides the following equation

(p/p1)—1
’ (e/p))—1+ 1 @
p, p; and p, are the electrical resistivities of the
suspension, medium and cells, respectively. f; re-
presents the so-called shape factor which takes
into consideration the different axial ratios of the
ellipsoid. f, is defined by the following equation:

2
h= 3 b, )

Let us now consider a prolate ellipsoid of revo-
lution in the orifice of a particle analyser. The
ratio of the volume of the particle (cell), v,, to the
volume of the orifice, v,, is r =v,/v,. The resis-
tance R of the orifice with a suspended particle is
R =R, +A4R,, where R, is the resistance of the
orifice without particle and AR, is the resistance
change of the orifice caused by a particle. Written
in terms of the resistivities,

p=p +4R,-A/L (4)

" where A is the area and L the effective length of

the orifice, we introduce these parameters into
Eqn. 2 and obtain:

% __AR/R, )
v, AR /R +f

Solving Eqn. 5 for the relative resistance change
provides the following equation:

(6)

If we assume that the change in orifice resis-
tance, AR, is small in relation to the resistance of
the orifice, R,, i.e. that AR, << R, it follows that
AR,/R < f, must also be valid:

AR, %
= 7
R, [ h ( )

Eqn. 7 represents a well-known relationship,
namely that the relative change in resistance
elicited by the presence of a particle in the orifice
of a particle volume analyser is proportional to the
volume of the particle [22,23]. We have already
pointed out that this relationship is only valid for
electrically non-conducting particles.

In the case of electrically conducting particles,
e.g. cells which have undergone electrical break-
down of the cell membrane in the presence of
sufficiently high external fields in the orifice, the
following equation for the conductivity of a sus-
pension of cells applies instead of Eqn. 1 (the
symbols retain their meaning) [21]:

, 2k, = k)




Eqn. 8 is also based on the condition that the
electric field is applied parallel to the longitudinal
axis of the cell. If this equation is again solved for
r and the conductivities are substituted by the
corresponding resistivities, the following equation
is obtained:

e (P/Pl)"l (9)
(o/or)—1+ 2[1-(p/p2)]

2+ abeL,[(p1/p;)-1]

The treatment of electrically conducting cells in
the orifice of a particle volume analyser is based
on the same preconditions as the derivation of
Egn. 5, so that the following equation can be
derived in analogy to Eqn. 6:

A_Ri =ﬁa_ A& + 2[1“(P1 +AR]'A/L)/le )
Ry o\ Ry | 2+ abel,[(py/m2)-1]

(10)

In analogy with Eqn. 7, the assumption that
AR, <R, yields the following:

R_I=U_P.f2 1)

where f, is defined by the following equation:

. 2[1-(P1/P2)]
2+ abcLa[(p‘/pz)-l]

f (12)

The shape factor f, takes into account both the
axial ratios and the ratio of the resistivities of
particles and medium. Apart from the shape fac-
tors, Eqns. 7 and 11 are thus identical. The rela-
tionship given by Eqn. 12 was first derived by
Kachel [24]. Eqns. 7 and 11 represent the key
equations for the determination of the intracellular
conductivities of cells. A comparison of the terms
vpfi (size measurement in the non-conducting
state, i.e. prior to electrical breakdown) and u,f,
(size measurement in the conducting state, i.e.
post-breakdown conditions) should therefore pro-
vide the specific internal resistance of the cells if
the specific resistance of the medium is known.
Under experimental conditions (see below), this
involves measuring the slope of the signal versus
electric field strength (or current in the orifice)
curves before and after breakdown.
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Experimental analysis

We have shown that Eqns. 7 and 11 are gener-
ally valid for the relative resistance change of a cell
in the orifice of a particle volume analyser. The
preamplifier of choice for resistance pulse sizing is
the current-sensing amplifier. A particle in the
orifice will cause this amplifier to produce an
output voltage of (see Ref. 25):

AV=£:—P~R,-:' (13)

o

where i is the current through the orifice and R; is
the feedback resistance of the preamplifier.

