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� Abstract
The in vitro micronucleus (MN) assay is a well-established test for evaluating genotox-
icity and cytotoxicity. The use of manual microscopy to perform the assay can be labo-
rious and often suffers from user subjectivity and interscorer variability. Automated
methods including slide-scanning microscopy and conventional flow cytometry have
been developed to eliminate scorer bias and improve throughput. However, these
methods possess several limitations such as lack of cytoplasmic visualization using
slide-scanning microscopy and the inability to visually confirm the legitimacy of MN
or storage of image data for re-evaluation using flow cytometry. The ImageStreamXVR

MK II (ISX) imaging flow cytometer has been demonstrated to overcome all of these
limitations. The ISX combines the speed, statistical robustness, and rare event capture
capability of conventional flow cytometry with high resolution fluorescent imagery of
microscopy and possesses the ability to store all collected image data. This paper details
the methodology developed to perform the in vitro MN assay in human lymphoblas-
toid TK6 cells on the ISX. High resolution images of micronucleated mono- and bi-
nucleated cells as well as polynucleated cells can be acquired at a high rate of capture.
All images can then be automatically identified, categorized and enumerated in the
data analysis software that accompanies the ImageStream, allowing for the scoring of
both genotoxicity and cytotoxicity. The results demonstrate that statistically significant
increases in MN frequency when compared with solvent controls can be detected at
varying levels of cytotoxicity following exposure to well-known aneugens and clasto-
gens. This work demonstrates a fully automated method for performing the in vitro
micronucleus assay on the ISX imaging flow cytometry platform. VC 2018 The Author.

Cytometry Part A published by Wiley Periodicals, Inc. on behalf of ISAC.
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INTRODUCTION

THE in vitro micronucleus (MN) assay is one of the most widely used tests to deter-

mine genotoxicity and cytotoxicity, especially as a screening tool in the development

of chemicals and pharmaceuticals as well as for biomonitoring of human popula-

tions exposed to various lifestyle, occupational, or environmental factors (1–3). MN

are formed from whole chromosomes or chromosome fragments that lag behind

during the metaphase–anaphase transition and are not included inside one of the

two main nuclei following division (2). Instead, MN form into small, rounded bod-

ies surrounded by their own nuclear envelope. As a result of their mechanism of for-

mation, MN represent chromosomal mutations and can be used as an endpoint in

genotoxicity testing (4). The preferred method for measurement of MN is the

cytokinesis-block micronucleus (CBMN) assay in which the frequency of MN in

binucleated (BN) cells is quantified following the addition of Cytochalasin-B (Cyt-B)
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to halt cellular division. The use of Cyt-B limits scoring of

MN to once-divided BN cells and avoids the scoring of spuri-

ous MN that may appear from a number of confounding fac-

tors such as less than optimal cell culture conditions and

altered cell division kinetics (5). However, it has been demon-

strated that noncytokinesis-blocked versions of the assay can

identify statistically significant increases in MN among aneu-

gens which arise from the phenomenon of mitotic slippage

(6–8). Therefore, it is often necessary to perform the assay

both in the presence and absence of Cyt-B, which increases

the number of samples that must be evaluated. In recent years,

several protocols and exposure schedules to perform the MN

assay have been developed and validated in a number of rec-

ommended cell types (9–12). Current forms of the assay are

able to detect the presence of clastogens and aneugens in both

rodent and human derived cell lines as well as in human

peripheral blood lymphocytes (13–17).

A number of methods have been developed to perform

the in vitro MN assay. Each of these has advantages and limi-

tations concerning throughput, accuracy and visual confirma-

tion of MN. The assay is most commonly performed through

manual fluorescent microscopy which has the benefit of visual

confirmation of MN; however, this method is time consuming

and prone to scorer subjectivity due to both interscorer vari-

ability and fatigue when many samples must be scored (18)

Automated microscopy methods have been developed using

software algorithms that are able to identify and capture

images of fluorescently-labeled nuclei and MN (19–22). While

these automated methods remove the tedious nature of man-

ual slide-scoring, they do not typically allow visualization of

the cytoplasm and therefore it can be difficult to associate one

(or multiple) MN to a particular cell. Also, many of these

methods currently do not support automatic scoring of poly-

nucleated (POLY) cells, a required parameter for cytotoxicity

calculations when the assay is performed with Cyt-B (12).

