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Abstract

The in vitro toxicity of 10 MEIC chemicals
was determined using a fluorescence micro-
scope-video camera-image processor system.
Human lung carcinoma cells were loaded with
rhodamine 123 which accumulates specifically
in mitochondria in living cells. Rhodamine
123 fluorescence in mitochondria relative to
that in the cytoplasm of the cells was mea-
sured after 3hr treatment with the MEIC
chemicals. Results showed that the EDsg
values of the chemicals determined by this
method were highly correlated with the cor-
responding values determined by the MTT
(r=0.949) and lactate dehydrogenasc-rclcase
assays (r=0.948) after 48 hr. This fluo-
rescence-image  processing  was  faster  for
measuring changes in mitochondrial function
than the MTT assay, and is useful for measur-
ing the direct toxic effects of chemicals on
organelle’s functions in sifu.
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Introduction

Most in vitro cytotoxicity assays involve
colorimetric measurcments which are conve-
nient. These include the MTT (1, 2, 3, 4. 5)
and neutral red uptake assays (2, 6, 7). crystal
violet staining (8, 9). as well as the lactate
dehydrogenase (LDH) release assay (4, 10,
11, 12, 13, 14, 15). Another widely uscd assay
is that of colony formation (16, 17). These
assays measure overall changes in the prolif-
erative/surviving functions of cell populations
and all require 2-14 days except the LDH-
release assay of acute toxicity, which requires
a 20 min incubation (14). More rapid mecthods
for assay of in vitro cytotoxicity of chemicals
would be useful. We developed a new assay
system with human natural killer (NK) cells
which requires a 4 hr incubation in medium
containing test chemicals, and found that
killing activity was an cxcellent marker of
cytotoxicity not only al the level of the ccll
population, but also at the level of the
individual cell and. if possible, of subccllular
organelles in individual living cells, since this
would give morc precise information on
mechanisms of toxicity. Therefore, we tried to
develop an  image processing system 10
observe mitochondria in situ staincd with a
fluorescent dyc (19-24).



Mitochondria in living cells are intensely
stained against a dark cytoplasmic back-
ground with fluorescent cations such as rhoda-
minc 123 (Rh123) depending on th membrane
potential (19). Rhi23 has a rclatively stable
yellowish-green fluorescence on  excitation
with blue light. We developed a mcans of
measuring the inhibition of Rh123 excrction
from primary cultured natural killer cclls by
flow cytometry (18), but it mcasures the
fluorescence intensity of a whole cell. As
reported by Johnson et al. (24), when cells are
incubated with some chemicals, much of the
dyc is releascd from mitochondria and re-
mains in the cytoplasm for a while. Therefore.,
the fluorescence intensity of a whole cell will
also be affected by the rate of passage of the
fluorescent dye through the cytoplasmic mem-
branc.

If a toxic substance directly affects the
mitochondrial membrane potential,  the
fluorescence intensity of Rh123 in mitochon-
dria rclative to that in the cytoplasm would
change greatly and be a direct indicator of
alteration of mitochondrial functions. There-
fore, we used fluorescence-image processing
to determine the toxicity of 10 of the 30
chemicals recommended for the Multicenter
Evaluation of In Vitro Cytotoxicity (MEIC)
by the Scandinavian Society for Cell Toxicolo-
gy (15, 24). We found very close relationships
between the organelle toxicity in individual
cells determined by fluorescence-image analy-
sis and the cytotoxicity in mass-cultured cell
populations.

Materials and Methods

Cell culture

Human lung carcinoma RERF-LC-ALl cells
(so called AOI cells, cell line number
RCB0444, RIKEN Ccll Bank) were used
because of their flat morphology and the even
distribution of mitochondria in their cyto-
plasm. They were sceded at a density of
20,000 cells per well into 24-well culture plates

on a round coverglass of [5-mm diamcter
(Matsunami Glass Ind.. Ltd., Japan) in 1 ml
of MEM containing 10%FBS and culturcd for
3 days before experiments.

Test chemicals

Ten of the 50 MEIC chemicals wcre
sclected  arbitrarily.  These  were  sodium
c¢hloride, sodium fluoride. nicotine, lithium
sulphate, isoniazid. chloroquine diphosphate,
quinidine  sulphate,  caffeine.  atropine
sulphate and potassium chloride, and were all
purchased from Wako Pure Chemical Indus-
trics (Tokyo. Japan). Test concentrations of
sodium chloride and potassium chloride are
expressed as those above the regular concen-
trations in MEM-59%FBS.

