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In vitro micronucleus assay scored by flow cytometry provides a
comprehensive evaluation of cytogenetic damage and
cytotoxicity

Steven M. Bryce, Jeffrey C. Bemis, Svetlana L. Avlasevich, and Stephen D. Dertinger*
Litron Laboratories, 200 Canal View Blvd., Rochester, NY

Abstract

This laboratory has previously reported on the development of a flow cytometry-based method for
scoring in vitro micronuclei in mouse lymphoma (L5178Y)) cells [Avlasevich et al., Environ. Molec.
Mutagen. 47 (2006) 56-66]. With this method, necrotic and mid/late stage apoptotic cells are labeled
with the fluorescent dye ethidium monoazide. Cells are then washed, stripped of their cytoplasmic
membranes, and incubated with RNase plus a pan-nucleic acid dye (SYTOX Green). This process
provides a suspension of free nuclei and micronuclei that are differentially stained relative to
chromatin associated with dead/dying cells. The current report extends this line of investigation to
include the human cell line TK6. Additionally, methods are described that facilitate simultaneous
quantitative analysis of cytotoxicity, perturbations to the cell cycle, and what we hypothesize is
aneuploidization. This comprehensive cytogenetic damage assay was evaluated with the following
diverse agents: etoposide, ionizing radiation, methyl methanesulfonate, vinblastine, ethanol, and
staurosporine. Cells were harvested after 30 hrs of continuous treatment (in the case of chemicals),
or following graded doses of radiation up to 1 Gy. Key findings include the following: (1) Significant
discrepancies in top dose selection were found for five of the six agents studied when relative survival
measurements were based on Coulter counting versus flow cytometry. (2) Both microscopy- and
flow cytometry-based scoring methods detected dose-dependent micronucleus formation for the four
genotoxic agents studied, whereas no significant increases were observed for the presumed non-
genotoxicants ethanol and staurosporine when top dose selection was based on flow cytometric
indices of cytotoxicity. (3) SYTOX and ethidium monoazide fluorescence signals conveyed cell
cycle and cell death information, respectively, and appear to represent valuable aids for interpreting
micronucleus data. (4) The frequency of hypodiploid nuclei increased in response to each of the
genotoxic agents studied, but not following exposure to ethanol or staurosporine. Collectively, these
results indicate that a comprehensive assessment of genotoxicity and other test article-induced
toxicities can be acquired simultaneously using a simple two-color flow cytometry-based technique.
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1. Introduction

The in vitro micronucleus test is widely used to assess cytogenetic damage in mammalian cells
[1-4]. Its popularity is due, in large part, to the fact that it can be executed with less technical
expertise relative to chromosome aberration analyses. In this system, chromosome fragments
or lagging whole chromosomes become detectable in the cytoplasm of cells that have
undergone division as micronuclei (MN). Thus, in the basic conduct of the assay, the MN
endpoint is sensitive not only to clastogens, but also to aneugens that interfere with the
migration of chromosomes to spindle poles.

In addition to chromosome lag, aneuploidy can also occur through nondisjuction of
homologous chromosomes or sister chromatids, a mechanism that is thought to be more
prevalent than lagging chromosomes [5-7]. Unlike lagging chromosomes, nondisjunction is
not detected by the conventional micronucleus assay, as this malsegregated chromatin is
incorporated into newly formed nuclei [8]. Rather, information regarding nondisjuction is
usually available only from specialized micronucleus assays whereby cytochalasin B is used
to block cytokinesis, chromosome-specific probe(s) are applied, and the segregation patterns
of the chromosome(s) are measured in binucleated cells [7,9].

Given the relative simplicity of the MN endpoint, coupled with the ability to adapt the assay
to examine mode of action, it is not surprising that numerous attempts have been made to
replace microscopy-based scoring with an automated approach. These methods are based on
image analysis, laser scanning cytometry, or flow cytometry [10-20].

This laboratory has expanded upon the flow cytometric procedure of Niisse and colleagues by
incorporating an ethidium monoazide bromide (EMA) staining step in order to label the
chromatin of necrotic and mid/late stage apoptotic cells. Subsequent stripping of cytoplasmic
membranes and incubation with the pan-nucleic acid dye SYTOX Green (plus RNase) provides
a suspension of free nuclei and MN that are differentially stained relative to chromatin
associated with dead/dying cells. Using this system, good agreement between microscopy- and
flow cytometry-based scoring was reported for mouse L5178Y cells [20].

