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Abstract. The fluorescence of the voltage sensitive dye,
diS-C;-(5), has been analyzed by means of synchronous
excitation spectroscopy. Using this rather rare fluores-
cence technique we have been able to distinguish between
the slightly shifted spectra of diS-C,-(5) fluorescence from
cells and from the supernatant. It has been found that
diS-C4~(5) fluorescence in the supernatant can be selec-
tively monitored at A,,. =630 nm and 4., =650 nm, while
the cell associated fluorescence can be observed at A,,,=
690 nm and /., =710 nm. A modified theory for the diS-
C;-(5) fluorescence response to the membrane potential is
presented, according to which a linear relationship exists
between the logarithmic increment of the dye fluores-
cence intensity in the supernatant, In I/I°, and the under-
lying change in the plasma membrane potential,
Ay, =y, —;. The theory has been tested on human
myeloid leukemia cells (line ML-1) in which membrane
potential changes were induced by valinomycin clamping
in various K* gradients. It has been demonstrated that
the membrane potential change, Ay, can be measured on
an absolute scale.
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Introduction

The carbocyanine dye 3,3'-dipropylthiadicarbocyanine
iodide, diS-C,-(5), is a membrane permeating cationic
fluorophore (Waggoner 1976; Waggoner 1979), that can
be used as a transmembrane-voltage tracer in liposomes
and living cells (Hoffman and Laris 1974; Sims et al.
1974). The response of this fluorescent probe to the
membrane potential was shown to result from its voltage-
dependent partition between the intra- and extracellular
phases and between the membrane and aqueous phases
(Sims et al. 1974; Waggoner 1976; Waggoner 1979; Hlad-
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ky and Rink 1976, Bashford and Smith 1979; Bashford
1981). When the membrane potential is negative inside
the cell, the positively charged dye molecules accumulate
in the cells and the intracellular dye content is increased
by hyperpolarization, and vice versa. Observable changes
in diS-C;5-(5) fluorescence result primarily from the associ-
ation of a fraction of the dye molecules with different cell
structures and/or from the formation of non-fluorescent
dimers and higher aggregates.

In dilute aqueous dye solutions (¢ <1 pM), a mono-
meric form of diS-C;-(5) predominates with maxima in
the absorption and fluorescence spectra at 650 and
665 nm, respectively (Sims et al. 1974; Hladky and Rink
1976; Tsien and Hladky 1978). With increasing dye con-
centration, non-fluorescent diS-C;-(5) dimers, with an ab-
sorption maximum at 590 nm, are readily formed (West
and Pearce 1965; Krasne 1980; Waggoner et al. 1977,
Tsien and Hladky 1978). Together with the dimers higher
aggregates may appear, particularly in aqueous media of
high ionic strength. Their absorption band is near 760 nm
(Tsien and Hladky 1978). They can thus not contribute to
the monomer fluorescence at 670 nm. On changing from
aqueous media to organic solvents of lower polarity both
the absorption and emission spectra of diS-C,~(5) are red
shifted by about 17 nm, compared with the values in
aqueous solutions (Tsien and Hladky 1978). All the spec-
troscopically different forms of diS-C;~(5) have also been
found in cells and liposomes: i.e. dimers (Sims et al. 1974;
Hladky and Rink 1976; Tsien and Hladky 1978), higher
aggregates (Sims et al. 1974) and dye molecules bound to
nonpolar membrane structures (Sims et al. 1974; Tsien and
Hladky 1978; Hladky and Rink 1976; Ivkova et al. 1984).

In our study, the synchronous excitation spectrosco-
py method (SES) was used to determine diS-C,-(5) fluo-
rescence contributions from cells and the cell medium.
This spectroscopic technique, so far little known in the
field of biological applications of fluorescence, relies on
the simultaneous scanning of fluorescence emission and
fluorescence excitation wavelengths, keeping the differ-
ence between them constant. Compared with standard
fluorescence emission and excitation spectra, SES spectra



184

offer a considerably higher chance of discriminating be-
tween spectroscopically similar fluorophores and/or in
detecting small spectral shifts (Lloyd 1971; Vo Dinh
1981).