Furthermore, some inherent slide-making concerns, such as

ensuring high slide quality and optimal cell density, can be

difficult to optimize (23). Laser scanning cytometry (LSC)

methods were introduced in the early 2000s and have been

recently improved with the advent of new generation instru-

mentation. LSC systems allow for the identification and auto-

mated enumeration of MN as well as mononucleated

(MONO), BN, and POLY cells. While LSC can differentiate

MN from other DNA positive objects through the use of mul-

tiple stains, many systems are still hindered by the need to cre-

ate high quality microscope slides with adequate cell

separation (24–26). Finally, conventional flow cytometry

methods have been developed to perform the in vitro MN

assay. One of the original publications by N€usse and Marx

described a method based on ethidium bromide fluorescence

and forward and side scatter intensities to differentiate

between debris, nuclei, and MN (27). Although this method

agreed well with microscopy, difficulties in distinguishing MN

from other DNA positive events persisted (28,29). Through

the addition of ethidium monoazide bromine (EMA) which

stains only the chromatin of apoptotic or necrotic bodies, MN

can now be more confidently identified and differentiated

from the main nuclei and other DNA positive events. As a

result, the current traditional flow cytometry methodology

possesses the ability to acquire data from thousands of cells in

just a few minutes and allows automatic analysis of all data.

The speed of this method and the need for minimal user inter-

vention are attractive features for toxicology testing. Over the

last decade, significant improvements were made to the meth-

odology by Avlasevich et al. (30) and Bryce et al. (31) to incor-

porate additional fluorescent dyes in order to remedy the

difficulties encountered when differentiating MN, cellular

debris, and free chromosomes from mitotic cells. This method

was successful and configured into a commercially available

kit by Litron Laboratories and several publications employing

many well-known clastogens and aneugens have demonstrated

that statistically significant increases in MN frequency can be

detected when compared with controls (32,33). The observed

MN frequencies also compared well with those obtained

through visual microscopy. Most recently, the method has

been optimized and miniaturized, such that all required proc-

essing steps (e.g., cell processing, sampling and data acquisi-

tion) can be performed in 96-well plate format (34,35).

However, conventional flow cytometry methods suffer from

several drawbacks, the most important being the lack of cellu-

lar visualization. In the absence of this visual information it is

impossible to verify that MN identified by the cytometer are

indeed genuine. Another limitation is the requirement to lyse

all cell membranes to liberate both the main nuclei and MN

which creates a suspension that may contain debris such as

individual apoptotic bodies, whole chromosomes or chromo-

some aggregates in addition to the main nuclei and MN. As a

result, despite the recent advances in methodology, a definitive

distinction between MN and DNA positive debris cannot be

reliably obtained (24). In addition, removal of the cell mem-

brane eliminates the possibility to associate MN to a particu-

lar cell or to identify events in which multiple MN are

contained within one cell (36). Finally, due to the requirement

to lyse cells, Cyt-B cannot be used in the conventional flow

cytometry method. This eliminates the ability to accurately

quantify the frequency of MONO, BN, and POLY cells which

can introduce difficulties when demonstrating that cells have

indeed completed nuclear division. This is of particular

importance when examining chemicals or agents that are less

potent (37).

In light of these limitations, the next logical step in the

development of automating the in vitro MN assay would be

the use of a system that can combine the high-throughput

nature of conventional flow cytometry with the high resolu-

tion imagery obtained by microscopy, such as the Image-

Stream
VR

imaging flow cytometer. The ImageStream (ISX)

combines the visual information content obtained by fluores-

cent microscopy with the speed, statistical robustness and rare

event capture capability of conventional flow cytometry. Cells

in suspension enter into a fluidics system and are hydrody-

namically focused into the center of a flow cell cuvette. Cells

are then orthogonally illuminated by a brightfield (BF) light-

emitting diode (LED), side scatter laser and at least one laser

to induce fluorescence. Emitted photons are then collected by
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a high numerical aperture objective lens, pass through a spec-

