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Abstract. Incorporation of DNA, protein, and plasma 
membrane during blockage by aphidicolin or by dox- 
orubicin was studied by flow cytometry and electroro- 
tation of three cell lines (mouse-myeloma Sp2/0-Agl4, 
hybridoma H73Cl l ,  and fibroblast-like L929 cells). 
Drug-mediated arrest at the G1-S boundary (aphidicol- 
in) or in G2/M (doxorubicin) did not arrest synthesis of 
either protein or total membrane area, the increases in 
which outstripped growth in cell volume and apparent 
cell area, respectively. Measurements of membrane 
capacity in normal and hypo-osmotic media showed 
that the drugs had not changed the fundamental bilay- 
er, but that an increase in the number or size of mi- 
crovilli must have occurred. Aphidicolin-arrested cells 
withstood hypo-osmotic stress better than untreated 
cells could, indicating that the membrane excess can be 
utilized as a reserve during rapid cell expansion. 

Hypo-osmotically treated cell populations exhibit- 
ed only about half the coefficient of variance (CV) in 
membrane properties of cells at physiological osmolal- 
ity. Populations of arrested cells exhibited the same 
high CV as asynchronous cells, indicating that chemi- 
cal arrest does not give uniformly villated cell popula- 
tions. However, the lowest CV values were given by 
some synchronized (aphidicolin-blocked, then released) 
populations. 

Removal of aphidicolin allowed most cells to 
progress through S and G2, and then divide. During 
these processes, the membrane excess was reduced. 
After removal of doxorubicin, the cells did not divide: 
some continued protein synthesis, grew abnormally 
large, and further increased their membrane excess. 

Membrane breakdown by electric pulsing (3 • 
5kV/cm, 40 gsec decay time) of aphidicolin-synchro- 
nized L cells in G2/M led to a 22% loss of plasma 
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membrane (both the area-specific and the whole-cell ca- 
pacitance were reduced), presumably via endocytosis- 
like vesiculation. 
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Introduction 

Cell synchronization is of considerable interest in cell 
biology [11], and in biotechnology where it has been re- 
ported to change the yields that can be obtained by 
electric-field-induced cell manipulation. There are con- 
flicting reports as to which phase of the cell cycle is the 
optimum. Thus, the M phase of the cell cycle was re- 
ported to be the most efficient for electro-gene transfer 
into protoplasts from aphidicolin-synchronized tobacco 
cell culture [45]. On the other hand, G1 phase V 79- 
S 181 cells obtained by mitotic selection after nocoda- 
zole-induced arrest showed higher yields of cellular 
and nuclear electrofusion than exponentially growing 
asynchronous cells [16]. G2/M-synchronized fibro- 
blasts gave enhanced gene transfection efficiency and 
improved cell survival after electroporation [29]. Fi- 
broblasts in G2/M (synchronized by aphidicolin or hy- 
droxyurea) gave the highest yields of stable transfor- 
mants [62]. Finally, increasing the proportion of S- 
phase cells significantly improved the efficiency of 
electrically driven gene transfer into hematopoietic stem 
cells [581. 

The differences in optimum phase have in turn 
been interpreted in terms of different mechanisms of the 
electrically driven processes. In the M phase, loss or 
melting of the nuclear membrane, as well as changes in 
activity of some nuclear enzymes, should enhance the 
efficiency of plasmid electrotransfection [29, 62]. For 
electrofusion in the G1 phase, facilitation of the intra- 
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cellular dielectrophoretic mobility of the nuclei may be 
important [16]. 

We can offer two further explanations for the con- 
tradictory results. First, the phase of the cell cycle 
which is appropriate for electromanipulation may de- 
pend on the cell line and protocol used. Second, cell- 
culture synchrony is usually demonstrated by cell num- 
ber or by DNA cytometry, and reliance on these tech- 
niques may neglect changes in other cell components 
that may be disturbed by chemical synchronization. As 
argued below, variability in the plasma membrane 
should be very important in electromanipulation. 

When an external electric field pulse of duration 
longer than a few microseconds is applied to a cell ( s e e  

Eq. 2 below), almost all the field stress is applied to the 
plasma membrane. The effect can be calculated by as- 
suming the membrane to be a spherical shell, with a 
thickness d much smaller than the cell radius a. The 
generated membrane voltage (Vg) depends on a, on the 
field strength ( E o ) ,  and the angle (0) between vector E o 

and the line joining the cell center to the given mem- 
brane site. In the usual electropulsation media with 
conductivities of 200 gS/cm or higher, it can be assumed 
that the membrane conductivity and surface conduc- 
tance are so low as to cause very little reduction in V.  
For sufficiently long pulses applied to suspended cells g, 
Vg is given by [35]: 

gg ~-- 1.5 �9 E o �9 a" cos 0. (1) 

The essential process in electrically driven cell fu- 
sion, gene transfection or drug injection is reversible 
electric breakdown of the plasma membrane, which 
occurs when Vg reaches the critical breakdown voltage 
Vg c. This occurs first at the poles of the cell (where 0 
= 0~ At 20~ Vg c is about 1 V for gsec pulses [14, 
67-69], but can vary somewhat, probably depending up- 
on the protein content of the membrane [47]. Two con- 
ditions may result in irreversible breakdown and there- 
fore lead to cell death. The first of these is the use of 
field strengths much higher than required to develop Vg c, 
the second is the use of unnecessarily long pulse lengtfis. 

Excessive field strength will induce breakdown 
over almost all the cell surface (except where 0 ap- 
proaches 90~ Field amplitudes optimal for smaller 
cells may be excessive for the larger cells in a hetero- 
geneous population. An example of this is the selective 
destruction of G2/M phase cells seen when exponen- 
tially growing LPS-stimulated B-lymphocytes were 
electropulsed [19]. 

The pulse length used for membrane breakdown 
should not be significantly longer than that required to 
charge the membrane up to V . Due to the capacitive gc 
properties of the membrane and the resistance imposed 
by the medium, the membrane charges according to an 
exponential curve with a time constant "c given by: 

"c = a �9 C m ( 1 / O  i + 1/2(Yo), (2) 

where C m is the area-specific membrane capacity (cus- 
tomary units gF/cm 2) and o i and o o are the inside and 
outside conductivit ies (customary units mS/cm or 
gS/cm), respectively [35, 64]. The same approxima- 
tions and assumptions as made for Eq. (1) also apply 
here. 

It is apparent that C m is a further parameter that can 
be important for the optimization of electropulse tech- 
niques. There is little data on the dependence of C m on 
the phase of the cell cycle, although it is known that 
stimulated cells generally have higher values of C m than 
resting populations [5, 31]. High values of C m seem to 
be due to large numbers of membrane microvilli, which 
may be utilized as membrane reserves for spreading, and 
for initiating cell locomotion. The number of microvilli 
diminishes as Chinese hamster ovary cells [48] or ba- 
by hamster kidney cells [22] spread thinly (enlarged sur- 
face) over the substratum during S and increases again 
as they round up (minimal surface) before mitosis. 

In addition, the presence of microvilli may impede 
electrofusion, where close membrane-membrane contact 
is thought to be necessary. If this is the case, mea- 
surement of C m may be a useful indicator of the suit- 
ability of the cell surface before electrofusion, and of 
changes caused by electropulsing generally. We at- 
tempted to investigate the dependence of C,,, on the cell 
cycle by measurements on arrested and on synchro- 
nized cells. 

