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Summary

We determined the in vitro cytotoxicity of
20 MEIC chcmicals by flow cytometry. Sus-
pension-cultured Daudi cells were pre-stained
with rhodamine-123 and treated with MEIC
chemicals for 3 hr. Rhodamine-123 localizing
preferentially in mitochondria was detected
quantitatively. Relative changes in cell size
and intracellular structure were also deter-
mined simultaneously by monitoring the rcla-
tive forward and side scattering fluorescence
intensity, respectively, by flow cytometry.
Different patterns of these 3 parameters were
obscrved in cells treated with different che-
micals. For example, acetylsalicylic acid de-
creased rhodamine-123 content at the 50%
effective dose (EDsg) of 1.07 mM but did not
affcct the other 2 paramcters. However,
amitriptyline-HCI decreased all 3 parameters
ncar EDs, values, while digoxin increased the
side scattering light intensity suggesting that a
dramatic change may have occurred in the
intracellular structure. Bascd on these pat-
terns, we classified toxicity of the MEIC
chemicals into 5 types. EDs, values for the
rhodamine-123 relcase caused by the test

Key words: Cytotoxicity detected by flow cytometry
*To whom correspondence should be addressed.
Tel: +81-298-36-3611, Fax: +81-298-36-9130

794_

chemicals were highly correlated with those
derived from MTT assay, LDH-release assay,
and the image analysis assay which we de-
veloped previously. This simple flow
cytometric assay provides a new sight in
cytotoxicity assays of chcemicals.

Introduction

Due to the strong opposition to use of
animals in toxicology and biomedical research
and the practical advantages of in vitro
altcrnatives to in vivo testing mcthods (i.e.,
simplicity, rapidity and low cost of screening
chemical toxicity), many in vitro methods
have been developed to predict chemical
toxicity in animals and humans such as colony
formation assay (1. 2), ncutral red uptake
(NR) assay (3, 4). MTT assay (3. 5, 6,7, 8)
and lactate dehydrogenase (LDH) releasce
assay (9. 10, 11). These assays mcasure total
changes of function of a cell population and
take several days to yield results. In our
previous study, we established a new assay to
test toxicity of chemicals to mitochondria in
living cells by a fluorescence-image processing
system. This assay mecasures the residual
fluorescence in mitochondria of individual
cells in situ and requires only 3 hr for
completion (12). This assay measures the



changes in mitochondrial function in situ of
individual anchorage-dependent monolayer
cultured cells under a fluorcscence micro-
scope, allowing the observation of only a
small number of cells at onc time.

FACScan is flow cytometery with which
fluorescence intensity of fluorescent-labeled
organelles, relative changes in cell sizc and
intracellular structure of an individual cell can
be measured simultancously with fluores-
cence [FL1(515-545 nm), FL2(564-606 nm),
FL3(over 650 m)], FSC (forward scattering)
light and SSC (sidc scattering) light by excita-
tion with LASER light at 488 nm (13. FACS-
can Manual, Becton Dickinson Immunocy-
tometry Systems, USA). This picce of equip-
mcot can measure a large number of sus-
pended cells in one minute. These parameters
were utilized for characterization of specific
types of cells (14).

It is now possible to stain mitochondria in
living ccells specifically with fluorescent
lipophilic cations such as rhodamine dyes (15,
16), since there is a unique mitochondrial
membrane potential which is dependent on a
proton electrochemical gradient generated by

proton pumps which in turn are driven by the
respiratory electron transport chains. The
amount of such dyes retained in mitochondria
is dependent on the voltage of the membrane
potential.

In the present investigation, we simul-
tancously obscrved the above 3 parameters,
i.c. relative change in fluorescence intensity of
rhodamine-123 in preloaded mitochondria,
cell size and intracellular structurcs such as
those of granules in a ccll population caused
by various MEIC chemicals.

Materials and Methods

Test chemicals ‘T'wenty of the 50 chemicals
recommended for the Multicenter Evaluation
of In Vitro Cytotoxicity (MEIC) by the
Scandinavian Society for Cell Toxicology (7,
17) were tested. These chemicals, purchased
from Wako Purc Chemical Industries, Ltd.
(Tokyo, Japan), are listed in Table 1. They
were dissolved and serially diluted in RPMI-
1640 medium supplemented with 109% fetal
bovine scrum just before being tested.