tral decomposition element and are focused onto a charge-

coupled device (CCD) camera. In the ISX, the spectral decom-

position element allows for wavelengths between �400 and

800 nm to be separated into specific ranges and projected

onto different sections of the CCD. This in turn allows for up

to 10 fluorescent images to be captured simultaneously from

every cell that passes through the system. This generates up to

twelve images per object (2 BF, 10 fluorescent), allowing

images of several different structures in the cell to be captured

simultaneously. All images are stored in a data file that allows

analysis to be performed at any time post-acquisition in the

Image Data Exploration and Analysis Software (IDEAS
VR

). All

data files retain the linkage between cell images and bivariate

plots; that is, any dot on any bivariate plot can be selected and

its corresponding images (BF and fluorescent) will be dis-

played in the image gallery (38,39).

Recently, an imaging flow cytometry method to perform

the CBMN assay specifically for use in triage radiation bio-

dosimetry was developed (40–45). Results from this method

demonstrated that cellular images of both the cytoplasm and

DNA content could be captured at higher throughput than

other automated methods and stored in a data file, eliminat-

ing the need to create microscope slides (40). Candidate BN

cells with and without MN were automatically identified in

IDEAS through the use of mathematical algorithms to imple-

ment the scoring criteria developed by Fenech et al. (9,46).

The ISX-based version of the CBMN assay was shown to auto-

matically score more BN cells in a fraction of the time com-

pared with manual microscopy, therefore enhancing the

statistical robustness and speed of the assay. A dose response

calibration curve to evaluate the frequency of MN per BN cell

was created from 0 to 4 Gy and was similar in magnitude to

other calibration curves published in the literature (43).

Finally, through the use of blinded samples it was verified that

the method could generate dose estimates to within 60.5 Gy

of the true dose, sufficient for triage radiation biodosimetry

(44).

This article describes for the first time, the adaptation of

the in vitro MN assay to an automated imaging flow

cytometry-based method for the purposes of estimating geno-

toxicity and cytotoxicity in human lymphoblastoid TK6 cells.

Using the ISX, BF and fluorescent images of MONO, BN, and

POLY cells as well as MN were captured and automatically

identified, classified and enumerated in IDEAS. The work

described here details a data analysis template for the rapid

calculation of both genotoxicity and cytotoxicity following the

exposure of TK6 cells to known MN-inducing clastogens and

aneugens, in the presence and absence of Cyt-B. This work

demonstrates a fully automated method for performing the in

vitro MN assay on an imaging flow cytometry platform.

MATERIALS AND METHODS

Cell Line and Culture Conditions

Human lymphoblastoid TK6 cells were purchased from

MilliporeSigma (MilliporeSigma, Billerica, MA, USA; cat.

95111735) and were grown in HyClone RPMI-1640 media

(GE Healthcare Life Sciences, Logan, Utah, USA; cat.

SH30027.01) supplemented with 10% fetal bovine serum (GE

Healthcare Life Sciences, Logan, UT; cat. SH30071.03), 1%

nonessential amino acid (Lonza, Allendale, NJ, USA; cat. 13–

114E), 1% sodium pyruvate (GE Healthcare Life Sciences,

Logan, UT; cat. SH30239.01), and 1% penicillin–streptomycin

(Gibco, Thermo Fisher Scientific, Waltham, MA, USA; cat.

15070063). The TK6 cells were routinely passaged to ensure

that they were kept in the exponential growth phase (1 3 104–

1.5 3 106 cells/ml) for all experiments and their doubling

time was approximately 15 h.

Test Chemicals

The tested chemicals were purchased from Millipore-

Sigma and were selected since they are well known clastogens

and aneugens, and there is significant literature demonstrating

their genotoxic and cytotoxic behavior. The chemicals used

were mitomycin C (MMC; CAS no. 50-07-7), methyl metha-

nesulfonate (MMS; CAS no. 66-27-3), colchicine (CAS no.

64–86-8), and vinblastine sulfate (VS; CAS no. 143-67-9).

Mannitol (CAS no. 69-65-8) was used as a negative control.