Cylotoxicity assay

The RERF-LC-ALI cells in each well were
incubated in a humidificd COs-incubator in 1
ml of medium containing 1 pg/ml of Rh123 at
37°C for 30 min. They were then washed
extensively with fresh culturc medium (19, 24,
26. 27). Solutions of the ten chemicals were
prepared as described (15) and serially diluted
with the culture medium just before use.
Rh123-loaded cells were incubated with 1 ml
of diluted chemicals at 37°C for 3 hr. Then the
cclls were washed 3 times with PBS (=) and
observed in a fluorescence microscope-video
camera-image processor consisting of an in-
verted Diaphot-TMD microscope attached to
a TMD-EF2 fluorescence-producing appar-
atus (Nikon Co.. Japan), an ICCD video
camera (C2400-87), an ARGUS-50/VIM2
image processor (C3930-50). a computor
(C4468) with an MO disk unit, and a color
video monitor (PVM1444Q) connected to a
color video printer. The 4 latter pieces of
equipment were from Hamamatsu Photonics
Co.

Imaging and fluorescence measurement of
RI123-stained cells

After chemical exposure, cells were ob-
served at excitation and emission wavelengths



of 470-490 and 520-560 nm, respectively,
under a Diaphot-TMD  microscope with a
40x CF Fluor objective lens. The fluorescence
of Rh123 was excited at 10 mV by a 100-W
mercury lamp attached to a TMD-EF2. Imag-
ing was conducted by cxposing fuorescent
cells to the video camera for 10 seconds. Six
images were taken of each sample in 6
randomly sclected ficlds in different cell
populations. Usually, one image consisted of
4-10 cells. All the images were saved in an
MO disk with ARGUS-50 software for further
analysis of the Auorescence intensity in living
cells.

The fluorescence intensity inside and out-
side mitochondria was mecasured with an
image processor. Since the equipment did not
magnify the images sufficiently to clearly

identify an individual mitochondrion in a cell.
the fluorescence intensity inside and outside
mitochondria was represented as the fluoresc-
ence intensity of 5xS-pixel squares (4.67
umX4.67 ym) in a mitochondria-rich area and
that in an adjacent mtochondria-free cytoplas-
mic area, respectively (see Fig. 1). When
possible at most, 5 pairs of 5X5-pixel squares
ol mitochondria-rich and adjacent mitochon-
dria-free cytoplasmic arcas in a cell were
colleceted. From 6 images. it was possible to
accumulate 12-15 values of the ratio to
calculate the mecan and standard deviation.

MTT assay

RERE-LC-AI cells were cultured in 100 ul
MEM-10%FBS in 96-well plates for 24 hr,
then incubated with the test chemicals for 48

Fig. 1.
Human lung carcinoma RERF-LC-ALI cells (AOI cells) were incubated with atropine sulphate
for 3 hr. Control cells (A): cells treated with (13) 0.74 mM, (C) 1.48 mM. (D) 2.96 mM, (k) 4.43
mM. and (F) 5.91 mM atropine sulphatc. Tips of arrow heads indicate observation points. Bright
and adjacent dark regions correspond to mitochondrial and eytoplamic arcas, respectively.

A set of images of cells treated with atropine sulphate.




hr. Thereafter, 10 ul of MTT (5.5 mg/ml) was
added for 4 hr (1). The supernatant was
discarded and 200 ul of isopropanol-0.04N
HCI was added to cach wcll to extract and
dissolve blue-purple formazan crystals. The
optical density was determined at 590 nm and
EDs¢, values were calculated as reported (1, 3,
S).