The method of choice for such investigations ap- 
pears to be electrorotation [1-10, 24-27], a single-cell 
technique with very good resolution of membrane prop- 
erties. It has been used to detect subtle changes in the 
plasma membrane of lymphocytes during their activa- 
tion [31] and more drastic changes seen after osmotic 
stress application to cultured insect ovary cells [24] or 
mammalian cells [4, 57]. The method requires weakly 
conductive media similar to those used in other elec- 
tromanipulation techniques [2]. 

Due to the growing use of hypo-osmolal media for 
electroinjection and electrofusion [51, 65, 66], and due 
to the utility of such media for flattening the plasma 
membrane [4, 18, 24, 33, 36, 57], hypo-osmolal-treat- 
ed, synchronized cells were also investigated here. 

For arrest and synchronization we used aphidicol- 
in, a specific and reversible inhibitor of the eukaryotic 
nuclear DNA polymerase-c~ [32], which has frequently 
been used for cell synchronization [23, 29, 46, 49, 56, 
58, 62]. This drug is reported not to disturb other cell 
processes such as RNA and protein synthesis [32, 40, 
46]. In some experiments, doxorubicin (a glycosidic an- 
titumor antibiotic) was used to arrest cells in the G2 (/M) 
phase of the cell cycle [38]. 

Mouse myeloma (Sp2/0-Agl4), mouse-human het- 
eromyeloma (H73C 11) and mouse fibroblast-like L cells 



V.L. Sukhorukov et al.: Incorporation into Arrested Cells 79 

w e r e  i n c u b a t e d  e i t h e r  w i t h  a p h i d i c o l i n  o r  d o x o r u b i c i n .  

B o t h  d r u g s  c a u s e d  c h a n g e s  in  t h e  p l a s m a  m e m b r a n e  o f  

c e l l s  at  p h y s i o l o g i c a l  o s m o l a l i t y ,  a n d  t h e s e  w e r e  r e a d -  

i ly  d e t e c t a b l e  b y  e l e c t r o r o t a t i o n .  S i m u l t a n e o u s l y ,  c e l -  

l u l a r  D N A  a n d  p r o t e i n  w e r e  s t a i n e d  w i t h  p r o p i d i u m  io-  

d i d e  a n d  f l u o r e s c a m i n e ,  r e s p e c t i v e l y ,  a n d  a s s e s s e d  b y  

m e a n s  o f  f l u o r e s c e n c e  f l o w  c y t o m e t r y .  E x p o n e n t i a l l y  

g r o w i n g ,  a s y n c h r o n o u s  c e l l  p o p u l a t i o n s  s e r v e d  as  c o n -  

t ro l s .  

Materia ls  and Metho ds  

CELLS 

We used two types of cell cultures: mouse L cells [20], normally hav- 
ing a highly spread, fibroblast-like morphology (but which round up 
after being removed from their substrate), and also suspension-grown 
cells--the Sp2/0-Agl4 and H73Cll  lines, which are predominantly 
spherical. L cells, NCTC clone 929, were grown on the surface of 
horizontal flasks in RPMI 1640 complete growth medium (CGM), 
supplemented with fetal calf serum (FCS, 5% v/v, for details see  

[66]). The adherent cells were detached from the culture flask either 
with 0.25% trypsin in phosphate-buffered solution (Biochrom, Berlin, 
FRG) for cell  passage,  or else with 0.01% dispase  solut ion 
(Boehringer, Mannheim, No. 241750) in RPMI 1640 without phenol 
red (37~ for 30 min) for flow cytometry and rotation measurements. 
To remove the enzyme, the cells were subjected to three wash cycles 
(centrifugation at 150 • g and removal of the supernatant) either with 
CGM or PBS (phosphate-buffered saline containing 136 mM NaCt, 10 
m g  KHaPO 4, pH 7.4). 

Nonsecreting mouse myeloma Sp2/0-Agl4 (in text Sp2) [55] and 
the mouse-human heteromyeloma I-I73Cll ([65], in text H7) cell 
lines were cultured in CGM supplemented with 10% FCS at 37~ in 
an atmosphere enriched with 5% CO 2 (for details, see  [51, 65, 66]). 
All cultures were kept in the exponential growth phase. 

CELL SYNCHRONIZATION AND DRUG TREATMENT 

Two different methods, aphidicolin blockade at the G1-S boundary, 
and doxorubicin arrest in G2/M, were used. For single aphidicolin 
treatment, (2-5) - 105 cells were precultured 24 hr in 30 ml CGM and 
then incubated overnight with 1.5 gM aphidicolin (Sigma, A-0781, a 
0.6 mM stock solution in dimethylsulfoxide was stored at -20~ to 
arrest them at the G1-S boundary [12, 58]. After 16-18 hr the medi- 
um was removed, cells were washed twice with PBS and refed with 
fresh CGM. This treatment gave reversible arrest: most cells began 
DNA synthesis immediately after removal of aphidicolin. 

Addition of doxorubicin hydrochloride (Sigma, D-1515; 0.17 [AM 
for 20-24 hr [38]) to exponentially growing Sp2 or L ceils resulted 
in their arrest in the late S and G2/M phases. The stock solution of 
doxorubicin was 1.7 mM in water, and was stored at -20~ 

FLOW CYTOMETRY AND T w o - C O L O R  STAINING FOR 

D N A  AND PROTEIN 

Cells (106) were washed and suspended in PBS containing 0.3% 
saponin (Merck, No. 7695) in order to permeabilize them [34]. Pro- 
pidium iodide (PI, 25 I.tg/ml) staining for DNA in the presence of ri- 
bonuclease A (20 gg/ml) was performed as described before [19]. Af- 

ter 10 min at 37~ fluorescamine (FC, Sigma, F-9015, stock solution 
was 2.0 mM in acetone) was added to a final concentration of 0.1 m g  
for analysis of total protein content. Addition of fluorescamine used 
vigorous shaking on a vortex mixer [15]. 

Simultaneous measurement of DNA-content (PI-fluorescence) 
and protein content (FC-fluorescence) of the cells was performed in 
a Fluvo-Metricell flow cytometer (Heka-Elektronik, Lambrecht, FRG) 
essentially as before [19], except that excitation was at 365 nm, and 
that FC was assessed between 400 and 500 nm (PI between 580 and 
750 nm). Linear amplification of the fluorescence signals was used. 
Data analysis was performed by the program DIAGNOS1 [61]. The 
results were output either as one-parameter histograms (the fluores- 
cent signals from single cells over 64 channels) or as bivariate cy- 
tograms of dual-stained cells (PI vs. FC fluorescence, 64 • 64 chan- 
nels). 

The DNA histograms provide information about the fraction of 
cells in different phases of the cell cycle. Deconvolution of DNA- 
histograms [13] was performed with the program Fig.P 6.0 (Biosoft, 
Cambridge, UK). 

PI staining was also used for evaluation of cell viability by flu- 
orescence microscopy. 

ELECTROROTATION APPARATUS 

Measurements of the field frequency (thefc) that induced fastest cell 
rotation were performed by the contra-rotating fields technique [ 1, 8, 
9], which permits accurate and rapidfc determination using the pro- 
cedure described before [9, 31, 57]. Conductivity within the 10 gl, 
four-electrode chamber [10] was monitored directly. 

