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Summary. Cells from three cell lines were electrorotated in media 
of osmotic strengths from 330 mOsm to 60 mOsm. From the field- 
frequency dependence of the rotation speed, the passive electrical 
properties of the surfaces were deduced. In all cases, the area- 
specific membrane capacitance (C,~) decreased with osmolality. 
At 280 mOsm (iso-osmotic), SP2 (mouse myeloma) and G8 (hy- 
bridoma) cells had Cm values of 1.01 -+ 0.04/xF/cm 2 and 1.09 
-+ 0.03 tzF/cm 2, respectively, whereas dispase-treated L-cells 
(sarcoma fibroblasts) exhibited Cm = 2.18 -+ 0.10 ttF/cm z. As the 
osmolality was reduced, the Cm reached a well-defined minimum 
at 150 mOsm (SP2) or 180 mOsm (G8). Further reduction in 
osmolality gave a 7% increase in C,,, after which a plateau close 
to 0.80 ~F/cm 2 was reached. However, the whole-cell capacities 
increased about twofold from 200 mOsm to 60 mOsm. L-cells 
showed very little change in Cm between 280 mOsm and 150 
mOsm, but below 150 mOsm the Cm decreased rapidly. The 
changes in Cm correlate well with the swelling of the cells assessed 
by means of van't Hoff plots. The apparent membrane conduc- 
tance (including the effect of surface conductance) decreased with 
Cm, but then increased again instead of exhibiting a plateau. 
The rotation speed of the cells increased as the osmolality was 
lowered, and eventually attained almost the theoretical value. 
All measurements indicate that hypo-osmotically stressed cells 
obtain the necessary membrane area by using material from mi- 
crovilli. However, below about 200 mOsm the whole-cell capacit- 
ies indicate the progressive incorporation of "extra" membrane 
into the cell surface. 
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Introduction 

Many wall-less cells are capable of withstanding an 
osmotic shock by means of large and rapid changes 
in surface area. This response is of physiological and 
biotechnological, as well as of biophysical interest. 
Thus, desert animals must be able to undergo consid- 
erable fluctuations in the osmolality of their body 
fluids without damage. In plants, the changes in area 
of the plasma membrane that result from cellular 
dehydration and subsequent rehydration during 
freezing and thawing may contribute to cell death 

[39]. Osmotic shock is also useful in the production 
of hybrid cells via electrofusion (see below). 

The increase in apparent surface area after a 
hypo-osmotic shock requires one or more of: (i) a 
"stretching" of existing planar membrane (but this 
can only give a few percent area increase, at least in 
erythrocytes [30]); (ii) the unfolding of nonplanar 
areas of plasma membrane (such as microvilli [28]); 
(iii) the almost instantaneous production of "extra"  
plasma membrane, presumably by reutilization of 
internal membranes or by mobilization of stored 
membrane. 

In order to distinguish between these mecha- 
nisms, measurement of the electrical charging-time 
of the plasma membrane seems to be a promising 
approach. The membrane time constant (~-) increases 
with cell radius, membrane capacity, and with other 
factors whose importance depends on the suspen- 
sion medium conductivity [9, 31, 35-37]. In very low 
conductivity media (30/zS/cm or less) the internal 
conductivity is usually high enough that it is to be 
neglected [9, 40], but the membrane conductivity 
and/or the surface conductance exert significant in- 
fluence on ~" [9, 24, 35]. These parameters can be 
expected to change in characteristic ways according 
to how the membrane area increases. Indeed, inter- 
esting data on the membrane capacity of hypo-os- 
motically stressed cell populations have been ob- 
tained from impedance spectroscopy [11]. However,  
the membrane time constant may also be measured 
by electrorotation [2-10, 18-22, 32, 35-37], which 
has some advantages here. Thus, measurements of 
rotation speed can also give information on the hy- 
drodynamic resistance of the cell (which should be 
affected by the presence of membrane folds or villi). 
In addition, this single-cell method can directly de- 
tect changes in the heterogeneity of the population 
(which are expected in response to stress). 

Electrorotational investigation of cellular os- 
motic response has been carried out on an insect ova 
cell line [17]. The recent finding that production of 
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hybridoma cells by electrofusion is enhanced when 
the fusion is carried out after a severe hypo-osmotic 
shock [1, 16, 27, 34, 41] encouraged this study of 
myeloma and hybridoma cells. These are suspen- 
sion-cultured cells; work on surface-dependent cells 
(fibroblasts) is included for comparison. Some pre- 
liminary results of this work have been presented 
elsewhere [4]. 

Materials and Methods 

CELLS 

We used the murine myeloma (nonsecreting) cell line SP2/0-Ag14 
[38], the murine hybridoma cell line G8, and L-cells (murine 
fibroblasts [15]). The G8 line is itself a product of the fusion [34] 
of splenic B lymphocytes (from C57B1/6 mice) to SP2/0-Agl4 
cells. SP2 and G8 cells were cultured in RPMI 1640 medium at 
37~ under 5% CO2 (for details, see [41]). Every 2-3 days, the 
cell suspensions were diluted 1 : 10 with growth medium, in order 
to keep the cells in the log phase. Measurements were made on 
cells one day after such a 1 : 10 "split ." 

L-cells were cultured under conditions similar to those of 
SP2 and G8 cells. They were detached from the culture flask 
with 0.01% dispase (Boehringer Mannheim, No. 241750) in RPMI 
without phenol red (37~ for 1 hr). In order to remove the enzyme, 
the cells were subjected to three wash cycles (centrifugation at 
150 x g and removal of the supernatant) with RPMI. 

PREPARATION OF CELLS FOR ROTATION 

Before use, all cells were washed 2-3 times with inositol (Serva, 
No. I-5125) solutions of the required osmolality (60 to 330 mOsm). 
The conductivity of the inositol solutions did not exceed 5/xS/ 
cm. In the case of L-cells, inositol solutions contained 0.5 mg/ml 
of BSA (bovine serum albumin, Serva, No. 11924); 0.2 M HEPES- 
KOH (Serva, No. 25245, pH 7.4) was used to adjust the conduc- 
tivity to that desired. Conductivity and osmolality of the solutions 
were measured by means of a digital conductometer (Knick, 
GmbH, Berlin) and a cryoscopic osmometer (Osmomat 030, Go- 
notec GmbH, Berlin), respectively. 

ELECTROROTATION APPARATUS 

The rotation chamber [10] is open at the top for rapid sample 
replacement, and requires an inverted microscope and (for opti- 
mum resolution) a 100 x oil-immersion objective. Cell radii were 
determined with a calibrated ocular micrometer. One filling of the 
chamber (10/xl) allowed measurement of 3-6 cells. 