The experiments described herein where designed to further evaluate this MN scoring system
by testing its compatibility with human TKG6 cells, a lymphoblastoid cell line that was derived
from the spleen of 5 year-old male with hereditary spherocytosis [21]. In the context of the
current study, it is noteworthy that these cells have wild-type p53 status, a feature that some
groups speculate may help reduce the frequency of false positive results [22]. Other aims were
to develop and assess the utility of simultaneous flow cytometric measurements of cytotoxicity,
perturbations to the cell cycle, and induction of aneuploidy.

For these experiments, cells were treated with each one of the diverse genotoxic agents
etoposide (ETOPO), ionizing radiation, methyl methanesulfonate (MMS), and vinblastine
(VB), or the presumed non-genotoxicants ethanol (EtOH) or staurosporine (STS). Resulting
flow cytometric data are presented, along with parallel microscopy-based MN measurements.
Experimental indices of cytotoxicity and aneuploidization are also presented, as well as a
discussion of their potential to convey a more complete understanding of cellular responses to
genotoxic versus non-genotoxic agents.

2. Materials and methods

2.1. Reagents

Test chemicals were purchased from Sigma-Aldrich, St. Louis, MO.; pertinent information,
including choice of solvent, is provided in Table I. Sucrose (CAS No. 57-50-1), sodium citrate
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(CAS No. 6132-04-3), citric acid (CAS No. 77-92-9), RNase A (cat. no. R-5125), IGEPAL
CA-630 (CAS No. 9036-19-5), methanol (CAS No. 67-56-1), acridine orange (CAS No.
65-61-2) and propidium iodide (CAS No. 25535-16-4) were also from Sigma-Aldrich. NaCl
(CAS No. 7647-14-5) and dimethylsulfoxide (CAS No. 67-68-5) were purchased from J.T.
Baker, Phillipsburg, NJ. The fluorescent dyes ethidium monoazide bromide (CAS No.
58880-05-0) and SYTOX Green (cat. no. S7020), as well as 6 micron fluorescent beads (cat.
no. P14828) were obtained from Invitrogen, Carlsbad, CA. Anti-phospho-histone H3 (Ser10)
antibody, Alexa Fluor 488 conjugate (cat. no. 9708) was from Cell Signaling, Danvers, MA.

The flow cytometric method used to score MN required three solutions. “EMA dye solution”
consisted of 8.5ug EMA/mI, and was prepared in PBS + 2% fetal bovine serum. “Lysis solution
1" was prepared with deionized water, and consisted of 0.584 mg NaCl/ml, 1 mg sodium citrate/
ml, 0.3ul IGEPAL/mI, 0.5 mg RNase A/ml, and 0.4uM SYTOX Green. “Lysis solution 2” was
prepared with deionized water, 85.6 mg sucrose/ml, 15 mg citric acid/ml, and 0.4uM SYTOX
Green.

2.2. Cells and culture medium

TK® cells were purchased from American Type Culture Collection (ATCC; Manassas, VA).
Cells were grown in culture medium at 37°C, 5% CO,, and in a humid atmosphere. For routine
culturing, the cells were maintained between approximately 1 x 104 and 1 x 10° cells/ml. The
culture medium consisted of RPMI 1640 supplemented with 200 mM c-glutamine, 100 1U
penicillin and 100pg/ml streptomycin, to which heat-inactivated horse serum was added for
10% v/v final concentration (all from MediaTech, Herndon, VA).

2.3. Treatment with drugs or radiation

Prior to treatment, logarithmically growing cells were adjusted to 1.5 x 10%/ml with culture
medium, and 10 ml aliquots were transferred to T25 culture flasks. All treatments occurred in
duplicate. For chemical agents, stock solutions were prepared such that a consistent volume of
solvent was added to each flask (1% v/v in the case of aqueous solvents, 0.1% v/v in the case
of DMSO). For radiation, cells were treated with a Shephard Irradiator, equipped with a 6000
Ci 137Cs source. The dose rate was 272.5 cGy/min. In all cases, cells were incubated at 37°C
for 30 hrs (the length of time that is approximately 2.5 doubling times for untreated cells, as
recommended by the IWGT expert working group [1]).