Results

Fluorescence images of cells

We screened various cell lines to determine
which had the highest fluoescence intensity
and the largest individual cells so that their
mitochondria could be conveniently detected
with  the Huorescence microscope-video
camera-image processor. As well as the lines
of human carcinoma cclls |RERF-LC-Al.
SQ-5. HeLa S3 (mer™) and Hep G2], glioma
cells (U-87MG and KG-1-C), normal diploid
fibroblasts (WI-38). lymphoblastoids (Daudi),
primary cultured natural killer cells, and
monkey kidney cells (Vero) were also ex-
amined. RERF-LC-Al cells emitted the
highest fluorescence intensity aftcr loading
with rhodamine-123 (1 pg/ml) for 30 inin and
their monolayer cultures were sulficiently flat
to allow measurement of the fluorescence of
mitochondria and the adjacent cytoplasm.
Figure 1A shows that mitochondria occupied
a substantial fraction of the cytoplasm and
were concentrated in perinuclear area. On
incubating the cells with increasing concentra-
tions of atropine sulphate for 3 hr, the
fluorcscence intensity of the mitochondria-
rich area decreased and the thread-like
mitochondria became dot-like and dim (Fig.
IB-F). while the fluorescence intensity of the
cytoplasm increased or changed slightly.

Dose-response curves and ratios of fluoresc-
ence intensity in mitochondria and cytoplasmic
areay

The fluorescence intensity inside and out-
side mitochondria was dctermined in digitzed

fluorcscence  images of the cells by area
analysis with an image processor. We mea-
sured the fluorescence intensity of small arcas
(5%5-pixel square, corresponding to 4.67
umx4.67 um) of peripherally located
mitochondria and their adjacent cytoplasm in
a cell. In cach picture in Fig. 1, thc two
arrowheads indicate a pair ol mitochondria-
and adjacent cytoplasmic-arcas on which the
fluorescence intensity was dctermined. The
fluorescence intensity was read with a compu-
ter and the ratio of the intensity was recorded.
The mean ratio in untreated control cclls
varied from 5.2 to 6.8 in different experi-
ments. When cells were incubated with 2.95
or 5.91 mM atropine sulphate, the mean ratios
decreased at an increasing rate with the length
of the incubation (Fig. 2). With 5.91 mM
atropine sulphate. the ratio became 1 after 3
hr. The dose responses of other chemicals
were tested after a 3 hr incubation.

The dose-response curves of the ratios of all
10 chemicals arc shown in Fig. 3. Although
the curves showed a decrease of the ratio with
an increase in the concentration of each test
chemical, the extent of the change differed
considerably. Quinidine sulphate decreased
the ratio to 1 in a narrow range of concentra-
tions of below 0.3 mM. whereas a concentra-
tion of 125 mM nicotine was required to
decrease the ratio to 1. The concentration
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Fig. 2. Time courses of changes in fluorescence
ratios induced by atropine sulphate. Mean ratios
of bright and adjacent dark points {cach 5x3
pixel squarces) are plotted.
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Fig. 3. Dosc-response curves of the 10 MEIC chemicals.

The number in the top right of cach graph is the code number of the chemical given by the
Multicenter Evaluation of In vitro Cytotoxicity (MEIC). organized by the Scandinavian Society tor
Cell Toxicology. The values of fluorcseence ratios are means for 12-15 pairs of measurements in cells
treated with euch chemical. Standurd deviations (SD) of mean values are indicuted by bars.

required for a 50% reduction of {thc mean
maximum ratio-1] was defined as the EDy,.

Table 1 lists the EDsy, values obtained from
each curve in Fig. 3 together with those
determined by two other in vitro assays, MT'T
and LDH relcase. For the MTT assay,

RERFLC-AT ccells were incubated with the
chemicals for 48 hr. The EDs, valucs deter-
mined by LDH relcase assay using the human
lung carcinoma cell line SQ-5 are cited from
our previous paper (15). In this study SQ-5
cells were incubated with the chemicals for 48



Table 1.

EDs, of 10 MEIC chemicals determined by fluorescent image processing

Image processing

MTT assay LDH release assay

MEIC Chemical EDS0(mM) EDSO(mM) MTT/Fluo  ED3S0(mM) LDH:/Fluo

13. Sodwm chloride 35 3.6 0.90 151 4.31
14. Sodium fluoride 1.9 (.98 0.51 2.10 1.11
[8. Nicotine 30 6.78 .23 21.6 0.72
20. Lithium sulphate 47 44.1 0.94 36.5 0.78
35, Isoniazid 24 17.5 0.73 49.2 205
41. Chloroquine diphosphate 0.42 .18 0.44 0.41 .98
43. Quinidine sulphate 0.07 0.12 1.73 0.20 2.80
48. Caflcine L 2.57 0.23 5.70 0.52
49. Atropine sulphate 2.6 118 0.43 2.90 112
50. Potasstum chloride 20 290 1.45 61.7 3.09