The determination of the apparent membrane conductivity 
(GA) and capacity (C,,) requires measurements at different exter- 
nal conductivities (about 10, 20, 30 or 40 p~S/cm), which can be 
assumed to be negligible compared to the cells' inner conductiv- 
ity. Since the field is inhomogeneous in the neighborhood of other 
cells or of the electrodes, only lone cells near the center of the 
chamber were measured. Conductivity within the chamber was 
monitored between measurements by the automatic connection 
of a conductometer to two opposite electrodes. 
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Fig. 1. Dependence of the solution viscosity on the osmolality of 
inositol solutions at different temperatures. Each point (filled 
circles) represents the mean value from at least three measure- 
ments. The values for water (open circles) were obtained from 
Ref. [14] and were used to calibrate the apparatus. The data 
provide good fits to linear functions (solid lines). 

The measurements of the field frequency inducing fastest 
cell rotation (fc) were performed by the contra-rotating fields 
technique [2, 8-10], which permits accurate and rapidfc determi- 
nation. 

In some cases, measurements of the rotation speed at thefc  
were also carried out. After determination of the fc,  a single 
continuous field was applied, and 10 revolutions of the cell were 
timed with a stopwatch. The field strength of 60 V/cm gave the 
optimum rotation speed for visual observation. Rotation spectra 
were stored and evaluated with a videorecorder as before [9]. 
Measurements were carried out at room temperature (24-26~ 

VISCOSITY MEASUREMENTS 

In order to allow for the effect of medium viscosity on cell rotation 
speed, measurements of the viscosity of inositol solutions were 
performed by means of a falling-ball viscosimeter (HAAKE 
GmbH, Berlin) at three temperatures (16, 21 and 26~ Literature 
values [14] for the viscosity and density of water were used for 
calibrating the apparatus. The dependence of the viscosity of 
inositol solutions on their osmolality is shown in Fig. 1. 

ROTATION THEORY 

Electrical Parameters of  Cells and Media 

The electrical properties of isotropic media are well described 
by the conductivity o- (typical unit: ~S/cm) and the absolute 
permittivity e (F/cm). On the other hand, the properties of effec- 
tively two-dimensional structures such as membranes (subscript 
"m")  can helpfully be quoted as area-specific quantities: mem- 
brane conductivity Gm (mS/cm 2) and membrane capacity Cm (b~F/ 
cruZ), see Eq. (2) and Eq. (10). In contrast to o- m and e~, values 
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for Gm and Cm can be derived without accurate knowledge of the 
membrane thickness. 

A further parameter that is useful when considering micro- 
scopic objects in dilute aqueous media is the surface conductance 
Ks (nS or/xS). Ks describes the conductance of an ideally thin 
surface layer of conductivity o- s and thickness d: 

lim 
K s d=o d '  crs. (1) 

Typical observed rotation speeds for particles of cell size in 
aqueous media are a few ):evolutions per second, and they are 
determined by the balance between torque and viscous drag. 
Therefore, the hydrodynamic Reynolds number is not exceeded, 
and laminar flow is expected. For a Newtonian fluid such as 
water, the hydrodynamic drag N on a smooth sphere rotating 
with a speed f~ (radian/sec) is [29]: 

N = 8 .Tr. a3.~ .12 (4) 

The significance of a thin layer is that it has no effect on 
radial charge transport, only on tangential. Layers which contain 
increased amounts of mobile ions (such as the ionic double layer, 
the glycocalix, and some cell walls) can be reasonably approxi- 
mated to surface conductances as long as their thickness does not 
exceed 10% of the particle radius [A.H. Jfiger, W.M. Arnold, and 
U. Zimmermann, in preparation]. The effect of this tangential 
conductance is to add to the radial, transmembrane conductivity 
(for diagrammatic representation see [24]) to an extent which 
depends heavily on the radius a. According to [9, 35]: 

G A - G m + (2Ks/a2). (2) 

In a weakly conductive medium, the contributions of G m and 
of Ks to the GA of typical cells are expected to be of similar 
magnitude [35, 36]. They differ only in their dependence on the 
cell radius, so that separate evaluation of Gm and Ks by means of 
electrorotation is impossible (unless data from similar cells of 
various radii are available, see [24]). Direct measurement of K s 
values is possible when the radial conductivity is negligible. Thus 
electrorotation could be used to show that the K s values of poly- 
styrene latex particles are within the range 0.2 to 2.1 nS [6]. On 
the other hand, determination of Gm alone is possible with very 
large cells (such as oocytes, a = 54 tzm, [5]), because the second 
term in Eq. (2) is negligible when a is large. 

At least for initial purposes, the properties of all constituent 
parts of cells and media are assumed not to change over the 
frequency range used for rotation (in this work, 4-20 kHz). 

T h e  M e c h a n i s m  o f  R o t a t i o n  

A rotating electrical field of a frequencyfapplied to a suspended 
cell will generate a rotating dipole within the cell. The interaction 
of the cell dipole with the rotating field produces a torque and 
therefore results in rotation. The rotation speed and direction 
depend on the frequency of the rotating field and on the electrical 
properties of the medium, cell membrane and cytoplasm [9, 
18-22, 33, 36, 37, 40]. Living cells exhibit both anti- and co-field 
electrorotation, in response to kHz and MHz frequency ranges, 
respectively. For a cell model consisting of a conductive interior 
surrounded by a single insulating membrane, with no other 
sources of dispersion present, the frequency-dependence of the 
rotation speed (12) should be (see e.g., [21]): 

(where a is the cell radius and "O is the dynamic viscosity). In the 
steady state, this can be equated with the electrical torque, so 
that 12 is predicted to be [6, 9]: 

12(f) = - U~'f) " s" E2/2~ (5) 

where E is the field strength, s is the absolute permittivity of the 
medium, and UI~ ) represents the frequency-dependent, phase- 
delayed polarizability of the cell with respect to the medium. 
(UI~c~ is the imaginary part of the Clausius-Mossotti factor, U(~ I 
[6, 9], the real part of which determines the dielectrophoretic 
force [13, 32]). The possible range of speeds is determined by 
the properties of UI)): -0.75 -< UI) ) _< 0.75. As expected from 
Eq. (3), the peak values of l~(f) and of UI~ ) are reached in response 
to the frequency f. .  We use observations of peak 12 and Eq. (5) 
to calculate experimental peak values (U~xp) of U~).~. 

As U(~) is a polarizability, it (and therefore U~))) can also 
be calculated from the electrical properties of the cell, if these 
are available. For the kHz-range rotation, which is driven by 
membrane charging, this theoretical value at thefc (U't~e) is given 
by (Eq. 37 of [36], modified to include the effect o f K  s by substitu- 
tion of GA for Gin): 

U't~ e = 0.75/(1 + 2pi/Po)[1 + aGA(pi + 0.5po)] (6) 

where Pi = 1 / o i  and 0o = 1/Oo are the internal and external 
resistivities, respectively, a is the cell radius and GA is the appar- 
ent membrane conductivity (see Eq. (2) above). If % ~ o'i, Eq. 
(6) becomes: 

UI~ e = 1.5/(2 + aGA/Cro). (7) 

In this work we compare peak values of U", derived from the 
experimental cell speeds measured at thefc, with those calculated 
from the re-derived electrical parameters. The results enable us 
to examine the assumption, made in order to use Eq. (4), that we 
are dealing with a hydrodynamically smooth sphere. 