After calibration, the fluorescence response of the
probe can be used for the quantitative determination of
the membrane potential. In many cells, this calibration
can be performed against a set of definite K* equilibrium
potentials which are established after valinomycin clamp-
ing of cell membranes in the presence of various gradients
of K* ions (Hoffman and Laris 1974; Hladky and Rink
1976; Rink et al. 1980), see also Methods.

Several theoretical models for the potential-sensitive
response of diS-C,-(5) fluorescence exist (Wilson et al.
1985, Ivkov et al. 1984). In this paper these models have
been extended to take into account experimental results
on dye aggregation within the cells. The modified theory
relates the membrane potential to the free dye concentra-
tion in the supernatant. Its predictions have been com-
pared with the results of membrane potential measure-
ments in human myeloid leukemia cells.

Materials and methods
Reagents

The cyanine dye 3,3'-dipropylthiodicarbocyanine [diS-
C;~(5)] was obtained from Molecular Probes (USA), vali-
nomycin was from Calbiochem (Switzerland) and other
chemicals were from Lachema (Czechoslovakia).

Cell culturing and induction of differentiation

Cells of the human myeloid leukemia ML-1 cell line
were kindly supplied by Dr. C. Haskovec, Institute of
Haematology and Blood Transfusion, Prague. The cells
were cultured in Iscove’s medium supplemented with
10% (v/v) heat inactivated foetal calf serum, 50 IU/ml
penicillin, 50 ug/ml streptomycin and 540 pg/ml gluta-
mine in a 5% humidified CO, atmosphere at 37°C. The
cells were transferred three times a week and kept in the
logarithmic growth phase.

Fluorescence measurements

Cell samples were washed three times (120 g x 10 min) in
a buffer containing: 137 mM NaCl, 54mM KCI,
1.43mM CaCl, - 2H,0, 0.8 uM Mg,SO, - 7TH,0, 1 mM
Ha,HPO, - 12H,0, 10 mM HEPES, 5 mM glucose, pH
adjusted to 7.35. The cell suspension, concentrated to a
density of 2—5x 108 cells/ml, was maintained at 4°C.
Before fluorescence measurements, the cells were shaken
for 10 min at 37°C. The cell concentration was then
adjusted to 15 x 10° cells/ml and the 1 mA stock solu-
tion of diS-C,-(5) was added to a final concentration of
0.5—2 uM. The labelled suspension was left to equilibrate
for 5 min at 37°C.

The fluorescence of diS-C;-(5) labelled samples was
measured in glass cuvettes at 37°C. All procedural sug-
gestions recommended by Hladky and Rink (1976) and
Tsien and Hladky (1978) were followed. In order to esti-

mate the fraction of dye adsorbed on the cuvette walls,
the emptied cuvette was washed for 15 min with stirred
ethanol and the absorbance and fluorescence of the ex-
tract were measured, (Sims et al. 1974; Krasne 1980).

All fluorescence measurements were performed on an
SLM-Aminco 4800 spectrofluorometer. Correction was
not carried out for either the spectral distribution of the
excitation intensity or the spectral sensitivity of fluores-
cence detection. The SES spectra were recorded over an
excitation wavelength range from 580 to 730 nm. The
wavelength difference between 4., and 1., was Al=
20 nm or AA=25 nm, with slit widths of 8 nm in both
emission and excitation.

The wavelength difference was chosen as a compro-
mise between two conflicting requirements: i) the A2
value should be close to the wavelength difference
between the maxima in the excitation and the emission
spectra of the examined fluorophore; under such condi-
tion the half widths of SES spectral bands are minimal
and this 1s desirable for the easy spectral detection of
different fluorescing species, ii) at given slit widths the A4
value must be high enough to ensure the rejection of
scattered excitation light.