Average 0.76 1.75

First column shows the MEIC number of the chemicals. MTT/Fluo and LDH/Fluo are the ratios of ED,
values determined by MTT assay and our previous LDH release assay (15) to those determined by

fluorescent image processing. respectively,

hr and the LDH activity remaining in the cells
was measured to calculate those of the EDs,.
In this assay, the largest EDg, was for lithium
sulphate and the smallest for quinidine sul-
phate. These results were consistent with the
largest and the smallest EDs, values deter-
mined by thc MTT assay. However, in the
L.DH release assay, sodium chloride had the
largest EDs, of 151 mM, whereas in the
present assay, it was only 35 mM. Thus the
ratio of the EDg, determined by LDH relcase
to that determined in the present assay (LDH/
Fluo) was 4.3. Relatively large discrepancies
were also observed in the EDs, value of
nicotine: 30 mM in this assay but 6.78 mM in
the MTT assay resulting in the ratio, MTT/
Fluo, ol 0.23 (Table 1). Similar differences
were  observed  with  caffeine.  However,
sodium  fluoride, 1soniazid.  chloroquine
diphosphatc. quinidine sulphate, atropine sul-
phate. and potassium chloride had relatively
similar EDg, values in these three assays.

Correlation of results with those of MTT and
LDH release assays

In Table 1. the average of MTT/Fluo was
(.76 and that of LDH/Fluo was 1.75, suggest-
ing that scnsitivity of the new method com-
pared with that of the other two in vivo
cytotoxicity assays is closer to the MTT assay.

However, the logs of the EDs, values deter-
mined by this method corrclated well with
those determined by both of the MTT
(r=0.9492)(Fig 4A) and thc LLDH rclease
(r=0.9482) (Fig. 4.B) assays.

Discussion

Mitochondria have a significant membranc
potential with a negative internal charge.
Lipophilic compounds with a positive charge
arc taken up by mitochondria to a much
greater extent than by other organelles, so
there have been many studies on specific
fluorcscent probes of mitochondrial mem-
branc potential (19-24, 26, 27-36). Since this
potential is gencrated by proton pumps which
in turn arc driven by respiratory electron
transport chains and because the encrgy
stored in this gradient is primarily responsible
for the conversion of ADP+P; to ATP (26),
the change of the mitochondrial membrance
potential caused by toxic chemicals should
corrclate with some aspects of toxicological
mechanisms.

Smiley er al. found that mitochondrial
membrane potentials are intracellularly heter-
ogeneous (35). but the fluorescence intensity
measured here was limited to small 5x5 pixel

— 90 —
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Fig. 4. Correlation of the results by fluoresc-
ence image analysis with those by MTT and
LDH relcase assays.

(A) and (B) show the correlations of log
EDy, values determined by image processing
with those obtained by the MTT and LDH
release assays, respectively. The lines, formu-
lac and correlation cocfficients of the lincar
regression lines arc indicated. The numbers by
the points are the MEIC code numbers.

squares that correspond to 21.8 um*. The
ratios of the fluorescence intensity ol these
small areas to those of the adjacent cytoplas-
mic arcas were therefore. considered to
dircetly reflect the activities of small numbers
ol local mitochondria (Fig. 1).

Alter incubating the cells with increasing
concentrations ol chemicals for 3 hr, there
were quantitative changes in the fluorescence
intensity and the ratios (Figs. 1 and 2). Our
method is faster than in vitro cytotoxicity
assays that measure growth inhibition or ccll

death as indicators of toxicity (1-3, 6-17) and
required scveral days (o produced result.
Image analysis of intracellular andfor cell
surface ionic concentrations such as Ca™™
require less than a second (37). In this study,
we could not trace the same mitochondrial
area quantitatively because repeated observa-
tion of a cell by repeated irradiation of the
mitochondria with blue light excitation caused
an apparent decrease of the fluorescence
intensity. Therelore. we determined the ratios
of the fluorescence intensity ol area rich in
mitochondria and adjacent cytoplasmic re-
gions of at least 12 cells in a population.