D e v i a t i o n  o f  P l a s m a  M e m b r a n e  P a r a m e t e r s  f r o m  
R o t a t i o n  D a t a  

12 = 2A(f/fc)/(1 + (f/f~)2) + 2A2( f / f J / (1  + (f/f~2) 2) (3) 

where A, A 2 are the amplitudes, and f . ,  re2 the characteristic 
frequencies of anti-field (A is negative) and co-field (A 2 is positive) 
rotation, respectively. At the rather low medium conductivities 
used, the two peaks are widely separated. The co-field peak lies 
at rather high frequencies and was not measured in this work, 
because only the anti-field peak yields information on membrane 
properties. 

An ideal, flat, membrane in an electrolyte can be viewed electri- 
cally as a parallel-plate capacitor of thickness d and absolute 
permittivity e, and capacity (capacitance per unit area) C,,,,: 

Cm,, = e/d. (8) 

This is also a very close approximation for a spherical- 
shell membrane ifa >> d, so that this equation is commonly applied 
to cell membranes. However, the plasma membrane of many 
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cells is not smooth: it possesses bulges, folds or microvilli [28]. 
Therefore, the true membrane area of a cell at physiological 
osmolality can be much greater than expected from its radius. 
The apparent membrane capacitance Cm (based on the apparent 
area, 4~-a 2) will be increased, say by a factor X: 

Cm = X" Cmu ( 9 )  

and similarly for Gin. If the membrane irregularities have a radial 
length that is small compared to the cell radius, then X is also the 
ratio between true and apparent areas. 

The apparent quantities Cm and GA can be extracted from 
studying the variation, with medium conductivity (o-o), of the 
characteristic frequency of anti-field electrorotation (fc), because 
this rotation is due to the charging of the plasma membrane. The 
theory of single cell electrorotation gives the following relation- 
ship between these quantities1: 

f , ' a  = O-o/(~Cm) + aGA/(2~rCm) (10) 

This assumes that ((7" m " ~  (7" o ~ O' i )  , where o- i and o- m are the 
intracellular and membrane conductivities, respectively. 

The parameters Cm and GA are extracted by linear regression 
o f f  c �9 a values against the values of o- o in which they were mea- 
sured (see Figs. 4 and 5). The regression yields values for the slope 
(B) and fc" a-intercept (A), which give the required parameters: 

Cm = 1/TrB (11) 

and 
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Fig. 2. Dependence of the cell volume of SP2 (�9 G8 (A) and 
L (T) cells on the reciprocal osmotic pressure (l/P). Osmotic 
pressure was evaluated according to P = c �9 R- T, where c is the 
osmoticum concentration, R is the gas constant, 8.314 
J - K  -1. mol -I, T is the absolute temperature (298 -+ 1 K). Cell 
volume was calculated from the mean cell radius assuming the 
cells to be spherical (V = 4~-a3/3). SP2 and G8 cells show the 
opposite form of nonlinear dependence on 1/P from that of L- 
cells. 

GA = 2~ACm/-d 

where S is the mean radius of the typically 40-80 cells. 

Statistics 

(12) 

Results are usually quoted as means and standard errors (sz). 
Tests of significance between groups of results used Student's t- 
test, after testing for equal or unequal variance. Most statistics 
were performed with the program Fig. P, v.6.0 (Biosoft, Cam- 
bridge, GB). 

Results 

OSMOTIC SWELLING 

Cells of both suspension cell lines (G8 and SP2) 
showed a remarkable ability to at least double their 
apparent surface area (without rupture), in response 
to hypo-osmotic shock. The radii of those cells mea- 

[ We consider f~. a instead offc because this removes the 
large influence of the cell radius on the results (the term in o-o/ 
(zrCm) usually dominates). This improves the resolution of the 
method when applied to a size-heterogeneous cell population. 
The radius of every cell is measured at the same time as its f~. 

sured during the course of electrorotation were as- 
sessed. 2 

SP2 cell radius was 7.1 + 0.1/xm (280 mOsm), 
increasing to 10.3 +- 0.1 /~m at 60 mOsm. G8 cells 
were consistently larger: 7.3 -+ 0.1/xm (280 mOsm) 
and 11.0 -+ 0.5 /zm (60 mOsm). L-cells (radius 
7.2 + 0.2 /zm at 280 mOsm) were not so osmo- 
tolerant, and were converted to flaccid "ghosts"  
by 60 mOsm media. Provided that 0.5 mg/ml BSA 
was present, 150 mOsm media did not cause this 
problem. However, the number of apparently 
turgid, spherical cells decreased to 50% at 100 
mOsm (mean radius 11.9 -+ 0.4/zm) and to 5-10% 
at 75 mOsm. 

To analyze the swelling behavior, we plotted 
cell volume (V) against the reciprocal of the me- 
dium osmotic pressure (van't Hoff plot). The cell 
volumes were calculated (V = 4~'. a3/3) from the 
radius data. Cells which behave as ideal osmomet- 
ers should give linear van't  Hoff plots, but in all 
cases they were nonlinear (Fig. 2). Although the 
initial parts of the plots for SP2 and G8 cells can 
be approximated to linear functions, we have not 
shown this in Fig. 2. (The main result of such an 

2 These are means - SEM of the groups of 60-80 cells, as in 
Figs. 6-8. 
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exercise, a value for the nonosmotic volume, was 
found to be critically dependent in magnitude and 
sign on the number of points included in the 
regression.) However, the plots do show that the 
SP2 and G8 cells on the one hand, and the L-cells 
on the other, exhibit opposite forms of nonlinear- 
ity. In highly diluted media, SP2 and G8 cells 
have smaller volumes, whereas L-cells have larger 
volumes, than expected from a linear van't Hoff 
plot. In the isotonic and slightly hypo-osmotic 
range, L-cells show only a slight dependence of V 
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Fig. 3. Rotation spectra of  SP2 cells in media of different osmolal- 
ities: 280 mOsm (filled circles), 185 mOsm (triangles) and 75 
mOsm (open circles), but of  the same conductivity (20 _+ 1 IzS/ 
cm). Each spectrum is the mean obtained from 3-6 cells, the radii 
o f  which were (mean _+ SE) 10.3 --+ 0.3 p.m (n = 6), 8.1 • 0.2 txm 
(n = 3) and 6.5 -+ 0.1/xm (n = 3), respectively. The field frequency 
was decreased in ~/2 :1  steps from 3.277 MHz to 70 Hz at a 
constant  field strength of  90.2 V/cm. The various curves show 
best  fits of  Eq. (3) to the experimental points: the Table shows 
the fitting parameters.  

on reciprocal osmolality. The volume response of 
L-cells to hypo-osmotic stress is similar to that 
found for human erythrocytes [30]. 