Table 1. ED50 values of MEIC chemicals determined by in virro assays

MEIC Chemical FACScun

Image processing

MTT assay LDH release

Code Name

EDS(mM) EDSO(mM) ImageFACScan EDIO(mM) MTT:FACScan  ED30(mM)  LdHFACScan

I Paracetamol 12
2 Acetylsalicylic acid 107
3 Amitriptylinc HCl 0.08
6 Digoxin 0.25
12 Phenol 1.5
13 Sodium chloride 102 kN
14 Sodium fluoride 20 19
I8 Nicotine 43 K]
2 Lithium sulfate 40 47
23 Propranolol HCI 0.2
25 Paraquat dichloride 017
29 Thioridazine HCl 0.015
31 Warfarin 0.9
3§ lsoniazide 73 N
39 Pentachlorophenol sodiom — 0.065
41 Chlorogquine diphosphate (.43 0.42
43 Quinidine sultate 0.263 0.07
8 Caffeine 20 1
49 Atopine sullate kA 26
30 Potassium chloride 62.5 20

Average
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0.7
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Cell culture The human Burkitt's-lymphoma-
derived leukemia cell line Daudi was cultured
in suspension in RPMI-1640 medium sup-
plemented with 10% fetal bovine serum (18,
19).

Pre-loading of rhodamine-123 Daudi cclls
were stained with rhodamine-123 (1 pg/ml in
RPMI1640-10%FBS medium) at 37°C in 5%
C0O5-95% air for 30 min. After rinsing with
the medium 3 times, they were subsequently
used in the experiments (15, 16, 19, 20).
Cytotoxicity assay The pre-stained 1x10°
Daudi cells in 0.5ml of RPMI1640-10%FBS
medium were mixed with 0.5ml of test che-
mical solution dissolved and diluted in
RPMI11640-10%FBS mecdium and incubated
for 3 hr at 37°C. Aftcr this treatment, the cclls
were washed and suspended in calcium-and
magnesium-frec Dulbecco’s phosphate buf-
fered saline for use in FACScan'™ (Becton
Dickinson  Immunocytomctry — Systems,
U.S.A). .

Flow cytometry Lysis Il software program was
used (o acquire and analyze FACScan data.
The detector voltage of FL1 was adjusted to

nicotineenic I-INFLI-WFLI-Height

nicotinesnlc1=3\FLI-H\FL1-Height

mecasurc the fluorescence of rhodamine-123 in
the preloaded cells. FSC Gain was set to E00
and SSC detector was adjusted to mcasure the
cellular  particles  and  organelles. Thce
threshold of FSC-H was set to 100 to exclude
the dead cells from the count. For one sample,
25.000 cells were measured with 488nm LAS-
ER light cxcitation. Values were detected for
FL1, FSC and SSC simultaneously.

Data analysis The intensity of the rhod-
amine-123 fluorescence released by ccells
trcated with different concentrations of the
MEIC chemicals, expressed as % Rhod-
amine-123, werc calculated as follows:

% Rhodamine-123 =

FL1 valucs of treated cells

X 100
FL1 values of untrcated control cells

where FL1 values were read from the relative
area of the M2 range as illustrated in Fig. 1A.

Percent changes in intensity of FSC (for-
ward scattering) light and SSC (sidc scatter-
ing) light by excitation at 488 nm were dcfined
similarly. Since changes in FSC and SSC
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Fig. 1. Histograms of rhodamine-123 fluorescence intensity of Duudi cells treated

with nicotine.

The empty peaks represents the distribution of control cells and the filled peaks were
for those of treated cells. (A) Treuted with nicotine at 0.12 mM. (B) at .93 mM, (C) at
3.85 mM, (D) at 7.70 mM and (E) at 15.4] mM. Note that percentages on the top of
cach figure indicate those lost in the M2 arca compared to control cells.
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Fig. 2A. Dosc-response curves of % rhodamine-123. % cell size. and % cell structure caused by
the 20 MEIC chemicals.

The numbers appearing on the top right in cach figure are the code numbers of MEIC
chemicals, See definitions of % rhodumine-123, % cell size. and % ccll structure in Materials and

Mcthods.

correspond mainly to the changes in cell size
and intraccllular structure. respectively, these
two parameters arc cxpressed as “ % Cell size™
and “% Cecll structurc™, respectively, in Fig.
2

The 50% eftective dose (EDsg) was defined
as the concentration of test chemical which
resulted in the 50% decrease of “% rhoda-
mine-123". EDs, values werce read dircctly
from the curves shown in Fig. 2.

Results

“Quantum”-type release fo preloaded rhod-
amine-123 from cells

With nicotine as a representative chemical.
we examined fow cytometric patterns of
rhodamine-123 release from Daudi cells (Fig.
1). The cells were grouped into two ranges:
onc with a low-lluorescence peak (range M1
in Fig. 1A), and the other with a high-
fluorescence peak (range M2 in Fig. 1A).

At a concentration of 0.12 mM, 99.8% of
the cells retained their fluorescence for 3 hrs.
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of the chemical compelled more cells to

release their rhodamine-123 in a “quantum™-
type manner (Fig. 1B-E). At 15.4 mM, 96%
of cells lost their fluorescence. The “quan-
tum”-type release of rhodamine 123 was
observed for all the chemicals tested in the

structure
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present investigation.