All test chemicals were dissolved in sterile water except for VS

which was dissolved in dimethyl sulfoxide (DMSO). For all

chemicals, a range of doses was selected such that the top dose

achieved a cytotoxicity of 55 6 5% as recommended by the

Organization for Economic Co-operation and Development

(OECD) Test Guideline 487 for the in vitro MN assay (12).

Exposure to Test Chemicals

Test chemicals were introduced into T25 culture flasks

containing 10 mL of media and TK6 cells at a concentration

of approximately 1–3 3 105 cells/mL (absence of Cyt-B) and

7–8 3 105 cells/mL (presence of Cyt-B). All test chemicals dis-

solved in sterile water were added to each culture at 10% (v/v)

of the final culture volume to achieve the desired final concen-

trations; VS which was dissolved in DMSO, was added to each

culture at 1% (v/v). All cultures were exposed to the test

chemicals for 3 h at 378C, 5% CO2 as suggested by the OECD

Guideline (12). Following the exposure time, all cultures were

washed with fresh media to remove the test chemical and

returned to culture in 10 mL of fresh media for 24 h. For

exposures in the presence of Cyt-B, an appropriate volume of

Cyt-B was added to each culture to obtain a final concentra-

tion of 3 lg/ml. Solvent controls (sterile water or DMSO)

were used as unexposed negative controls in each experiment.

All experiments were performed in duplicate.

Cell Harvesting, Processing, and Staining

At the completion of culture, all samples were centrifuged

at 200 X g for 8 min at 208C. The supernatant was aspirated

and the cell pellets were resuspended. A cytoplasmic swelling

step was performed by slowly adding 5 mL of 75 mM KCl

(stored at 48C), mixing three times gently by inversion and

incubating for 7 min at 48C. Following this, 2 mL of 4% for-

malin (Polysciences, Warrington, PA, USA; cat. 04018-1) was

added and cells were incubated for an additional 10 min at

48C. Cells were centrifuged at 200 X g for 8 min at 208C, the
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supernatant was aspirated and the cells were resuspended in

100 lL of 4% formalin and incubated at 48C for 20 min. Fol-

lowing this incubation, 5 mL of 13 PBS containing 0.5% FBS

was added and cells were centrifuged at 200 X g for 8 min at

208C. The supernatant was aspirated and the cells were resus-

pended in 100 lL of 1X PBS containing 0.5% FBS and trans-

ferred to a 1.5 mL Eppendorf tube. RNase (MilliporeSigma,

Billerica, MA, USA; CAS-9001-99-4) was added to each sam-

ple at a final concentration of 50 lg/ml. Finally, Hoechst

33342 (Thermo Fisher Scientific, Waltham, MA; cat. H3570)

was added to each sample at a final concentration of 10 lg/

ml. All samples were incubated for 30 min at 378C and then

micro-centrifuged at 150 X g for 8 min at 208C. The superna-

tant was carefully removed such that approximately 25–30 lL

of sample remained; this ensured that all samples were highly

concentrated to achieve the maximum possible speed of data

acquisition on the ISX.

Data Acquisition on the ISX and Analysis in IDEAS

All samples were run on an ISX MKII (MilliporeSigma,

Seattle, WA) dual CCD camera system equipped with the

MultiMag option (203, 403, and 603 magnification), 405,

488, 561, 592, and 642 nm lasers. Channels 1 and 9 were used

to capture cytoplasmic images from the BF LED and the

405 nm laser was set to 15 mW to capture Hoechst images

(nuclei and MN) in channel 7. All other channels were dis-

abled during data acquisition. Unlike with other conventional

flow cytometers, no other information was required for this

study (e.g., scatter) and as such, all other lasers were turned

off. For all experiment samples, 20,000 events were collected

at 603 magnification using a data acquisition template cre-

ated in the INSPIRE (MilliporeSigma, Seattle, WA) software

that controls the ISX, described below. In previous studies,

DRAQ5 was used as the nuclear stain (40–44). In this work,

Hoechst 33342 was selected as the nuclear stain due to the

very sharp gradient it creates at the edge of the main nuclei

and minimal cytoplasmic background staining, especially in

the presence of RNase. These properties, when combined with

features to collect highly focused events, allowed for the acqui-

sition of sharp images. This reduced the possibility of the MN

mask highlighting staining artifacts during data analysis. All

data was saved as raw image files and analyzed using a data

analysis template created in IDEAS v6.2 that is described

below.