If the mean pulse height, AV, of a cell size
distribution is plotted against the current, i,
through the orifice, a straight line is obtained in
accordance with Ohm’s law (see Fig. 1). The
straight line changes its slope at the characteristic
current intensity (or field strength) at which elec-
trical breakdown of the cell membrane occurs.
Above this characteristic current value, current is
able to flow partly through the cell interior, so that
the signal, AV, is reduced. Before breakdown, the
slope of the signal versus current curve is propor-
tional to the volume (see Eqn. 7). After break-
down, the slope of the straight line is determined
by the ratio of the internal conductivity of the cell
to that of the medium. If the conductivity of the
cell is higher after breakdown that that of the
medium, the slope may become negative (Ref. 26,
see also below). If the slope is zero, i.e. if the signal
AV remains constant with increasing current, i,
then the resistivity of the cell interior equals that
of the medium. The two straight lines can there-
fore be described by the following mathematical
expressions:

(1) Pre-breakdown
AV,=f‘v‘" ‘Ry-i (14)

Do

(2) Post-breakdown

_ f2'vp2

av, = R, i+4V, (15)

o

Since the electrically effective volume v, and the
resistance R; are constant and the volume v, of
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the electrically conducting cell is equal to the
volume, v, of the non-conducting cell, the ratio
of the slopes, s, yields:

§s== (16)

i.e. the two shape factors are in the same ratio as
the slopes of the two straight lines. If f; and f,
are substituted by Eqns. 3 and 12, respectively, we
obtain:

5= (1=(p1/p2)](2—abcL,)
2+abeL,[(p1/p2)—1]

17

Solving this equation for the internal resistivity
p, and substituting the term abcL, in this equa-
tion by 2 (2/f,) [21], where f, is the shape
factor of an ellipsoid with its longitudinal axis
aligned in parallel with the direction fo the field,
provides the equation for the resistivity of the cell.

P2=Pl(ls_'_f];+1) (18)

This key equation shows that for any given
resistivity of the suspension medium, the internal
resistivity (or the internal conductivity) of a cell
can be calculated from the ratio of the slopes after
and before breakdown (Fig. 1).

Methods

Sample preparation. Human blood was
withdrawn from apparently healthy donors and
was stored in acid/citrate/dextrose buffer. The
experiments were performed on the same day.

Haemoglobin determination. The haemoglobin
determination was performed using the cyanmeth-
aemoglobin method of Sigma Chemicals Co. (Di-
agnostic Kit No. 525). The resulting blood
haemoglobin values in gm /100 ml were related to
the erythrocyte concentration of the blood yielding
the haemoglobin content in pg per erythrocyte.

Spherical shape. Erythrocytes of spherical shape
were prepared by the procedure of Haest et al.
[27]. For this purpose the erythrocytes were in-
cubated for 20 min in 0.95% NaCl solution con-
taining 75 pg/ml Triton X-100. The transforma-
tion from the biconcave shape into the spherical

shape was inspected under the microscope.

Ghost cell preparation. Ghost cells were pre-
pared by electrically induced haemolysis [28] (see
also Ref. 29). Briefly, red blood cells were washed
and incubated in a solution (sodium phosphate-
buffered KCl solution), pH 7, of the following
composition (in mM): KCl, 105; NaCl, 20; MgCl,,
4; Na,HPO,, 7.6; NaH,PO,, 2.4; and glucose, 10.
The suspension density was 1:10 (packed cells to
solution). An exponentially decaying field is ap-
plied to the cell suspension by discharging a capa-
citor using a spark gap. The electric field strength
was 10 kV /cm and the pulse duration (decay time
constant) was 40 ps. The temperature of the sus-
pension was kept at 4°C. Haemolysis and equi-
libration with the external solution occurs in about
5 min. For resealing of the cells after 10 min the
temperature was raised to 37°C for 30 min. After
resealing, the cells were centrifugated at 10000 X g
for 10 min. For electrical haemolysis in hypotonic
medium the isotonic medium was diluted with
distilled water in the ratio of 3:1 (medium to
water).

Measurement of size distribution. The size distri-
bution of the red blood cells and the red blood cell
ghosts were measured with a hydrodynamically
focussing Coulter counter (Modell TF) [1,30]. The
cells were incubated in isotonic NaCl solutions
with different conductivities. The various conduc-
tivities (or resistances) of the medium were ob-
tained by adding increasing amounts of isotonic

sucrose solution to an isotonic NaCl solution. The

size distributions were measured at increasing cur-
rent through the orifice (field strength) of the
Goulter counter (orifice dimensions: 60 pm in
length and diameter). The resistivity of the sheath
flow was always adapted to that of the medium in
which the cells were suspended.

