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Abstract

Mitochondrial membrane potential, in situ, is an important indicator of mitochondrial function and dysfunction. Because
of recent interest in the role of mitochondria in signaling, cell injury and cell death, there is a need for a convenient, sensitive
and accurate method for the measurement of the mitochondrial membrane potential, vim, in situ, in a heterogeneous cell
population. We have adapted a flow cytometry method for the quantitative measurement of v8m which utilizes the
lipophilic, cationic, fluorescent probe 3,3P-dihexyloxacarbocyanine iodide (DiOC6(3)). We developed a new protocol in
which cells are equilibrated with very low dye concentrations (6 1 nM). Only under these condition, the cell fluorescence
appears to be correlated with the magnitude of v8m, as evident from the sensitivity of the fluorescence to low concentrations
of uncouplers, ionophores and inhibitors of the mitochondrial proton pumps. The magnitude of the plasma membrane
potential, v8p, also affects cell fluorescence, and a procedure that corrects for this effect is outlined. This method offers a
distinct advantage over existing methods for estimation of vim by flow cytometry. 0167-4889 / 98 / $ ^ see front matter
ß 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Recent studies suggest that mitochondria play a
role in cell signal transduction by calcium, NO and
reactive oxygen species [1^4], and in pathways lead-
ing to cell death [5,6]. Mitochondrial dysfunction is
believed to contribute to an increasing number of
diseases, and in particular, to aging-associated, de-
generative diseases of nerve, muscle, and other tis-
sues [7^10].

The mitochondrial membrane potential, in situ,
vim, is a sensitive indicator for the energetic state
of the mitochondria and the cell [11], and can be
used to assess the activity of the mitochondrial pro-
ton pumps, electrogenic transport systems, and the
activation of the mitochondrial permeability transi-
tion [12].

Several cationic, £uorescence probes have been
used, in conjunction with di¡erent imaging tech-
niques, most recently confocal microscopy, to esti-
mate vim in di¡erent cells [13^15]. However, be-
cause these techniques allow measurements only in
a few cells at a time, analysis of vim in a large
population of cells is not practical. This is a serious
limitation when studying inhomogeneous cell popu-
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lations (e.g. lymphocytes), or when dysfunctional mi-
tochondria are segregated in a fraction of the cell
population, as is the case in many mitochondrial
disease. Also when studying a slow cellular process
that is not synchronized (e.g. apoptosis), quantitative
changes of vim cannot be evaluated reliably from
studies of a few single cells.

A quantitative method which is applicable to a
large population of cells is based on the distribution
of lipophilic cations between cells and the suspending
medium, which can be determined with an electrode
or by the use of radioactive tracers [16,17]. However,
this method requires a very large number of cells
(107^108) for each determination, and is not sensitive
to the modulation of vim in a fraction of the cell
population.

Flow cytometry, when used in conjunction with
£uorescent vim probes, could be an ideal method
for the investigation of mitochondrial function, in
situ. This method could provide estimates of the
magnitude of vim in a large number of individual
cells, and is therefore ideally suited for studies of
heterogeneous cell populations. Moreover, it requires
a relatively small number of cells (103^105), and is
easy to execute rapidly with commercially available
£ow cytometers.

In recent years, many investigators have used lipo-
philic cationic probes in £ow cytometry assays, in an
e¡ort to measure the magnitude of vim in a variety
of cells. In particular, recent studies of the role of
mitochondria in apoptosis, were largely based on the
use of £ow cytometry assays of vim ([18], reviewed
in [6]).

Here we evaluate the utility of the lipophilic, cat-
ionic probe, DiOC6(3), for vim determinations in
spleen lymphocytes. We found that the assay, as
commonly used, is £awed, and suggest an improved
protocol that provides a sensitive and reliable esti-
mate of vim.

2. Materials and methods

Spleen lymphocytes were prepared from young (3^
4-month-old) balb/c or C57BL mice. The spleen was
removed and pressed through a nylon mesh in 5 ml
HBSS medium (+0.3% BSA). The cell suspension
was centrifuged at 800Ug, for 6 min, at 4³C. The

pellet was resuspended in 7 ml of the same medium,
centrifuged again and washed once more the same
way. The washed cells were resuspended in 5 ml of
the same medium and layered on 5 ml Lympholyte
M (Accurate), and centrifuged at 1500Ug for 20 min,
at 25³C. The lymphocytes were removed from the
interphase, washed twice in HBSS and suspended
in 2 ml of MEM (+1% FCS). The isolated lympho-
cytes were kept at room temperature for 1^4 h before
the experiments. All the experiments shown here
were performed at 37³C in MEM medium (+1%
FCS, 1 mM Ca2�, 5.5 mM glucose and 2.5 mM
glutamine). Similar results were obtained in RPMI
medium.

2.1. Cell respiration

Respiration rates were measured by a polaro-
graphic oxygen electrode, usually with 1.5U107 cells
in 1.5 ml, at 37³C.

