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Interactionsof RhodamineI 23 with LivingCells Studied by Flow Cytometry1
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somal RNA), necessary for cell entrance into the prereplicative
(G15)compartment of G1phase.

INTRODUCTION

Certain permeant cationic fluorochromes such as cyanine
(3, 16, 20) or rhodamine (6, 15, 16) dyes are taken up specif
ically by mitochondria of living cells. Among these dyes, Al 232
has been the most extensively studied. Uptake of these fluo
roChromes (per unit of mitochondrial membrane) is believed to
reflect the transmembrane potential (i , i 8, 19, 2i , 25). While
the fluorescence intensity of individual mitochondria within a
given cell appears to be uniform, large intercellular variations
are observed in many cell systems (3, i 5â€”i7). Cell-to-cell
differences may be a result of either different numbers of
mitochondria per cell, a difference in mitochondrial potential,
or both. In either case, cellular staining with these fluoro
chromes appears to be related to the metabolic state, i.e.,
energy requirements of the cell. Thus, activation of quiescent
Cells in confluent Cultures (3), stimulation of lymphocytes (6,
20), or cell progression through the cycle (15), are all charac
terized by a change in binding of these probes. Since some of
these dyes are nontoxic, they were proposed as supravital
mitochondrial probes (6, i 5, 18) that may be useful in the
analysis of different functional states of the cell, e.g. , prolifer
ation, differentiation, or motility. In early studies using UV
microscopy, visual estimation of the dye binding were reported,
but there were few attempts recently to quantitate the dye
uptake (3, 6, i 5).

Because fluorescence of individual cells stained with Ri 23
can be easily measured by flow cytometry (6), quantitation of
dye uptake per cell is possible for large populations of cells. In
the present paper, we provide quantitative data on the inter
actions between Ri 23 and different cell types. Special allen
tion is given to the kinetics of binding and its relationship to
cell viability, quiescence, and differentiation, and the the long
term effects of this fluorochrome on cell clonogenicity and cell
cycle progression.

MATERIALS AND METHODS

Cells

Lymphocytes. Blood was collected by venipuncture from healthy
individuais. The cultures of lymphocytes were prepared in Eagles'
basal medium and incubated in the presence and absence of phyto
hemagglutinin(GrandIslandBiologicalCo., Grand Island,N. V.) as
described(6, 11).

FL Cells.TheFriendvirus-infectedmurineleukemiccell lineGM

2 The abbreviations used are: Ri 23, rhodamine 1 23; CHO, Chinese hamster

ovary: AO, acridine orange; FL, Friend leukemia; RB, rhodamine B; Ri 10,
rhodamine 110.
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ABSTRACT

The cationic fluorochrome rhodamine 123 (Ri 23), reported
to bind specifically to mitochondria of living cells, was presently
investigated with respect to its uptake by a variety of cell types
in various functional states and the subsequent effect of the
dye on cell growth. The emission spectrum of Ri 23 taken up
by cells undergoes a i 2-nm red shift, suggesting formation of
a complex. Cells accumulate Ri 23 rapidly; near maximum
binding is reached after 5 to 10 mm, regardless of the temper
ature (0-37Â°) of incubation. There is a dose-dependent rela
tionship between Ri 23 concentration in the medium and the
dye accumulation in the cell that covers the range of 0.1 to
iO.o and 0.i to 5.0 ,@gof Ri23 per ml under equilibriumand
nonequilibrium conditions, respectively. Some leakage of the
dye from cells occurs, following their transfer into dye-free
medium. Despite the leakage, the intracellular dye can be
detectedafter at least two cell divisions,thus indicatingthat:
(a) the Ri 23-labeled Cells divide; (b) during division, labeled
mitochondria are distributed into the daughter cells; and (c)
Ri23 may be usedasa celltracer.

Cell death often is accompanied by a transient increase in
Ri 23 fluorescence. Dead cells exhibit either uniform, strong
fluorescence or show a patchy labeling pattern suggesting
swollen mitochondria.With time (4 to 8 hr), dead cells lose
ability to retain Ri 23 and lyse. Uptakeof Ri 23 by livingcells
is increased during the transition from quiescence into the
cycle, and a decrease is seen when Friend leukemia cells
undergo erythroid differentiation; in all cases, changes in Al 23
uptake are correlated with changes in cellular RNA content.
Simultaneous cell staining with Ri 23 and ethidium or propidium
provides a rapid assay of the viability of the cells and their
metabolic state, i.e. , as related to proliferation or motility.