The actual contribution of light scattering to the un-
corrected SES spectra, and thus the extent of possible
scattering artifacts, has been quantitated by measuring
the SES spectra in dye-free samples. It was found that the
contribution of scattering artifacts to the fluorescence
assays presented in this study was negligible.

Calibration of the dye fluorescence response with the K*
equilibrium potential

The valinomycin stock solution in ethanol (1 mM) was
added to the cell suspension to a final concentration of
1 uM. Then, the K* concentration in the supernatant,
[K *],..» Was increased in fixed steps: usually from 5.4 mM
(the K* concentration in the standard buffer) to 25.4, 45.4
and 105.4 mM. After any manipulation the system was left
to equilibrate for 4 min at 37°C.

The K™ equilibrium potential was calculated accord-
ing to the Nernst equation

Yx = (RT/F) In (K1, /[K7T;0) M)

with the intracellular potassium concentration approxi-
mated by the value [K*],, =145 mM, which was found
earlier in a very similar leukemic cell line HL-60 (Gargus
et al. 1984). Based on (8), the calibration curves are pre-
sented as double-logarithmic plots of In(f/I°) vs
In[K™*],u, where I° and I are the diS-C;-(5) fluorescence
intensities in the supernatant measured before the addi-
tion of valinomycin (in standard buffer) and in the same
sample after adding valinomycin and increasing the
potassium concentration to the value of [K¥],,,.

Theory

Let us consider cells containing abundant mitochondria
and having plasma and mitochondrial membrane poten-
tials equal to , and ¥,,, respectively. For dye solutions in



aqueous media, the voltage-dependent partitioning of the
probe between the extracellular medium, the aqueous in-
ternal space of the cell and its mitochondria can be satis-
factorily described by the equations

'ﬁp = _(RT/Z F) In (ac/as) (2 a)
¥, = —(RT/zF)In(a,/a,) (2b)
which obviously yield

Ywt¥, = —(RT/zF)In(a,/a) (2¢)
where a,, a,, and a, are the activities of the monomeric dye

dissolved in the extracellular intramitochondrial and cy-
toplasmic aqueous media, respectively; z is the effective
charge of the cationic dye molecule and R, F and T have
the usual meanings, e.g. (Rottenberg 1979). These equa-
tions alone are obviously not sufficient to explain the
observable changes in the probe fluorescence intensity, as
they include neither the effects of dye binding to the cell
membranes, organelles and cytosol macromolecules nor
the effect of dye aggregation.

As demonstrated earlier, diS-C;-(5) molecules readily
aggregate in aqueous solutions containing inorganic an-
ions. Their aggregation threshold is about 3.3 pM in solu-
tions with ionic strength similar to that of the cytosol (the
solid dye soon precipitates under such conditions), e.g.
(Tsien and Hladky 1978). In our samples the typical rate
of dye uptake was about 20—30% of the total dye added
to the cell suspension (based on the assessment of both the
dye fraction adsorbed on the cuvette walls and the dye
fraction remaining free in the supernatant). The total
cell volume of 1 x 10° ML-1 cells may be approximated
by a value of 0.1-0.2 pl (Wilson et al. 1985). Hence the
average dye concentration in the cell volume may exceed
1-3 mM, which is about three orders of magnitude above
the expected aggregation threshold. This suggests that
diS-C,-(5) aggregates may exist in our samples.

From the very beginning of the cell labelling process,
the intracellular dye tends to be accumulated in the mito-
chondria because of their high negative membrane poten-
tial (Wilson et al. 1985). Simultaneously, a fraction of the
intracellular dye can bind to non-polar cell components,
probably cell membranes. If the total amount of accumu-
lated dye is high enough the concentration of the dye solu-
tion in the inner mitochondrial space will reach the con-
centration of the saturated solution, ¢* (the corresponding
dye activity will be denoted a). Substitution into (2b) and
(2¢) yields

a,=aj exp [zF(,,+,)/RT] A3)
and
a.=ayexp(zFy,/RT). 4

At a certain level of dye uptake the accumulation capacity
of the mitochondria will be exceeded. Then the dye activ-
ity in the cytosolic solution will not obey the simple rela-
tionship given by (4). It will increase above this limit.
On increasing the dye-to-cell concentration, the total
dye uptake by cells can also exceed the level at which the
free dye concentration in the cytosol become equal to the
saturated solution value, ¢¥. For this condition, further
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variations in the total dye uptake (e.g. variations caused
by changes in membrane potential) are expected to be
followed either by an increase in the extent of dye aggre-
gation or by partial dissolution of the existing aggregates.