2.4. Relative survival measurements

At the 30 hr harvest time, cells were resuspended by pipetting each culture several times.
Immediately after pipetting, 500ul were transferred to cuvettes containing 10 ml Isoton 11
Diluent (Beckman Coulter). Cell densities were measured with a Coulter counter, model ZM,
and relative survival calculations were made based on concurrent solvent or sham irradiated
cultures.

After removing 500ul for Coulter measures, a 500ul suspension of diluted latex particles, 6y
“counting beads”, was added to each culture. (Counting beads are frequently used for flow
cytometry applications that require absolute counts [23].) The diluted bead suspension was
prepared by adding 4 drops of stock beads to 10 ml culture medium. As counting beads were
present throughout the remaining cell processing steps, nuclei to bead ratios could be
determined for each sample, and were used to calculate relative survival measurements. Note
that only nuclei that exhibited healthy cells' light scatter and EMA-negative staining
characteristics were included in these measurements. As with the Coulter counts, relative
survival calculations were made based on concurrent solvent or sham irradiated cultures.
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2.5. Top dose selection

Unpublished data from experiments with L5178Y cells suggest that there may be advantages
to basing top dose selection on two flow cytometric measurements of cytotoxicity, as these
assessments tended to reveal toxicity that was not evident from Coulter counts. For the TK6
experiments described herein, we tested this same approach. More specifically, relative
survival measurements based on Coulter counts were considered a first approximation of top
dose—i.e., treatments that exhibited mean relative survival > 40% were carried forward for
further processing. MN and other measurements are presented for each dose selected by this
method. For additional consideration, data are also interpreted in the context of an alternate
top dose selection strategy that is based on flow cytometric analysis. With this strategy,
treatments were deemed too cytotoxic if they either: 1) reduced mean relative survival below
40% (based on nuclei/bead ratios), or 2) elevated the average frequency of EMA-positive
events > 3-fold relative to the negative control cultures.

2.6. Micronucleus scoring via microscopy

For those cultures that exhibited average relative survival > 40% based on Coulter counts, 2.5
x 105 cells were collected by centrifugation and were applied to slides via a Wescore Cytopro
7620 cytocentrifuge (500 rpm, 5 minutes, low acceleration). Slides were submerged in absolute
methanol for 10 min and then stored in the dark until staining. Staining was accomplished by
submerging slides for 60 sec in an acridine orange solution (0.125ug/ml, prepared in PBS). An
Olympus BH-2 fluorescence microscope was used for MN measurements at 400x
magnification. For each culture, 2000 mononucleated, non-apoptotic, non-necrotic cells were
analyzed for the presence of MN (2000 cells per culture x duplicate cultures = 4000 cells per
chemical concentration). For a cell to be scored as MN-containing, the MN event(s) had to be
approximately round in shape, exhibit similar staining characteristics as the main nucleus, be
less than 1/3 the size of the main nucleus, and could touch but not overlap the main nucleus
(HUMN criteria, [24]).

2.7. Flow cytometric scoring of MN

2.7.1. Cell harvest, staining and lysis—Based on Coulter counts, 5 x 10° cells were
transferred to 15 ml polypropylene tubes for flow cytometric processing steps. As with slide
preparation, this was performed only for those cultures that exhibited mean relative survival >
40% as determined by Coulter counts. Cells were collected via centrifugation at approximately
600 x g for 5 min. Supernatants were aspirated, and cells were resuspended with gentle tapping.
300ul of EMA dye solution were added to each tube, which were then placed in racks and
submerged to a depth of approximately 2 cm in crushed ice. A visible light source (fluorescent
bulb) was positioned approximately 10 cm above the level of the cell suspensions for 30 min.