Determination of the apparent membrane conductivity (GA) and 
capacity (Cm) requires measurements at several medium conductivi- 
ties (about 10, 20, 30 or 40 gS/cm), which can be assumed to be very 
low compared to the cells' inner conductivity. 

Primary electrorotation data on asynchronous cell cultures are 
shown in Fig. 1. It should be noted that the theoretically expected de- 
pendence of theft  values on 1/a (Eq. 3, see  n e x t  s ec t i on )  has been re- 
moved by forming f c  " a values. 

DERIVATION OF MEMBRANE PARAMETERS FROM 

ROTATION DATA 

The theory of single cell electrorotation gives the following rela- 
tionship between the characteristic frequency of anti-field electroro- 
tation Q'c), the area-specific membrane capacity C m (units F/cm2), 
and the apparent area-specific (GA, units S/cm2), [5, 9, 10, 25-27, 54, 
63]: 

f c "  a = Ool(gCm) + aGa/(27tCm),  (3) 

where o o is the medium conductivity (units S/cm), assumed to be held 
so low that G o ~ 6i (6i is the intracellular conductivity). As noted 
elsewhere [25, 26, 31, 54], Equation (3) and the following relation- 
ships are not exact, but rather good approximations. As used here, 
the principal assumption is that they assume the cells to have a sin- 
gle spherical membrane. However, for the present cells (a = 7-12 
gm), uncertainty in the radius measurement (_+5%) is the factor that 
dominates the overall accuracy. 

The parameters C m and G A can be extracted by linear regression 
Offc �9 a values against Go: 

C = 1/ItB (4) 

and 
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Fig. 1. Electrorotation measurements on cells from asynchronous 
cultures, showing data from individual cells, as well as regression lines 
derived from least squares fits to size-sorted subpopulations: (A) L 
cells in 280 mOsm inositol (isotonic); (B and C) Sp2 cells in 280 and 
150 mOsm, respectively. Note that the scatter of  cellular properties 
is much smaller after hypotonic treatment. In the case of L cells, the 
subpopulations of 142 small cells (radii a < 7.2 gm, circles with an 
unbroken regression line) and 80 large cells (a > 7.6 gin, triangles, 
dashed regression line) seem to show slightly different electrorota- 
tional properties (the 77 cells with 7.2 ~tm < a < 7.6 gm are not 
shown). Values of C m and G a calculated by Eqs. (4) and (5) were: 
small L cells C,,, = 2.17 -+ 0.09 gF/cm 2, G A = 2.8 -+ 2.5 mS/cm 2 (-+ 
sE of the fitting); large cells C m = 2.03 -+ 0.10 ~tF/cm 2, G a = 6.2 • 
3.0 mS/cmL 
In the case of Sp2 cells, the least squares fits to small-cell (a < 6.9 gm, 
mean 6.31 gm) and large-cell (a > 7.3 gm, mean 7.85 gm) subsets 
have indistinguishable gradients (the lines overlap in both B and C). 
The C values were 1.07 _+ 0.04 and 1.08 • 0.04 gF/cm 2, the G a were 
16.7 _+ 3.3 and 14.1 _+ 2.8 mS/cm 2, respectively. Under hypo-osmotic 
stress (C), C m decreased to 0.83 • 0.03 ~tF/cm 2 in both small- (a < 
9.0 gm, mean 8.40 gm) and large-cell (a > 9.5 gm, mean 10.2 gm) 
subsets, G A became 12.2 _+ 1.i and 9.8 • 1.3 mS/cm 2, respectively. 

G a = 2gACm/~, (5) 

where a is the mean cell radius, and B and A are the gradient and in- 
tercept, respectively, of the fitted linear function. 

A further parameter that is useful when considering microscopic 
objects in aqueous media is the surface conductance K s (usual unit: 
uS). K s describes the tangent ia l  charge transport which may occur 
in thin surface layers containing increased concentrations of mobile 
ions (usually counterions to surface charges on the membrane, the gly- 
cocalix, or the cell wall [3, 6, 31, 57]). 

The total cellular conductivity is determined by the sum of the 
effects of  the K s and the radial, t r a n s - m e m b r a n e  conductivity (Gin). 

The relative importance of these two components depends heavily on 
the radius a (for diagrammatic representation see [31]). According 
to [9, 31,531: 

G A = G m + 2Ks[a2. (6) 

As with G m, G A is an area-specific membrane conductivity: it 
would be related to the conductivity of the membrane material (~m), 
assuming this to be measurable or meaningful for such a heteroge- 
neous structure, by G m = (Ym/d. 

In a weakly conductive medium, the contributions of G m and of 
K s to the G A of typical cells are expected to be of similar magnitude 
[53, 54]. They differ only in their dependence on the cell radius, so 
that separate evaluation of G m and K s by means of electrorotation of 
cells of similar sizes is impossible. However, the considerable size 
range of the cells shown in Fig. 1 allowed separate treatment of the 
smaller and larger Sp2 ceils. Although the G A of the smaller popu- 
lation was higher than that of the larger (as also found with the hy- 
po-osmolal-treated cells), the difference is within the standard devi- 
ation. This means that the scatter of  the population prevents separate 
estimation of K s and G m in these Sp2 cells. 

The electrical parameters of  all constituent parts of cells and me- 
dia are assumed to be nondispersive, that is, not to change over the 
frequency range used for rotation (2-20 kHz in this work). 

APPLICATION OF ROTATION DATA TO STUDY PLASMA 

MEMBRANE ASSEMBLY 

From the electrical point of view, biological membranes can be re- 
garded as lossy capacitors of thickness d and absolute permittivity ~. 
When the membrane is smooth, the capacity (capacitance per unit 
area) Cmu is given by the parallel-plate capacitor approximation, 
which can be applied to a spherical membrane if its radius a ~> d: 

Cm. = ~ld. (7) 

As shown before [24, 57], Cmu values appear to be reached in 
hypotonically swollen cells at osmolalities lower than 150 mOsm. Un- 
der these conditions, membrane folds and microvilli disappear and the 
plasma membrane becomes smooth [33, 36, 59]. Cells which were 
capable of withstanding severe hypotonic stress without membrane 
rupture, such as mammalian myeloma Sp2 and hybridoma G8 [57], 
as well as cultured insect cells [24], all showed rather similar Cmu val- 
ues close to 0.8 I.tF/cm 2. As shown below, this value was unchanged 
by chemical arrest of the cells. 

At physiological osmolality (280-300 mOsm), the plasma mem- 
brane of many cells is not smooth: it bears surface extensions such 
as blebs, ruffles, bulges, folds and microvilli [18, 33, 36, 37, 44, 48, 
50, 59] not observable in an optical microscope. Therefore, the true 
plasma membrane area should be greater than assessed from its ra- 
dius. The presence of the membrane extensions can be reliably de- 
tected by an increase in the apparent area-specific capacity C m (based 
on the apparent area, 4ga2). Accordingly, the C m values of  Sp2 
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(1.16; 1.01 gF/cm2), G8 (1.09 gF/cm 2) [9, 57] and cultured insect 
ovary (2.27 gF/cm 2 [24]) cells in isotonic media were found to be sig- 
nificantly higher than when the membrane had been flattened by hy- 
potonic stress. 

In agreement with the electrorotational data, a strong dependence 
of C m on the medium osmolality was observed by impedance spec- 
troscopy of cultured rat basophilic leukemia cells [33] and of mouse 
LS fibroblasts [18]. These data were also interpreted in terms of os- 
motically driven changes in the plasma membrane villation. 