The c¢* value is a constant dependent on the tempera-
ture and the ionic strength of the cytosol. Consequently,
the activity of the free dye in the supernatant, a,, can be
simply related to the plasma membrane potential ¥,. We
get

a, = a¥ exp (zF ,/RT) (5)

where the constant a¥ is the dye activity corresponding to
ck¥. Assuming that the dye activity is roughly proportion-
al to the dye concentration, this equation can be ex-
pressed in terms of dye concentrations ¢, and c¥:

c,=ockexp(zFy,/RT) (6)

where « is a constant coefficient.

Furthermore, the dye fluorescence intensity in aqueous
cell medium solutions was found to be proportional to
the dye concentration for ¢c<1-2 ptM (data not shown
here). As a result, (6) can be rewritten in terms of relative
fluorescence intensities as follows:

In(1/1%) = S (4= 5) )

where i, and I are the membrane potential and the dye
fluorescence intensity in the supernatant, the indexed
values 1/, and I° being measured under certain standard
experimental conditions (see Methods). In conclusion, the
logarithmic increment in the diS-C;-(5) fluorescence in-
tensity in the supernatant, ln (I/I°), represents a linear
measure for the underlying change in the plasma mem-
brane potential, Ay, =y, —y, .

In the part1cular case of the K * equilibrium potential
calibration the i, values are given by (1). Then we have

K Tou /1K " 1o) (®)

where [K "], is the extracellular potassium concentra-
tion under the standard experimental conditions.

The principal hazards of this approach obviously
arise from the choice of the approximation. At a low
dye-to-cell concentration, i.e. at a low level of cell la-
belling, diS-C,-(5) fluorescence in the supernatant should
reflect the sum of the membrane potentials Y, +,, ac-
cording to (3). Next, a range of intermediate dye-to-cell
concentrations must exist at which neither (3) nor (6) can
be used. In all probability, the existence of such interme-
diate states and thus the limits of the applicability of
particular approximations can be discovered by investi-
gating the fluorescence response to definite membrane
potentials at various dye-to-cell ratios.

Finally, all the cautionary notes concerning both the
cyanine dye toxicity, ¢.g. (Johnstone et al. 1982; Chused
et al. 1986 and references therein), and methods of the
membrane potential calibration (Hladky and Rink 1976;
Rink et al. 1980; Kovac et al. 1982) obviously remain es-
sential for further applications of the diS-C,;~(5) fluores-
cent probe.

In(I/I°)=zIn (]
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Results and discussion

Synchronous excitation spectra of diS-C,-(5) fluorescence
in ML-1 cell suspensions

The SES spectra of diS-C,-(5) fluorescence measured in
pure buffer at low concentrations correspond to the emis-
sion of dye monomers, cf. (Sims et al. 1974; Hladky and
Rink 1976; Tsien and Hladky 1978). These spectra are
dominated by a sharp maximum at 664 nm which is ac-
companied by a pronounced shoulder at approximately
640 nm, Fig. 1. The spectral width at half-maximum of the
main band is about 20 nm. It is considerably narrower
than the spectral band observed in the standard emission
spectrum, FWHM ~ 35 nm Fig. 2.

On adding ML-1 cells to the diS-C,-(5) solution in
buffer the monomeric dye band at 664 nm sharply de-
creased, Fig. 1. Simultaneously, a red-shifted fluorescence
component appeared that could be attributed to a dye
bound to non-polar cell structures, cf. (Sims et al. 1974;
Hladky and Rink 1976; Tsien and Hladky 1978; Ivkova
et al. 1984). Its fraction increased monotonically with in-
creasing cell concentration. At high cell-to-dye ratios it
became a dominant component of the SES spectra.