2.2. Flow cytometry

Flow cytometry and data analysis were carried out
on a FACScan instrument (Becton Dickinson), exci-
tation = 488 nm, emission = 530 nm (F1), using the
program Lysis.

All incubation media (MEM, HBSS, RPMI), and
the following reagents: FCS, oligomycin, valinomy-
cin, myxothiazol, nigericin, ionomycin, rotenone, and
carbonyl cyanide m-chlorophenyl-hydrazone (CCCP)
were from Sigma. Lympholyte M was from Accu-
rate. Cyclosporin was a gift from Sandoz. DiOC6(3)
was from Molecular Probes.

3. Results

DiOC6(3) has been used recently as an indicator of
v8m in a large number of £ow cytometry studies (cf.
[18], reviewed in [6]). However, similar to other lip-
ophilic carbocyanines, DiOC6(3) is known to be a
potent inhibitor of NADH dehydrogenase in isolated
mitochondria [19]. Because cells accumulate lipo-
philic cations, which are concentrated in the cyto-
plasm by the plasma membrane potential v8P (see
below), it is expected that mitochondrial respiration,
in situ, would be even more sensitive to these dyes
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than in isolated mitochondria. Fig. 1 shows the e¡ect
of increasing concentrations of DiOC6(3) on uncou-
pler-stimulated lymphocyte respiration. It is observed
that the concentrations of dye that has been used
previously in assays of vim, namely 40^100 nM
(cf. [18]), inhibits cell respiration approximately
90%. This is the same as the maximal inhibition ob-
tained in lymphocytes by potent NADH dehydrogen-
ase inhibitors, such as rotenone (Figs. 1 and 4). Even
2 nM DiOC6(3) resulted in a small, but signi¢cant,
inhibition. Since vim is generated by the electron
transport complexes in most cells, and NADH dehy-
drogenase is the major site of electron entry into the
electron transport chain in most cells, it is apparent
that this dye cannot be used for reliable estimation of
v8m at concentrations higher than 2 nM. We ob-
tained similar results in cells of a malarial parasite,
in which respiration was signi¢cantly inhibited above
2 nM [20].

It is also well-known that the vim-driven accumu-
lation of lipophilic cationic dyes on the inner surface
of the inner mitochondrial membranes results in ex-
tensive, concentration-dependent, quenching of the
dye £uorescence (cf. [21]). Indeed, all the methods
for vi estimation from the £uorescence of cationic
probes in suspensions of mitochondria, liposomes
and bacterial cells are based on the magnitude of
the quenching of the suspension total £uorescence,

which results from the quenching of the membrane
bound dye. In £ow cytometry, only the £uorescence
of the cell bound dye is measured, and vim is esti-
mated from the intensity of the cell £uorescence and
not from the quenching of the total suspension £uo-
rescence. Therefore, to maximize the response of the
cell £uorescence to the magnitude of vim, it is nec-
essary to minimize the quenching of the mitochon-
drial bound dye. Since the quenching of DiOC6(3)
can be observed in suspensions of isolated mitochon-
dria at the nanomolar concentration range (results
not shown), it was necessary to lower the dye con-
centration to subnanomolar.

In intact cell suspensions, the accumulation of li-
pophilic cations from the medium to the mitochondria
depends not only on vim, which determines the dis-
tribution of the cation between the cytosol and the
mitochondrial matrix, but also on the magnitude of
vip, which determines the cation distribution be-
tween the cytosol and the medium [16,17]. Therefore,
both vim and viP determine the magnitude of the
£uorescence at a given dye concentration. The rela-
tive contribution of each of these parameters to the
total £uorescence signal depends not only on their
relative magnitude, but also on the cell density, and
the amount of mitochondrial membranes in the cell.
In general, reducing the dye concentration (or more
precisely the dye/cell ratio) tends to increase the con-
tribution of vim to the cell £uorescence [22]. Low-
ering the dye/cells ratio reduces the self-quenching of
the mitochondrial bound dye, and increases the ratio
of the amount of cell-associated dye to that which is
free in the medium. Under these conditions, modu-
lation of vip, would mostly modulate the amount of
free dye in the medium, which is relatively small, and
therefore would have a relatively small e¡ect on the
amount of cell-associated dye.

For example, if only 1% of the dye is free in the
medium, then reducing vip by one third, e.g. from
360 to 340 mV, would increase the free dye in the
medium to about 2%, and thus reduce cell £uores-
cence by less than 1%. If the dye is lipophilic and the
mitochondrial membrane potential is high, at least
95% of the cell-bound dye will be in the mitochon-
dria. Reducing vim by one-third, e.g. 3180 to
3120 mV, would release more than 90% of the mi-
tochondria-bound dye to the cytosol, most of which
would be subsequently released to the medium to

Fig. 1. The e¡ect of DiOC6(3) on lymphocyte respiration. As-
say conditions are described in Section 2. Empty circle, basal
respiration; empty square, +oligomycin (0.1 Wg/ml); full circles,
+oligomycin+CCCP (5 WM) and the indicated DiOC6(3) con-
centrations; empty triangle, +oligomycin+CCCP+rotenone (10
nmol/ml).
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retain the equilibrium distribution across the plasma
membrane, hence resulting in a very large reduction
of cell-associated dye. The magnitude of the reduc-
tion of cell £uorescence will depend strongly on cell
density, since the extent of the release of dye to the
medium depends on the extent to which the free dye
concentration in the medium will increase, and also
on the dye concentration, which determines the ex-

tent of quenching of the mitochondrial bound dye.
These considerations suggest that the maximal re-
sponse of £uorescence to v8m, should be observed
at the lowest possible dye/cell ratio.