If the membrane irregularities have a radial length that is small 
compared to the cell radius, then the ratio 

x m = cm/c.," (8) 

approximates the ratio between true and apparent membrane areas. 
This ratio was estimated earlier by counting individual microvilli on 
scanning electron micrographs [52]: this is difficult to carry out on 
very highly villated cells or when freeze-fractures have travelled 
along the plasma membrane [37]. In electrical measurements, the 
whole-cell capacitance C C derived from the apparent capacity C,, can 
be interpreted in terms of the total membrane area (X m �9 4rra 2) and 
membrane capacity Cmu 

C c = 4 ~ a 2 " C m = X n ' 4 g a  2 . Cmu  (9) 

where X now describes the ratio of  the actual membrane area to that 
of a smooth sphere of the same radius. The parameter C c may be use- 
ful to explore changes in the total amount of the plasma membrane 
produced by cell-cell [4] or celMiposome fusion. Sukhorukov et al. 
[57], found that C c remained constant in response to moderate hypo- 
osmotic stress (at osmolalities down to 150-180 mOsm), i.e., until the 
plasma membrane stored in microvilli was used up. However, as the 
osmolality was decreased to 60 mOsm, C c almost doubled, apparently 
due to externalization of internal membrane. 

SINGLE-CELL APPROXIMATION TO 

MEMBRANE CAPACITY 

Inspection of Eq. (3) indicates thatfc �9 a values obtained on single cells 
at various G o values can be normalized to values which approximate 
the gradient B: 

Bsingle cell = 0Cc ' a -- A)/O o, (10) 

where A is the intercept on the fc " a axis in plots such as in Fig. 1. 
The single-cell parameter Bsingte_cet I (hereafter referred to as '~c ' aRf') 
is affected by both C,~ and G A, and its scatter about a mean value gives 
information about the combined diversity of these membrane prop- 
erties within the population. Except at the very lowest values of G o, 
fc " a is large compared to A, and so fc " a/~ is inversely proportion- 
al to C for each cell. The standard deviation and the coefficient of 
variation (CV = sD/mean) of  the fc " a to  values of  a population are 
therefore a reasonable approximation to those of C,~, and hence to 
those of the area-excess factor X m. 

ELECTRIC FIELD TREATMENT AND 

RESEALING PROCEDURE 

For electrical treatment, the cells were suspended in "pulse medium" 
(30 mM KC1, 0.8 mM K2HPO 4 and 0.3 mM KHzPO4, pH 7.2, 0.2% 
BSA, bovine serum albumin). Osmolality was brought to 280-300 
mOsm with inositol (Sigma, 1-5125) and checked cryoscopically (Os- 
momat 030, Gonotec, Berlin, FRG). Conductivity of the pulse medi- 

urn, measured by means of a digital conductometer (Knick, GmbH, 
Berlin, FRG), was 3.27 mS/cm at 20~ The final cell density in the 
pulse chamber was (1.5-2.0) - 106 cells/ml. The cells were subject- 
ed at 20~ to a train of three exponentially decaying pulses in a pro- 
grammable, high-voltage pulser (Biojet MI, Biomed, Theres, FRG). 
The pulses had initial field strength 5 kV/cm, decay time constant 40 
gsec, with 1 min between consecutive pulses. 

Following electrical treatment, the cells were transferred to 5 ml 
prewarmed "resealing medium" (RPMI 1640 without phenol red, 
Biochrom, Berlin, containing 10% FCS), and kept at 37~ in a water 
bath for about 15 min. After resealing, the cells were centrifuged, re- 
suspended in PBS, and analyzed. 

Results 

FLOW CYTOMETRY OF APHIDICOLIN-TREATED CELLS 

In preliminary studies using a range of aphidicolin con- 
centrations, 0.5 gg/ml (ca. 1.5 gM) was found to be ap- 
propriate for arrest of Sp2, H7 and L cells. This is low- 
er than the 1 gg/ml (ca. 3 gM) used elsewhere for Chi- 
nese hamster ovary cells [23], or the 5 gg/ml used for 
HeLa cells [46]. Figure 2A shows a typical DNA dis- 
tribution of an exponentially growing, asynchronous 
population of L cells which contained 37, 48 and 15% 
cells in G0/G1, S and G2/M phases of the cell cycle, re- 
spectively. Incubation (16-18 hr) of L cells with 1.5 ~tM 
aphidicolin caused their arrest (usually about 80% cells) 
at the GI/S boundary (Fig. 2C). On reincubation in 
fresh CGM without aphidicolin, most cells passed 
through S (data not shown) and reached G2/M after 5-6 
hr of incubation (Fig. 2E). 

The position of the most frequent fluorescence in- 
tensities (the modes) in the protein histograms (Fig. 
2D, channel 27) shows the aphidicolin-arrested cells 
contained about three times more protein than untreat- 
ed cells from asynchronous cultures (Fig. 2B, channel 
8). Although aphidicolin-arrested L cells contained the 
same quantity of DNA as G1 and early S, their micro- 
scopically determined mean radius (a = 8.2 -+ 0.2 gm) 
was significantly larger than that of untreated cells (7.2 
+- 0.2 gm). 

The data on protein content and cell size mean that 
during aphidicolin-mediated arrest of DNA replication, 
the cells continued synthesis of protein and membrane. 
Protein content of aphidicolin-released L cells (Fig. 2F, 
channel 22), although lower than that of arrested cells, 
was still much higher than in asynchronous culture. 
Flow-cytometrical data on aphidicolin-treated Sp2 cells 
(not shown) were qualitatively similar to those on L 
cells. 

ELECTROROTATION OF L AND H7 CELLS AFTER 

APHIDICOLIN ARREST 

Typical primary electrorotational data on asynchronous 
and aphidicolin-arrested cell cultures are shown in Fig. 
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Fig. 2. Simultaneous flow-cytometric analyses 
of: (A), (C), and (E), DNA content (from the 
magnitude of the PI-DNA-fluorescence) and: (B), 
(D), and (F), cellular protein content (from the 
fluorescence magnitude of fluorescamine-labeled 
protein) of various saponin-permeabilized L-cell 
populations. The upper histograms (A and B) 
show typical DNA and protein distributions in an 
exponentially growing control culture. The mode 
of protein distribution is in channel 8. 
Deconvolution of the DNA histogram gave 37, 48 
and 15% in the G0/GI, S and G2/M phases of the 
cell cycle, respectively. Histograms C and D were 
obtained after incubation with 1.5 gM aphidicolin 
for 16 hr. The mode of protein distribution is in 
channel 27, and the majority of these cells were 
in G1 or early S. The lower histograms (E and F) 
show that during the 6 hr after removal of 
aphidicolin from the medium (6 hr post-arrest) 
the cells had passed through S phase into G2/M 
(E). Despite the increase in DNA, the most 
frequent protein content in F is reduced (to 
channel 22), at least partly due to the occurrence 
of GI/G0 ceils. The maximum values of all 
histograms were normalized to 100%. 

3. Experimental mean values from 20 cells were fitted 
by linear regression. The slope (B) andfc ,  a-intercept 
(A) yield the parameters C m and G A (Eqs. 4 and 5). 

