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Abstract To provethe general applicability of arecently
published flow cytometric method to determine the mem-
brane potentials of cells on the absolute (mV) scale, the
validity of the premisesinvolved were analyzed individu-
aly. Experimental evidence was given for bis-oxonol, the
applied membrane potential indicator being a Nernstian
dye. The results of special measurements proved that ex-
tracellular dye concentrations were not affected by cellu-
lar dye uptake under the applied experimental conditions
and that the dye content of the suspending medium did not
contribute directly to the measured cellular fluorescence.
A direct, membrane-potential-independent contribution of
the extracellular dye to cellular fluorescence was also
found to be negligible, asmembrane potential valuesof the
same type of cells evaluated from measurements in the
presence of different extracellular oxonol concentrations
were very close to each other. The transmembrane poten-
tial of B lymphoid JY cells was measured by the method
asafunction of cell density in the tissue culture. Cellsiso-
lated during thelog phase of growth displayed a—40+4 mV
membrane potential. At a high density of the culture (pla-
teau phase), a significant increase of the membrane poten-
tial to —61+3 mV was observed and a medium value of
—47+3.5 mV was measured at an intermediate density of
the cells. Our observation indicates that nonadherent cells
can also be hyperpolarized when optimal growth condi-
tions are terminated.
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Introduction

The central role of intracellular ion concentrations in dif-
ferent cell physiological processes is well documented
(Casabiell et al. 1991; Grinstein and Dixon 1995; Voets et
al. 1995; Rader et al. 1996; Balkay et al. 1997). Transmem-
brane potentials may play arolein signal transduction and
differentiation in a number of cells (Magni et al. 1991;
Damjanovichetal.1994; Jungetal. 1994; Lozaet al. 1995).
Changes in membrane potential occur in various cells
within seconds after binding of ligands to appropriate re-
ceptors (Pandiella et al. 1989) and these changes may di-
rectly mediate subsequent physiological and metabolic re-
sponses in the cellsinvolved (Szdll6si et al. 1987; Nilius
et a. 1993; Riviere et al. 1995).

We recently described a fluorescence flow cytometric
method which allows quantification of membrane poten-
tial measurements (Krasznai et a. 1995), but the fulfill-
ment of the underlying suppositions was not critically in-
vestigated. In the present communication we present a
thorough and detailed analysi s of the fundamental assump-
tions on which the devel oped method isbased. The method
was also applied to monitor membrane potential changes
accompanying the growth of B lymphoid JY cells from a
starting state of a relatively low inoculum to a high-den-
sity plateau phase with blocked mitosis.

Materials and methods
Reagents

All chemicals were of analytical or spectroscopic grade.
Bis(1,3-dibutylbarbituric acid(5)) trimethine oxonol [diBA-
C,-(3)] and the tetraacetoxymethyl ester of the dye 2',7-
bis(2-carboxyethyl)-5(and -6)-carboxyfluorescein (BCECF-
AM) were obtained from Molecular Probes (Ore, USA)
and inorganic chemicalswere from Sigma. Phosphate buf-
fered saline (PBS) contained 140 mm NaCl, 5 mm KCl,
8 mm Na,HPO,, and 3 mm NaH,PO, at pH 7.3.



Cells

The JY cell line was maintained in RPMI-1640 medium
completed with 10% fetal calf serum and antibiotics at
37°C in a5% CO, atmosphere. For experiments to study
the effect of cell density, JY cultureswere seeded at a con-
centration of 1, 0.4 and 0.18x10° cells/ml (samples A, B,
and C, respectively) using the same cell population of pla-
teau phase cells (having reached a density of 10° cells/ml)
and cultured for 20 h. Before use the cells were washed
withand resuspendedin PBSat aconcentration of 2x 10//ml.
The cell viability was routinely determined by trypan blue
exclusion and it was morethan 90% in each case. Thecells
were fixed by 2% of ice-cold formaldehyde as described
previously (Krasznai et al. 1995).

The absolute membrane potential of the cellswas mea-
sured by flow cytometric assay (with oxonol dye) and with
the patch clamp as the reference technique (Krasznai et al.
1995; Panyi et al. 1996).

Determination of absolute membrane potential

The method has been described in detail by Krasznai et al.
(1995) and can be summarized briefly as follows.