To be able to correlate the £uorescence intensity
with the magnitude of v8m, it is necessary to meas-
ure the £uorescence intensity after the dye distribu-
tion has reached equilibrium. Since the rate of e¥ux,

Fig. 2. DiOC6(3) £uorescence in mouse spleen lymphocytes: e¡ect of dye concentration and CCCP. (A) Typical histograms of cell £uo-
rescence with and without CCCP. 106 cells were incubated with 0.2 nM DiOC6(3) in 1 ml of MEM (+1% FCS) for 20 min at 37³C.
Each suspension was divided into two 0.5 ml portions, CCCP (50 WM) was added to one portion, and the incubation continued for
an additional 20 min. The cell £uorescence was measured by £ow cytometry. Each histogram was obtained from 104 cells. (B) Two di-
mensional histogram of DiOC6(3) £uorescence and forward light scattering (FSC) in spleen lymphocytes. Incubation conditions as in
(A). (C) Fluorescence intensity as a function of the dye concentration. The protocol was the same as in Fig. 1A except for the dye
concentrations which vary from 0.01 to 1 nM. The ¢gure shows the average £uorescence of the high £uorescence fraction in controls
(full circles); the average £uorescence in the presence of CCCP (full squares) and the ratio of these values (a, right scale). (D) The ef-
fect of CCCP on respiration rates and DiOC6(3) £uorescence. The experiment was carried out on a batch of spleen cells prepared
from two mice. For the respiration experiments 1.5U107 cells were incubated in 1.5 ml MEM (+1% FCS) medium at 37³C in the oxy-
gen electrode chamber for 20 min. Cyclosporin (1 WM) and oligomycin (30 ng/ml) were added and, after 10 minutes, increasing con-
centrations of CCCP were added as indicated. The rates of respiration after each addition are shown (a). For the £uorescence meas-
urements, 2U107 cells were incubated in 2 ml of MEM medium with 2 nM DiOC6(3) for 30 min. Cyclosporin (1 WM) and 30 ng/ml
oligomycin were added and after 10 min incubation the cells were divided into nine portions and incubated for 20 min with various
concentrations of CCCP, as indicated.
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after collapse of v8m, was much higher than the rate
of uptake after dye addition (see Fig. 5C), we devel-
oped a protocol in which the dye was ¢rst incubated
with the cells for 20 min to allow the dye to reach
near-equilibrium distribution, and then, reagents that
modulate v8m were added. After a further incuba-
tion of 20 min, which was su¤cient to allow redis-
tribution of the dye in response to the modulation of
v8m, the cell £uorescence was measured by £ow cy-
tometry (see Fig. 5C for the kinetics of dye uptake
and release at optimal dye concentration). When cells
were incubated with mitochondrial inhibitors or un-
couplers before the dye was equilibrated (as is com-
mon in most previous protocols, cf. [18]), the trans-
port of the dye into the cells was inhibited, and did
not reach the equilibrium distribution even after pro-
longed incubations (results not shown). Therefore, in
these protocols, one measures the e¡ect of the inhib-
itors on the transport of the dye across the plasma
membrane (which is rate limiting) and not on the
magnitude of vim.

Fig. 2A shows typical histograms of steady-state
mean £uorescence of DiOC6(3) (0.2 pmol/106 cells)
in mouse spleen lymphocytes, as obtained by this
protocol. Without CCCP most of the cells showed
very high £uorescence intensity. However, a broad
fraction of intermediate and low £uorescence inten-
sity was observed as well. This pattern of cell £uo-
rescence was stable and remain unchanged for at
least 1 h of incubation in MEM medium, at 37³C.
The £uorescence histograms of cells that were incu-
bated with a low concentration (5 WM), and a high
concentration (50 WM), of CCCP consisted of a sin-
gle fraction of cells with low £uorescence (about 20
and 10% of control, respectively). At low CCCP con-
centration, vim is collapsed, but vip is not a¡ected,
while at high CCCP concentration, both vim and
viP are collapsed (see below). The £uorescence his-
togram (without uncoupler) suggests that the cell
population is heterogeneous in regard to the magni-
tude of vim. Fig. 2B shows a two dimensional histo-
gram of DiOC6(3) £uorescence and forward light
scattering (FSC, which is proportional to cell size)
in spleen lymphocytes. There is a small fraction of
lymphocytes (V5%) which exhibited both low £uo-
rescence (i.e. low v8m) and low FSC (i.e. small vol-
ume). Most of these cells are apparently dead or
committed to apoptosis [10]. In addition, the major

lymphocyte fraction, with normal FSC, also con-
tained a signi¢cant fraction of low vim. The vim

of most of the cells in this fraction could be restored
by several reagents (see below).