Pulse-labeling of cells with up to 10 @gof Ri 23 per ml has
no significant effect on their immediate growth and cloning
efficiency. In the continuous presence of Ri 23, however, cells
becomespecificallyarrested in the G,,, compartment,i.e., in
early G1 phase. Detailed analysis of the cell cycle kinetics
revealsthat cell progressionthroughall phasesis slowed4 hr
after.addition of Ri 23. Cell exit from G1A,however, is affected
as early as 2 hr followingadditionof Ri 23, and with time the
cells are unable to leavethis compartmentat all. Uncharged
rhodaminedyes (rhodamine i i 0 and rhodamineB) do not
accumulate in mitochondria and are without effect on the cell
cycle. The cytostatic effect of Ri 23 is discussed in light of the
dye specificity for mitochondrial membranes and the disruption
of cell energy metabolism, resulting in the inability of the cells
to attain a critical content of essential components (i.e. , ribo
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z. Darzynkiewiczetal.

86, derived from clone 745, was obtained from the Institute for Medical
Research (Camden, N. J.). The cells were maintained in Eagle's basal
mediumwith 2.5 x i @2M4-(2-hydroxyethyl)-1 -piperazinethylsulfonic
acid buffer (Grand Island Biological Co.) and 15% fetal calf serum as
described (24). Erythroid differentiation was induced by addition of
230 m@idimethyl sulfoxide; the number of difterentiated cells was
evaluated by the benzidine method (23).

L1210 Cells. Cells were grown in suspensionas described(24).
Prior to addition of rhodamine dyes, the cultures were split 1:3 on 3
successive days to ensure asynchronous growth. Analysis of the Ri 23
effect on cell kinetics was determined in a stathmokinetic experiment
as described (13). Details of this experiment are given in the legends
to Charts 6 to 8.

CHOCells. CHOcellsweremaintainedas monolayerculturesin F-
12 (GIBCO) as described (24). The cultures were routinely passaged

at a ratio of 1:20 twice weekly. Asynchronously growing cells were
plated at a concentration of 100 cells/35-mm-diameter well (Costar,
Cambridge, Mass.). Following reattachment, Ri 23 was added at ap
propriate concentrations for 24 hr. Cultures were then rinsed and refed
with fresh medium.Followinggrowth for an additional6 days, the
cultures were fixed with Carnoy's fixative and stained with crystal
violet. Colonies of 50 or more cells were counted, as described (13).
The studies were carried out in triplicate. The plating efficiency was 70
to 90% for asynchronously growing, control CHO cells.

Ri 23 Uptake

Ri 23 (laser dye purity) was obtained from EastmanOrganic Chem
icals, Rochester, N. Y. The stock solution (1 mg/mI) was made in
distilled water. Further dye dilutions were done in culture media or in
buffered salt solutions, as indicated in the respective legends to charts
and tables. Ri 23 uptake was studied either under equilibrium or after
preincubation of the cells with the dye, followed by rinsing and resus
pension in Ri 23-free media. In the latter case, the fluorescence was
measured 1 hr after cell resuspension in the absence of Ri 23 unless
otherwise indicated. In some experiments cells were counterstained
with ethidium bromide or propidium iodide (both from Polysciences,
Inc., Warrington, Pa.) at a final concentration of 1O@M. In all incuba
tions, there were 1 to 2 x 1O@cells/mi of the respective dye solutions.
Variation of cell number within the range of 0.2 to 2.0 x 106/ml did
not change their stainability. In some experiments. to eliminate dead
cells, the cells suspensions were incubated with a freshly made mixture
of 0.25% trypsin and DNase I at 100 j@g/ml(both from Worthington) at
370 for 30 mm. Broken and dead cells or isolated nuclei are dissolved

by these enzymes while living cells remain. Cell viability was also
estimated by the standard test of trypan blue exclusion.

Cell Stainingwith AO

To analyze effects of Ri 23 on cell cycle progression, the cells were
preincubated with Ri 23 for various periods of time and then stained
with AO. It was observedin pilot experimentsthat prior exposureof
cells to up to 50 @gof Ri 23 per ml does not affect subsequent cell
stainability with AO. Ri 23 accumulated in mitochondria is rapidly
released from the cells during procedures preceding cell staining with
AO, i.e. , treatment with Triton X-1 00 or fixation. Thus, it was possible
to analyze the cell cycle distribution of Ri 23-treated cells without
interference by this dye on measurementsof cellular DNA or RNA.

Simultaneous staining of DNA and RNA with AO was described in
detail (10. 11, 22). The stoichiometry of DNA and RNA staining has
been demonstrated in several cell systems (2). Staining specificity was
controlled by DNase I and RNase digestions (11, 22).