A considerable difference exists between the SES spec-
tra of diS-C,-(5) fluorescence in aqueous solutions and in
nonpolar media which is much more pronounced than
the difference that exists between the standard emission
spectra. Unlike the emission spectra, two main compo-
nents of the diS-C,;-(5) fluorescence in cell suspensions
could therefore be resolved in the SES spectra. As shown
in Fig. 3, the blue side of the SES spectra (4., <650 nm)
could be satisfactorily fitted to the normalized SES spec-
trum in aqueous solutions. The difference spectrum ob-
tained in this way was attributed to the diS-C,-(5) fluores-
cence in non-polar cell environments, Fig. 3. Its maxi-
mum is 17 nm red-shifted relative to the SES spectrum of
the monomeric diS-C;~(5) fluorescence in buffer; this
equals the known spectral shift between the emission
spectra of diS-C;-(5) fluorescence in aqueous and non-
polar organic solutions (Tsien and Hladky 1978).

The spectral separation between the two main com-
ponents of the diS-C;-(5) fluorescence in cell suspensions,
as revealed by the resolved SES spectra, suggests that the
relative intensities of these components can be measured
selectively. For example, suitable spectral choices for in-
dependent monitoring of diS-C;-(5) monomers in an
aqueous medium and diS-C;-(5) fluorescence in cell
membranes are 4., =650 nm at 1,,,=630nm and 4,,=
710 nm at 4,,, =690 nm, respectively.

It should be emphasized here that the intensity of the
aqueous phase fluorescence can be taken as a measure of
the dye concentration in the supernatant for dye concen-
tration ranging from approximately 0.1 uM to 1 pM. As
noted above, the intensity of the diS-C,~(5) fluorescence in
buffer is proportional to the dye concentration up to ap-
proximately 2 pM. Moreover, a fraction of the dye fluo-
rescence from the intracellular aqueous space can be ne-
glected since i) the total volume of cells in suspensions is
usually less than 0.1-0.5% of the supernatant volume
and ii) the upper level of the diS-C,-(5) concentration in
the aqueous intracellular space is expected to be less than
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Fig. 1. Synchronous excitation fluorescence of diS-C;-(5); depen-
dence on the ML-1 cell concentration in the suspension: 1 — the
solution of diS-C;-(5) in pure buffer, 2 — 0.2 x 10° cells/ml, 3 — 1.7 x
10° cells/ml. The dye concentration was 1 pM in all samples. The
wavelength difference A71=20 nm

—
o
o

0]
o
T

(@]
o
T

~
o
T

N
o
I

FLUORESCENCE INTENSITY [arb.units)

610 650 700 730
EMISSION WAVELENGTH [nm]

Fig. 2. Emission spectra of diS-C,-(5) fluorescence; 1 — the fluores-
cence of 1 uM diS-C;~(5) solution in pure buffer, 2 — the fluorescence
in the ML-1 cell suspension (1 pM diS-C,-(5), 1 x 10° cells/ml);
Aexe =580 nm
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Fig. 3. The difference between the diS-C,-(5) fluorescence in pure
buffer and in cell suspensions: 1 — SES spectrum in the cell suspen-
sion (1 pM diS-C4~(5), 1 x 10° ML-1 cells/ml), 2 — renormalized SES
spectrum of diS-C4~(5) fluorescence in pure buffer, 3 — the difference
spectrum. Measured for the wavelength difference 44=20nm



3 uM, the value typical for the concentrated dye solution
at high ionic strength (Tsien and Hladky 1978).

In conclusion, measuring the diS-C,~(5) fluorescence
intensity in cell suspensions at A.,.=630nm and 4., =
650 nm can be used for easy monitoring of relative
changes in the dye concentration in the supernatant
instead of the very slow direct method which is based on
assaying the supernatant for the dye left after centrifug-
ing out the cells.