Results

In order to test Eqn. 18, size distributions of
red blood cells were measured as a function of the
current through the orifice and the mean pulse
heights plotted versus the current. The conductiv-
ity of the medium was changed for each experi-
mental run. If Eqn. 18 is valid, we can expect the
value of the internal conductivity to be indepen-
dent of the external conductivity (because the



membrane is practically impermeable and the
period of measurement is relatively short, so that
there should be no change in the internal ion
composition). The result of a typical experimental
run is shown in Fig. 1A, It is evident that beyond
the point of breakdown, the slope of the straight
line decreases with increasing sucrose concentra-
tion and the associated increase in resistance; in
other words, the extracellular conductivity pro-
gressively approaches the conductivity of the cell
interior.

Fig. 1A also shows that as the resistance of the
solution increases, the current value at which
breakdown occurs is reduced. This is to be ex-
pected on the basis of Ohm’s law, assuming that
the addition of sucrose does not change the
breakdown voltage. This assumption can be con-
firmed by plotting the electric-field strength as the
variable parameter instead of the current (see Fig.
1B). The critical field strength is independent of
the conductivity of the solution, and so is the
electrical breakdown voltage, according to the in-
tegrated Laplace equation [26].
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The calculation of p, on the basis of Eqn. 18
and the experimental data of Fig. 1 are shown in
Table 1. The shape factor had a value of 1.09
which was calculated from the ratio of the axes of
red blood cells [22] taken from photographs using
the method of Kachel [31]. As expected, the specific
resistance of the cell interior is constant within the
limits of accuracy of measurement of 1%. This is
further confirmed in Fig. 2 where the reciprocal
value of the term [s-f,/(1 —s)]+1 has been
plotted against the specific resistance of the
medium. The measured points all lie on a straight
line which passes through zero in accordance with
the theory.

Extrapolation of the straight line to the value
([s- f,/(1 — )]+ 1) ' =1 provides the specific re-
sistance of the external solution which matches the
specific resistance of the cell interior.

In the case of the experiment represented in
Figs. 1 and 2 and Table I, the specific resistance of
the cell is 190 £-cm. Measurements carried out
on 49 different blood samples gave values between
140 £-cm and 220 £ - cm.
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Fig. 1. The effect of increasing resistivity of the suspension medium on the pulse height of size distributions of human red blood cells
measured as a function of the current through the orifice of a particle volume analyser. The different resistivities were achieved by
adding isotonic sucrose solution to an isotonic NaCl solution. Resistivities and final sucrose concentrations: O 0,694 2-cm,
0mM; O O (A)and v v (B), 98.6 £-cm, 90 mM; A A, 120 2-cm, 120 mM; O 0, 145.5 2-cm, 150 mM.
Before electrical breakdown for a given current the mean pulse heights of the size distributions are independent of the resistivity of the
suspension medium. This is because the analyser uses a ‘current-sensing’ amplifier. After electrical breakdown the mean pulse heights
of the size distributions depend on the resistivity of the medium. With increasing resistivities of the medium and therefore higher
resistances in the orifice the electrical breakdown occurs at smaller currents. Nevertheless, the electrical field strength for breakdown
is constant for all resistivities of the incubation medium as demonstrated in (B).
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TABLE I

INTRACELLULAR RESISTIVITY OF RED BLOOD CELLS
CALCULATED ACCORDING TO EQN. 18

The ratios of the slopes were obtained from measurements of
the mean pulse height of a red blood cell population versus the
orifice current. The different resistivities were achieved by
adding isotonic sucrose solution to an isotonic NaCl solution
(Measurements partly shown in Fig. 1).

Sucrose Resistivity of Ratio of Intracellular
concn. the medium, p, slopes, s resistivity, p,
(mM) (§2-cm) (£2-cm)
0 69.4 0.61 187.7
30 77.5 0.57 189.5
60 87.0 0.53 190.9
90 98.6 0.46 190.2
120 120.0 0.35 190.4
150 145.5 0.21 187.6

It was necessary to test whether this variation is
attributable to variations in the haemoglobin con-
tent. It is evident from Fig. 3 that no correlation
between the mean haemoglobin content (related to
pg haemoglobin per erythrocyte) and the intracell-
ular resistance can be found. We were unable to
elucidate the cause of these variations in the inter-
nal specific resistance of red blood cells, but they
must be attributable to different ion concentra-
tions. It is worth mentioning, in this context, that
the variation in the resistance values agrees with
the results of Pauly and Schwan [32].