The C m value of the fibroblast-like adherent L cells 
is much higher than those of cells grown in suspension, 
such as Sp2 or G8 [57] or H7 ( s e e  b e l o w  Fig. 5). Nev- 
ertheless, aphidicolin arrest gave qualitatively similar 
changes in the L cells and in the suspension-grown 
cells. The mean C m = 2.13 -+ 0,06 gF/cm 2, G A = 5.6 
-+ 1.1 mS/cm 2 and a = 7.2 + 0.2 gm were measured 
in asynchronous L cells (Fig. 4, left-hand bars). In 
contrast to Fig. 1, these means are from all cells, with- 
out size sorting. Aphidicolin arrest led to significant in- 
creases in C m (to 2.73 _+ 0.19 gF/cm 2) and in a (to 8.2 
-+ 2 gm), and consequently to a near doubling of the 
whole-cell capacitance (Cc)  from 13.9 +_ 0.5 to 23.4 __ 
2.4 pF (Fig. 4, middle bars). No statistically significant 
changes in G A were detected. 

After release from aphidicolin arrest (Fig. 4, right- 
hand bars), the L cells became even larger (a = 8.8 -+ 
0.1 gm), their C m decreased slightly to 2.51 _+ 0.16 
gF/cm 2 but C c remained nearly unchanged (24.7 __ 1.9 
pF). 

Untreated (asynchronous) H7 cells (Fig. 5, open 
bars) possess C m = 1.07 + 0.03 gF/cm 2. Aphidicolin 
arrest caused the following changes (Fig. 5): C m rose to 
1.47 2 0.20 gF/cm 2, the mean cell radius increased 
from 6.4 _+ 0.1 to 7.1 2 0.4 gm, so that C c grew from 

5.6 -+ 0.3 to 9.5 _+ 1.9 pF. The increase in G A (from 
5.5 _+ 1.3 to 9.8 + 2.9 mS/cm2), although apparently 
large in magnitude, was only poorly significant (P = 
0.3, accordingly n.s .  in Fig. 5). 

Attempts to study aphidicolin-arrest-released H7 
cells had to be abandoned because of the formation of 
many cells with non-integral multiples of the original 
amount of DNA. This probably reflected the formation 
of revertants, due to drug-induced genome instability of 
these mouse-human heteromyeloma cells. 

ROTATION OF Sp2 CELLS AFTER APHIDICOLIN ARREST 

Electrorotation was performed under isotonic condi- 
tions (280 mOsm) as well as under severe hypo-os- 
motic stress (100 mOsm) in order to estimate the degree 
to which the membrane area was increased by mi- 
crovilli, etc. (the ratio X m = Cm/Cmu).  Typical prima- 
ry electrorotation data are given in Fig. 3C. 

The effect of aphidicolin arrest on the cell size and 
on the passive electrical properties of the plasma mem- 
brane of Sp2 cells is shown in Fig. 6. The data on asyn- 
chronous cells (open bars) are given for comparison. A 
statistically significant increase in the C m value was 
found in isotonic rotation medium (Fig. 6A). Thus, 
aphidicolin arrest increased C m from 1.00 _+ 0.04 to 1.33 
+ 0.06 gF/cm 2 (immediately after aphidicolin removal). 
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influence of cell size on the fc values (see Eq. 3). In contrast to 
Fig. l, each symbol is the meanf~ �9 a value (--+SD) from 20 cells mea- 
sured at closely similar conductivities. 

Due to an increase in mean radius (a), the whole-cell ca- 
pacitance derived as C = 4~za2Cm (Eq. 9) increased sub- 
stantially from 6.3 -+ 0.3 to 10.7 _+ 0.5 pF, The changes 
in G a were not significant (P > 0.05). 

Released cells (right-hand bars) were harvested 6 hr 
after removal of  aphidicolin from CGM and reincuba- 
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DNA- and protein-content distributions typical of these cell cultures 
were given in Fig. 2, Electrorotation was performed in 280 mOsm in- 
osito[ (isotonic). The results on treated cells were compared with 
those on asynchronous cultures by Student's t-test: (*) and (**) mean 
P < 0.02 and P < 0.001, respectively; n.s .  indicates that the differ- 
once was not highly significant (P > 0.05). 

tion in drug-free medium. It must be noted that these 
cells had not yet passed mitosis and were even larger (a 
= 9.1 ___ 0.2 gm) than at the end of  arrest. The C m =- 
1.15 • 0.04 gF/cm 2 at 6 hr post-release was lower than 
at the end of  arrest, but nevertheless higher than in 
asynchronous culture. G A of  released cells (3.0 --- 1.3 
mS/cm 2) was significantly lower than in controls. 

Rotation in 100 mOsm inositol (Fig. 6B) indicated 
no statistically significant differences in C between un- 
treated, arrested, or released cells (C  m was 0.80 --+ 0.02, 
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on treated cells were compared statistically (Student's t-test) with 
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although striking in magnitude, was not highly significant (P = 0.3). 
Released H7 cells could not be prepared due to genome instability af- 
ter arrest. 

0.81 + 0.03 and 0.78 • 0.02 gF/cm 2, respectively). Af- 
ter aphidicolin treatment, the cell radius grew from 9.8 
_+ 0.1 (control) to 11.2 + 0.4 (arrested) and 12.3 + 0.3 
gm (6 hr post-release), hence the whole-cell capaci- 
tance C c increased from 9.7 + 0.3 pF (control) to 12.7 
+ 0.5 pF (arrested) and 14.8 + 0.3 pF (6 hr post-re- 
lease). With respect to the properties of cell mem- 
branes under hypo-osmotic stress, it is interesting that 
G a of the arrested (1.6 _+ 0.9 mS/cm 2) and released 
(3.4 +_ 0.5 mS/cm 2) cells at 100 mOsm were signifi- 
cantly lower than G a of control cells (G A = 10.7 + 1.0 
mS/cm2). This means that the radial component of the 
membrane conductivity ( G  m in Eq. 6) in the aphidicol- 
in-treated cells did not rise under this degree of stress, 

in contrast to asynchronous cells [57]. In other exper- 
iments (not shown, but see "Plasma-Membrane Integri- 
ty . . . . .  "below), rotation showed that the plasma mem- 
brane of arrested Sp2 cells was electrically functional 
even in media of 25 mOsm. 

FLOW CYTOMETRY OF DOXORUBICIN-TREATED CELLS 

Doxorubicin at 0.17 •M (0.1 gg/ml) caused complete 
cell-cycle arrest in late S and G2 (Fig. 7C, E), without 
significant impairment of cell viability after 24 hr ex- 
posure (usually 10-15% PI-positive cells). This is sim- 
ilar to the accumulation of late S and G2-phase lym- 
phoblasts reported [38] after 24 hr treatment with doxo- 
rubicin (0.1 ~tg/ml). The drug concentration used here 
was much lower than the 6-10 gg/ml (10-14 gN) ap- 
plied by Crissman et al. [17] to Chinese hamster ovary 
cells. 

Figure 7 A - F  shows DNA and protein histograms of 
Sp2 cells: asynchronous (A and B), doxorubicin-arrest- 
ed (C and D) and reincubated for 24 hr in drug-free 
CGM (E and F). Doxorubicin-arrested cells (Fig. 7D, 
the mode in channel 11) contained 60% more protein 
than asynchronous cells (Fig. 7B, channel 7). This is 
less than with aphidicolin (Fig. 2) where the increase 
was more than 200%. 