1. Free dye is assumed to distribute across the membrane
according to the Nernst equation

w=RT/F In[D,/D] (1)

where ¢, R, T, F, D; and D, denote transmembrane poten-
tial, universal gas constant, absol ute temperature, Faraday
constant, and intracellular and extracellular concentration
of the free dye, respectively. With this assumption the ab-
solute value of  can be easily calculated if the free dye
concentration is known on the two sides of the cytoplas-
mic membrane. Samples of the investigated cells were
stained with diBA-C,-(3) of different concentration (be-
tween 50 nm and 2 um) in the suspending PBS and ana-
lyzed withtheflow cytometer. A calibration curvewascon-
structed from the observed data, displaying mean values
of the measured histogram of the cellular fluorescence ver-
susextracellular dye concentration (likecurve A onFig. 1).
Owing to the interrelationship between extracellular and
intracel lular free dye concentrati ons and the membrane po-
tential of the cells (see Eq. 1) used for the construction of
the calibration curve, abscissaof thisplot can be scaled ei-
ther in terms of D or D; (see scale on top of thefigure) as

D;=D.exp[Fy/RT]|=D.C (2

where C is constant as long as (¢ does not change, though
its numerical value is not known.

2. The membrane potential of the sample of interest can be
calculated from the ratio DD using the Nernst equation
(superscript S refers to the sample of interest). It is gener-
ally assumedthat cell-related dyefluorescencefor the same
type of cellsisdetermined entirely by the intracellular dye
concentration. Based on this assumption, the intracellular
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dye concentration, DY, in the sample of interest will be the
same as that (D o) in the very sample having the same cel -
lular fluorescence intensity (FIS) out of those used to con-
struct the calibration curve. Let us denote the extracellu-
lar concentration of the dye for this sample by Dgc. With
the help of the calibration curve the numerical value of
D can beidentified asthe abscissaof the point of the cal -
ibration curve determined by FIS. Thisin turn determines
the intracellular dye concentration of the sample of inter-
est as

DP=Djc=Dg. C (3)
with the unknown constant C as detailed in paragraph 1.
3. Aiming at the determination of ¢ by using Eqg. (1) we
still use data of a formaldehyde-fixed sample to calculate
the value of the denominator of the ratio D;/DZ in Eq. (1).
This sample is made up from completely depolarized (but
otherwise identical to those used in the experiment) cells.
Instead of determining DS one can determine DP(DS=D?,
where the superscript O refers to the sample of fixed cells
with @=0) with fixed cells stained in the presence of ex-
actly the same concentration of the dye as the sample of
interest. This is explained by the intra- and extracellular
concentrations of the membrane-permeable charged dyein
the case of a zero transmembrane potential (in addition to
the same extracellular dye concentration for the sample of
interest, the fixed sample instrumental setting should also
be kept when measuring these two sampl es). Here again
the intracellular dye concentration, D , of the depolarized
sample will be the same as that (D° C) of the very sample
having the same cellular fluorescence intensity (FIO) out
of those used to construct the calibration curve (DY=D{)).
The extracellular concentrailon of the dye for this sample
will be denoted by Dec The fluorescence intensity FI°
identifies D2 with the help of the calibration curve, which
in turn determines again the intracellular dye concentra-
tion of this sample as well as of the fixed sample as

(Dg=) DY =DPc=Dg.C
with C as detailed in paragraph 1.

4. The transmembrane potential can be cal culated accord-
ing to Eqg. (1). The scaling factor, C cancels in the calcu-
lation, enabling us to obtain the numerical value of ¢ on
an absolute scale.

(4)

Results and discussion

Assumptions required by the flow cytometric membrane
potential measuring method

Transmembrane potential determinations on the absolute
mV scale demand the fulfillment of the following assump-
tions:

1. Free diBA-C,-(3) distributes between the two sides of
the cytoplasmic membrane according to the Nernst equa-
tion.
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2. Thetotal amount of the dye taken up by the cellsis neg-
ligible compared to the extracellular quantity of the fluo-
rescent indicator throughout the whole experiment.

3. The fluorescence intensity measured from a given
stained cell is a single value function of D; in a way that
any change in D, will not alter the detected cellular dye
fluorescence if the intracellular concentration of the free
indicator dye remains the same.

4. A calibration curve is available, displaying the interde-
pendence of cell-related dye fluorescence and intracellu-
lar free dye concentration. It isfurther assumed that the ra-
tio C=D;/D, is constant for all samples used for the cali-
bration curve.