After the photoactivation period, 3 ml of ice-cold PBS + 2% fetal bovine serum solution were
added to each sample. From this point forward, exposure of samples to light was minimized
through the use of aluminum foil shielding. The cells were collected via centrifugation, and
the supernatants aspirated such that approximately 50ul of supernatant remained per tube. The
cells were gently resuspended with tapping, and maintained at room temperature until the
following procedures were initiated (within 30 min). 500ul of Lysis Solution 1 were added
slowly (2-3 sec) to one tube at a time. Upon addition, each tube was immediately vortexed
(medium setting) for 5 sec. These samples were kept at room temperature for 1 hr. At this time,
500ul of Lysis Solution 2 were injected forcefully into one tube at a time, which was
immediately vortexed for 5 sec. These specimens were maintained at room temperature for 30
min. Samples were then stored at 4°C until FCM analysis (accomplished within one day of the
cell harvest/staining/lysis procedures).
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2.7.2. Instrumentation and gating—Samples were protected from light and allowed to
equilibrate to room temperature before flow cytometric analysis occurred. Particles were
resuspended immediately before analysis with gentle pipetting. Data acquisition was
accomplished with a single-laser flow cytometer, 488 nm excitation (FACSCalibur, BD
Biosciences, San Jose, CA). Instrumentation settings and data acquisition/analysis were
controlled with CellQuest software v3.3 (BD Biosciences). SYTOX-associated fluorescence
emission was collected in the FL1 channel (530/30 band-pass filter), and EMA-associated
fluorescence was collected in the FL3 channel (670 long-pass filter). Events were triggered on
FL1 fluorescence. The FCM gating strategy developed for this MN scoring application required
events to meet each of six criteria before they were scored as nuclei or MN (see Fig 1). The
incidence of MN was determined through the acquisition of at least 20,000 gated nuclei per
culture. As with microscopy-based measurements, MN induction is expressed herein as mean
fold increase relative to concurrent negative control.

2.8. Metaphase analyses

For the ETOPO, MMS, VB, and STS experiments, a portion of each cell suspension was
removed and treated with 10ug colcemid/ml 27 hours after treatment was initiated. These cells
were reincubated at 37°C for 3 hrs at which time 1 x 10° cells per culture were fixed with —20°
C ethanol, 70% v/v. Cells were stored at —20°C until flow cytometric analysis. On the day of
analysis, cells were labeled with anti-phospho-histone H3 antibody and stained with propidium
iodide, basically as described by Muehlbauer and Schuler [25], but with one less centrifugation/
washing step due to our use of directly conjugated antibody; hereafter this is referred to as the
“phospho-H3 assay”. The stop mode was set so that 2000 metaphase cells per culture were
evaluated for DNA content.

2.9. Statistics, and criteria for negative and positive calls

3. Results

All frequencies, averages, and fold-increase calculations were made with Excel Office X for
Mac® (Microsoft, Seattle, WA). As the most likely use of an automated MN scoring assay
such as the one described herein is in the context of early screening programs, we utilized a
simple a priori approach to signify negative and positive responses. That is, significant
induction of MN and EMA+ events was taken to be > 3-fold mean increase over concurrent
negative control. For those agents that exhibited significant MN induction, agreement between
scoring methods was considered with non-parametric Spearman's coefficients (rg) (JMP
Software, v5 for Mac®; SAS Institute, Cary, NC). These coefficients were calculated by
comparing each microscopy-based MN frequency to the corresponding flow cytometric
measurement for each replicate culture, and on a per experiment basis.

3.1. Preliminary observations

TKG6 cultures were found to be compatible with cell staining and lysis procedures, as a high
degree of resolution was observed among MN events, nuclei, and the chromatin of dead/dying
cells (Fig 1). The gating approach used for L5178Y cells was suitable for this human cell line

(Fig 2).

Beyond enumeration of MN events, it was also of interest to evaluate whether other significant
cellular parameters could be simultaneously measured with this flow cytometric procedure (see
Table I1). For instance, a linear scale presentation of SYTOX fluorescence appeared to be
capable of supplying information regarding cell cycle effects (see Figs 2b and 2e). In an effort
to integrate a flow cytometry-based measure of relative survival with MN enumeration, we
employed latex particles as counting beads. These latex particles were readily distinguished
from nuclei and sub-2n particles based on side scatter vs. forward scatter bivariate plots (see
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Fig 1a). EMA-positive chromatin was well resolved on FL1 vs FL3 bivariate plots, and the
frequency of these events was recorded to provide an indication of apoptosis and necrosis.