To analyze the effect of Ri 23 on the cell cycle in more detail,
including quantitation of cells in mitosis, the cells were stained with AO
following removal of RNA and partial denaturation of DNA in situ as
described (9, 12). in this technique, cell pretreatment at low pH
followedby stainingat pH 2.6 resultsin partialDNAdenaturation,the
extent of which was shown to be proportional to the degree of chromatin

condensation (8. 12). The differential staining of native versus dena
turedDNAoccursbecauseAOintercalatesintodouble-strandedDNA
and fluoresces green, whereas dye interaction with denatured DNA
resultsin metachromaticredfluorescence(9).Thistechniquediscnm
mates functionally distinct compartments of G1 phase (7, 8, i 3), and
was applied to characterize the effects of Ri 23 on cell progression at
various cell cycle points.

Fluorescence Measurements

Cell fluorescence and light scatter were measured in the FC 200
Cytofluorograf(Ortho Diagnostic Instruments, Westwood, Mass.) inter
faced to a Data General minicomputer. The data on Ri 23 binding were
obtained using 488 nm excitation and green fluorescence detection at
515 to 575 nm with forward light scatter measured as a second
parameter.

In the caseof AO-stainedcells, the red (F>@;measuredin a band
of 600â€”650nm) and green (F5@;at 5i 5 to 575 nm) fluorescence
emissions were separated optically and measured by separate photo
multipliers. The width of the green fluorescence pulse was also mea
suredandusedto distinguishsInglecells fromcell doublets.

Fluorescence spectra were recorded using a thermostated SLM
4800 spectrofluorometer (SLM, Urbana, Ill.). The spectra presented in
Chart 1 were not corrected for the emission monochromator or photo
multipliertube response.To obtainthe netspectrumof the dye accu
mulated in cells, the emission spectra of the cell suspensions were
corrected by subtraction of the supernatant spectrum following cell
centrifugation. The cell concentration was kept constant (8.5 x 1O@/
ml Â±10%)andcellswerestirredduringthe measurement.

RESULTS

Fluorescence Spectra of Free and Cell-bound-Ri 23. The
excitation spectrum of Ri 23 has a maximum at 500 nm; the
molar extinction coefficient â‚¬@Â°Â°m@,7.5 X 1O@cm' mol' in
water (Chart i ). The maximum of the emission spectrum varies,
depending on dye concentration (not shown). At low concen
tration (2.6 x 1Oâ€”@M or 10 ng/ml), the maximum is at 525 nm,
and it approaches 545 nm at i .3 x i O@ M. In contrast, the
absorption spectrum does not change with dye concentration.
The computer simulation of spectral changes indicates that the

4

a

a

a
a
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Wavelength@

Chart 1. Excitation (1) and emission (2) spectra of free R123 (2.6 x 1O'@
M) in Hanks' buffered saline solution. Emission spectra of Ri 23 taken up by

Li 210 cells(3)wererecordedaftercell incubationwith0.1, 1.0,and10.0MQof
Ri 23 per ml: the relative fluorescence intensities of these suspensions were 1,
4. and 23, respectively. All spectra were normalized to 1.0 (arbitrary unit).
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Interactions of R123 with Living Cells

and then measured (Chart 3, nonequilibrium staining), the
amount of dye retained is proportional to its Concentration only
within the range of 0.1 to 5.0 j.tg/ml. At higher concentrations,
cells retain rather constant amounts of the dye after their
transfer to the dye-free media.

A decrease in fluorescence intensity is observed when cells
are at first preincubated with Ri 23 and then cultured in the
absence ofthe dyes (Chart 4). The initial decrease, seen during
the first 30 mm, most probably reflects leakage of the dye from
cells to the medium and establishment of a new equilibrium.
After 24 hr, cell fluorescence is lowered by nearly 5-fold, which
is most probably due to the dilution of Ri 23 in the progeny
cells as a result of 2 cell divisions; the doubling time of Li 210
cells is about 12 hr (24).

Uptake of Rl 23 and Cell Viability. Experiments have been
performed to Correlate changes in Ri 23 binding with cell
viability. Chart 5 illustrates consecutive changes in Ri 23 up
take observed during cell death. In these experiments, in
addition to Ri 23, the cells were counterstained with propidium
iodide. The viability tests based on trypan blue exclusion cor
related, in general, with estimates of viability by exclusion of
ethidium or propidium (not shown). In the present experiments,
cells were killed by heat (60Â°), repeated freezing and thawing,
hypotonicity, alcohol, or detergents. Because Ri 23 was re
ported to stain only living cells, it was expected that the dead
cells would not be able to retain the dye. This was not the case,
however, and in numerous experiments immediately after cell
death a transient increase in Ri 23 fluorescence was observed.
Because dead cells become stainable with propidium, they
could then be distinguished from living cells by their increased
green and red fluorescence values on scattergrams or 2 pa
rameter histograms (Chart 5). The drop in Ri 23 fluorescence
was seen 4 to 8 hr after cell death; at that time cells had
minimal green fluorescence and increased red fluorescence.
Cells killed by detergents or subjected to very low hypotonicity
rapidly lost the ability to stain with Ri 23 without passing
through a phase of increased stainability with this dye.