Dose-response curves of rhodamine-123 re-
lease, and relative change in cell size and cell

Figure 2 shows dose-response curves for the
20 MEIC chemicals tested for »%: rhodamine-
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each of which were defined as described in
Materials and Methods. 1t should be noted
that, although the curves for % rhodamine-
123 gencrally decreased with increases in
concentration of the test chemicals, those of
sodium fluoride at 0-20mM (Fig. 2A), quini-

99

dine sulfatc at 0.1-0.22mM (Fig. 2C), and
caffeine at 0-10mM (Fig. 2E) wcre over
100%.

As shown in Fig. 2A acetylsalicylic acid did
not alter % cell size or % cell structure near
EDs, value for % rhodamine-123. Paraquat
dichloride caused a slight increase in % ccll
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size but not in % cell structure, while sodium
fluoride caused a weak decrease in the former
but a slight incrcase in the latter. However,
comparcd to the other MEIC chemicals
tested, these changes were relatively small.
Thus, we tentatively classified these chemicals
as Type A.

Compared to these 3 chemicals, warfarin,
nicotine, digoxin, and chloroquine diphos-
phate caused clear increasc in % cell struc-
ture, although the former two did not change
%e ccll size and the latter two induced appa-
rent decrcase in this parameter. Tentatively
we classified these 4 chemicals as Type B.
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In contrast to these Type A and B chemic-
als, paracetamol, phenol. propranolol HCI,
and quinidine sulfate showed “V“-shaped
dosc response curves of % cell structure
accompanied with progressive decreases in %
rhodamine-123 and % cell size (Fig. 2C).
Percent cell structure initially decreased to
values near those of EDs, dosc for % rhoda-
mine-123, and then increased. We classified
this type of chemicals as Type C.

The five chemicals, sodium chloride, potas-
sium chloride, pentachlorophenol, atropine
sulfate and isoniazide, did not cause signi-
ficant changes in % cell structure but strongly
decreased % rhodamine-123 and % cell size.
However, the former three chemicals resulted
in an initial increase in % cell size in the dose
range lower than that of EDs, dosc for %
rhodamine-123 (Fig. 2D). We classified thesc
chemicals as Type D.

We classified amitriptyline HCI, lithium

sulfate, thioridazine and calfcine as Type E,
Since these chemicals simply decrcased the
three parameters in the dose range tested
(Fig. 2E).
Correlations of the EDs, values from the
present FACScan assay with those from image
processing, MTT assay, and LDH release
assay

Exact EDs, values for each chemical arc
shown in Table 1 together with the EDs,
values obtained by the image processing
method described in our previous paper (12),

y = -3.3800e-2 + 0.85905x r = 0.803

y = -0.25742 + 0.87655x r=0.829

the MTT assay (12). and the LDH release
assay (11). We tentatively named the present
assay, "FACScan assay™.

The 10 chemicals used in the present study
were common with those analyzed by image
processing and MTT assays, and 20 were
common with the LDH release assay. The
sensitivity of FACScan assay was compared
with the previous 3 assays by calculating ratios
of the EDs, values of the latter to those of the
former. Sensitivity of the FACScan assay was
close to that of the previous 3 assays as shown
by the averages of the ratios for the common
chemicals, i.c. 1.5, 0.7, and 1.6 on Image/
FACScan, MTT/FACScan, and LDH/FAC-
Scan, respectively (Table 1).

Howecver, markedly different EDs, values
were observed in the case of digoxin in LDH
release assay and FACScan assay giving a
ratio of 0.002. In contrast, the EDs, valuc ol
sodium fluoride from FACScan assay was
more than 10 times thosc from the previous 3
assays.

However, for some other chemicals such as
nicotine, warfarin, isoniazide, and caffeine
large variations in the ratios werc observed.
Correlation cocfficients, which were deter-
mined based on the log EDs, valucs of the
present FACScan assay and those from the
previous 3 assays, were high: i.c. 0.803, 0.829
and 0.832 (Fig. 3A, B, and C, respectively).

y = -0.12607 + 1.0387x r=0.832
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Fig. 3. Correlations between the EDs, valucs observed in the present FACScan assay and (A)
those of the image processing assay. (B) MTT assay. and (C) LDH rclease assay.
ED.q values observed in the latter 3 assays were derived from our previous papers (11, 12).
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Discussion

Flow cytometry is a powertul tcchnique for
analysis of cytotoxicity of chemicals and has
been used as an cffective tool in alternative
researches (19). Compared with detection of
the changes in cell populations by colony
formation (3). LDH release assay (10, 11).
MTT (5). neutral red uptake (3, 4). and
crystal violet staining assays (21), the present
FACScan assay mcasurcs changes in indi-
vidual cells one by one in a short period of
time. In the present cxperiments, we were
able to examine a total of 25000 cells/sample
in only 1-2 min, while the other cytotoxicity
assays required 4 hr to 2 weeks to measure a
parameter such as cell viability. Therefore,
this rapid cylotoxicity assay is mostly res-
tricted by the long incubation time of cells
treated with toxic compounds to complete the
process.