5. The cellular volume is not subject to a change in any of
the samples, including also those used for the calibration.

6. A sampleisavailable containing cells of zero transmem-
brane potential.

Fulfillment of the assumptions

To justify the outlined method, below we investigate the
fulfillment of all the basic assumptions as defined above.

1. The membrane potential indicator diBA-C,-(3) is a
widely used dye having a broad range of applications. In
our hands the cell-related fluorescence of the oxonol dye
readily followed changes in the transmembrane potential
and the new equilibrium was achieved within 1—-2 min.
The molecule is a monovalent anion with its negative
charge delocalized. Based on these facts, there is no rea-
son to doubt that the free dyeisaNernstian fluorescent in-
dicator.

2. Inorder to havereliableextracellular dye concentrations
for the construction of the calibration curve, one has to
show that the total amount of dye accumulating inthecells
under the conditions of the experiment does not signifi-
cantly change the initial extracellular concentration. Neg-
atively charged oxonol dyes offer the advantage of low
intracellular accumulation compared to cyanine dyes car-
rying a net positive charge; thus experimental conditions
may be found with negligible depletion of the dye in the
suspending medium owing to cellular uptake. Dye concen-
trationin our measurementswasvaried between 50 nm and
2 um. A cell concentration of 10%ml was routinely used in
the stained samples. To probe dye depletion, three parallel
sampleswereprepared using 0.5x 10%ml, 1.0x 10%ml, and
2.0x10%ml concentrations of the cellsand thelowest, 50 nw,
dye concentration as described in Krasznai et a. (1995).
Inaccord with the expectation based on the negative charge
(and consequently low intracellular accumulation) of the
oxonol, we did not detect any significant differencein the
cell-related fluorescence of these samples. This observa-
tion arguesfor thetotal amount of dye taken up by thecells
being negligible compared to the dye content of the sus-
pension.

3. Our protocol to determine absolute values of the mem-
brane potential assumes that the intensity of the fluores-

cence emission of astained cell isasingle-valued function
of theintracellular freedye concentration. Thisimpliesthat
the same given intracellular free dye concentration has to
determine the same cell-related oxonol fluorescence even
if it is maintained under different conditions in terms of
membrane potential and extracellular dye concentration
(e.g. changing extracellular dye concentration relative to
a reference sample may not change the cellular fluores-
cenceif an appropriate, paralel to D, change, alterationin
the transmembrane potential will compensate for the ef-
fect of the changed extracellular dye concentration and
maintain D; identical to that in the reference sample). Ow-
ing to this reason the extracellular concentration of diBA-
C,-(3) should not exert any effect on the cellular fluores-
cence. To check for any eventual distortion of the detected
cellular emission intensity by the direct contribution of the
extracellular dye as a possible source of error, the fluores-
cence histogram measured from an unstained sample sus-
pendedin PBS (background or autofluorescence) wascom-
pared with that measured from a similar sample contain-
ing an extracellular nonpermeable dye. For this purpose
the hydrolyzed (BCECF) form of BCECF-AM was added
to the cell suspension under conditions of the experiment
using a BCECF concentration giving rise to a similar flu-
orescence intensity reading as an oxonol solution of the
highest concentration applied. The presence of extracellu-
lar BCECF changed the mean of the unstained background
fluorescence less then 5%. Thisis anonsignificant contri-
bution to the fluorescence intensity of the oxonol-stained
samples of 20—200 times the background. The results of
these experiments clearly demonstrate that the flow cyto-
metric method yielded true cellular fluorescence inten-
sities for this type of cell with the maximum bias due to
extracellular dye of lessthan 0.25%. The independence of
the detected fluorescence intensity from the extracellular
oxonol concentration is not evident apart from the direct
contribution of extracellular dye to the emission intensity
measured from the cells. Ring-like fluorescence of the ox-
onol-stained cellsarguesfor amembrane-related emission
intensity, which may depend on the extracellular dye con-
centration. Numerical values of the parameters determin-
ing the contribution of the membrane-bound oxonol emis-
sionintensity to the cellular fluorescence are not avail able.
For thisreason it was experimentally tested how much the
results of the absolute membrane potential measurements
are distorted by the  independent (and definitely D, de-
pendent) membrane fluorescence. Multiple samples were
made up from the same cell suspension of cells of interest
and zero transmembrane potential cells (obtained by
formaldehyde fixation of cells from the same suspension)
and fluorescence intensity data pairs (FIS and FI9) were
measured using a number of different extracellular dye
concentrations. Membrane potential values calculated
from FIS and FI° data pairs are displayed in Table 1. Re-
sults based on calibration curves constructed using either
nativeor fixed (seebelow) cellswerevery similar. Thedis-
played data belonging to different extracellular oxonol
concentrations show avery low distorting effect of differ-
ent De.