Evaluation of Genotoxicity and Cytotoxicity

The use of Cyt-B permits nuclear division but blocks cel-

lular division. In this work, cells were not synchronized before

exposure to the test chemicals and are and therefore are at dif-

ferent stages of the cell cycle when exposed to Cyt-B. Thus,

upon harvest, some cells may contain two (binucleated), three

(trinucleated) or four (quadranucleated) nuclei. To evaluate

genotoxicity in samples not exposed to Cyt-B, MN were

scored in MONO cells and in samples exposed to Cyt-B, MN

were scored in BN cells. In both cases, to determine statistical

significance, the number of cells with MN in the exposed sam-

ples were compared by a Yates corrected chi-squared test to

the number of cells with MN in the control samples. Fold

increases in MN frequency were determined by dividing the

MN frequency in MN-containing cells by the spontaneous

MN frequency in control samples. To evaluate cytotoxicity in

samples exposed to Cyt-B the following relation was used

(12):

Cytotoxicity51002100
ðCBPIT21Þ
ðCBPIC21Þ
� �

(1)

where T indicates chemically exposed cultures, C indicates

control cultures and CBPI is the cytokinesis-block prolifera-

tion index calculated as (12):

CBPI5
No:MONO cellsð Þ1 23No:BN cellsð Þ1 33No:POLY cellsð Þ½ �

Total number of cells scored

(2)

All parameters in the CBPI formula were scored automatically

in IDEAS using masks, features and gating strategies described

in this article. The total number of POLY cells was calculated

by summing the number of trinucleated and quadranucleated

cells scored. In samples not exposed to Cyt-B, cell counts were

obtained by hemocytometer following completion of culture

but prior to processing. Using these cell counts, the relative

increase in cell counts (RICC) and the relative population

doubling (RPD) parameters were calculated (12):

RICC5
Increase in number of cells in treated cultures ðfinal2initialÞ
Increase in number of cells in control cultures ðfinal2initialÞ

(3)

RPD5
no: of population doublings in treated cultures ðfinal2initialÞ
no: of population doublings in control cultures ðfinal2initialÞ

(4)

Where population doubling (PD) is calculated as:

PD5
log post2treatment cell number = initial cell number½ �

log ð2Þ
(5)

Cytotoxicity estimates through calculation of relative cell

count (RCC) were not determined since it has been observed

that RCC can underestimate cytotoxicity and its use is no lon-

ger recommended (12).

RESULTS

Optimization of Region Boundaries

during Data Acquisition

In order to determine the optimal settings for region

boundaries in all plots of the data acquisition template in

the INSPIRE software, positive and negative truth popula-

tions for all cell types were first identified (Fig. 1). Thirty

thousand events from each dose point of one replicate of a

MMC exposure in the presence of Cyt-B was collected with

only very small cellular debris not collected during acquisi-

tion. These data files were merged into a single file contain-

ing approximately 200,000 cellular images which was used

to optimize gating. A similar file with the same number of

total events was created from a MMC exposure in the
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absence of Cyt-B. This ensured that representative cell

imagery across the full dose range of at least one test

chemical would be included. In IDEAS, positive and nega-

tive truth populations can be hand-tagged and saved as

separate populations. These populations can then be used

to set appropriate region boundaries on all bivariate plots

(43). Using the merged files, truth populations consisting

of 50 positive and 50 negative hand-tagged cells were cre-

ated for all cell types of interest (MONO, BN, and POLY

cells). As demonstrated in Figure 1, the positive cell

populations (middle column) have visible cytoplasmic

material, highly circular and in-focus nuclei and, in the

case of multinucleated cells, nuclei that are similar in size

and staining intensity relative to one another as per the

scoring criteria described by Fenech et al. (9,46). On the

other hand, the negative population (right hand column)

contains cells with abnormal nuclear morphology, overlap-

ping nuclei or nuclei of differing intensity, area, circularity

and aspect ratios. Using the truth populations, the acquisi-

tion region boundaries were adjusted to minimize the

Figure 1. Example imagery from positive and negative mono-, bi-, tri-, and quadranucleated cell truth populations. The middle column

contains representative images of positive truth populations that were created by selecting cells with visible cytoplasmic material and

possessing nuclei of normal circular morphology and uniform intensity. The right hand column contains representative images of nega-

tive truth populations that were created by selecting cells with abnormal nuclear morphology, overlapping nuclei or nuclei of differing

intensity, area, circularity, and aspect ratios.
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inclusion of negative events and to ensure inclusion of at

least 85% of positive events.