ROTATION SPECTRA 

Rotation spectra of SP2 cells at three medium osmol- 
alities are shown in Fig. 3. At the low conductivity 
used here (o- o = 20 ~S/cm) the fastest anti-field 
rotation was induced by field frequencies of about 
10 kHz. Field frequencies above I MHz gave co- 
field rotation, whose peak was not reached in our 
experiments. Nevertheless, the size and frequency 
of this peak (A 2 and fc2 in the Table) could be esti- 
mated by fitting the data to Eq. (3). Judging by the 
correlation coefficients, Eq. (3) provides at least a 
very good approximation to the data. 

D E P E N D E N C E  OF THE A N T I - F I E L D  P E A K  

FREQUENCY ON M E D I U M  C O N D U C T I V I T Y  

The linear relationship between thefc �9 a of anti-field 
rotation and the medium conductivity (O-o) predicted 
by Eq. (10) was observed (Figs. 4 and 5). Experimen- 
tal data are plotted either as: (Figs. 4A and 5A) indi- 
vidual f ,  �9 a values, or else (Figs. 4B and 5B) as mean 
of fc 'a  values from 16-20 f c .a  values measured 
at closely similar conductivities. This abandons the 
single cell resolution but provides a better test of 
linearity of the relationship between f~. a and o- o. 

In medium of osmolality 60 mOsm, swollen 
spherical G8 cells (Fig. 4A) showed remarkably uni- 
formfc �9 a values, so that standard deviations do not 
exceed 5% of the meanfc �9 a values (Fig. 4B). Similar 
results were obtained on SP2 cells (data not shown). 
Neither G8 nor SP2 cells were quite spherical in 

Table. The parameters obtained by fitting Eq. (3) to the experimental rotation spectra given in Fig. 3 

Osmolality Mean f~ Mean f~f  A A2 a 
mOsm (95% confidence limits b) rad/sec rad/sec 

kHz MHz 

75 9.52 4.7 - 17.1 5.1 0.9993 
(9.33-9.72) (3.6-6.3) 

185 9.16 3.6 - 13.8 2.3 0.9988 
(8.92-9.41) (2.4-5.6) 

280 10.77 6.5 - 12.4 2.5 0.9946 
(10.14-11.43) (0.6-70) 

a "Ext rapo la ted"  value: the co-field characteristic frequency f~2 was never reached with freshly pre- 
pared cells, so that a large uncertainty in the estimate is to be expected. However ,  it is clear that 
fc2 ~> fc, as required in order  to use Eq. (10). 
b It is appropriate to form the 95% limits on the logarithmic frequency data. Hence,  they are not 
symmetrical about the best  estimate, especially when the uncertainty is large. 
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Fig. 4. Primary electrorotation data on G8 cells (SP2 were qualita- 
tively similar) in inositol media of different osmolalities. The 
frequency of the outer electrical field, which induced the fastest 
cell rotation (f~), the cell radius (a) and the medium conductivity 
were recorded for each cell. The numbers near the lines indicate 
the medium osmolalities in mOsm. In (A), each cell is represented 
by one symbol, which gives rise to considerable overlapping (48 
and 72 cells were measured in this example in media of 310 and 
60 mOsm, respectively). Each symbol in (B) represents a mean 
f~. a value from 16-20 cells measured at closely similar conductiv- 
ities; standard deviations of the ( f .  a) values depicted in the 
figure did not exceed 12-16% of the means under isotonic condi- 
tions and were significantly lower (4-5%) when the measurements 
were carried out in strongly hypo-osmotic media. The lines plot- 
ted in the figure are least-square approximations to the data 
shown. The slopes and f . .  a-intercepts obtained from the mean 
values in (B) were used to calculate the membrane parameters C,, 
and GA (Eqs. (10-12)). In all cases the correlation coefficient 
exceeded 0.995, justifying the use of Eqs. (10-12) for this data. 
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Fig. 5. Primary electrorotation data on L-cells. (For details, see 
legend to Fig. 4). In (A), each cell is represented by one symbol 
(48 cells were measured in each medium, osmolalities 100 and 
280 mOsm). Each symbol in (B) represents a mean f~.a value 
from 16 cells measured at closely similar conductivities. In hypo- 
osmotic conditions, standard deviations of the ( f . .  a) values were 
about 30% of the means, significantly higher than those measured 
on SP2 or G8 (Fig. 4) cells. Despite this, the mean values show 
exactly the theoretical and linear dependence on medium conduc- 
tivity. 

above) did not rotate, indicating that their mem- 
branes had been perforated.  Despite the scatter of  
the individual measurements ,  the mean data from 
those cells that could be measured at 100 mOsm 
still showed a highly linear dependence  on medium 
conductivity (Fig. 5B). This was not usually the case 
at 75 mOsm (no measurements shown). 

media of 250-330 mOsm, and it was more difficult 
to measure t h e i r f  c values than those of  hypo-osmoti-  
cally t reated cells. There  was also a comparatively 
large scatter of the fc.a values (SD about 20%) in 
these more physiological media. 

A completely opposite pattern was seen in the 
case of L-cells. Standard deviations did not exceed 
12% of  the m e a n f  c �9 a in isotonic media (Fig. 5), but 
increased to 30% at 100 mOsm. The flaccid " g h o s t "  
cells that appeared at 100 mOsm and below (see 

C m AND G A AT DIFFERENT 
M E D I U M  OSMOLALITIES 

Cm and GA were calculated according to Eq. (11) and 
(12), using the mean f t .  a procedure  (as in Figs. 4B 
and 5B). At a given medium osmolality the gradients 
were remarkably reproducible,  while the reproduc-  
ibility of the fc" a-intercept was not as good. 

The data so derived for SP2 and G8 cell mere- 
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Fig. 7. Dependence of (A) the specific membrane capacity (Cm) , 

(B) the apparent membrane conductivity (GA) and (C) whole- 
cell capacitance (Co) of G8 hybridoma cells on the osmolality 
of the external medium. The data are the means and standard 
errors from the following numbers of determinations (as shown 
in Figs. 4-5): 3, 8, 5, 3, 9, 5, 3, 13 and 4 at medium osmolali- 
ties 60, 75, 100, 125, 150, 185, 220, 280 and 320 mOsm, re- 
spectively. 

branes are shown in Figs. 6A, B and 7A, B. Hypo- 
osmolality induced qualitatively similar alterations 
to the Cm values in the plasma membranes of  these 
cell lines. For  SP2 cells the Cm value decreased at 
first gradually from 1.05 -+ 0.02/zF/cm 2 (330 mOsrn) 
to 1.01 -+ 0 .04 /zF /cm 2 (280 mOsm, physiological) 
and then more rapidly to 0.77 _+ 0 .02 /zF/cm 2, the 
minimum value (at 185 mOsm). A small step to 150 
mOsm caused a rise to 0.83 -+ 0 .02/zF/cm 2 (signifi- 
cantly different from 185 mOsm, P = 0.077). Use of 
more hypotonic media down to 60 mOsm caused 
little further change. 