In contrast to the synchronization after aphidicolin 
release, removal of doxorubicin gave no detectable G1 
cells: the cells remained in G2/M (Fig. 7E). The pro- 
tein distribution within this cell culture revealed at least 
two subpopulations (Fig. 7F). The first one (the mode 
in channel 11 as in Fig. 7D) contains cells with com- 
pletely inhibited protein synthesis, while still viable 
cells with unimpaired ability to synthesize protein (but 
not DNA) belong to the second subpopulation (with 
the mode in channel ca. 30). A gross imbalance of cel- 
lular levels of DNA, RNA and protein after treatment 
with doxorubicin has been reported before [17]. After 
24 hr incubation in drug-free CGM, examination under 
the microscope showed the cell density to have de- 
creased to 70% of the initial count: of these, ca. 50% 
were PI positive. 

The above shows that, in contrast to aphidicolin, 
doxorubicin-treated cells cannot resume cycling and 
propagation. Qualitatively similar results were obtained 
with L-cells (data not shown). This is in agreement with 
data on murine erythroleukemic cells [71], in which 
doxorubicin (at the given concentration and incubation 
period) caused irreversible blockage of the cellular DNA 
synthesis. 

ELECTROROTATION OF DOXORUBICIN-TREATED 

Sp2 CELLS 

Incubation of Sp2 cells with doxorubicin (0.17 ~tM, for 
20-24 hr) resulted in an accumulation of the cells in late 
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S and G2/M phases (Fig. 7C). These cells were larger 
(a = 8.0 _+ 0.3 gm), and possessed significantly high- 
er C m (1.30 _ 0.08 gF/cm 2) and C c (10.9 _+ 0.5 pF) than 
asynchronous cells, whereas the decrease in G A (to 5.6 
-+ 1.7 mS/cm 2) was only poorly significant (P = 0.28). 
As indicated by the parameter CV{f c �9 a/c~} = 18.6% (N 
= 238), the scatter in membrane parameters was con- 
siderable. 

Twenty-four hours after removal of doxorubicin, 
only those cells with intact membranes could be mea- 
sured by electrorotation. The results are shown in Fig. 
8 (right-hand bars). These cells were still larger than in 
doxorubicin (a = 11.2 _+ 0.5 gm), possessed higher C m 

(1.60 + 0.12 gF/cm 2) and C c = (25.3 _+ 0.5 pF) than 
control or arrested cells, whereas their G A = 2.9 _+ 0.4 
mS/cm 2 was dramatically lower. There is no reason to 
suspect that K s ( s e e  Eq. 6) has decreased in these cells, 
so this very low value of G A indicates a much decreased 
level of membrane transport. 

PLASMA MEMBRANE INTEGRITY UNDER 

HYPO-OSMOLAL STRESS 

The data obtained on chemically arrested cultured cells 
(higher C m values, Figs. 4, 5, 6A and 8) demonstrate the 
presence of a large amount of membrane in folds and 
microvilli. These membrane extensions can provide 
an instantaneous source of material to maintain plasma 
membrane integrity during hypotonic swelling of cells 
[4, 24, 33, 36, 57, 59]. Therefore, drug-arrested cells 
can be expected to tolerate more severe hypotonic stress 
than cells from asynchronous cultures. 

This hypothesis was tested as follows: cell samples 
(106, aphidicolin-arrested or control asynchronous Sp2 
and L cells) were exposed for 5-10 min to hypo-osmotic 
solutions of inositol (14-140 mOsm). After addition of 
PI (25 gg/ml), the percentage of fluorescent cells was 
determined by fluorescence microscopy. 

The initial counts of PI-positive cells (280 mOsm 
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Fig. 7. DNA- (A, C and E) and protein- (B, D and 
F) content distributions within exponentially 
growing (A and B) and doxorubicin-treated (C-F) 
Sp2 myeloma cells. Cells had been permeabilized 
with saponin. A typical control culture (A) contains 
26% G0/G1, 63% S, and 11% G2/M cells, but a 
narrow distribution of protein contents (B). 
Exposure of the cells to doxorubicin (0.17 gM, 
20-24 hr) led to an accumulation of cells with the 
DNA content of late S and G2/M (C) and increased 
the most frequent protein content (D) by a factor of 
1.6. 24 hr after removal of doxorubicin from the 
growth medium, only G2/M cells could be found 
(E): a large proportion (about 50%) of these cells 
have two or more times the protein content (F) of 
cells in the presence of doxorubicin. However, PI 
staining in the absence of saponin revealed that 
about 50% of the cells were dead, as confirmed by 
their poor or absent cell rotation. 

inositol) in asynchronous and aphidicolin-arrested Sp2 
cultures were 8 + 5 and 12 + 2%. These remained 
practically unchanged down to 140 and 70 mOsm, re- 
spectively. Further dilution of the medium resulted in 
drastic increases in the PI-positive cell counts. 

We fitted sigmoidal curves to the experimental da- 
ta ( s e e  legend to Fig. 9). It is clear that aphidicolin- 
treated cells (unbroken curves) were more tolerant of 
hypotonic  stress than asynchronous ones (dashed 
curves). 

The sigmoidal fits allowed determination of the os- 
molality values LOs0 at which 50% of initially living 
cells became PI positive. Sp2 cultures gave LOs0 = 62 
• 5 mOsm, decreasing to LOs0 = 35 +- 1 mOsm after 
aphidicolin, whereas L-cell cultures gave LOs0 = 34.6 
_ 0.2 mOsm, decreasing to LO50 = 28.4 • 0.4 after 
aphidicolin (all values • SE). 

ELECTRICAL FIELD TREATMENT OF MOUSE L CELLS 

Figure 10 shows changes in the plasma membrane prop- 
erties and cell size of L cells (3 hr post-aphidicolin ar- 
rest) after application of a train of three electrical puls- 
es (5 kV/cm, exponential decay, time constant 40 gsec) 
at 20~ in isotonic pulse medium and after subsequent 
"resealing" (the incubation of pulsed samples for 15 min 
at 37~ in RPMI without phenol red). According to Eq. 
(1), nearly 85% (Sbroken/Swhol e = (1 --  COS0)) o f  the cell 

surface should have experienced breakdown under these 
conditions (mean cell radius 8.7 gin). That electrical 
treatment caused only a small increase in the proportion 
of irreversibly permeabilized cells (from 5-8 to 15 +3% 
PI positive) indicates that resealing had been effective. 
The integrity of the membrane was also indicated by the 
fast, anti-field electrorotation of these cells. Rapid re- 
covery of plasma membrane impermeability, and high 
viability, of asynchronous L cells after electric treatment 
has been reported before [70]. 

The electrical treatment induced slight cell swelling 
(the mean radius increased from 8.7 -+ 0.3 to 9.5 -+ 0.2 
gm), and a remarkable decrease in C m (from 2.85 +- 0.22 
to 1.86 + 0.17 gF/cm2). Taken together (Eq. 9), these 
effects imply a significant decrease in C c from 27.3 _ 
3.3 to 21.3 • 2.5 pF, or 22%. This is unlike hypoton- 
ic swelling, which causes little change or even an in- 
crease in C c [57], s e e  Discussion). After field applica- 
tion, G A seems to be reduced from 8.2 _+ 2.3 to 2.0 + 
0.5 mS/cm 2 (P -- 0.08): this is in the same direction as 
the reported reduction in G m following membrane break- 
down in erythrocytes [21]. The pulse-induced changes 
were reversible: after 5 hr incubation (RPMI without 
phenol red) and a second treatment with dispase (the 
cells had become adherent), C m and G A increased to 2.30 
gF/cm 2 and 6.9 mS/cm 2, respectively. 