The selection of 0.2 nM DiOC6(3) as an optimal
concentration for v8m measurements was based on
the titration of the £uorescence intensity as shown in
Fig. 2C. When a high concentration of CCCP (i.e.
v8P =vim = 0) was added to cells that were equili-
brated with di¡erent dye concentrations, there was a
linear relationship between the £uorescence intensity
and the dye concentration, as expected from a simple
partition of the dye between the cell membranes and
the medium. However, the dependence of the mean
£uorescence of the major lymphocyte fraction on the
dye concentration in cells that maintain high vim

and viP (e.g. without CCCP) is more complicated.
The £uorescence rises sharply up to about 200 pM
and then continues to rise moderately, slowly ap-
proaching saturation. The same data were plotted
as the ratio of the mean £uorescence of the major
cell fraction in suspensions without CCCP to the
mean £uorescence of cells incubated with CCCP
(50 WM) (empty circles, right scale). If there was no
quenching, the magnitude of the ratio of the inten-
sities (F/Fcccp) should be correlated with the magni-
tude of vim+viP, regardless of the dye concentra-
tion, since it is proportional to the ratio of the
concentration of the cationic dye in the cell with
and without vim+vip. The observed increase in
the ratio, at low concentrations (from 0.04 to
0.2 nM), was found to be the result of an increased
rate of uptake at higher dye concentrations. Only
above 0.2 nM was the dye fully equilibrated after a
40 min incubation (see Fig. 5C). Between 0.2 and
0.6 nM, the ratio was approximately constant.
Above 0.6 nM, the ratio declined as a result of the
concentration-dependent quenching of the mitochon-
drial bound dye. Similar results were obtained with
the malarial parasite, except that the optimal concen-
tration was somewhat higher [20].

Within the 0.2^0.6 nM range, where the ratio is
maximal, the £uorescence intensity exhibited the
highest sensitivity to the magnitude of v8m. To
avoid complications from inhibition of electron
transport, we used the lowest concentration in this
range, namely 0.2 nM (or more precisely 0.2 pmol/
106 cells). The only drawback of using such a low
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concentration of dye was that the time of equilibra-
tion is relatively slow t0:5 of about 7 min, see Fig.
5C).

A test of the sensitivity of this assay to the mod-
ulation of the magnitude of v8m was obtained from
parallel titrations, with the protonophore CCCP, of
the lymphocytes' rate of respiration and the £uores-
cence intensity. A typical example is shown in Fig.
2D. Lymphocyte respiration was ¢rst inhibited by
oligomycin, which inhibits oxidative phosphorylation
at ATP synthase, and the uncoupler CCCP relieved
this inhibition and stimulated the rate of respiration
well above the basal rate (see Fig. 1). This stimula-
tion, which results from the reduction of v8m [23],
was paralleled by a decrease of the £uorescence in-
tensity (Fig. 2D). Even very low concentrations of
CCCP, which stimulated respiration only slightly,
resulted in a signi¢cant reduction of the £uorescence
intensity. The stimulation of respiration was maximal
at about 5 WM CCCP, which is apparently su¤cient
to collapse vim. Reduction of the £uorescence inten-
sity to its lowest value required a much higher con-
centration of CCCP, apparently due to the collapse
of v8P (see below). These results suggest that the
ratio F/Fcccp is sensitive to the magnitude of v8m

over its entire range. However, this titration, while
demonstrating the sensitivity of the £uorescence,
under these conditions, to the magnitude of vim,
does not provide a quantitative estimate of the mag-
nitude of vim.

It is possible to obtain a more quantitative esti-
mate of v8m by analyzing the e¡ect of the K�-ion-
ophore valinomycin [21] on the £uorescence inten-
sity. Fig. 3A shows a titration of the DiOC6(3)
£uorescence ratio (F/Fcccp) with valinomycin in
MEM medium which contains 5.5 mM K�. Very
low (nM) concentrations of valinomycin collapsed
v8m and reduced F/Fcccp from a value of 10.4 in
the absence of valinomycin to about 2.3 at 100
nM. However, increasing the valinomycin concentra-
tion to the WM range enhanced the £uorescence and
increased the £uorescence ratio to 5. This compli-
cated behavior is the result of the di¡erential e¡ect
of valinomycin on the K� permeability of the mito-
chondrial inner membrane and the plasma mem-
brane [24]. Low concentrations of valinomycin
(nM) appear to be su¤cient to increase greatly the
mitochondrial K� permeability [21,24], but not

that of the plasma membrane [24]. When the
mitochondrial inner membrane becomes permeable
to K� (at 0.1 WM valinomycin), v8m collapses be-
cause the concentration of K� in the mitochondrial
matrix is similar to the concentration of K� in the
cytosol (V100 mM). However, when the concentra-
tion of valinomycin is increased, the plasma mem-
brane also becomes permeable to K�, which leaks
out of the cell. At high concentrations of valinomy-
cin (s 1 WM), the concentration of K� in the cytosol
is gradually reduced to the concentration in the me-
dium (5.5 mM), which partially restores v8m, be-
cause the K� gradient across the mitochondrial inner
membrane has increased. Since viP is largely deter-
mined by the K� gradient across the plasma mem-