Tablel Membrane potential (in mV) of JY cells does not change
with concentration of diBA-C,-(3) or the kind (native or formalde-
hydefixed) of cellsused for the construction of the calibration curve

[diBA-C,4-(3)] Calibration curve constructed using
(nm)

Fixed cells Native cells
200 —-61.7 —-62.1
400 —-60.0 -59.7
800 -59.0 —66.0

Table2 Parameters of cell fluorescence saturation curves accord-
ing to Eq. (7a)

CurveinFig. 1 a; a, as alag
A 0.67 1154 55.9 20.6
B 1.08 584 352 16.6
C 8 91.3 5 18.3

4. Fluorescence intensity-extracellular dye concentration
data pairs (used to construct the calibration curve) origi-
nate from sampl es of supposedly identical transmembrane
potentials, assuring the proportionality between intracel-
lular and extracellular concentrations of the free fluores-
cent label (see Eq. 2). This proportionality guarantees that
the ratio of two dye concentrations belonging to two given
points at random on the abscissa of the calibration curve
has the same numerical value whether one uses the intra-
cellular concentrations belonging to these calibration sam-
ples or appropriate extracellular concentrations. For this
reason, (¥ of the cells (defining C, the proportionality fac-
tor between D; and D) used for the construction of the cal-
ibration curve is not a critical parameter; its numerical
value is not required in the evaluation of absolute mem-
brane potentialsof specially treated cells (samplesof inter-
est).

In order to employ the calibration curve for the calcu-
lation of  of the samples of interest, it isrequired that the
treatment of these samples (including formaldehyde fixa-
tion) will not change the affinity and number of intracel-
lular dye binding sites as well as fluorescence quantum
yields. These parameters are of basicimportancein the de-
termination of the total cellular emission intensity at a
given intracellular free dye concentration. The interaction
of oxonol with lipids and proteins is characterized by
changesin the fluorescence quantum efficiency abolishing
the proportional interrelationship between the amount of
intracellular dye and cellular fluorescence. Unchanged
binding characteristics of the investigated cells and those
with y=0isaprerequisiteto obtain undistorted membrane
potential values using our method. Addressing this issue,
we suggest amodel to describe analytically the calibration
curve using physicochemical and spectroscopic parame-
ters of the system. Details of this model are given in the
Appendix. To characterize the saturation of cell fluores-
cence with increasing dye concentration, three parallel ti-
tration experimentswere carried out (Fig. 1). Curve A dis-
plays results of measurements made in PBS as suspending
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Fig. 1 Fluorescence intensity versus dye concentration plots con-
structed using A native cellsin PBS (+); B native cellsin 20 mm po-
tassium buffer (0); C fixed cellsin PBS (%)

medium, curve B refersto results of similar measurements
using PBS with 20 mm K*, and data constructing curve C
were obtained with paraformaldehyde-fixed cells. The
gross behavior of the threetitration curvesisvery similar;
all of them can befitted fairly well by the same analytical
formula (according to Eq. 7a). Parameters of this formula
vary with the conditions of the titration (with the trans-
membrane potentia of the cells in the set of the calibra-
tion samples) but the ratio a,/a; containing only parame-
ters describing the binding characteristics remains practi-
cally unaltered (see data of Table 2). This alows one to
use the same calibration curve to convert mean values of
fluorescence histogramsinto dye concentration data, apart
from a scaling constant.

5. As, under otherwise identical conditions, cellular fluo-
rescence intensity is proportional to the cell volume, this
parameter hasto be constant throughout the measurements.
To ensure this, all the suspending media should be accu-
rately adjusted to isoosmolality.

6. Formaldehyde-fixed cells were used as completely de-
polarized cells. We detected very stable fluorescence in-
tensity from these cells stained with diBA-C,-(3) of the
same concentration independent of thelevel of K™ and Na*
in the suspending medium, as was described by Krasznai
et a. (1995).