Finally, it became evident early in our work with TK6 cells that certain treatments generated
apopulation of nuclei that shared the light scatter characteristics and EMA-negative phenotype
of healthy cells' nuclei, but that exhibited hypodiploid status as evidenced by a somewhat
reduced SYTOX fluorescence intensity. As illustrated by Figs 2c and 2f, we quantified these
“hypadiploid nuclei” in each experiment, tentatively characterizing these events as evidence
of aneuploidization.

3.2. Quantitative analyses

3.2.1. Etoposide—Both Coulter counting and flow cytometry selected 25 ng/ml as an
appropriate top concentration, with mean relative survival falling in the range 40 to 50% (see
Fig 3a). MN frequencies showed dose-related increases when measured by flow cytometry or
microscopy (Fig 4a). Good agreement between the methodologies was evident from an rg value
of 0.8733.

Whereas ETOPO modestly affected the frequency of EMA-positive events, other flow
cytometric endpoints were markedly altered. There was a lower fraction of cells in S phase,
with a concomitant accumulation of cells in G2/M (see Fig 5a). Additionally, a robust dose-
related increase in the frequency of hypodiploid nuclei was observed, with > 3-fold increase
in hypodiploid nuclei evident at 6.25 ng/ml (see Fig 6a).

Two microscopy-based observations are worth noting: first, treated cultures exhibited
markedly more cells with two or more nuclei (15.7 fold-increase at 25 ng/ml); secondly, many
of the bi- and otherwise multi-nucleated cells were observed to exhibit unequally sized nuclei.

To investigate this further, the frequency of dividing cells that exhibited hyper- and hypodiploid
status was measured using the phospho-H3 assay. As shown in Fig 6a, ETOPO affected the
frequency of hypodiploid and hyperdiploid metaphase cells, causing a dose-related increase
over the range of concentrations tested.

3.2.2. lonizing radiation—Gamma irradiation produced quite divergent relative growth
profiles when measurements were based on Coulter counting or flow cytometry, with the latter
method indicating pronounced cytotoxicity for the 1 Gy exposure level (Fig 3b). The
percentage of EMA-positive events at 1 Gy also provided evidence that an unacceptable level
of toxicity was reached. Irradiated cells exhibited a dose-dependent increase in MN formation
(Fig 4b). Good agreement between methodologies was observed, as evidenced by an rq value
of 0.9286.

A modest perturbation to the cell cycle was characterized by a dose-dependent reduction to S-
phase cells (Fig 5b). The frequency of hypodiploid nuclei was highly elevated in irradiated
cultures. When based on fold-increase, this endpoint was more responsive to irradiation
compared to flow cytometric enumeration of MN (see Fig 6b). This suggestion of
aneuploidization was reinforced by observations made by microscopy, which revealed an
increased incidence of multinucleated cells 30 hrs post-irradiation (7.2-fold mean increase at
0.75 Gy).

3.2.3. Methyl methanesulfonate—MMS treatment resulted in relative survival
calculations that differed significantly between scoring methods, with flow cytometry
revealing more pronounced cytotoxicity. Additional evidence of excessive cytotoxicity is
provided by a greater than 3-fold increase in EMA-positive events at the 10ug/ml concentration
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(see Fig 3c). Dose-dependent increases in MN frequencies were obtained by microscopy and
flow cytometry (Fig 4c). Agreement between methods is demonstrated by an rg value of 0.9684.

Continuous MMS treatment resulted in an accumulation of G2/M events (Fig 5¢). Regarding
the generation of hypodiploid nuclei, a dose-related increase was observed (Fig 6¢). MMS
treatment also led to elevated frequencies of multinucleated cells (8.6-fold increase at the
5ug/ml, as determined by microscopic scoring). Furthermore, multipole mitotic figures were
evident, some of which clearly exhibited non-uniformly distributed chromosomes.

The phospho-H3 assay was used to investigate the possibility of aneugenic activity. These
results are presented in Fig 6¢, and illustrate dose-dependent increases for both hyper- and
hypo-diploid metaphase cells.

3.2.4. Vinblastine—In contrast to flow cytometric data, Coulter-based relative survival
measurements did not indicate excessive cytotoxicity at the highest concentration tested.
Another indication of significant cytotoxicity was the 5.3-fold mean increase in EMA-positive
events that was observed at 0.8 ng/ml. Continuous treatment with VB resulted in a dose-
dependent increase in MN formation, irrespective of scoring methodology (Fig 4d). Agreement
between methods is demonstrated by an rg value of 0.8752.