All samples subjected to flow cytometry were also examined
by light and UV microscopy. Living cells had Ri 23 stainability
limited mostly to the oval or rod-like organelles typical of
mitochondria as described by others (3, 15â€”i7). Nuclei were
negative, but in addition to mitochondria, a weak, diffuse green
fluorescence was often seen in the cytoplasm. After counter
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Chart 4. Decrease in fluorescence of Li 210 cells incubated with 10 @gof
Ri 23 per ml for 15 mm, then rinsed and cultured in the absence of the dye.

observedconcentration-dependentred shift of the emissionis
the result of an inner filter effect rather than excimer formation.
The emission spectrum of the Al 23 accumulated by the cells
as compared with the free dye shows a red shift, the extent of
which (12 nm) does not change with dye concentration or
degree of cell labeling. This change may be interpreted as
reflecting either complex formation or chemical modification of
the dye rather than as a result of the inner filter effect or
excimer formation.

Kinetics of RI 23 Uptake. Cells exposed to Ri 23 accumu
late the dye rather rapidly (Chart 2). Most of the Ri 23 is taken
up during the initial 5 mm of incubation, approaching a plateau
after 10 mm. Although FL cells bind more Ri 23 than Li 210
cells, the kinetics of binding is similar for both cell lines.
Comparable levels of fluorescence are obtained following cell
incubation at 0 and 24Â°.The reaction, however, is somewhat
slower at 0Â°.The kinetics of Ri 23 uptake at 37Â°is similar to
that seen at 24Â°(not shown).

A close relationship is observed between the concentration
of Ri 23 In the culture medium and the degree of its accumu
lation In the cell (Chart 3). Under equilibrium conditions, the
linear dose dependency covers the range of 0.1 to 10.0 @gof
Ri 23 per ml. Within this range, a 10-fold increase in Ri 23
concentrationresults in a 4- to 5-fold increasein cell fluores
cence. However, when cells are incubated with the dye, rinsed,
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Chart 2. Kinetics of Ri 23 uptake by FL or Li 210 cells exposed to 10 @tgof
Ri 23 permlat 0 or 24Â°andmeasuredunderequilibriumwiththedye.
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Chart 3. Intensity of fluorescence of FL cells incubated with various concen
tratlons of Ri 23 for 15 mm, measured either in equilibrium with the dye, or after
rinsingandresuspensionin dye-freemedium.
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CelltypeRi23RNALymphocytes

Quiescent7.0 Â±2â€¢6aPhytohemagglutinin,
3 days5i .1 Â±i2.525.5 Â±6.8CHO

cellsStationary29.5
Â±12.037.5 Â±9.5Exponential54.4

Â±18.956.6 Â±i2.5Li2iO
cellsStationary36.2

Â± 9.739.1 Â±5.7Exponential54.2
Â±12.152.1 Â±8.3FL

cellsStationary34.7
Â±i3.433.9 Â±7.9Exponential60.4
Â±15.054.3 Â±1i.6Differentiated31.4
Â±ii.829.8 Â±7.1a

Mean Â± S.D.

z. Darzynkiewiczetal.

Chart 5. Examples of the cell fluorescence changes after simultaneous staining with Ri 23 and propidium iodide (P1)following treatments resulting in cell death.
Two-parameter frequency histograms illustrating stainability of Li 210 cells with P1and Ri 23. The vertical dimension (Z axis) represents cell number, scaled
arbitrarily. A, cells from exponentially growing cultures. Living cells exhibit high variability of green (Ri 23) and no red [propidium iodide (P1)]fluorescence. Few
(<i %) dead cells show both Ri 23 and propidium iodide fluorescence. B, cells treated with hypotonic solution (culture medium diluted 50% with distilled water) for
10 mm. An increase in Ri 23 and a minor increase in propidium iodide fluorescence are seen. C, cells treated with a strongly hypotonic solution (medium diluted 4-
fold with distilled water) for 10 mm. The main population shows increased stainability with propidium iodide and somewhat lowered Ri 23 fluorescence. With time,
more and more cells lose stainability with Ri 23 and stain with propidium iodide. 0, Triton X-1 00 (0. i %)-treated cells. The cells exhibit low Ri 23 fluorescence; their
distribution with respect to propidium iodide fluorescence resembles the cell cycle distribution, with a prominent G1peak.

staining with trypan blue and viewing the same field alternately
in visible and UV light, it was apparent that in preparations in
which cells were freshly killed by heat, repeated freezing,
alcohol, or hypotonicity, many cells that stained with trypan
blue also exhibited strong Ri 23 fluorescence. While some of
those cells were characterized by uniform diffuse fluorescence
(including nuclei), other cells had a patchy fluorescence pattern
resembling swollen mitochondria.