Figure 2 shows the bivariate plots and histograms applied

sequentially during data acquisition in INSPIRE to ensure

that the best focused single cell images were captured from

each sample. The first bivariate plot of BF Aspect Ratio versus

BF Area was created to select for single cells and to exclude

small debris, doublets and other large events (Fig. 2A). The

Aspect Ratio is the ratio of the semi-minor axis to the semi-

major axis based on a specific mask and allows for the separa-

tion of circular objects from elongated objects (e.g. doublets).

Next, using the single cell population from Figure 2A, a bivar-

iate plot of Hoechst Gradient RMS versus BF Gradient RMS

was created. The Gradient RMS feature measures the sharp-

ness of an image by detecting changes in adjacent pixel values

in the image and is useful for the selection of focused objects.

The region in Figure 2B selects for highly focused cells and

eliminates unfocused events. Here, the advantage of using

image-based truth populations to define region boundaries is

demonstrated. While there is a large population of events

below the region, the majority of these events are out of focus.

Collecting these events would make it difficult for the mathe-

matical algorithms used during data analysis in IDEAS to cor-

rectly identify appropriate cell populations. Finally, a

histogram of Hoechst Intensity was created to eliminate very

dimly stained cells (Fig. 2C). For each sample, 20,000 events

were collected from the final Hoechst-positive population in

Figure 2C. Table 1A shows the percentage of each truth popu-

lation remaining following the application of each region in

the data acquisition template and Table 1B lists all region

parameters and positions. This data acquisition template was

used to collect all data from all experimental samples.

Binucleated Cell Masking and Gating Strategy

In previous publications on this work, a data analysis tem-

plate was developed in IDEAS to identify candidate BN cell

events (40,41,43). The analysis in this work, including masking

and gating strategy, is similar but has been slightly modified

since the sample preparation methods have been improved;

KCl was used to swell the cells and create better separation

between the main nuclei, and Hoechst was used as the DNA

stain rather than DRAQ5. Furthermore, cellular images were

collected at 603 magnification instead of 403 since MN

induced by some chemicals have been shown to be smaller than

radiation induced MN (47). As a result, the cellular images are

larger and the main nuclei in BN cells can be more easily

masked by the algorithms in IDEAS. This slight modification

to the BN Cell Mask components allowed the region boundaries

to be stricter, resulting in more specific identification of BN

cells. Additional truth populations (50 BN cells and 50 non-BN

cells) were hand-tagged from the DNA positive population in

Figure 2C and were used to optimize the new data analysis tem-

plate for the selection of BN cells.

Details regarding the creation of the BN Cell Mask and

the BN cell identification gating strategy have been described

in previous publications (40,41,43) but for completeness in

this work, Supporting Information Figure S1 demonstrates

how each mask is sequentially applied to create the BN Cell

Mask. Furthermore, Supporting Information Figure S1 also

illustrates the streamlined application of bivariate plots and

histograms, with stricter region boundaries than previously

published, to identify BN cells. Supporting Information Table

S1A shows, based on the truth populations, the percentage of

the positive and negative BN cell events remaining after the

sequential application of each region and Supporting Infor-

mation Table S1B provides the specific parameters used in

each plot. Supporting Information Table S2 contains the

details of how to create the BN Cell Mask.