The MTT assay depends mainly on the
quantity and function of dehydrogenase in the
mitochondrial matrix, so the EDs, valucs
obtained by this assay were correlated closely
with those obtained by the present assay (Fig.
4A). Howcver, we found that 8 chemicals
produced lower EDs, values by the MTT
assay than by the present assay (Table 1). The
average MTT/Fluo ratio was 0.76, suggesting
that in gencral, the psent assay is less sensitive
than MTT assay. Onc rcason for this would be
the duration for which cells were exposed to
chemicals such a longer incubation (48 hr in
the MTT assay) with a chemical would pre-
sumably result in a more severe toxic effect.
Another reason would be that results in the
MTT assay includes the effects of chemicals
on cell proliferation. Chemicals would be
more toxic (o cells if they acted on both the
mitochondrial membranc potential and the
machinery for ccll proliferation including
DNA synthesis, protein  synthesis, cytos-
keleton metabolism, and mitochondrial re-
plication.

The LDH release assay detects LDH activ-
ity released into the surrounding culture
medium and that maintained in the cells (11,
14, 15). We cite the EDs values obtained for
LDH activity in cells incubated with chemicals
for 48 hr, which may reflect not only cell
proliferation but also the LDH content of
enlarged cells. Sodium chloride and potassium
chloride at lower concentrations, but higher



than those in normal medium, increase the
LDH content of the cells without apparently
incrcasing the number of cells (38). This may
partly explain why the EDsy values of the
chemicals dctermined by LDH release were
higher than that of the present assay (Table 1)
(15).

We developed an assay for Rh123 excretion
inhibition using flow cytometry with primary
cultured human natural killer cells (18). In
this method, the fluorcscence intensity of a
whole cell is measured after a 3 hr exposure to
a chemical. If Rh123 released from mitochon-
dria remains in the cytoplasm for a consider-
able period (24). the results of this assay will
be affected by the rate of Rhol23 passing
through the cytoplasmic membranc. In this
flow cytometric assay, quinidine sulphate inhi-
bited Rh123 excretion from the cells with an
ICsy (cqual to the EDs in the present report)
of 0.8 uM (18). This concentration is 1/88 of
the EDs, determined by the present assay
(Table 1). There is an apparcent difference in
the end points in the present assay, which
essentially measures the mitochondrial mem-
brane potential and the flow cytometric assay,
which measures dye cxcretion from a whole
cell. However, the large difference in the
EDs, values for quinidine sulphate implys that
thc primary sitc ol its toxic action is the
cytoplasmic membrane rather than the
mitochondrial membranc. Quinidine sulphatc
may be a powerful inhibitor of ccll membranc
P-glycoprotein (18), a multidrug resistance-1
(MDR-1) gene product that is an ATP-driven
cfflux pump for lipohilic drugs (39). We
consider that image analysis as presented here
is a powerful tool for evaluating toxic actions
of chemicals on subccllular organelles in situ
in living cells.

Acknowledgement

This work was supported in purt by a grant from the
special coordination fund for promoting science and
technology from the Science and Technology Agency of
the Japancse Government.,

{Received, October 31, 1994 accepted, February 15, 1995)

References

1) Mosmann, T. (1983) Rapid colorimetric assay for
cellullar growth and survival: application to protifera-
tion and cvtotoxicity assays. J. lnununol. Methods 65,
55-63.

2) Borenfreund. E.. Babich. H. and Martin-Alguacil.
N. (1988) Comparisons of two in vitro toxicity assays-
—the neutral red (NR) and tetrazolium MTT tests.
Toxic. in Vitro 2, 1-6.

3) Denizot. F. and Lang, R. (1986) Rupid colorimetric
assay for cell growth and survival. Modification o the
tetrazolium dye procedure giving improved sensitivity
and rcliability, J. Imnnunol. Methods 89, 271-277.
4y Ekwall, B.. Bondesson, 1.. Castell, J. V., Gomez-
Lechon, M.J.. Hellberg. S.. Hogberg, J.. Jover. R.,
Ponsoda. X.. Romert, L., Stenberg, K. and Walum. E.
(1989) Cytotoxicity cvaluation of the first ten MEIC
chemicals: Acute lethal toxicity in man predicted by in
vitro toxicity in five cellular assays and by oral 1.Ds,
tests in rodents. ATLA 17, 83-100.