Rl 23 Bindingin Relation to Cell Proliferation, Quiescence,
and Differentiation. Table 1 summarizes the results of numer
ous experiments in which the uptake of Ri 23 has correlated
with changes in cell metabolism as reflected by altered RNA
content. Regardless of the cell type, cells in stationary cultures
bound 30 to 45% less Ri 23 than did Cells growing exponen
tially. Cycling lymphocytes from phytohemagglutinin-stimulated
cultures accumulated, on average, 7 times more Ri 23 than did
nonstimulated cells. Differentiation of FL cells was accompa
nied by a continuous decrease in Ri 23 uptake. At the time of
maximal differentiation (80% benzidine-positive cells), FL cells
had 50% less Ri 23 fluorescence than did untreated, exponen
tially growing cells.

Effects of Ri 23 on Cell Growth and Colony Formation. In
the studies reported below we have investigated the effects of
Ri 23 and 2 other rhodamine dyes, RB and Ri 10, on cell
growth. The latter 2 fluorochromes, in contrast to Ri 23, which
is positively charged at physiological pH, are neutral and do

Table i

Changes in R123 uptake and RNA content of various cell types during their
transition from stationary to exponential growth phase or during differentiation

Ri 23 uptake was measured following cell exposure to 5 @zgof Ri 23 per ml for
i 5 mm under nonequilibrium. RNA content of all cells in the population, regard
less of the cell cycle phase, is given.

Because the settings of the photomultiplier sensitivities were different for
different cell types, the results are comparable only within particular cell types.

not bind to mitochondria (1 7). As evident from the data in Table
2, RB and Ri 10 at concentrations of 1 to 6 @.tg/mlhave minimal
effects on the growth of Li 210 cells. In contrast, equivalent
concentrations of Ri 23 markedly suppress cell growth, de
creasing the number of cells in cultures by 47 to 68%. Although
the total number of cells in Ri 23-treated cultures was dimin
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Cell growth and cell cycle distribution of L 12 10 cells in control, and inculturestreated
with various concentrations of rhodamine dyes for 24hrConcen-

Cell cycle dlstributionb
tration

Dye (j@g/ml) CellgrowthC G1 S G2+MNone
1.0 47.6 32.420.0R123

1 0.53 Â±O.05c 59.8 25.414.83
0.37 Â±0.04 72.7 i5.611.76
0.32 Â±0.03 67.7 18.613.8.RhO

1 0.96 Â±0.05 46.9 33.719.43
0.93 Â±0.05 47.0 32.220.86
0.96 Â±0.10 47.7 31.32i.0RB

1 1.00 Â±0.03 47.6 31.720.73
0.87 Â±0.02 47.1 32.520.46
0.88 Â±0.02 47.4 32.9 i9.7

â€˜@â€˜@

ished, the numberof dead cells was minimaland within the
range of the control, suggesting that Ri 23 exerts a cytostatic
effectonLi210cells.

Table2

Interactions of R123 with Living Cells

Analysis of the cell cycle distribution provided direct evi
dence of the cytostatic effect of Ri 23. As is evident in Table 2,
this dye arrests cells in the G1 phase of the cell cycle; RB and
Ri 10 are without effect. The data in Chart 6 indicate that as a
result of Ri 23 treatment, cells become preferentially blocked
in the G1Acompartment of the G1 phase. Cells in this compart
ment have RNA values below the minimum RNA content of 5-
phase cells (5, 7, 8, 13). As shown before (7) and will be
discussed further, the G1Acompartment represents a function
ally distinct subphase of the cell cycle.

The RNA content of Ri 23-treated cells is similar to that of
cells growing exponentially. An interesting detail related to the
RNA values of the S-phase cells is, however, apparent (Chart
6). Namely, the rate of RNA increase during S phase is lowered
in the cell population treated with Ri 23, as evidenced by the
more vertical inclination of the S cluster. Assuming that Ri 23
does not accelerate the rate of DNA synthesis, the data indicate
that in the presence of this dye the rate of RNA accumulation
slows down during cell progression through S phase. There is
also a higher intercellular variation in RNA content among S
cells in the Ri 23-treated cultures, as reflected by the widening
of the S-phase cluster. The coefficient of variation of the RNA
values of the S-phase cells (over similar range of DNA values)

a@ represent the number of living cells in cultures (in relation to control)
after 24 hr of growth with various concentrations of the dyes. There were few
deadcells(<2%)in thesecultures.

b Percentage of cells at the various cell cycle phases was estimated using
interactive computer program, after cell staining as shown in Chart 6.

M@ * S.D.