DiS-C4-(5) fluorescence response
to K* equilibrium potential in ML-1 cells

The response of the diS-C,~(5) fluorescence to changing
K™ equilibrium potential was studied in resting ML-1
cells at various dye-to-cell concentrations. The fluores-
cence intensity was measured in the spectral regions of
both the supernatant and the cell-associated dye emis-
sion.

The fluorescence intensity of the membrane-associat-
ed component is almost independent of the K* equilibri-
um potential. In addition, this fraction in the total emis-
sion intensity was found to depend significantly on the
dye-to-cell concentration, Fig. 1. These facts together
offer a plausible interpretation for differences in the mag-
nitude of the voltage-sensitive fluorescence response at
varying cell and/or dye concentrations in suspensions
which has been noted in most of the previous papers
dealing with diS-C,-(5) applications in membrane poten-
tial measurement.

A highly voltage-sensitive response of the probe
fluorescence is typical of the supernatant component. At
dye-to-cell concentrations higher than 1x107% mol of
diS-C4-(5) per 1x10° cells in 1 ml linear calibration
curves of In (Z/I°) vs In [K *],,, were observed, Fig. 4. The
linearity of the calibration curves supports the theoretical
model presented above, 1.e. (8).

The calibration curves, however, are strongly concen-
tration dependent. In particular, the apparent null-point
value of membrane potential ranges from —87 mV
(curve 3) to —38 mV (curve 5), Fig. 4. This means that a
depolarization occurs in cells with high dye content; this
is a known problem when measuring membrane potential
with cyanine dyes, cf. (Sims ct al. 1974; Hoffman and
Laris 1974; Laris et al. 1976; Hladky and Rink 1976).
This effect can be caused either by dye-induced changes
in the membrane permeability and/or cell respiration or
by a direct effect of the positive charge of the accumulat-
ed dye, e.g. (Johnstone et al. 1982). At low dye-to-cell
concentrations, the calibration curves deviated from a
linear shape which might indicate the expected limit of
the applicability of (5) and (7).

Nevertheless, the double-logarithmic calibration
curves revealed a new possibility for the use of diS-C;-(5)
fluorescence in monitoring the membrane potential. As
shown in Fig. 4, the slopes of the linear calibration curves
are practically independent of the dye concentration.
This suggests that the logarithmic increment in diS-C;-(5)
fluorescence intensity is a suitable measure of the under-
lying membrane potential change, despite the fact that
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Fig. 4. The calibration of the diS-C,~(5) fluorescence response against
the K™ equilibrium potential in ML-1 cells: curve 1 — 0.5 uM diS-
C,-(5), 2 x 10° cells/ml, 1, =690 nm, i, =710 nm, for other curves
Ao =63010m, 1 =650 nm; 2 — 2 uM diS-C5-(5), 2 x 10 cells/ml;
3 - 1.5 uM diS-C4~(5), 1.2x 10° cells/ml; 4 — 1.5 pM diS-C4-(5),
0.7 x 108 cells/ml; 5 — 2 uM diS-C,-(5), 1 x 10° cells/ml

the value of the membrane potential itself cannot be reli-
ably assessed. In this sense, cyanine dyes can be further
considered as a useful tool for studying the physiological
role of membrane potential.

Using (1), the linear calibration curves for ML-1 cells
may be converted to the 1, scale. Consequently, the log-
arithmic increment of the probe fluorescence intensity
per 1 mV change in the plasma membrane potential of
ML-1 cells equals In (7/°)=0.0086. For quantitative
measurement of membrane potential changes in other cell
types a new calibration procedure must obviously be car-
ried out.

If no satisfactory calibration procedure is available,
measured In (I/I°) values can be simply taken as a relative
scale for measuring changes in the plasma membrane
potential. Even in such cases, however, some preliminary
studies of the dependence of In (Z/I°) values on the dye-to-
cell concentration must also be performed. By comparing
results obtained at different levels of cell labelling the
limits of applicability of the linear relationship, i.e. (7),
can be revealed, at least in principle.
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