Fig. 3. Relationships between the magnitude of v8m and DiO-
C6(3) £uorescence. (A) The e¡ect of valinomycin on the £uores-
cence ratio in MEM medium. Cells were incubated as in Fig.
2A but with di¡erent concentrations of valinomycin, Fcccp was
50 WM. (B) The e¡ect of KCl concentrations on the £uores-
cence ratio. The protocol was the same as in (A) except that
valinomycin concentration was either 0 (empty circles) or 3 WM
(full circles) and KCl as indicated. (C) The relationship between
vim and the rate of uncoupled respiration. The data are taken
from Fig. 2D. vim is calculated from the corrected ratio
F/Fcccp according to Eq. 1.
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brane, viP = 0, at high valinomycin concentration
(Fig. 3A).

Increasing the medium K� concentration, at high
valinomycin concentration (3 WM), increased cyto-
solic K� and therefore collapsed vim. Fig. 3B shows
that in the presence of 3 WM valinomycin KCl re-
duced the ratio F/Fcccp. It is observed that the log of
the ratio F/Fcccp decreased linearly with log [K�].
This response is identical to the v8m response ob-
tained in isolated mitochondria treated with valino-
mycin and increasing concentrations of K� [21]. In
the presence of valinomycin, v8m depends on the
equilibrium distribution of K� and approximately
obeys the Nernst equation (v8= 60log{[K�]m/
[K�]ex}) (see [21] for discussion of this procedure of
calibration). Assuming that vim obeys the Nernst
equation and that [K�]m is constant, a 10-fold
change in [K�]out should produce a 60 mV di¡erence
in v8m. Therefore, from the slope of Fig. 3B:

v8m � log �F=F cccp�=0:0054 mV �1�
The slope of the calibration curve is sensitive to

the dye/cell ratio because the slope depends on the
distribution of the dye between the cells and the me-
dium. Since most of the lipophilic dye is in the cells,
the relative decrease in the dye external concentra-
tion, following an increase in v8m, is larger than the
relative increase in the cell content, which reduces the
slope of the calibration curve.

To evaluate the e¡ect of vip on the £uorescence,
we examined the e¡ect of KCl in the absence of
valinomycin, since high KCl depolarizes the plasma
membrane potential in lymphocytes [22,24]. The ad-
dition of KCl decreased the £uorescence ratio from
about 10.7 to 8.7 (Fig. 3B). These results indicate
that the magnitude of the plasma membrane poten-
tial contributes signi¢cantly to the £uorescence ratio
even under conditions that maximize the response to
vim (i.e. very low dye/cell ratio, see Section 4). A
similar e¡ect of KCl on the £uorescence was ob-
served in lymphocytes incubated with low concentra-
tions of CCCP (5 WM), which suggests that this con-
centration of CCCP collapses vim, but not viP. At
high concentrations of CCCP (50 WM), KCl had no
e¡ect on the £uorescence, suggesting that at this con-
centration both vim and viP have collapsed (results
not shown).

The £uorescence ratio of the major fraction in

lymphocyte suspensions from young mice (106 cells/
ml), incubated in MEM (+1% FCS) medium with 0.2
nM DiOC6(3), varied from preparation to prepara-
tion in the range of 6^17. Taking into account the
variation in the slope of the calibration curves, and
correcting for the contribution of v8P (see below),
these measurements resulted in a range of vim val-
ues between 130 and 190 mV, which is well within
the range of v8m estimated by other methods
[13,16,17]. The average potential in the major frac-
tion of spleen lymphocytes from 12 individual mice
was 163 þ 8 mV (S.E.M.). To demonstrate the use of
this calibration, we show the dependence of lympho-
cytes' uncoupled respiration rate on membrane po-
tential, when attenuated by increasing concentrations
of CCCP (Fig. 3C). This ¢gure is derived from the
parallel titration shown in Fig. 2D, using Eq. 1, while
correcting for the contribution of v8P to the £uo-
rescence ratio (see below). The results are in good
agreement with similar titrations in isolated mito-
chondria [21,23].