5) Itoda, C.. Yamauchi. M. and TAkagi, H. (1990) SDI
test using MTT for cvaluation of drug sensitivities to
gastrointestinal cancer cells. /. Jpn. Soc. Cancer Ther.
25. 85-93.

6) Borenfreund, E. and puerner. J.A. (1985) Toxicity
determined in vitro by morphological alterations and
neutral red absorption. Toxic. Lett. 24, 119-124.

7) Hockley, K. and Baxter. D. (1986) Use of the 313
cell-ncutral red uptake assay for irritants as an alterna-
tive to the rabbit (Draize) test. Food and Chemical
Toxicology 24, 473-475.

8) Saotome, K., Morita, H. and Umeda. M. (1989)
Cytotoxicity test with simplified crystalviolet staining
method using microtire plates and its application to
injection drugs. Toxic. in Viro 3. 317-321.

9) Iagaki. H.. Hagino. S.. Kobavashi, T. and Umeda,
M. (1991) An in vitro alternative to Draize cye-
irritation test: cvaluation of the crystal violet staining
method. Toxic. in Vitro S, 139-143.

10) Babson. A.L. and Philips. G.E. (1965) A rapid
colorimetric assay for serum lactate dehydrogenasc.
Clin. Chim. Acta 12, 210-215,

11) Kawai, K., Sasuki, T., Saijo-Kurita, K., Akaza, H.,
Koiso, K. and Ohno. ‘T. (1992) Additive cfiects of
antitumor drugs and lymphokine-activated killer ccll
cytotoxic activity in tumor cell Killing determined by
lactatedehydrogenase release assay. Cancer Immunol.
Immunother. 35, 225-229.

12) Ohno T. (1991) In vitro toxicity tests using enzymatic
activities as markers. Tissue Culture 17, 408-411.

13) Ohno. T. (1992) Usc of cultured cells as ultcrnatives



1o animal experiments. Biomedica 7. 31-36.

14) Sasuki. T.. Kawai, K., Saijo, K. and Ohno, T. (1992)
Detergent cytotoxicity; simplified assay of cylolysis by
measuring LDH activity, Toxic. in Vitro 6, 451-457.

15) Wang X.. Sasaki T., Matsudo T., SAijo K. and Ohno
T. (1993) Correlation of in vitro toxicitics of MEIC
chemicals determined by lactate dehydrogenase relcuse
assay with in vivo toxicities to animals and human.
Altern. Animal Test. Experiment. 2, 115-126.

16) Watanabe, M., Watanabe, K., Suzuki, K., Nikaido,
O.. Ishii, 1., Konishi, H.. Tunaka, N. u Sugahara. t.
(1989) Usc of primary rabbit cornea cells to replace the
Draize rabbit eve irritancy test. Toxic. in Vitro 3,
329-334.

17) Sasaki, K.. Tanaka, N., Watanabe, M. and Yamada,
M. (1991) Comparison of cytotoxic effects of chemicals
in different cel! types. Toxic. in Vino 5, 403-406.

18) Kobayushi. Y., Fukuda, Y., Watanabe, N.. Wang.
X. and Ohno. T. (1995) Evaluation of in vitre 1oxicity
of 12 MEIC chemicals on human natural Killer cells. In
Vitro Toxicology 8. 31-36,

19) Johnson L. V., Walsh, M.L. und Chen, L.-B. (1980)
Localization of mitochondria in living cells with rhoda-
mine-123. Proc. Natl. Acad. Sci. USA 77, 990-994.

20) Waggoner, A.S. (1976) Optical probes of membranc
potential. J. Membr. Biol. 27, 317-334.

21) Waggoner, A.S. (1979) Dyc indicators of membranc
potential. Annw. Rev. Biophys. Bioeng. 8. 47-08.
22) Waggoner, A.S. (1979) The use of cyanine dyces for
the determination of membrane potentials in cells,
organelles, und vesicles. Method. Enzvinol. 55,

689-695.

23) Cohen. L.B. and Salzberg, B.M. (1978) Optical
mcasurcment of membrane potential. Rev. Physiol.
Biochem. Pharmacol. 83, 35-88.

24) Johnson, L.V.. Walsh, M.L.. Bockus. B.J. and
Chen. L.-B. (1981) Monitoring of relative mitochond-
rial membranc potential in living cells by fluorescence
microscopy. J. Ceft Biol. 88, 526-533.