Cell cycle analyses indicate that the proportion of cells in G1 was markedly increased at the
two highest concentrations studied (Fig 5d). The frequency of nuclei falling in the
“hypodiploid” region was also elevated, showing somewhat higher fold-increases compared
to MN induction (Fig 6d). This suggestion of aneuploidization was reinforced by observations
made by microscopy, as VB treatment led to elevated frequencies of multinucleated cells (13.7-
fold increase at 0.4 ng/ml). VB was also observed to markedly affect the frequency of
hypodiploid and hyperdiploid metaphase cells (Fig 6d).

3.2.5. Ethanol—The cytotoxicity threshold of 60% was not achieved for EtOH exposure up
to 1.6% v/v when relative survival measurements were based on Coulter counts. In contrast,
the top two concentrations were considered inappropriately high when relative survival
assessment was based on flow cytometric scoring. No indication of MN induction was evident
for microcopy or automated scoring procedures (Fig 3e).

The progression of cells through the cell cycle was affected in a concentration-dependent
manner, as reduced proportions of S and G2/M cells were evident (Fig 5e). EtOH had no effect
on the frequency of hypodiploid nuclei (Fig 6e) or multinucleated cells at any of the
concentrations studied.

3.2.6. Staurosporine—Using the Coulter method, the top dose of STS (20 ng/ml)
demonstrated 40% relative survival. However, at this same concentration, relative survival
based on flow cytometric analysis yielded an appreciably lower value—7%. Furthermore, %
EMA-positive events were markedly elevated at this concentration cytotoxicity (Fig 3f). At
concentrations up to and including 10 ng/ml, MN induction was not observed for microscopic
or flow cytometric scoring (Fig 4f). Flow cytometry did register a significant increase in MN
frequency, but only at the cytotoxic concentration of 20 ng/ml. (Note that MN could not be
reliably scored by microscopy at this concentration, as the total number of intact cells with
regularly shaped nuclei was deemed too low.)

At concentrations < 10 ng/ml, cell cycle effects were modest (Fig 5f). On the other hand, 20
ng/ml affected the cell cycle so severely that quantitative assessments must be qualified as
unreliable. Hypodiploid nuclei were not induced by concentrations < 10 ng/ml. At the highly
cytotoxic level of 20 ng/ml, significantly elevated values were recorded, but again their
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relevance is questionable, as there were qualitative differences to these fluorescence plots
compared to those associated with the other agents studied.

Regarding microscopic assessment of multinucleation, STS had no discernable effect at
concentrations < 10 ng/ml. Although the frequency of multinucleated cells appeared to be
elevated in 20 ng/ml cultures, as noted above, these slides were judged too difficult to score in
areliable and quantitative manner. As was observed with the hypodiploid nuclei endpoint, the
frequencies of hypodiploid and hyperdiploid metaphase cells were not significantly elevated
until 20 ng/ml (Fig 6f).

4. Discussion

Data presented herein suggest that the flow cytometry-based MN scoring system, initially
developed with mouse L5178Y cells [20], is directly transferable to human TK6 cells. These
automated analyses were typically accomplished within 2 to 3 minutes per sample, and were
capable of discriminating genotoxicants from non-genotoxicants. Importantly, the non-
genotoxicants were shown to be negative for MN induction even at cytotoxic concentrations,
but as exemplified by STS, this required a new approach to top dose selection.

Development and refinement of this in vitro micronucleus scoring system is occurring during
a time when the performance characteristics of standard genotoxicity assays and batteries have
come under heavy criticism [22]. Especially relevant to the currently described method, a report
by Kirkland et al. indicates that the occurrence of irrelevant positive results for mammalian in
vitro genotoxicity assays is unacceptably high [26]. This encouraged us to focus a large part
of our efforts on establishing methods that would guard against false positive judgments.
Excessive cytotoxicity is thought to represent a primary cause of such results [22,27-29]. Thus,
amajor focus of our assay development work has been the establishment of a high information-
content assay, information that is useful for setting appropriate top dose levels, and that is also
valuable for interpreting MN data.