Chart6. Arrestof Li 210 cellsin theG1Acompartmentof theG phaseasa resultof theirgrowthwith6 @zgof Ri 23permlfor24hr.Scattergramsandhistograms
showingDNAandRNAvaluesof theexponentiallygrowing,controlLi 210 cells(A)andcellsgrowninthepresenceof Ri 23(B).Asa resultof Ri 23 treatment,cells
accumulatepreferentiallyin thelowRNAcompartmentof G, phase,withRNAvaluesbelowthecriticalthreshold(arrows).SuchcellscannotentertheS phase.
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z. DarzynkiewiczetaI.

is about twice higher in Ri 23-treated cultures than in control.
Exposure of CHO cells to up to 10 ig of Ri 23 per ml for 24

hr does not markedly affect cell viability as measured by cell
clonogenicity. Thus, while control CHO cultures had 72.0 Â±
8.6 (S.D.) colonies/plate, cells incubated with 3 or 10 @zgof
R123 per ml showed 73.3 Â±8.3 or 65.0 Â±5.7 colonies,
respectively.

Effect of Ri 23 on the Cell Cycle Kinetics of Li 2i0 Cells.
To analyze the effect of Ri 23 on the cell cycle progression in
more detail, a stathmokinetic experiment was performed in
which the effect of the dye on cell progression at various points
of the cell cycle could be studied. In this experiment, exponen
tially growing, asynchronous cultures are treated with the stath
mokinetic agent (vinblastine), in the presence or absence of
the drug, and sampled at various times to obtain the percentage
of cells in G1A,G1B,various portions of S. G2, and M (13). All
those phases are identified, based on a distinctive distribution
of native versus denatured DNA on 2-parameter histograms
after partial denaturation of DNA in situ, as described (13). This
approach (1 3) allows one to measure the effect of the drugs on
the G1Ato G18 transition, cell exit from G1, progression through
S. duration of G2, cell transit from G2 to M, and to detect the
terminal point of its action.

Chart 7 shows the rate of accumulation of cells in G2 + M
and M phases in the presence and absence of Ri 23 added
either at the same time or 16 hr prior to vinblastine. In the
control, the G2 + M and M slopes are linear (M slope become
linear after a 1-hr delay), thus indicating that cells are growing
exponentially. The duration of the cell cycle estimated from
these slopes (13) is 10.2 hr. The duration of the G2 phase,
estimated from the delay of the M slope (after correction for
the initial lag period) as compared with G2 + M slope is 2.i hr.

Cells treated with Al 23 at the time of addition of vinblastine
are not affected during the first 3 hr; then the rate of cell entry
into M and G2 + M slows down. The extent of the slowdown is
similar for both the M and G2 + M compartments, indicating
that the first effects of Ri 23 manifest as a decrease in cell
progression through late S and G2 phases. In cultures pre
treated with Ri 23 for 16 hr prior to vinblastine, the rate of
entry into M or G2 + M is minimal.

The data in Chart 8 illustrate the effect of Ri 23 on cell exit
from G1 and G1A.When cells are blocked in mitosis, the rates
of emptying of G1 and G1Amay be used to estimate cell transit
times through those compartments, assuming that the stath
mokinetic agent does not affect progression through G1. As
shown before (5, 13), the curve representing emptying of the
G1compartment is biphasic; the first phase is linear (a shoulder
on the log plot), while the second is exponential (a straight line
on a log plot). These phases reflect the presence of 2 com
partments in the G1phase, one which has transit times of rather
constant duration and the other having exponentially distrib
uted residence times (5, 7, 13). The exponentially declining
slope of the G1Aexit curve (Chart 8) indicates that cell residence
times in G1Aare exponentially distributed; the half-time of cell
residence in G1A(5) estimated from the slope is 55 mm.

The effect of Ri 23 on G1cells is already apparent 1.5 to 2
hr after addition of the dye and manifests as a decrease in the
G1A exit rate. The half-time of cell residence in G1A is increased

to 85 mm in the presence of 3 @gof Ri 23 per ml. The
diminished exit rate in the presence of Ri 23 does not change
up to the sixth hr, at which time nearly all cells have left G1A.

I (0)

(0)

I (16)

01
0

Time (hr)

Chart 7. Kinetics of entrance of Li 2i 0 cells into mitosis (open symbols) and
into G2 + M (closed symbols) in the presence and absence of Ri 23 in culture.
At 0 time, vinblastine was added to all cultures; some cultures @D)were treated
with 3 @gof Ri 23 per ml added simultaneously with vinblastine. Other cultures
(A) were pretreated with 3 @gof Ri 23 per ml for 16 hr prior to addition of
vinbiastine. All cultures were then sampled at 0.5- or 1-hr intervals, and cell
numbers of M and G2 + M peaks were estimated after cell staining as described
(i 3). Following a short lag, accumulation of control cells in M is linear, indicating
that cells were growing exponentially and that their arrest in M is not leaky. The
first effects of Ri 23 are already seen after 4 hr and manifest as a decreased rate
of entrance into M and G2 + M.