Mono and POLY Cell Masking and Gating Strategies

In order to identify and quantify MONO and POLY cells,

modifications were made to the BN Cell Mask to create a new

POLY Cell Mask. This mask is a combination of the LevelSet,

Watershed, Range and Component masks allowing separation

between the main nuclei within a single image to be attained

(Fig. 3Ai). Using the Range mask, the lower limit of the POLY

Cell Mask was increased to 135 pixels (33.75 lm2), which

avoided inclusion of background artifacts or small nuclear

debris, but still allowed smaller nuclei within POLY cells to be

correctly masked. With masks that have multiple pieces, such

as the POLY Cell mask, the Component mask allows each piece

to be identified as a separate, individual piece. The Component

mask, was used to create individual masks to identify each

nucleus in each image (Fig. 3Aii). The gating and masking

strategies to identify MONO and POLY cells was less complex

than for BN cells since the scoring criteria is less stringent.

Candidate MONO and POLY cells need only be viable, non-

apoptotic cells with an intact cytoplasm, normal nuclear mor-

phology and one, three or more nuclei (9). Starting with the

non-apoptotic cell population (Supporting Information Fig.

S1B), the Spot Count feature was created using the POLY Cell

Mask and a histogram was generated to allow straightforward

enumeration of cells containing one, three and four nuclei

(Fig. 3B).

To identify and automatically quantify MONO cells,

Component Mask 1 was used. This first component of the

POLY cell mask selects, by default, the single nucleus in a

MONO cell and therefore was used to identify these cells. The

Aspect Ratio and Circularity features were created using Com-

ponent Mask 1 and plotted against one another on a bivariate

plot (Fig. 3C). The Circularity feature measures the degree of

the mask’s deviation from a circle; the higher the circularity

value is, the more circular the masked object is. The Aspect

Ratio values of all individual nuclei in MONO or POLY cells

that possess normal morphology should be very close to one,

and the Circularity values of these nuclei should be much

higher than nuclei with irregular morphology. MONO cells

containing a nucleus with normal morphology had Aspect

Ratio values >0.85 and Circularity values >20. Using the

POLY Cell Mask, tri- and quadranucleated cells were also

automatically identified and scored. Based on the exposure

and recovery schedules used, cells with five or more nuclei

were never observed and were therefore were not scored. Tri-

and quadranucleated cells were analyzed separately by
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applying the Aspect Ratio and Circularity features to each of

the main nuclei using individual Component Masks 1–3 and

1–4, respectively. The average values of both Aspect Ratio and

Circularity for each nucleus in tri- and quadranucleated cells

were calculated and plotted against one another (Figs. 3D and

3E). Candidate cells for both tri- and quadranucleated cells

contained multiple nuclei with normal morphology with aver-

age Aspect Ratio values >0.85 and average Circularity values

Figure 2. INSPIRE
VR

data acquisition template used to collect single, well-focused, DNA-positive cells. (A) Bivariate plot of BF Aspect Ratio
versus BF Area allows for the selection of single cells and the removal of doublets and small and large debris. (B) Using the single cell

population from panel A, a bivariate plot of Hoechst Gradient RMS versus BF Gradient RMS allows for the selection of well-focused cells.

(C) Using the well-focused single cell population from panel B, a histogram of Hoechst Intensity allows for the selection of DNA positive

cells and the elimination of very dimly stained events. The data acquisition template in INSPIRE
VR

applies these regions sequentially and

20,000 events were collected from each sample from the Hoechst1 region in panel C. The percentages shown in each panel are taken

from control samples and may vary slightly in samples that have been exposed to chemical agents.
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>13. The number of tri- and quadranucleated cells were then

summed to obtain the total number of POLY cells in each

sample. Truth populations were used to determine the region

boundaries and Table 2 shows the percentage of each truth

population remaining following the application of each region

in the template for mono-, tri- and quadranucleated cells as

well as the dimensions and parameters of all regions used in

Figure 3. Supporting Information Table S2 contains the details

of how to create the POLY Cell Mask.

Micronucleus Masking and Gating Strategy

In a previous publication, details for creating the MN

mask are specified (43). For completeness, Supporting Infor-

mation Figure S2 and Supporting Information Table S2 con-

tains the full details regarding how to create the MN mask

used in this work. As previously mentioned, the DNA stain

used here was changed from DRAQ5 to Hoechst and data was

collected using the 603 magnification lens. Therefore, slight

modifications were made to the MN mask and gating strategy.