Based on the present data, as well as those collected recently with L5178Y cells, we conclude
that relative survival measurements may be useful for selecting top dose. However, at least in
our hands, this measurement should not be based on Coulter counter, but rather a more stringent
methodology such as the counting bead approach described herein. This latter method was
found to be more sensitive for 5 of 6 agents tested here. These and other unpublished
observations have led us to conclude that this approach reveals cytotoxicity that alternative
methods, including Coulter counting, total protein, total DNA, or ATP levels, often under-
represent. We believe that the more sensitive nature of flow cytometry-based relative survival
is related to the several criteria (including two light scatter and two fluorescence parameters)
that liberated nuclei must exhibit in order to be included in this calculation.

Beyond relative survival measurements accomplished by flow cytometry, this MN scoring
method provides simultaneous cytotoxicity assessments that appear to have significant merit.
STS data are a good case in point. Coulter counting would have suggested a top concentration
of 20 ng/ml, a dose level associated with a markedly elevated MN value when scored by flow
cytometry. However, each of the four concurrent cytotoxicity analyses provided by flow
cytometry demonstrated an inappropriately high level of toxicity. Observations made by
microscopy for the 20 ng/ml cultures confirmed these assessments. Thus, at a minimum, these
MN data would need to be strongly qualified as having occurred in the context of severe
cytotoxicity.

Regarding the flow cytometric enumeration of hypodiploid nuclei, further experimentation is
warranted. We speculate that these events are related to microscope observations of increased
binucleated cell frequency (binucleation that was often associated with unequally-sized nuclei).
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We further hypothesize that both of these phenomena are related to aneuploidization. While
we have not conclusively ruled out the possibility that apoptosis may have caused a significant
portion of nuclei to exhibit these SYTOX dye staining characteristics, the collective data
presented herein do not support this conclusion. First, light scatter and EMA-staining
characteristics of these nuclei matched that of “healthy” cells' nuclei. Secondly, a chromosome
scoring technique (phospho-H3 assay) indicated that hypodiploid nuclei responses were always
observed in conjunction with increased frequencies of hypo- and hyper-diploid metaphase
cells. Thirdly, hypodiploid nuclei responses always occurred in conjunction with elevated
frequencies of multinucleated cells, a hallmark of aneugenic activity [30]. Finally, the
cytotoxicants EtOH and STS did not cause dose-related increases in the frequency of
hypodiploid nuclei, whereas each of the four genotoxic agents did. The ability of ETOPO,
radiation, and VB to cause nondisjunction has been well documented [31-33]. While we had
not anticipated MMS to exhibit aneuploid phenomena, there are reports of this and other
alkylating agents having such effects [34-35].

We speculate that there may be a common mechanism that explains binucleation and the
appearance of hypodiploid nuclei, one that is related to recent findings reported by Shi and
King [36]. They estimated that approximately 94% of cells that failed cytokinesis exhibited
nondisjunction in the preceding mitosis. As documented by many investigators, extra
chromosome and centrosome content sets the stage for multipole division, and this is a
mechanism that promotes rapid acquisition of aneuploid status [37-38]. We hypothesize that
the lysis procedure used for flow cytometric MN scoring is capable of revealing the
consequence of nondisjunction events, as hypodiploid daughter nuclei are apparent as sub-2n
DNA events with the light scatter and DNA staining characteristics of “healthy” cells' nuclei.
Recent reports suggest that some agents may cause nondisjunction at concentrations that are
significantly lower than those required to induce MN [5,7,9]. This suggests that an efficient
and cost-effective assay that detects nondisjunction would be a valuable addition to hazard
identification and risk assessment programs. At this time, the degree to which the hypodiploid
nuclei endpoint may serve such a function is a matter of speculation. Experimentation with
additional chemical agents and the use of other assay techniques, for instance FISH to follow
the segregation of specific chromosomes, will be necessary before the utility of this endpoint
is understood with more certainty.

In summary, the data presented herein suggest that flow cytometric analysis represents an
approach that significantly enhances the information content of in vitro micronucleus screening
assays. The simultaneous acquisition of a number of endpoints that convey information
regarding test article-induced cytotoxicity aids data interpretation, and appears to help identify
irrelevant positives. Miniaturization of the assay and experimentation with additional agents
covering a wider range of chemical classes are planned, as are inter-laboratory studies that
have been designed to evaluate assay portability.
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Figure 1.