In the experiments described above, a flow
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velocity was chosen which led to maximum defor-
mation. Maximum deformation leads to an axial
ratio of 3.75 which corresponds to a shape factor
of 1.09. To test whether the measurement of the
intracellular specific resistance might be depen-
dent on the shape, that is on the deformation of
the cells in the hydrodynamically focussing mea-
surement orifice, spherical cells (shape factor 1.5)
were investigated and compared with prolate el-
lipsoids (shape factor 1.09). The spherical shape
was induced with Triton X-100 (see Methods). In
spite of the different axial ratios and associated
shape factors, the same specific resistances were
measured for the cell interior.

In the following set of experiments the validity
of Eqn. 18 was tested on ghost cells because these
cells allow the internal conductivity to be changed
in a controlled manner and because any influence
exerted by haemoglobin can be largely eliminated.
Ghost cells were obtained by electrical haemolysis
in isotonic sodium phosphate-buffered KCl solu-
tion (see Methods). This solution was taken up by
the cells during the resealing process at 37°C, and
had a specific resistance of 63.0 £-cm. Since
haemolysis was carried out at a 1:10 ratio of red
blood cells to medium, 10% of the haemoglobin
remained in the cells [33]. In analogy to the experi-
ments on intact red blood cells, signal versus cur-
rent curves were determined for media of different
conductivities. Fig. 4 shows that after electrical
breakdown, the signal, AV, of the ghost cells also
decreases with increasing current. Since most of
the haemoglobin has been removed, the cell inter-

Fig. 2. The relationship of the reciprocal value
of the term [s-f/(1— s)]+1 in Eqn. 18 to the
resistivity of the medium, p, for the data
presented in Table 1. The resulting straight
line can be extrapolated for ([s-f/(1~—s)]+
1)~ '=1 leading to a value for the resistivity
of the cell interior. The result indicates that
] the measurement of the intracellular resis-
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0 tance can be conducted at any extracellular
resistance.
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ior becomes more conductive than the external
medium at sucrose concentrations as low as 35
mM, so that the slope assumes negative values
after breakdown. The calculation of the internal
specific resistance from the curves in Fig. 4 using
Eqn. 18 is shown in Table 1I. Because the cells
were found to be spherical when inspected under
the microscope and because the flow velocities
used in the experiment should not have deformed
them, the shape factor was taken to be 1.5. Table
II shows that the calculated internal specific resis-
tance is constant within the error limits of 5% and

w
S
T

Mean pulse height (mV)
2

=
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independent of the conductivity of the external
medium. When the values are plotted as in Fig. 2,
the same value is obtained. With 69 £-cm, the
resistivity of the interior of the ghost cells is about
6 £-cm higher than that of the haemolysis and
resealing medium. This was to be expected, since
the cells still contained some haemoglobin which
would act to increase the resistance.

Table III shows the resistivity values de-
termined for ghost cells which were obtained by
electrical haemolysis in a hypotonic sodium phos-
phate-buffered KCl solution (225 mosM, p, = 80

1

0 1 1 1 1 1
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12

Current through the orifice {mA)

Fig. 4. The effect of increasing resistivity of the suspension medium on the pulse height of size distributions of human red blood cell
ghosts measured as a function of the current through the orifice of a particle volume analyser. The different resistivities were achieved
by adding isotonic sucrose solution to an isotonic sodium phosphate-buffered KCl solution. Resistivities and final sucrose
concentration: O O, 634 2-cm, 0 mM; a A, 81.0 2-cm, 50 mM; O 0, 95.9 2-cm, 100 mM. Before electrical
breakdown, for a given current the mean pulse heights of the size distributions are independent of the resistivity of the suspension
medium. This is because the analyser uses a ‘current-sensing’ amplifier. After electrical breakdown the mean pulse heights depend on
the resistivity of the medium. If the cell interior is more conductive than the suspension medium (s, O), the mean pulse height
decreases with increasing current leading to a negative slope of the second straight line.
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TABLE II

INTRACELLULAR RESISTIVITY OF HUMAN RED
BLOOD CELL GHOSTS CALCULATED ACCORDING TO
EQN. 18

The ratios of the slopes were obtained from measurements of
the mean pulse height of a ghost cell population versus the
orifice current. The different resistivities were achieved by
adding isotonic sucrose solution to an isotonic sodium phos-
phate-buffered KCl solution. The shape factor was 1.5.