Preliminary experiments had used asynchronous 
L-cell cultures ( d a t a  n o t  s h o w n ) .  The lower mean ra- 
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where Min, Max and K are parameters of the sigmoid. Osm means 
osmolality. At osmolality LOs0, 50% of the originally intact cells 
became PI positive. 

dius of 7.2 + 0.2 gm implies that the 5 kV/cm pulses 
should have permeabilized only 81% of the cell surface. 
In this case, 5-7% of cells became PI positive (the ini- 
tial count of dead cells was usually 1-2%). After re- 
sealing, the mean radius increased from 7.2 + 0.2 (N = 
10) to 7.7 + 0.3 gm (N = 3), whereas the mean C de- 
creased from 2.13 + 0.06 to 1.86 + 0.08 ~tF/cm 2. 
Changes in G a (from 5.6 + 1.1 to 5.4 -+ 2.8 mS/cm 2) 
and in C c (from 13.9 _+ 0.5 to 14.0 + 0.6 pF) after elec- 
trical treatment of asynchronous cells were either absent 
or insignificant. 

Discussion 

STATISTICS OF ROTATION DATA ON ASYNCHRONOUS 

AND ARRESTED CULTURES 

Synchronization of cells is usually carried out to obtain 
uniform populations of cells. Although it is well known 
that arrest with either aphidicolin or doxorubicin gives 
uniformity of the DNA content, little data on the scat- 
ter in membrane properties are available. The rotation 
technique used here can provide this information (the 
C V { f  c �9 a / ~ } ,  s e e  Eq. 10). V a r i a t i o n s  in the 
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Fig. 10. The effect of electrical pulsing (three exponentially decay- 
ing pulses of initial strength 5 kV/cm, time constant 40 gsec, at 20~ 
with subsequent resealing (15 min in CGM without phenol red at 37~ 
on aphidicolin-synchronized L cells. The cells had been harvested 3 
hr after release of aphidicolin block. The slant-line and cross-hatched 
bars depict cells before and after pulse application, respectively. 

C V { f .  a/c;} should mainly reflect variations in the 
membrane excess of these populations. 

In asynchronous cultures (Fig. 1), we found a large 
degree of membrane heterogeneity in both L cells and 
Sp2 cells. The CV{r �9 a/c;} was close to 20% in both 
cases, whereas that of H7 was only 14%. Despite the 
uniformity of the DNA content of arrested populations, 
their membrane properties stayed at least as diverse as 
when asynchronous. Thus, the CV{f c �9 alc;} values for 
aphidicolin-arrested L cells and Sp2 cells were unaltered 
(19 and 20%, doxorubicin-Sp2 also 19%), while aphidi- 
colin arrest caused the CV{fc �9 a/c;} of H7 cultures to 
rise dramatically to 24%. 

A slight decrease in the heterogeneity of the popu- 
lation of Sp2 cells was observed after 16 hr aphidicol- 
in arrest followed by 6 hr release. The resulting G2/M 

cells showed a lower CV{fc �9 a/G} of 16%, compared to 
20% after 16 hr arrest. Figure 6A shows an almost sta- 
tic C C during the 6 hr post-release growth: both these ob- 
servations can be explained by assuming that cells with 
excess membrane are inhibited from further incorpora- 
tion. 

If  CV{fc �9 alc;} values reflect variations in the mem- 
brane excess, hypo-osmotic flattening of the membrane 
should give a much-reduced scatter. In accordance 
with this, the CV{fc �9 a/c;} of asynchronous Sp2 cells at 
100 mOsm was only 10% (as also expected from Fig. 
1C). A similar reduction (from 20 to 12%) was ob- 
served on hypotonic treatment of aphidicolin-arrested 
Sp2 cells. A dramatic confirmation was given by 
aphidicolin-arrested Sp2 cells 6 hr after release: hypo- 
tonic treatment reduced the C V { f .  a/c;} from 16 to 
6.6% (the most homogeneous cellular population mea- 
sured to date). 

All the above cultures exhibited very similar vari- 
ability in cell radius (CV{a} = 10-12%, independent 
of osmolality). The lack of changes in CV{a}, despite 
the wide range of CV{f c �9 a/c;}, is in agreement with Eq. 
(10), which predicts no direct linkage between radius 
and fc " a/c;. On the other hand, an indirect effect 
through a dependence of C m on a is possible, and two 
bodies of literature combine to predict such a depen- 
dence. First, small and large cell subpopulations should 
be enriched with cells from early (G1) and late (G2/M) 
phases respectively [30, 37, 41, 42, 44]; second, late- 
phase cells should exhibit higher C m values because 
the number of microvilli of suspension-grown cells in- 
creases with progression from G1 through S to G2 [37]. 

The possible cell-size dependence of membrane 
properties was therefore investigated directly by split- 
ting the data sets on asynchronous cells according to cell 
size. At variance with the prediction based on the lit- 
erature, no significant difference could be demonstrat- 
ed between the small (mean radius 6.3 gm) and large 
(mean radius 7.9 gm) subpopulations of Sp2 cultures 
(Fig. 1B). The lack of a difference in C m may reflect 
the very large scatter in size of cells in a given phase. 
This can be as large as a volume ratio of 2-3 [43], so 
that the growth phase is not easy to predict from cell 
size. With L cells (Fig. 1A), the results were actually 
opposite to the prediction based on the literature: the 
smaller subpopulation (mean radius 6.5 pm) exhibited 
a higher C m than the larger (mean radius 8.1 gm). It 
may be that the extensive spreading required when L 
cells are adherent causes, after suspension, smaller cells 
to have a proportionally greater membrane excess than 
larger ones. 

PLASMA MEMBRANE CHANGES AFTER 

CHEMICAL SYNCHRONIZATION 

We have shown here that cell growth, protein synthe- 
sis, and plasma membrane assembly continue despite 
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chemically induced arrest of DNA synthesis. Indepen- 
dent of the cell line studied, the C m values became sig- 
nificantly higher than typical for asynchronous cultures, 
indicating (Eq. 8) the presence of more membrane folds 
and microvilli in arrested cells. 

In response to hypo-osmotic stress, folds and mi- 
crovilli provide an easily available reserve of mem- 
brane that enables animal cells to behave as osmome- 
ters. This has been shown by electron microscopy [36, 
59], by electrical work [4, 24, 57], as well as by com- 
bined studies [18, 33]. At normal osmolality, many cells 
exhibit C m values above 1.0 gF/cm 2, whereas stretching 
the membrane hypo-osmotically [4, 18, 24, 33, 57] or 
shearing off the microvilli [24] cause reduction to a 
flat-membrane value very close to 0.8 gF/cm 2. That the 
microvilli and folds, rather than some other mecha- 
nism, explain the high C m values in this work as else- 
where is indicated by the data of Fig. 6. Hypotonical- 
ly stressed cells, whether asynchronous, G1/S, or G2/M 
all show indistinguishable "flat-membrane" C m values 
(0.80, 0.81 and 0.78 gF/cm 2, SE --+ 0.02-0.03 gF/cm2), 
even though the values at 280 mOsm were widely dif- 
ferent from each other (1.00, 1.33 and 1.15 gF/cm 2, SE 
_+ 0.04 gF/cm2). 