In the case of  G8 cells the Cm decreased rapidly 
from a rather higher initial value (1.27 --- 0.08 ~F/  
cm 2 at 320 mOsm) through 1.09 _+ 0 .03 /zF/cm 2 at 
the physiological 280 mOsm to a minimum value 
of 0.77 -+ 0.01 /zF/cm 2 at 150 mOsm. As with SP2 
cells, the Cm rose slightly on the hypotonic side 
of the minimum (0.83 - 0 .01/zF/cm 2 at 125 mOsm, 

significantly different from Cm~50, P < 0.005), to 
remain approximately constant (0.80 + 0.03 t~F/ 
cm 2) at lower osmolalities (from 125 to 60 mOsm). 
Measurements at osmolalities higher than 320-330 
mOsm were not practical because the cells were 
not spherical enough for electrorotat ion mea- 
surements. 

It is interesting that, for both SP2 and G8 cells, 
the whole-cell capacitance (Cc, the product  of  cell 
area S and C,,): 

C c = S .  C m ~ 4~-a 2. C m (13) 

remained almost constant until just  before the point 
of minimum C m was reached,  after which it started 
to increase. 

The dependence of the Cm of  L-cells on medium 
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(B) the apparent membrane conductivity (GA) and (C) whole- 
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medium. The dashed lines indicate that, below 150 mOsm, we 
may have been dealing with a selected subpopulation of L-cells 
(see text). The data are the means and standard errors from the 
following numbers of determinations (as in Figs. 4-5): 3, 2, 6, 3 
and 5 at medium osmolalities 100, 125, 150, 200 and 280, respec- 
tively. 

osmolality (Fig. 8A) was very different from that of 
SP2 or G8 cells. Although the value at 280 mOsm 
(2.18 + 0.10/zF/cm 2) of the fibroblast line was much 
higher than those of the myeloma and hybridoma 
lines, decrease of the osmolality had very little effect 
until about 150 mOsm was reached. Below this os- 
molality the Cm decreased rapidly. At the lowest 
osmolality that gave cells of reasonable quality (100 
mOsm), the Cm was 0.97 -- 0.06/~F/cm 2. This does 
not necessarily mean that the minimum Cm of L-cells 
is higher than that of SP2 or G8 cells (0.77 /xF/ 
cm 2) because the scatter between the L-cells at this 
osmolality is so large (Fig. 5) that the true minimum 
value will be appreciably lower than the mean value. 

As discussed above (see Osmotic Swelling), the 
measurements of L-cells at 125 mOsm and 100 
mOsm are of a small percentage of survivors of the 
osmotic shock. These possibly represent not the av- 
erage L-cell, but some small (osmo-resistant?) sub- 

population. Dashed lines are used to connect these 
data points in Fig. 8 in order to draw attention to 
this fact: they do not imply that the measurement 
technique was unreliable in this region. The decrease 
of the L-cell Cc values as the osmolality is decreased 
below 150 mOsm is due, not only to a decrease in 
Cm, but also to the mean radius not increasing fur- 
ther. This would be consistent with the L-cells only 
surviving if they do not exceed a critical radius. 

The GA data of SP2 and G8 cells (Figs. 6B, 7B) 
exhibit higher scatter than the C~ data. This results 
from the relatively poor accuracy of GA determina- 
tion as well as from day-to-day fluctuations of the 
cell cultures. Nevertheless, it can be seen that SP2 
cells (Fig. 6B) show at least three osmolality regions 
with statistically significant differences in G A (Fig. 
6/?). Iso- and slightly hyper-osmotic media gave the 
highest GA values (10.5-14.2 mS/cm2), but decrease 
of osmolality to 185 mOsm caused the GA to decrease 
to its minimum value (4.1 -+ 0.7 mS/cm2). However, 
further decrease of osmolality (to 150 mOsm and 
below) caused GA to return to a much higher range 
(7.0-10.8 mS/cm2). 

The GA of G8 cells show a similar, but not so 
pronounced, series of changes as the osmolality is 
reduced. The maximum value was 9.1 -+ 1.2 mS/cm 2 
at 280 mOsm, whereas the minimum was 3.5 -+ 0.8 
mS/cm 2 at 150 mOsm. Exactly as with SP2 cells, the 
minimum GA occurred at the same osmolality as the 
minimum Cm. 

As with the Cm, the G A of L-cells responded 
very differently to that of SP2 or G8 cells. At 280 
mOsm the GA was relatively low (5.8 -+ 1.4 mS/cm2), 
but increased progressively below 200 mOsm to give 
a maximum at 125 mOsm (11.4 -+ 4.3 mS/cm2). The 
very low apparent value at 100 mOsm (5.5 -+ 1.1 mS/ 
cm 2) cannot be viewed as representative of the whole 
population. 

EFFECT OF ENZYMIC DIGESTION 

ON CELL MEMBRANE PROPERTIES 

The effect ofpronase pretreatment on the membrane 
electrical properties, cell size and rotation speed of 
G8 cells is shown in Fig. 9. The cells were treated 
with the enzyme in isotonic RPMI medium and then 
transferred into inositol media ofosmolalities 75,150 
and 280 mOsm. A statistically significant decrease of 
the Cm and GA values after protease treatment was 
only found in isotonic rotation media (280 mOsm 
inositol, left pairs of the bar graphs in Fig. 9). The 
enzyme treatment (n = 4) decreased Cm from 
1.05 -+ 0.05 to 0.88 -+ 0.03/xF/cm 2 and drastically 
reduced GA from 4.3 --+ 1.5 to 0.2 -- 0.2 mS/cm 2. 
There was a slight increase in mean cell radius from 
7.8 - 0.2 to 8.0 --+ 0.2/.Lm. 
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Fig. 9. Effect of pronase digestion on: the passive electrical prop- 
erties (Cm and GA), the radius, and on the rotation speed (f~) 
measured at theft and 60 V/cm, of G8 cells. The enzyme treatment 
was carried out in isotonic RPMI medium containing 1 mg/ml 
pronase at 37~ for 10 min. Control cells (bars labeled as ctr) 
were incubated without pronase under the same conditions. After 
incubation, the cells were washed with low conductivity inositol 
solution and transferred into inositol media (of 20 /xS/cm) of 
different osmolalities. The pronase treatment caused differences 
significant at the levels indicated. Where no probability level is 
shown, the differences were not highly significant (P > 0.05). 

At lower  osmolalit ies (150 and 75 mOsm) there 
were no statistically significant differences between 
control and protease-pre t rea ted  cells. However ,  it 
is very  interesting that the very low G a of  pronase-  
t reated cells at 280 m O s m  is increased by hypo- 
osmotic  stress to a similar value to that of  untreated 
cells. These  results suggest that membrane  alter- 
ations induced by protease  are insignificant com- 
pared to the changes produced by hypo-osmot ic  
stress, and, therefore,  that the difference in the be- 
havior of  L-cells (from that of  G8 or SP2 cells) is not 
due to the proteolyt ic  step in their preparation.  