25) Bondesson, [.. Fkwall, B., Hellberg, S., Romert, 1..,
Stenberg, K. and Walum, E. (1989) MEIC—A new
intcrnational multicenter project to evaluate the rele-
vance (o human toxicity of in vitro cytotoxicity tests.
Cell Biol. Toxicol. S, 331-347.

26) Chen. L.-B. (1989) Fluorcscent  labelling  of
mitochondria. In Fluorescence Microscopy of Living
Cells in Culture. Part A. Fluorescent Analogs, Label-
ing Cells. and Basic Microscopy. Edited by Y.-L. Wang
and D.1.. Taylor. Methods in Cell Biology, Volume 29,
P. 103-123. Academic Press, Inc., New York.

27) Akerman, K.E.O. and Wikstrom, M.K.F. (1976)
Safranine as a probe of mitochondrial membranc
potential. FEBS Len. 68, 191-197.

28) Bashford, C.1.. and Smith, J.C. (1979) The usc of

optical  probes (o monitor membrane  potential.
Method. Enzymol. 55, 569-580.

29) Bunting, J.R., Phan, T.V., Kumauli, ¢. and Dowben,
R.M. (1989) Fluorescent cationic probes of mitochon-
dria: Mctries and mechanism of interaction. Biopiys. J.
56, 979-993.

30) Lans, P.C., Bahr, D.P. and Chaffce. R.R.J. (1975)
Membrane potential in mitochondrial preparations as
measured by means of cyanine dye. Biochim. Biophys.
Acta 376, 415-425.

31) Myc, A., DeAngelis. P.. Kimmel. M., Mclamed,
M.R. and Darzynkicwicz, Z. (1991) Retention of the
mitochondrial probe rhodamine-123 in normal lympho-
cvtes and leukemic cells in relation to the cell evle. Exp.
Cell Res. 192, 198-202.

32) O'Connor. J.E., VArgas, J.L.. Kimler, B.F.. Her-
nandez-Yago, J. and Grisolia, S. (1988) Use of
rhodamine 123 to investigate alterations in mitochond-
rial activity in isolated mouse liver mitochondria.
Biochem. Biophys. Res. Comm. 151, 568-573.

33) Petit, P.X., O'Connor, J.E.. Grunwald, D. and
Brown. S.C. (1990) Analysis of the membrane poten-
tial of rat- and mouse-liver mitochondria by flow
cytometry and possible applications. Europ. Biochem.
194, 389-397.

34) Sims, P.J.. Waggoner. A.S.. Wang, C.H. and Hoff-
man, J.F. (1974) Studies on the mechanism by which
cyanine dyes measure membrane potential in red blood
cells and phosphotidylcholine vesicles. Biochemistry
13. 3315-3330.

35) Smiley, S.T., Reers, M., Motlola-Hartshorm. C.,
Lin, M., Chen. A, Smith, T.W., Steele. G.D., Jr. and
chen. L-B. (1991) Intracellular heterogeneity in
mitochondrial membrane potentials revealed by a
J-aggregate-forming lipophilic cation JC-1. Proc. Natl.
Acad. Sci. USA 88. 3671-3675.

360) Walsh, K.K., Tedeschi. H. and Malotf, B.L. (1978)
Usc of dyes to estimate the electrical potential of the
mitochondrial membrane. Biochemistry 17, 3419-3428.

37) Hirano, K. (1991) Change in membrane fluidity of
sand dollar egg cortices caused by Cu”*-induced
exocytosis[ @ Microscopic analysis with fluorescence
anisotropy. Devel. Growth & Differ. 33. 451-458.

38) Wang. x. and Ohno. T. (1994) Typing of MEIC
chemicals according to their toxicokinctic modes of
action by lactate dehydrogenase-release assay. fin Vitro
Toxicol. (in press).

39) Yamamoto. T.. Iwasaki, 1., Watanabe, N., Oshimi.
K.. Naito, M., Tsuruo. T. and Kobayashi. Y. (1993)
Expression of multidrug resistance P-glycoprotein on
peripheral blood mononuclear ells of patients with
granular lymphocyte-proliferative disorders. Blood 81,
1342-1340.