Sucrose Resistivity of Ratio of Intracellular
concn. the medium, p, slopes, s resistivity, p,
(mM) (2-cm) (2-cm)
0 63.0 0.070 70.1
15 65.6 0.037 69.4
20 67.3 0.018 69.2
25 68.4 0.007 69.1
30 70.0 0.012 71.3
35 71.3 —0.003 71.3
40 72.8 -0.031 69.5
45 73.9 —0.063 67.3
50 75.5 —0.085 66.6

2 - cm). The shape factor was assumed to be 1.09,
since the ghost cells had the same biconcave shape
as intact erythrocytes. In this case, the calculated
internal resistivity was also independent of the
external conductivity. With 71 £ - ¢m, the internal
resistivity value was, however, about 10 £-cm

TABLE III

INTRACELLULAR RESISTIVITY OF HUMAN RED
BLOOD CELL GHOSTS CALCULATED ACCORDING TO
EQN. 18

The ratio of the slopes were obtained from measurements of
the mean pulse height of a ghost cell population versus the
orifice current. The different resistivities were achieved by
adding isotonic sucrose solution to an isotonic sodium phos-
phate-buffered KC! solution. In contrast to the measurements
shown in Table I, here the measurements were performed with
ghost cells of biconcave shape (see Methods). The intracellular
resistivity is therefore calculated using a shape factor of 1.09.

Sucrose Resistivity of Ratio of Intracellular
concn. the medium, p, slopes, s resistivity, p,
(mM) (£2:-cm) (£2-cm)

0 60.7 0.128 70.4
20 66.0 0.078 72.0
40 71.3 0.002 71.3
60 78.3 —-0.120 69.2

lower than the resistivity value of the entrapped
solution (80 £ - cm). The reason for this is that, as
in previous examples, the electrical breakdown
measurements were carried out in isotonic solu-
tions with different conductivities. Since ghost cells
behave like osmometers, there is an efflux of water,
coupled with a reduction in volume, when the
resealed cells are transferred to isotonic solutions.
The volume reduction causes the entrapped ions to
be concentrated and the conductivity to be corre-
spondingly increased (i.e. the resistance is reduced).
Measurements of this kind may well be of interest
in the future, because they are suitable for testing
the quality of ghost preparations (leakiness, etc.),
(see Bodemann and Passow [34]).

Discussion

The results reported here demonstrate that the
internal conductivity and its changes can be accu-
rately measured by means of a particle size
analyser. In principle, it is sufficient to determine
the size distribution of a given cell population at
two different current values before and after
breakdown at a single conductivity value of the
external solution. The results show that the accu-
racy of the measurement is so high that it is
possible to determine the ratio of the slopes of the
signal vs. current curves from the two sets of
measurements before and after breakdown. Given
the short exposure times of the cells in the orifice
at room temperature (pulse duration about 20 us),
the beakdown voltage of most cells is about 1 V
and varies little with the composition of the
medium. Therefore, the current value leading to
electrical breakdown of the membrane can be im-
mediately calculated with the aid of the integrated
Laplace equation and Ohm’s law in order to mea-
sure two distributions before and two after
breakdown. The radius of the cell, which must be
known for the calculation of the critical field
strength on the basis of the Laplace equation, is
determined under the microscope. Likewise, the
shape factor of the cells is also determined under
the microscope by geometrical measurement of the
axial ratio of the cells under investigation. Given
the value for the shape factor and the resistivity of
the solution, it is then possible to calculate the
intracellular resistivity on the basis of Eqn. 18.



This procedure can be automated relatively easily
with the aid of a microprocessor, so that a fast and
reliable (i.e. precise) method of measuring p, is
obtained. With the automated process, a further
simplification of the procedure can be achieved by
measuring and analysing only those signals for the
mean volume, rather than determining the entire
size distribution for each of the four values of the
current intensity (see Figs. 1 and 4).

Difficulties in analysing the data may be en-
countered when determining the intracellular con-
ductivity of cells in a heterogeneous cell popula-
tion with different dielectric breakdown voltages
[35]. In this case, measurements have to be carried
out with the aid of a single particle analyser [17,18]
which enables the signal versus current curves
before and after breakdown to be measured in
individual cells. Finally, we would like point out
that the principle of this technique is very similar
to the impedance method for the determination of
intracellular conductivities [32]. In the case of the
impedance method, the internal conductivity is
measured at high frequencies (about 100 MHz). At
these high frequencies the cell membrane presents
only a very low impedance although it acts as an
insulator at low frequencies. In the procedure de-
scribed here, dielectric breakdown causes the
membrane to be converted to a low-impedance
state.

The intracellular conductivity of a cell and its
change (e.g. during growth or under pathological
conditions) may be of more interest in the future
when more information on different cell species
has been accumulated with the aid of this tech-
nique.
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