C O M P A R I S O N  O F  T H E O R E T I C A L  A N D  

E X P E R I M E N T A L  R O T A T I O N  S P E E D S  

The rotat ion speed of  SP2 cells, at the opt imum field 
f requency fc and at a field strength of 60 V/cm,  was 
measured  in media  of  conductivi ty o- o = 20 p~S/cm 
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Fig. 10. Interpretation of SP2 cell rotation speeds measured at 
the f~. Effect of the medium osmolality on: the peak rotation 
speed (filled circles); on the experimental peak U"-factor (U~• 
filled triangles) derived from the speed data (Eq. (5), using also 
the ~/values from Fig. 1); and on the theoretical peak U"-factor 
(U'ti~e, open triangles) derived from Cm and GA values (Eq. (7)). 
The measurements of the rotation speed were performed by tim- 
ing of 10 revolutions at individually determined fc (field strength 
60 V/cm). Each rotation speed value (filled circle) represents the 
mean (with standard error) of data from at least 60 cells. 

(the open circles in Fig. 10). At high osmolali t ies the 
rotation was slow but increased gradually f rom 3.58 
-+ 0.25 rad/sec at 330 m O s m  to 4.12 --_ 0.52 rad/sec  at 
250 mOsm.  Fur ther  dilution of  the medium caused a 
rapid increase of  the rotat ion speed f rom 4.76 _+ 0.19 
rad/sec at 220 m O s m  to 6.23 -+ 0.12 rad/sec  at 185 
mOsm. The fastest  rotation (between 6.53 -+ 0.33 and 
7.02 -+ 0.35 rad/sec) was observed  be tween 150 and 
60 mOsm.  The rotat ion speed can be assessed as the 
rotational mobility R (R = ~ / E  2 [22]). The highest 
value of  R was 1.94- 10 3 t ad .  cm 2. sec -~.  V -2, the 
lowest  was 0 .99 .10  -3 rad .  cm 2. sec -~ �9 V -2. 

A related factor  to R, which allows a bet ter  com- 
parison between the propert ies  of  the cells because  it 
compensates  for changes in the viscosi ty and per- 
mittivity of  the medium,  is the peak  value of  the imagi- 
nary part  of  the Clausius-Mossott i  polarizabil i ty fac- 
tor (U", see  Eq. (5)). The  peak  values of  U" are 
obtained by use of  Eq. (5) on the exper imenta l  rota- 
tion speed data obtained at t h e f t  (Fig. 10, filled cir- 
cles) and are therefore termed exper imental  values ( 
U~x p, the solid triangles in Fig. 10), The dependence  
of U"• on the medium osmolali ty is qualitatively simi- 
lar to that of  the rotation speed (the viscosi ty  changed 
by only 10-15% over  the whole osmolal i ty  range stud- 
ied, see Fig. 1; the permit t ivi ty of  even a 330-mOsm 
inositol solution is only 1% less than that  of  water  [3]). 

We can compare  the exper imenta l  U"xp with theo- 
retical values, calculated f rom Eq, (7). The osmo-  
lality dependence of  U~'he (open triangles in Fig. 10) is 
very different f rom that of  U"xp (filled triangles) or 
(filled circles), 
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The discrepancy between U't'he and U~xv is as- 
sessed by the quotient Uthe/U',,p (filled squares in Fig. 
11). In isotonic media (250-330 mOsm) the discrep- 
ancy is large (U't'he/U"xp = 2.1). Decrease of osmol- 
ality gives progressively bet ter  agreement between 
g ' ( h  e and U"~puntil g'(he/Uex p : 1.2 is attained close to 
100 mOsm. It can be seen that the ratio gr(he/g~xp is 
closely correlated with S/$28o (open circles), the ratio 
of  the cells' area compared to their area at normal 
osmolality. 

REVERSIBILITY OF THE H Y P o - O s M O L A R  CHANGES 

IN MEMBRANE PROPERTIES 

Figures 6 and 7 reveal severe changes in the passive 
electrical properties of the membrane under strongly 
hypo-osmotic  conditions. The reversibility of  these 
effects was investigated by use of  the pretreatments  
given in the legend to Fig. 12. All media used in the 
shock and reversibility experiments were inositol me- 
dia. It was found that after 30 min at low osmotic pres- 
sure (mean radius al00 = 9.3 -+ 0.6/xm) the cell radius 
re turned to its original value on reverting to an iso- 
tonic medium (a280(before) = 7.0 -+ 0.2/xm and azg0(after) 
= 7.0 -+ 0.4/xm). The decrease in Cm provoked by 
hypo-osmotic  shock (Cm~o0 = 0.78 --+ 0.02 /xF/cm 2) 
also appears to be completely reversible (Cm280(before) 

= 1.03 -+ 0 .07/zF/cm 2 and Cm280(after ) : 0.96 -+ 0.18 
/xF/cm2). On the other  hand, the decrease in the ap- 
parent  membrane  conductivi ty after hypo-osmotic 

.+ 2 shock, (GA280(before) : 12.0 - 1.5 mS/cm , Galoo = 7.1 
+ 0.9 mS/cm 2) was not fully reversible Gazs0(after) = 
8.2 + 1.9 mS/cm 2 (P  < 0.05, see Fig. 12). 

The ability of  the cells to reversibly change their 
radius and capacity suggests that hypo-osmotic 
shock is not necessarily damaging to the cells. The 
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Fig. 12. The behavior of C,,,, G A and cell radius of G8 cells after 
hypo-osmotic shock and after return to normal osmolality. The 
G8 cells were washed three times either with inositol solution of 
osmolality 280 mOsm (columns labeled 280) or 100 mOsm (labeled 
100). The righthand bar graphs (also labeled 280) depict cells that 
were first washed twice at 100 mOsm, and after 30-min incubation 
were washed three times at 280 mOsm. The hypo-hyper-osmotic 
shock sequence caused differences significant at the levels indi- 
cated, n.s. indicates not highly significant (P > 0.05). The diver- 
gence of these data from those shown in Fig. 7 (especially in 
the case of the GA values) may have been due to day-to-day 
fluctuations in membrane properties or to long-term change in the 
cell line after prolonged cultivation. 

change in GA is of  uncertain significance, not least be- 
cause it is uncertain whether  it results f rom a decrease 
in G m o r  in K s (or both). 