Histogram and bivariate plots of TK6 nuclei and other subcellular particles as analyzed by flow
cytometry. These panels illustrate the gating strategy used to discriminate nuclei and
micronuclei from apoptotic chromatin as well as other spurious events. In order for events to
be scored as nuclei or micronuclei, they needed to meet each of the following six criteria: within
a side scatter vs. forward scatter region, panel A; within a region that excludes doublets, plot
B; at least 1/100 the SYTOX-associated fluorescence as G1 nuclei, panel C; within a region
that excludes doublets, plot C; within a forward scatter vs. SYTOX fluorescence region, plot
D; within a side scatter vs. SYTOX fluorescence region, plot E; ethidium monoazide-negative,
panel F. Note that once the dimensions and locations of these regions were set, they were not
varied within or between experiments.
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Figure 2.
Histogram and bivariate plots of TK6 nuclei and other subcellular particles as analyzed by flow
cytometry.

Panels A and D: this bivariate plot was used to quantify the percentage of EMA-positive events.
Only events that fell within the side scatter vs. forward scatter region (Fig. 1A) and a region
that excludes doublets (Fig. 1B) are plotted and used in the %EMA-positive calculation.
Panels B and E: this SYTOX fluorescence histogram was used to quantitatively evaluate cell
cycle distribution. These gated events had to exhibit light scatter and fluorescence
characteristics of healthy nuclei as illustrated by Fig 1.

Panel C and F: this bivariate plot was used to quantify the incidence of nuclei, hypodiploid
nuclei, and micronuclei (MN). These gated events had to exhibit light scatter and fluorescence
characteristics of healthy cells as illustrated by Fig 1.
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Figure 3.

% EMA Positive (Fold Increase)

1duasnuey Joyiny vd-HIN

Cytotoxicity data are graphed for each of six test agents studied. The Y-axis shows mean
relative survival as determined by Coulter counter (solid line) and also measured by flow
cytometry in conjunction with counting beads (dashed line). Mean percentages of EMA-
positive events (white bars) are graphed on the Y'Y -axis (bars).
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Figure 4.

Staurosporine (ng/ml)

Micronucleus data are graphed for each of six test agents studied. Mean micronucleus responses
(fold-increase values) are shown for microscopy-based measurements (white bars) and also
for flow cytometry-based assessments (black bars). Asterisks indicate average fold-increases
> 3x over negative control. All dose levels that exhibited > 40% relative survival as measured
by Coulter counter are shown here. Doses that were deemed inappropriately high based on
flow cytometric analyses are indicated by a bracket and the word “cytotoxic”.
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Cell cycle distribution data are graphed for each of the six test agents studied. All dose levels
that exhibited > 40% relative survival as measured by Coulter counter are shown here. Doses
that were deemed inappropriately high based on flow cytometric analyses are indicated by a

bracket and the word “cytotoxic”.
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Figure 6.

Hypodiploid nuclei responses, presented here as average fold-increase, are graphed for each
of six test agents studied. To facilitate direct comparisons with micronucleus induction, this
endpoint is also presented here as mean fold-increase. For several agents, the phospho-H3 assay
was performed, and the induction or hypodiploid and hyperdiploid metaphase cells are graphed.
All dose levels that exhibited > 40% relative survival as measured by Coulter counter are shown
here. Doses that were deemed inappropriately high based on flow cytometric analyses are
indicated by the word “cytotoxic”.
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Table |
Agents, Presumptive Mode(s) of Action
Agent Cas No. Solvent Mode of Action [Citation]
Etoposide 33419-42-0 DMSO dsDNA breaks [39], nondisj [31]
lonizing irradiation N/A N/A dsDNA breaks [40], nondisj [32]
Methyl methanesulfonate 66-27-3 water dsDNA breaks [5]
Vinblastine sulfate 143-67-9 DMSO chromosome lag [41], nondisj [42]
Ethanol 64-17-5 Water non-genotoxicant
Staurosporine 62996-74-1 DMSO apoptogen, “irrelevant positive” [43]

Abbreviations: DMSO = dimethylsulfoxidel dsDNA = double standed DNA; nondisjunction = nondisj; N/A = not applicable
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