Although it is possible to measure the
changes in the function of mitochondria by
MTT assay or by the image processing assay
as described in our previous paper (12). the
FACScan assay cnabled us to measure
changes in multiple parameters in individual
cclls simultaneously. In the present experi-
ments, we determined only 3 simple para-
meters, i.e. relative changes of rhodamine-123
relcase, ccll size and cell structure by measur-
ing fluorescence, FSC. and SSC, respectively,
with 488 nm LASER light. With other detec-
tion paramcters such as surface antigens
labeled with fluorochrome-conjugated specific
antibodics, this assay would provide data
concerning many parameters simultancously
inindividual cells within a population.
However, the cells must be dissociated com-
pletely from cach other and suspended in fluid
for analysis by flow cytometry. FACScan
assay is better applicable to suspension cul-
tured cells, while the image processing assay is
suitable to analyze changes in adherent cell
monolaycrs since the cells are observed under
a microscope.

As shown in Fig.

1, we obscrved the

“quantum”-type  release  of  rhodamin-123
from living cells. Probably, thc massive re-
lecase of rhodamine-123 which corresponds to
removal of the mitochondrial membrane
potential requires a certain “threshhold™ of
toxicity in a cell. This phenomenon has not. to
our knowledge, been described in the litera-
ture (15, 16, 19, 20). We were not also
unaware of this phenomenon in our previous
investigation using the image processing
assay, where a small number of cells were
observed at one time under fluorescent mic-
roscopy and changes in relative fluorescent
intesity of mitochondria and cytoplasm in the
same cell were determined (12).

Although the dose-response curves for %
rhodamine-123 decreased generally with in-
creases in concentrations ol test chemicals
(Fig. 2). the dose response curves for sodium
fluoride, quinidine sulfate, and caffeine in-
itially increased beyond 100% and then de-
clined to relatively lower concentrations (Fig.
2A, C, and E), suggesting that the dye was
actively accumulated by the cells treated with
low concentrations of these chemicals.

In the LDH release assay, sodium fluoride
at about 1 mM was found to promote “cell
growth™ but quinidine sulfatc and calfeine
were not (22). In the present study, the low
doscs of these chemicals used caused very
small rclative changes in % cell size and %
cell structure (Fig. 2A. C. and E). Therefore.
we do not yet know how the increase of %
rhodamine 123 causcd by low doses of these
chemicals correlates with stimulation of cellu-
lar metabolic activity.

The quantitative measurement of % cell
siz¢ showed that, after trcatment with toxic
chemicals, ccll size was generally reduced
except at lower dose ranges of paraquat
dichloride, warfarin, sodium chloride, pen-
tachlorophcnol, and potassium chloride. With
more varicty than the curves for % rhoda-
mine-123 and % ccll size, the dose-response
curves for % cell structure calculated from
SSC values incrcased for 8 chemicals (Fig. 2B
and C), did not change much (but slightly
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decreased) in 8 (Fig. 2A and D), and
apparently decreased for 4 (Fig. 2E). The
increased SSC values indicate increascs in
reflection of LASER light from ccllular parti-
cles and organclles (13, 14, FACScan Manual,
Becton  Dickinson  Immunocytometry  Sys-
tems, USA).

These phenomena prompted us to classify
the MEIC chemicals into 5 types (A to E),
although this classification does not necessari-
ly correspond to the 3 major types and the 2
subtypes depending on cell growth inhibition
(CGI*) and cell killing (CK™) derived from
the LDH release assay described previously
(22). However, compiling efforts on the typ-
ing ol cytotoxic actions will help determining
the characteristics of toxic chemicals more
rapidly than with precise investigations of the
mechanisms of action of these chemicals.

EDs, values for % rhodamine-123 corre-
lated closcly with the EDsy, values from the
LDH release assay. the MTT assay, and the
image processing assay (Fig. 3). suggesting
that the present FACScan assay is useful as a
rapid cytotoxicity assay and could serve as an
alternative to in vivo toxicological tests, even
though some extreme diffcrences were found
as described in Results. In general, the order
of sensitivity of assays will be MTT > FACS-
can > image processing > LDH release as
judged from the averages of the ratio of EDy,
values from each assay to those from the
present FACScan assay.
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