The rate of cell exit from G1(i.e. , G1to S transition) decreases
4 hr after addition of Ri 23. Of the 2 phases of emptying of the

G1compartment, only the latter one (represented by an expo
nential slope), is influenced by the dye. Few cells leave the G1
or G1Acompartments in cultures treated for 16 hr with Al 23.

By applying appropriate thresholds during data analysis, it is
also possible to measure cell progression through selected
window(s) in S phase (13). In the present experiments, pro
gression of cells through the early S window was also analyzed
(data not shown). A slowdown in the rate of cell traverse
through the S phase was evident 4 hr after addition of Ri 23.

DISCUSSION

Ri 23 appears to be a useful mitochondrial probe that may
be applied to studying living cells for discrimination of their
different metabolic states, i.e. , as related to proliferation or
differentiation. The excitation and emission wavelengths of the
free dye, and dye taken up by cells, are within a range of 450
to 560 nm, making it suitable for study with commercially
available flow cytometers using argon ion laser illumination.

A close relationship between cell fluorescence and dye con
centration suggests that the fluorescence intensity of individual
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Interactions ofRl23 with Living Cells

terparts. Erythroid differentiation of FL cells was accompanied
by a 50% decrease in Ri 23 binding. Simultaneous cell staining
with Ri 23 and ethidium or propidium thus provides a rapid
assay of cell populations with respect to cell viability and their
metabolic state; the latter may reflect their proliferative or
motility potential (see â€œAddendumâ€•).

In the situations discussed above, changes in Ri 23 accu
mulation may reflect either an altered number of mitochondria
per cell, altered transmembrane potential, or both. Unless
another mitochondrial probe unrelated to the membrane poten
tial is found for comparison, a distinction between those alter
natives cannot be made. Cohen et al. (3), Johnson et al. (i 6),
and Shapiro et al. (20) reported rapid changes in binding of
Ri 23 or cyanine dyes following cell stimulation induced by
â€ẫ€˜wounding' â€˜ of monolayer cultures or PHA treatment of lym

phocytes. Changes occurring in a time much shorter than that
required for the synthesis and assembly of new mitochondria
most probably reflect altered transmembrane potential. Ac
cording to the work of Johnson et al. (i 6), stimulation of cells
in these experimentsprimarily triggered an increase in their
motility, which in turn was correlated with change in the mem
brane potential. At present, we did not attempt to investigate
the early changes in Ri 23 binding in response to cell stimuli
(which would be primarily an indication of their hypo- or hyper
polarization). Instead, efforts have been made to compare
Ri 23 binding by various cell types in different functional states
under standard culturing conditions.

The present data indicate that Ri 23 may be used as a
supravital cell probe for long-term experiments. Pulse labeling
of CHO cells at up to a concentration of 10 @g/mlfor up to 24
hr does not affect their cloning efficiency by more than 10%.
Lower concentrations, still adequate for good cell labeling, are
without effect on cell viability. Thus, as long as Ri 23 is used
for pulse labeling and cells are then allowed to grow in dye
free medium, their growth is not perturbed despite the presence
of the dye in the mitochondria. These data may be interpreted
as indicating that the Ri 23 binding sites, once saturated by
the dye, can later recover during cell growth in dye-free medium
with restoration of mitochondrial function. Since the dye still
remains in the cell, the recovery may indicate the appearance
of new Ri 23 binding sites, perhaps as a result of their de novo
synthesis.

Continuous cell growth in the presence of Ri 23, however,
induces their arrest in the cell cycle with preferential cell
accumulation in the G1Acompartment. The first signs of per
turbation of the cell cycle are observed 2 hr following addition
of Ri 23. At that time, a slowdown of cell exit from the GIA
compartment is seen. Slightly later (4 hr), the rate of progres
sion through other phases decreases. Cell exit from G1A,how
ever, is more affected than is the transit through other phases,
and as a consequence, more and more cells reside in G1A.
After I 6 to 24 hr. the cells are predominantly blocked in G1A;
the few cells that still remain in G1B,S. or G2,progress through
those phases at a very slow rate. The RNA content of the
Ri 23-treated cells is not much different from the control values
of cells in their respective phases of the cell cycle; there is
higher heterogeneity, however, of the S cells and a minor RNA
deficit in late-S-phase cells. The rhodamine analogs that do not
bind to mitochondria and do not interrupt energy metabolism
(i.e. , RB and Ri 10) (14, 16, 17) have no effect either on the

cell cycle or cell survival.