Density of cultured cells affects membrane polarization

Absolute membrane potential values of JY cells were de-
termined on cells isolated from cultures of different den-
sity. The same cell population of plateau phase cells was
used to start culturing samples A, B, and C. The results of
the membrane potential measurements carried out after
20 h culturing are displayed in Table 3, together with the
results of patch clamp measurements carried out parallel
to the flow cytometric absolute membrane potential deter-
minations on the same samples. The results clearly show
that the most polarized cells were those isolated from the
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Table 3 Effect of cell culture density on membrane potential of JY
cells

Sample
A B C
Starting concentration 1 0.4 0.18
of cells (10° cells/ml)
Final concentration 1.17+0.31 0.81+0.04 0.3+0.05
of cells (10° cells/ml)
Membrane potential mea- —-61+3 —47+35 -40x4
sured by oxonol (mV)
Membrane potential measur- —63.4+5 -45.9+6.6 —40+5.5

ed by patch clamp (mV)

plateau phase culture (sample A). The polarization state of
these cells was very close to that of resting lymphocytes
(Kiefer et al. 1980; Krasznai et a. 1995). Cells of the sam-
ple made up from the pure logarithmic phase culture (sam-
ple C) were the most depolarized. The membrane poten-
tial of these cells was very close to —36 mV, the threshold
value for proliferating cells cited elsewhere (Binggeli and
Weinstein 1985, 1986). Membrane potential determina-
tions on cells isolated in a later phase of the logarithmic
growth (sample B) revealed numerical values between
these highly polarized and very much depolarized extrem-
ities. Theclosecorrelation of theflow cytometric and patch
clamp measurements argues for a real effect of cell den-
sity. Our results indicate that a cell density-dependent
change in the transmembrane potential is probably a fre-
guent phenomenon, not limited to adherent cells. Available
experimental data, however, do not allow the elucidation
of the mechanism of this interrelationship. To decide
whether a pronounced change in the membrane potential
at a high cell density of the culture plays a direct role in
inhibition of proliferation, or whether this change and the
block of the cell division are simultaneous consequences
of the same reason, requires further experimentation.

Appendix

Fluorescence titration is a widely used experimental pro-
cedure for the characterization of binding in an associat-
ing-dissociating fluorescent ligand-macromol ecule system.
The formation of the oxonol-protein complex is accompa-
nied by an enhancement of the emission intensity of the
dye. To follow quantitatively the oxonol-intracellular pro-
tein interaction, the fluorescence intensity is measured at
different dye concentrations.

Emission intensity detected by the flow cytometer from
asingle cell is composed of the contributions of the free
and bound fluorophore (I¢ and 1, respectively):

I=li+Ip=a V(g ci+ @ Cp) (1a)

where a incorporates all the parameters of the excitation
and detection geometry, light intensity, detector spectral

sensitivity, and electronic gain; V isthe volume of the cell;
@and c denote fluorescence quantum efficiency and intra-
cellular concentration of the dye, respectively; and the sub-
scripts f and b refer to the free and bound states of the
oxonol, respectively.

We assume a simpl e association-dissociation phenom-
enon and homogeneous binding sites of the samekind with
a total number of binding sites B,,. The number of free
(B;) and occupied (B,..) binding sites are related to each
other as

_Bc _ Biot — Boce
Ke=——=¢
°7 B Boce
where K isthe dissociation constant, and B values are num-

bers of the appropriate sites per unit volume.
With simple rearrangement we obtain

(28)

_ _ G Bt
Cp = Boee = G +Ky (39)
substituting thisfor ¢, in Eqg. 1a
|:orv<;t>f<:f§+ﬂiD (4)
@ G+ Ky

As for a Nernstian dye (see Eq. 2), one can write (¢, de-
notes the extracellular dye concentration):

Cr=Co eXp(-FY/RT) (53)
Equation (44@) can be rearranged:
l=aV @ coexp(-Fy/RT)
0 ad
Dj-'*'% Btot exp(le RT) (68.)

Data points of the saturation curve (Fig. 1) can befitted by

0 L, O

l=a c O+ —2[] (7a)
B S*a&f

with

a _ @ Ba

& @ Kq (83)

Thus a titration allows the calculation of the a,/a; ratio
from the parameters of the best fit, reporting on changes
in the binding characteristics of the dye, if any.
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