The mitochondrial membrane potential is gener-
ated by the redox proton pumps under most condi-
tions (aerobic respiration), but can also be generated
from ATP hydrolysis by ATP synthase. A method
which is sensitive to the magnitude of vim should
respond to modulation of the activities of these pro-
ton pumps. Under aerobic conditions the potential
which is generated by the redox pump is utilized to
drive ATP synthesis by proton £ow through ATP
synthase. Inhibition of oxidative phosphorylation
by speci¢c inhibitors of ATP synthase (e.g. oligomy-
cin) results in a small but signi¢cant increase of vim

in isolated mitochondria. Fig. 4A shows the e¡ect of
oligomycin on the £uorescence histogram. It is seen
that oligomycin signi¢cantly increases the £uores-
cence of the major lymphocyte fraction, suggesting
active oxidative phosphorylation (i.e. `state 3'). Spe-
ci¢c inhibitors of the proton pumping electron trans-
port complexes, e.g. rotenone (complex I), myxothia-
zol and antimycin (complex III), and cyanide
(complex IV), were without e¡ect on the £uores-
cence, at low concentrations, unless oligomycin was
also added (Fig. 4A). This indicates that lymphocytes
can generate su¤cient ATP by glycolysis to support
vim [25]. Fig. 4B shows parallel titrations of lym-
phocyte respiration (in the presence of oligomycin
and CCCP) and the F/Fcccp ratio (in the presence
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of oligomycin) with the respiratory inhibitors rote-
none, myxothiazol and cyanide. Rotenone was the
least e¤cient inhibitor of the F/Fcccp ratio in lympho-
cytes (empty circles), while myxothiazol (full squares)
and cyanide (full circles) were equally e¤cient. This
is also true for inhibition of respiration. Rotenone
inhibited less than 90% of the respiration (inverted
triangles), while myxothiazol (full triangles) and cy-
anide (empty triangles) inhibited respiration com-

pletely. Because vim does not depend strongly on
the rate of respiration, rotenone is not an e¤cient
inhibitor of vim in lymphocytes. Apparently there
is su¤cient activity of alternative dehydrogenases in
lymphocytes that can support signi¢cant electron
transport rates, at least for short incubation periods.

The maximal reduction of the F/Fcccp ratio that is
obtained by cyanide+oligomycin (P80%) indicates the
contribution of vim to the total signal, and is com-
parable to the reduction by 0.1 WM valinomycin (Fig.
3A), and also to that obtained by low concentration
(1^5 WM) of CCCP (Fig. 2D). These observations
indicate that these treatments should be used to ob-
tain the reference F value for estimation of the mag-
nitude of vim instead of 50 WM CCCP. Alterna-
tively, F/Fcccp can be measured at high KCl
concentrations (Fig. 3B), although plasma membrane
depolarization could lead to activation of processes
that modulate vim. The magnitudes of each of
these ratios (e.g. F/Fcccp (5 Wm), F/Foligomycin�cyanide,
F/Fvalinomycin (0.1 WM) can be compared directly to
each other or converted to an estimate of vim by
calibration with valinomycin+K� (Fig. 3B).

The activation of the mitochondrial permeability
transition (PT) abolishes vim [12]. Cyclosporin in-
hibits PT activation and restores vim, and can be
used to estimate the activation state of PT. We have
observed considerable activation of PT in spleen lym-
phocytes from old mice [10]. Fig. 5A shows that the
addition of cyclosporin to a lymphocyte suspension
(from young mice) also signi¢cantly reduced the size
of the fraction of cells with low £uorescence, elimi-
nated the fraction with intermediate £uorescence and
increased the average £uorescence intensity of the
fraction with high £uorescence, which became signif-
icantly more uniform in £uorescence intensity. The
dependence of the mean £uorescence ratio (from all
the fractions) on the cyclosporin concentration is
shown in Fig. 5B (full symbols). The maximal in-
crease in the mean £uorescence ratio was obtained
at 1 WM. The averaged e¡ect of 1 WM cyclosporin on
spleen lymphocytes from 6 young mice was an in-
crease of v8m (calculated from the mean £uores-
cence ratio of all the lymphocytes) from 163 þ 8 to
176 þ 6 mV (see also [10]).

Cyclosporin also inhibits the multi-drug-resistance
pump (MDR), which ejects many types of lipophilic
cations from cells [27], and this activity could a¡ect

Fig. 4. The e¡ect of inhibitors of the mitochondrial proton
pumps on v8m. (A) Fluorescence histograms of lymphocytes
incubated with oligomycin (0.1 Wg/ml), rotenone (10 nM), myx-
othiazol (10 nM), antimycin A (10 nM), and cyanide (10 mM).
Assay conditions as in Fig. 2A. (B) Titrations of respiration (in
the presence of oligomycin (0.1 Wg/ml) and CCCP (5 WM)) and
the F/Fcccp ratio (in the presence of oligomycin) by rotenone,
myxothiazol, and cyanide. Respiration assay as described in
Section 2: full triangles, myxothiazole (nM); empty triangles,
cyanide (mM); inverted triangles, rotenone (nM). DiOC6(3) £uo-
rescence ratio assay (F/Fcccp) as in Fig. 2A: full squares, myx-
othiazol (nM); full circles, cyanide (mM); empty circles, rote-
none (nM). The titration of respiration and F/Fcccp for each
inhibitor was carried out with the same batch of lymphocytes.
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the steady state distribution of DiOC6(3). To test this
possibility, we studied the e¡ect of other inhibitors of
the MDR pump in comparison to the cyclosporin
e¡ect. Verapamil and reserpine, two potent inhibitors
of the MDR pump [26], enhanced DiOC6(3) £uores-
cence. However, their e¡ect was smaller than cyclo-
sporin, a¡ecting mostly the size of the low £uores-
cence fraction. Moreover, cyclosporin further
enhanced the £uorescence of reserpine treated lym-
phocytes. Fig. 5B shows the concentration depend-
ence of the cyclosporin e¡ect on reserpine treated
lymphocytes (empty circles). It is observed that the
enhancement of the £uorescence, which can be at-
tributed to the e¡ect of cyclosporin on the MDR
pump, is fully saturated at a low cyclosporin concen-
tration (0.1 WM), while the major e¡ect on the £uo-
rescence ratio is saturated at 1 WM, with or without