(0)

Time (hr)
Chart 8. Kinetics of exit of Li 210 cells from the G (open symbols) and G1A

compartments(closedsymbols)inthepresenceandabsenceofRi 23incultures.
Experimental scheme is described in legend to Chart 7. Following additions of
vinblastineat 0 tIme.thenumberof cellsremainingin theG1andGIAcompart
mants,distinguishedas describedbefore(13), wasestimatedat varioustime
intervals.

cells is closely related to the quantity of dye taken up. Because
the intensity of Ri 23 in solutions is proportional to dye con
centratlon (when correction for the inner filter effect is made),
it appears that Ri 23 does not form aggregates as some cy
anine dyes do (3, 25), in which fluorescence quenching takes
place. The dye taken up remains in the cell for a considerable
period of time, and during division is distributed into progeny
cells. After 2 cell generations the daughter cells have about
one-fifth of the fluorescence of the original, labeled cells.
Because the fluorescence of Ri 23-labeled cells is strong, the
dye may be detected even 48 hr after labeling, which makes it
useful for supravital cell labeling. It should be stressed, how
ever, that since the dye leaks from the cells, albeit slowly,
cocultivation of labeled and unlabeled cells results in progres
sive dye uptake by unlabeled cells. This restricts use of Ri 23
as a cell tracer in situations where labeled and unlabeled cells
remain in contact with each either directly, or via culture
medium for an extended period of time.

The dye may be retained not only in living but also in dead
cells. Freshly killed cells often retain the ability to bind Ri 23
for up to 8 hr. The dye is then distributed either homogeneously
in the cells or in organelles resembling swollen mitochondria.
The fluorescence of such cells is greater than the fluorescence
of living cells, although they could be counterstained with
trypan blue or propidium. These data suggest caution in inter
preting binding of Ri 23 as evidence of cell viability. The
increased binding of Ri 23 during cell death may reflect a
transient change in membrane polarization, e.g. , as related to
swelling of the mitochondria.

Binding of Ri 23 during cell proliferation, quiescence, and
differentiation correlated with the metabolic state of the cells
as reflected by their RNA content. Thus, cells in stationary
cultures bound 30 to 45% less Ri 23 than did cells growing
exponentially. Cells in deep quiescence (noncycling lympho
cytes) bound several times less Ri 23 than their cycling coun
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z. Darzynkiewiczetal.

The GIA compartment is the most sensitive to Ri 23 action
and is the cell cycle point through which the treated cells
cannot progress. As shown before (5, 7, 8, 13), this compart
ment, representing early G1 cells, is a functionally distinct
subphase of the cell cycle. Cells in G1Ahave lowered RNA
content and more condensed chromatin as compared with the
remaining cells of G1(G1B).The cell residence times in GIA, in
contrast to other phases, are distributed exponentially (5, 7,
13). It is probable that the presence of Ri 23 results in inhibition
of the synthesis of essential macromolecules (i.e. , rRNA, pro
teins), which precludes GIA cells from accumulating threshold
values of the constituents necessary to leave G1Aand enter the
prereplicative (G1B)phase. Since progression of individual cells
through other phases is slowed down rather than terminated
by Ri 23, with time, more and more cells arrest in G1A.

The mechanism by which Ri 23 induces a cytostatic effect
may be inferred from the specificity of its binding. This specific
mitochondrial probe, upon binding, may neutralize the electro
negativesites of the mitochondrialmembraneand thus lower
the transmembrane potential. Thus, the dye may act as an
antimetabolite disrupting energy metabolism at the mitochon
drial level. It was shown recently by Conover and Schneider
(4) that cationic dyes of the cyanine series specifically inhibit

NAD@-linked respiration in rat liver mitochondria. Positively
charged rhodamines 6G and 3B were also inhibitory (although
at higher concentrations), while B, neutral at physiological pH,
was without effect. The data of Gear (14) indicate that rhoda
mine 6G strongly inhibits oxidative phosphorylation. Zigman
and Gilman (26) reported recently that cyanine dyes with
reduction potential (ER) more negative than â€”1.0 V inhibited
division of fertilized sea urchin eggs, most likely by disrupting
the energy metabolism of those cells. The authors postulate
that these cationic dyes bind to the mitochondrial membrane
and a dye with an ER more negative than that of respiratory
chain reactions could occupy electron acceptor sites, turning
off the transport of electrons and cellular respiration. Thus,
depending on their ER, the dyes would form electron barriers
interupting the flow of electrons in key transport systems (26).
Disruption of the energy metabolism will result in suppression
of the synthesis of macromolecules essential for cell progres
sion through the cell cycle.

ADDENDUM

Recently. simultaneous staining with Ri 23 and ethidium of sperm cells pro
vided a means to assay rapidly sperm motility and viability by flow cytometry
(Evenson, D. P., Darzynkiewicz, Z., and Melamed, M. R. Simultaneous measure
ment by flow cytometry of sperm cell viability and mitochondrial membrane
potential related to cell motility. J. Histochem. Cytochem. 30: in press, i 982.)
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