Discussion 

VALIDITY OF THE ROTATION THEORY 

The use of  Eq. (10) to derive parameters  such as 
Cm and GA from rotation data depends on several 
assumptions: that we are dealing with a thin, single, 
shell; that (Tm <~ (To <~ (Ti; and that the propert ies of  
the cell membrane do no t  change over  the f requency 
range used. 
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The agreement of the experimental rotation spec- 
tra (Fig. 3 and Table) with the theoretical spectral 
function for a single-shelled particle justifies consid- 
eration of the cells as such objects. The highly linear 
dependence of f t .  a on o- o (Figs. 4 and 5), and the con- 
sequent good fit to Eq. (10), is further justification of 
the single-membrane model, as well as substantiation 
of the assumptions required to derive an analytical 
expression for Cm and GA. The internal membranes 
of the cell (especially the nuclear membrane) do not 
appear to have a significant influence on the results 
[24], presumably because the interior of the cell can 
be considered as an isopotential and because the nu- 
clear membrane conductivity is high [11]. The good 
linearity of the plots in Figs. 4 and 5 also rules out 
the presence of significant dispersion in membrane 
properties, at least over the frequency range used 
(4-20 kHz). A dispersion would cause a decrease in 
C~ and an increase in Gm as the frequency is raised. 
Consideration of Eq. (10) shows that both of these 
would tend to give upwardly curved plots of f c ' a  
against or. These are not observed (see Figs. 4 and 5): 
the worst-case correlation coefficient was 0.995: this 
corresponds to a maximum decrease in Cm over the 
frequency range of about 10% (Gin neglected). 

In media of 280 mOsm, the fit of the mean spec- 
tra to theoretical is not quite as good as that at 150 
mOsm or 75 mOsm (Table). Further, the rotation 
speed of the cells is only close to theoretical in ex- 
tremely hypotonic media (Figs. 10 and 1 I). We be- 
lieve that the cause of these deviations from some 
aspects of rotation theory to be the presence of mi- 
crovilli on the membrane surface. As discussed be- 
low, these are only present at the higher osmolali- 
ties. When present, they cause the membrane to 
behave as a heterogeneous structure (which can only 
be approximated to a thin, uniform layer), and to 
increase the hydrodynamic resistance of the cell. 

VOLUME AND CAPACITANCE CHANGES 

Comparison between the SP2, and G8, and the L- 
cells reveals some interesting parallels between the 
physical and the electrical data. 

The initial parts of the van't Hoff plots (Fig. 2) 
for SP2 and G8 cells are almost ideal, as if these cells 
can increase their membrane area very easily. By 
contrast, the L-cells seem to resist volume increase 
until the osmolality is reduced below 150 mOsm. 
Further dilution of the medium causes the cell vol- 
ume to increase more rapidly, as if the L-cells pos- 
sess a structure which yields at this point. Corre- 
sponding to the physical rigidity of these cells, the 
C m value of the L-cells shows little hypo-osmotic 
effect until 150 mOsm, below which value it de- 
creases rapidly. 

In the case of SP2 and G8 cells (Fig. 2), reduction 
of the osmolality to below 150 mOsm causes less 
increase in cell volume than expected from an ideal 
osmometer. This may have been due to loss of cellu- 
lar osmoticum, or to a decrease of the osmotic coef- 
ficient, both of which are expected after permeabili- 
zation of the membrane. The fact that the volume 
change was reversible (Fig. 12) indicates that the 
main effect was a change in osmotic coefficient. 3 
Whatever the explanation, it is apparent that at 150 
mOsm and below, the plasma membrane of SP2 and 
G8 cells begins to show signs of losing its nature as 
a physical barrier. Once again, the electrical mea- 
surements show an interesting parallel: there is a 
capacitance minimum at 185 mOsm (SP2) or 150 
mOsm (G8). 

These results become significant if the cause of 
the changes in Cm are considered. If the membrane 
were flat and of constant volume, the increase of 
membrane area which results from hypo-osmotic 
shock would be expected to cause a decrease in 
membrane thickness, and therefore an increase in 
C m (see Eq. (8)). Clearly the membrane does not 
thin, because Cm decreases. On the other hand, elec- 
tron micrographs show that microvilli become less 
evident after hypo-osmotic shock [28], and a link 
with the hypo-osmotically mediated decrease in Cm 
has been suggested before [11, 17]. 

If we interpret the Cc data (Eq. (13)) in terms of 
membrane area (only permissible if the microvilli 
are short or not radially directed, as for Eq. (9)), 
then the data for SP2 and G8 cells (Figs. 6C and 7C) 
suggest that the total membrane area (X. 4~ra 2) stays 
constant until the osmolality is decreased below 
about 200 mOsm. However, it increases rapidly be- 
low 150 mOsm. 

Taken together, the volume, the Cm and the Cc 
data suggest the following: 

(i) the apparently high Cm values of many animal 
cells [5, 17] are due to their possession of many 
microvilli: the true membrane capacity (Cm,) is con- 
siderably lower. 

(ii) In response to moderate hypo-osmotic chal- 
lenge, the microvilli provide an easily available re- 
serve of membrane that enables the cell to behave 
as a perfect osmometer. (This applies to the SP2 and 

3 It can be argued that the nonideal osmotic behavior of the 
SP2 and G8 cells could also have been due to selective elimination 
of larger cells by severe hypo-osmotic shock (perhaps because of 
the lower ability of the large cells to increase their surface?). Even 
if the surviving "smaller" cells are ideal osmometers, this would 
cause an apparent violation of van't Hoff's law. Unfortunately 
for this hypothesis, the cells which were most badly affected by 
extreme hypo-osmolality (the L-cells) exhibited relatively large 
volumes at low osmolalities. 
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G8 cells; L-cells seem to have a structure that resists 
area expansion at moderate degrees of hypo-osmol- 
ality). 

(iii) Once this membrane reserve has been used 
up, the cell surface becomes ideally spherical, and 
C~ = Cm,. Further surface area expansion cannot 
occur unless the thickness decreases (which does 
not occur to much extent, because Cm stays almost 
constant towards lower osmolalities), or else i f"ex-  
tra" membrane (not previously apparent at the sur- 
face) is made available. C~ almost doubles as the 
osmolality is decreased from 150-180 mOsm to 60 
mOsm (Figs. 6C and 7C) so considerable quantities 
of membrane must be available from somewhere. 

(iv) This "extra"  membrane is only incorpo- 
rated at the cost of some loss of membrane function. 
SP2 and G8 cells begin to show loss of membrane 
impermeability, while L-cells start to lyse. It can be 
speculated that the stretching forces begin to form 
pores in the membrane (as suggested by the GA data, 
see below), and/or that the new membrane comes 
from some internal organelle, and is not as imperme- 
able as normal plasma membrane. 

(v) There is some evidence for a slight degree of 
membrane stretch. This is the small decrease in Cm 
as the osmolality was decreased to just below that 
which gave the minimum Cm (Figs. 6A and 7A). The 
relative increase in Cm (0.826/0.770 = 1.07 for SP2, 
and 0.827/0.771 = 1.07 for G8) corresponds (Eq. 
(8)) to a decrease in membrane thickness of 7%, 
assuming that the permittivity does not change. At 
constant membrane volume, this translates to a 7% 
stretch, which can be compared to the 6% stretch 
measured by electrical sizing of erythrocytes [30]. 

(vi) Reversal of the osmotic shock (Fig. 12) 
causes the cells to recover their original size and Cm, 
so that it appears as if the new membrane can be 
removed again, and that something resembling the 
original microvilli is re-formed. The fact that the GA 
does not recover may mean that the changes to the 
glycocalix are not reversible. 