reserpine. Unlike cyclosporin reserpine did not stim-
ulate cell respiration. Therefore, the reserpine-insen-
sitive £uorescence enhancement by cyclosporin,
which is associated with a stimulation of cell respi-
ration [10], could be attributed to the inhibition of
the mitochondrial PT.

Fig. 5C shows the e¡ect of cyclosporin on the
kinetics of DiOC6(3) uptake and the CCCP-induced
e¥ux. Cyclosporin enhanced both the rate and the
extent of dye uptake, as measured by the increased
mean £uorescence. The uptake kinetics could be ¢t-
ted to a simple hyperbolic function with t0:5 of 6.9
min in control and 4.0 min in cyclosporin-treated
cells. The e¥ux kinetics, after addition of high con-
centration of CCCP, was biphasic. The fast phase
correspond to the collapse of vim, while the slow
phase correspond to the collapse of v8P. Cyclospor-

Fig. 5. The e¡ect of cyclosporin on v8m. (A) The e¡ect of cyclosporin on the £uorescence histogram. Assay conditions are as in Fig.
2A except that cyclosporin (1 WM) was added instead of CCCP. (B) The e¡ect of cyclosporin concentration on the £uorescence ratio.
Assay conditions are as in (A), except for the concentration of cyclosporin as indicated. Without reserpine (full circles) ; with 1 Wg/ml
reserpine (empty circles). (C) The e¡ect of cyclosporin on the kinetics of the uptake and the CCCP-induced release of DiOC6(3).
3U106 lymphocytes were incubated at 37³C in 3 ml MEM (+1% FCS) with 1 WM cyclosporin or without for 15 min. Then, 0.2 nM
DiOC6(3) was added and samples were withdrawn for £ow cytometry at the indicated times. After 60 min, 50 WM CCCP was added
and additional samples were withdrawn at the indicated times. The results shown are the average intensity with (a) and without (b)
1 WM cyclosporin. The uptake kinetics was ¢tted to a hyperbolic function with t0:5 = 6.9 min for the control and 4.0 min with cyclo-
sporin. The e¥ux kinetics was ¢tted to a sum of two exponential decays.
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in did not inhibit the overall rate of e¥ux of the dye,
and hence its e¡ect on the £uorescence could not be
attributed to inhibition of the MDR pump. The ma-
jor e¡ect of cyclosporin on the kinetics of the e¥ux
was to increase the amplitude of the fast phase,
which is compatible with an increase of vim in a
fraction of the cells. These results demonstrate that
this assay can detect activation of PT in a small
fraction of the cell population.

Fig. 6 shows a comparison of the £uorescence re-
sponse to various modulators of vim and v8P, as
sensed by 0.2 and 40 nM DiOC6(3), in the same
batch of cells. Low concentrations of valinomycin
(0.1 WM, val), which collapses vim (Fig. 3A), re-
duced the cell £uorescence to 25% of control at
low dye concentration, but actually stimulated the
£uorescence at high dye concentration. The combi-
nation of oligomycin and cyanide (CN), which also
collapses vim (Fig. 4), reduced the £uorescence to
31% of control at low dye concentration, but at high
dye concentration the reduction was much smaller
(79% of control). Similarly, CCCP at low concentra-
tion (1 WM, cp1), which also collapses vim (Fig.
2D), reduced the £uorescence to 23% of control at
the low dye concentration but reduced the £uores-
cence only slightly, to 82% of control, at the high dye
concentration. In contrast, 100 mM KCl, which col-
lapses vip had only a small e¡ect on the £uorescence

at low dye concentration, but reduced the £uores-
cence nearly 50% in high dye concentration. CCCP,
at 50 WM, which collapses both vim and vip, re-
duced the £uorescence to 8% of control at low dye
concentration and 17% of control at the high dye
concentration. These results suggest that at high con-
centrations, the dye is much more sensitive to v8p

than to v8m.