In agreement with the above, we demonstrated that 
chemically synchronized (high Cm) cells can tolerate 
more severe hypo-osmotic stress than asynchronous 
cells (Fig. 9). Not only were the synchronized cells bet- 
ter able to exclude PI, but (at least at 100 mOsm) these 
cells showed ready rotation, giving lower values of ap- 
parent membrane conductivity (higher G a values would 
have been expected had the membrane been permeabi- 
lized by stretching). Even at about 25 mOsm (almost 
12 times lower than physiological), the presence of an 
electrically functioning membrane could be demon- 
strated in the majority of aphidicolin-synchronized Sp2 
cells. This indicates a remarkable ability for membrane 
mobilization. 

Treatment of cells in strongly hypo-osmolal media 
gives higher electrofusion yields than in iso-osmolal 
conditions [51]. The high viability of chemically arrest- 
ed cells under extreme hypo-osmotic stress makes them 
promising partners for hypo-osmolal electrofusion. 

It is necessary to point out that data on chemically 
synchronized cells should not be directly extrapolated 
to asynchronous cultures. Synchronization by physical 
selection, such as by rate-zonal centrifugation [37] or by 
mitotic shake-off of adherent cells [60], should be used 
in future work to obtain information on changes in the 
plasma membrane during a chemically undisturbed cell 
cycle. 

PLASMA MEMBRANE CHANGES AFTER INTENSE 
FIELD PULSES 

Chemically synchronized cell cultures have been suc- 
cessfully used in the electrically driven cell fusion and 

gene transfection (see Introduction). Despite perme- 
abilization of 81% (asynchronous cells) or 85% (syn- 
chronized) of the membrane area, only a few percent of 
L cells were found to be irreversibly permeabilized 
(killed) if resealing followed electric treatment. This is 
in contrast to the loss, after similar pulsing, of 50-60% 
of activated mouse B-lymphocytes [19], even though 
these were significantly smaller (4.8 gm). 

One reason for the pulse stability of L cells may be 
their large reserve of membrane (C m = 2.13 or 2.85 
gF/cm 2 in asynchronous or aphidicolin-arrested L cells, 
respectively, whereas C m = 1.6-1.7 gF/cm 2 [31] for ac- 
tivated lymphocytes). The presence of extra membrane, 
instantaneously available to repair membrane injuries 
produced by electric breakdown and to cope with the 
swelling caused by permeabilization, may also explain 
why electrofusion of animal cells [ 16] and plant proto- 
plasts [45, 49], as well as electrotransfer of genes [29, 
58, 62] have benefited from chemical synchronization. 
In particular, it may explain the predominance of G2/M 
as the optimum phase. 

Electrorotation was able to detect and quantify the 
loss of plasma membrane, even when asynchronous 
populations were used (not shown, due to poor statisti- 
cal significance). The data on aphidicolin-synchro- 
nized cells (Fig. 10) were much cleaner, and compari- 
son of the C C values indicates a loss of about 22% un- 
der the pulse conditions used here. The mechanism may 
be electrically induced endocytosis, observed earlier by 
electron microscopy in Chinese hamster ovary fibrob- 
lasts [39] and by fluorescence microscopy in L cells 
[70], and more recently in human fibroblasts [28]. How- 
ever, loss of the plasma membrane in the opposite di- 
rection (exocytosis, budding-off) may also be possible. 

According to work on chloroplasts [47], increase of 
the protein content of biomembranes may lead to a re- 
duction in the breakdown voltage. If this also occurs in 
animal cells, it may be that the reduction of plasma 
membrane seen after pulsing is selective for patches 
with higher protein content. We have recently observed 
a reduction in the IgG.-stainable protein of stimulated 
lymphocytes after electropulsing [19], but further work 
is required before the quantitative relationship to a re- 
duction in C m can be established. 

CONCLUSIONS 

(i) Chemical arrest of the cell cycle by aphidicolin or 
doxorubicin leads to production of excessive cytosolic 
protein and also of membrane material. The latter is 
stored as plasma membrane folds and microvilli, whose 
presence can be readily detected by electrorotation via 
the increase in the area-specific membrane capacitance. 

(ii) The cell-cell variation in the membrane prop- 
erties of arrested cells is as large as that of asynchronous 
cells. This follows from (i): those cells which remain 
in the same phase for the whole duration of the treatment 
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are able  to inc rease  thei r  m e m b r a n e  excess  ( increas ing  

thei r  apparen t  C m and p r e s u m a b l y  Gin) dur ing  the c o m -  
p le te  per iod.  T h o s e  ce l ls  wh ich  had on ly  jus t  en te red  
arrest  as the drug  was  r e m o v e d  should  h a v e  the  l o w e s t  

C,n and Gm. S o m e  hours  af ter  re lease  f r o m  arrest,  the  
var iab i l i ty  m a y  decrease .  

(iii) The  cel l -cel l  var ia t ions  in m e m b r a n e  excess  can 

be  m e a s u r e d  by  e lec t ro ro ta t ion ,  f o l l o w i n g  wh ich  the 
ce l l s  can  be  i nd iv idua l ly  r e c o v e r e d  af ter  m e a s u r e m e n t  
[5]. M e a s u r e m e n t  o f  one  and the s a m e  ce l l  by  ro ta t ion  
and c y t o m e t r y  is no t  poss ib le  wi th  the f l o w  c y t o m e t e r  
used  here.  i f  ro ta t ion cou ld  be  f o l l o w e d  d i rec t ly  by  true 

s i n g l e - c e l l  c y t o m e t r y ,  then  m o r e  de t a i l ed  and d i rec t  

ana lyses  o f  c e l l - c y c l e - m e m b r a n e  in te rac t ions  w o u l d  be  
poss ib le .  In addi t ion,  this sort  o f  i n s t rumen t  m a y  be  

v e r y  in te res t ing  for  m u l t i - p a r a m e t e r  ce l l - sor t ing .  
(iv) D u e  to thei r  large  excess  o f  p l a s m a  m e m b r a n e ,  

c h e m i c a l l y  s y n c h r o n i z e d  ce l l s  are  ab le  to w i t h s t a n d  

m o r e  s e v e r e  h y p o - o s m o t i c  stress,  and p r o b a b l y  a lso  
m o r e  seve re  puls ing ,  than cel ls  f r o m  asynch ronous  cul-  
tures.  The re fo re ,  c h e m i c a l  synch ron iza t i on  seems  to 
p roduce  p r o m i s i n g  par tners  for  ce l l  hyb r id i za t i on  v ia  

h i g h l y  e f f i c i en t  h y p o - o s m o l a l  e l ec t ro fus ion .  
(v) E lec t r i c  f ie lds  su f f i c ien t  to genera te  V cons id -  g 

e rab ly  h ighe r  than the cr i t ica l  b r e a k d o w n  vo l t age  cause  

decrease  in the p la sma  m e m b r a n e  v i l la t ion  ( lessening o f  
Cm) and par t ia l  loss  o f  p l a s m a  m e m b r a n e ,  p r e s u m a b l y  

v ia  e n d o c y t o s i s - l i k e  ves icu la t ion .  The  m e m b r a n e  loss 
m a y  be  quan t i t a ted  f r o m  the dec rease  o f  the  w h o l e - c e l l  
capac i tance .  
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