MEMBRANE CONDUCTIVITY 
AND SURFACE CONDUCTANCE 

The results on GA, although exhibiting more scatter 
than those on Cm, do add some details to the above 
picture. The broad decrease in GA of SP2 and of G8 
cells as the osmolality is decreased from 280 mOsm 
to 150 or 180 mOsm, respectively, can be at least 
partly explained by a decrease in Gin. If we replace 
C m and Cmu i~l Eq. (9) by G m and Gmu, we should 
expect parallel behavior of G m and Cm. In fact, the 
changes in GA ~re greater than those in C~, especially 
for G8 cells. It therefore appears that a significant 

part of the GA is due to the K s of these cells: even if 
K s stays constant, this contribution will decrease as 
the cell radius decreases (see Eq. (2)). It is also likely 
that the K s itself decreases as the cells expand (due 
to a reduction of glycocalix thickness, see Eq. (1), 
assuming constant volume). 

Exposure of SP2 and G8 cells to extremely 
hypo-osmotic media (< 150 mOsm) causes the G A to 
increase again. It seems highly unlikely that Ks can 
increase as the cells swell (which would correspond 
to an increase of glycocalix thickness), so that it 
must be concluded that a large increase in G m o c c u r s .  

This corresponds to the increases in membrane per- 
meability that could be deduced from the van't Hoff 
plots. 

In contrast to the data on C,~, the osmotic shock 
reversal experiment (Fig. 12) showed that the de- 
crease in GA at 100 mOsm could not be restored. 
This indicates a permanent decrease in Gm or in K s 
(it is not possible to say which). 

The fact that pronase-treated G8 cells exhibit 
lower GA than controls (Fig. 9) when measured at 
280 mOsm (but not at 150 mOsm or 75 mOsm) indi- 
cates that the component of the G A that is removed 
by pronase is the K s, which is as expected ifpronase 
removes the glycocalix. 

EFFECTS OF MEMBRANE-PROTEIN MOBILITY 

It has been pointed out [26] that the field-in- 
duced, lateral movement of proteins in biological 
membranes should give an increment to the mem- 
brane capacitance at low frequencies, with a disper- 
sion in the kHz region (apparently close to 100 kHz 
in the case of bacterial protoplasts [23]). As stated 
above (see Validity of Rotation Theory) we see no 
evidence for significant dispersion (at most, a 10% 
change in C~) in the animal cell lines in the frequency 
range (4-20 kHz) used here. Therefore, the de- 
creases of 30%-70% in C,, seen with decreasing 
osmolality are very unlikely to have been due to 
changes in a protein-mobility dispersion. In addi- 
tion, it seems reasonable to suppose that the protein 
mobility mechanism should give an increase, not 
the observed decrease, in Cm (measured at a given 
frequency) with decreasing osmolality. This is be- 
cause the disruption of membrane structure, such as 
links with the cytoskeleton, should cause an increase 
in membrane-protein mobility. Therefore, it may at 
first sight seem possible that the small increase in 
Cm on the hypo-osmolar side of the Cm-minimum, 
see (v) above, may have been due to an increase in 
mobility and in the dispersion frequency. However, 
the fact that G a increases concomitantly with C m 
seems to rule this out, because conductivity and 
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permit t ivi ty move  in opposi te  directions as a disper- 
sion region is t raversed [31]. 

COMPARISON WITH LITERATURE VALUES 

The values of  the membrane  capaci ty  of  SP2 my- 
e loma (1.01 + 0 .04/zF/cm 2) and G8 (1.09 -+ 0.03/~F/ 
cm 2) cells in isotonic conditions (280 mosmol/kg)  
repor ted here are in good agreement  with values 
accepted  as typical for biological membranes  [31], 
and more specifically with those obtained [12] on 
mouse  mye loma  (P3X63Ag8) cells by means of ei- 
ther the micropipet te  technique (C~ = 1.03 -+ 0.09 
~ F / c m  2) or of  impedance analysis of  suspensions 
(0.87/~F/cm2). They  are also close to the 1 .4/zF/  
cm 2 obtained by the electrorotat ion of  DS 19 erythro- 
leukaemic cells [32], and to the earlier results on SP2 
cells (Cm = 1.16 + 0 .03/~F/cm 2 [9]). 

On the other  hand, the micropipet te  technique 
[12] gives much  lower values (90-100/~S/cm 2) for 
Gm for mouse  mye loma  cells in isotonic conditions, 
some 100-fold lower than the GA values obtained 
for SP2 and G8 cells in this work. The discrepancy 
may  be due to the K s contribution to GA (Ks does 
not affect micropipet te  measurements) ,  as indeed 
suggested by  the observat ion  that pronase  t reatment  
reduced the K s to close to zero. However ,  the possi- 
ble existence of  a dispersion below the range of 
frequencies used for rotation would also raise the 
GA (see [5, 9]). 

The Cm data on isotonic L-cells (2.18 -+ 0.10/zF/ 
cm 2) are somewhat  higher than the usual range for 
b iomembranes  [31]. However ,  this is normal for fi- 
broblasts:  Cm = 1.52 --+ 0.26 ~ F / c m  2 was obtained on 
rabbit  fibroblasts by  feedback-control led levitation 
[25]. The high C~ value of  L-cells compared  to SP2 
or G8 cells p resumably  reflects a much higher degree 
of  membrane  folding in the L-cells. This is expected,  
because  in their native (surface-attached) state, fi- 
broblasts  have  a highly flattened form. The fact that 
L-cells, despite their large excess  of  membrane ,  re- 
sist expansion in response  to modera te  hypo-tonicit-  
ies is p resumably  a consequence of cytoskeletal  
structure.  

Conclusion 

The mechanisms of expansion of  the apparent  area 
of  cultured mye loma  and hybr idoma cells during 
hypo-osmot ic  shock have been elucidated. The ca- 
paci tance and rotat ion speed data confirm electron- 
microscope  images that show a progressive disap- 
pearance  of  the surface microvilli as the cell radius 
increases [12, 28]. This may  be the only mechanism 

operating for mild osmotic  shifts (from 280 m O s m  to 
about 200 mOsm),  because  the total area  seems to 
stay constant  in this range. 

More severe osmotic  shifts cause,  besides loss 
of  the remaining microvilli, a progress ive  increase of  
the accessible membrane  area (it can almost  double). 
This is p resumably  by utilization of  internal or  s tored 
membrane .  These mechanisms seem also to apply 
to fibroblasts (L-cells), although these respond only 
to more ex t reme hypo-osmot ic  stress. 

The observat ion of a slight increase in mem-  
brane capaci tance of the mye loma  and hybr idoma 
cells as the tonicity is reduced through the 60-50% 
range indicates that membrane  stretch seems also to 
occur,  but only to the extent  of  about  7%. 

The results raise interesting questions as to the 
origin of  the membrane  that is effect ively instantly 
available, as well as to the mechanism involved in its 
deployment ,  which appears  to be largely reversible.  
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