4. Discussion

Several £uorescent probes have been used previ-
ously, in conjunction with £ow cytometry, to meas-
ure v8m in lymphocytes. The most widely used
probe is rhodamine 123 (reviewed in [27]). However,
this probe was used mostly as a qualitative probe,
and under most conditions it is not sensitive to the
metabolic state of the mitochondria. This dye is also
used frequently for measuring the activity of the
MDR pump [26]. In fact, often the dye distribution
is determined by the activity of the MDR pump and
not by v8m (cf. [28]). In our hands, rhodamine 123
£uorescence was highly quenched in spleen lympho-
cytes, even in nM concentrations, and hence did not
respond to modulations of v8m. At very low con-
centrations, both the uptake of the dye by the cells
and the e¥ux were very slow; equilibration took
many hours, and the release of the accumulated
dye from the mitochondria to the cell by attenuation
of vim actually resulted in an increase of cell £uo-
rescence (Rottenberg, unpublished results).

DiOC6(3) has been used in a series of recent stud-
ies to probe v8m in cells undergoing apoptosis (cf.
[18], reviewed in [6]). However, in all of these studies
it was used qualitatively, without establishing that
the magnitude of the £uorescence is correlated with
the magnitude of vim. Very high concentrations of
uncouplers reduced the £uorescence, but this appears
to be due to the collapse of vip (see below). Simi-
larly, the e¡ects of very high concentrations of mito-
chondrial inhibitors do not appear to result from
speci¢c inhibition of mitochondrial proton pumps.
We found that the previously employed dye concen-
trations, i.e. 40^100 nM, not only inhibited respira-
tion, but also resulted in extensive quenching of the
mitochondrial bound dye, thus greatly attenuating
the sensitivity of the £uorescence to vim. This is

Fig. 6. Comparison of the response of DiOC6(3) £uorescence to
modulation of vim and vip with 0.2 and 40 nM dye. Assay
conditions are as in Fig. 2A except for the dye concentrations:
horizontal lines, 0.2 nM; diagonal lines, 40 nM. Control (no
addition), C; valinomycin (0.1 WM), val; CCCP (1 Wm), cp1;
cyanide (10 mM), CN; KCl (100 mM), KCl; CCCP (50 WM),
cp50.
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shown clearly in the experiments presented in Fig. 6
that suggest that at 40 nM dye the £uorescence re-
sponds strongly to modulation of vip and only
weakly to modulation of vim. It is very likely that
because of the lipophilicity of the dye, even at high
dye concentrations, most of the cell £uorescence
comes from mitochondrial bound dye. However, be-
cause of the strong quenching of the mitochondrial-
bound dye, the £uorescence is not very sensitive to
the amount of bound dye, and hence to the magni-
tude of vim.

Previously, DiOC6(3) £uorescence has been used
to estimate the plasma membrane potential, vip

without consideration of v8m (cf. [29]). It has al-
ready been demonstrated long ago that the same
dye responds largely to the plasma membrane poten-
tial at high concentration, where the mitochondrial-
bound dye is almost completely quenched, and
largely to v8m, at low concentrations, where mito-
chondrial-bound dye is less quenched and dominates
the signal [22]. Long preincubation with high concen-
trations of CCCP decreased the £uorescence intensity
also at high dye concentration (Fig. 6), which was
interpreted by other investigators as evidence for sen-
sitivity to vim, but this response is probably the
result of the CCCP-induced hydrolysis of ATP, as
well as a direct e¡ect on the plasma membrane per-
meability, which together results in a collapse of
vip. The unreliability of both rhodamine 123 and
DiOC6(3), as currently used, for assessing vim has
been pointed out recently by other investigators (cf.
[30]). The inadequacy of the uncritical use of uncou-
plers as indicators of the mitochondrial contribution
to compartmentation of cell ions has also been
pointed out recently in relation to calcium compart-
mentation [31].

In the new protocol for the determination of vim,
collapsing v8m reduced the £uorescence intensity of
the major lymphocyte fraction by up to 85%, which
allows for accurate measurement of a small modula-
tion of v8m. Also, as the titrations with valinomycin
and CCCP suggest, the £uorescence is sensitive to
v8m over the entire range. Moreover, because £ow
cytometry allows measurement from individual cells,
one can detect small changes, in a very small fraction
of cells, which is not possible with conventional
methods that provide the average v8m of all the
cells in the suspension. In particular, the methods

in which v8m is calculated from the distribution
of lipophilic cations between the medium and the
total population of cells [16,17] are insensitive to
modulation of v8m in the fraction with low v8m,
because this calculation produces a weighted average
that is strongly biased towards the cells with high
vim.

All the mitochondrial inhibitors and ionophores
that we tested (e.g. CCCP, valinomycin, nigericin,
oligomycin, cyclosporin, rotenone, antimycin A,
myxothiazol, and cyanide) produced e¡ects on
v8m, in situ, which were very similar to their e¡ects
on v8 in isolated mitochondria, and were strongly
correlated with their e¡ects on cell respiration, sug-
gesting that this assay provides a sensitive measure of
v8m, in situ.
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