The MN mask is a combination of the Spot, Dilate and Mor-

phology masks that identify Hoechst-stained spots separate

from the main nuclei. Two spot identification masks were cre-

ated; the first identifies spots with input radii between 2 and 6

pixels while the second identifies spots with radii between 1

and 6 pixels. At 603 magnification, one pixel has a width of

0.33 lm. In both spot identification masks, the spot-to-cell

background value was set to 2. LevelSet and Morphology masks

were then created to highlight the main nuclei and were sub-

tracted from Spot masks 1 and 2. This process is described in

more detail in previous work (43). Finally, the Range mask

Table 1. Demonstration of the effectiveness of the gating strategy to retain positive events while removing negative events during data

acquisition in INSPIRE
VR

. In addition, the features, region boundaries and purpose for using each feature in the data acquisition template

are shown. (A) The percentage of events remaining from the data acquisition positive and negative truth populations for mono-, bi-, tri-,

and quadranucleated cells following sequential application of each region. Region boundaries were adjusted to minimize the inclusion of

negative events and to ensure inclusion of at least 85% of positive events. (B) Summary of region boundaries and all features used to cre-

ate the data acquisition template in INSPIRE as described in Figure 2. The purpose for the use of each feature is also shown.

(A)

REGION

% POSITIVE TAGGED EVENTS REMAINING

FOLLOWING APPLICATION OF EACH REGION

% NEGATIVE TAGGED EVENTS REMAINING

FOLLOWING APPLICATION OF EACH REGION

Mononucleated cells

Single cells 100 94

BF and Hoechst focus 92 2

Hoechst1 90 2

Binucleated cells

Single cells 98 88

BF and Hoechst focus 92 0

Hoechst1 92 0

Trinucleated cells

Single cells 100 92

BF and Hoechst focus 92 0

Hoechst1 92 0

Quadranucleated cells

Single cells 100 100

BF and Hoechst focus 94 2

Hoechst1 94 2

(B)

FIGURE PANEL FEATURES REGION BOUNDARIES (MIN/MAX) PURPOSE OF FEATURE/REGION % OF TOTAL EVENTS

2A BF Aspect Ratio

BF Area

0.75/1

100/900

Selects for single cells 63.3

2B Hoechst Gradient RMS

BF Gradient RMS

10/14

45/70

Selects for the most well-focused

single, DNA positive cells

4.9

2C Hoechst Intensity 23105/23106 Eliminates dimly stained events 4.2
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was created using the MN mask to allow proper identification

of MN between 8 and 120 pixels (0.89 and 13.3 lm2). This

range is slightly different than that proposed by published

scoring criteria which indicates that MN should have areas

that vary between 1/256th and 1/9th of the area of the main

nuclei (9,46). Normally this would correspond to a MN range

between 0.40 and 11.1 lm2 since the mean area of the main

nuclei was approximately 100 lm2. However, the increased

lower area limit was necessary to avoid the incorrect masking

of small image artifacts that can occur when attempting to

mask spots below 1 lm2 and the increased upper area limit

was necessary to ensure that larger legitimate MN were not

missed. Supporting Information Table S2 contains the details

of how to create the MN mask.

To quantify MN in both MONO and BN cells, the Spot

Count feature, which highlights bright regions within an

image, was created using the MN mask. This new MN Spot

Count feature was then applied to the final MONO cell popu-

lation (absence of Cyt-B) or the final BN cell population

(presence of Cyt-B). A histogram of MN frequency was then

generated to differentiate cells with zero MN from cells with

at least one MN (Fig. 4A; Table 2C). In some cases, DNA

Figure 3. Masking and gating strategy to identify mononucleated (MONO), trinucleated (TRI), and quadranucleated (QUAD) cells contain-

ing separated nuclei with normal circular morphology. (A) Illustration of the various components used to create the Polynucleated Cell
mask and the individual component masks. The Hoechst-stained images are shown in white while the masks are shown in blue, purple,

red, green and yellow. (Ai—top row) Unmasked Hoechst-stained nuclei (Ai—rows 2 and 3) The LevelSet mask which identifies pixel

homogeneities in an image used to mask all nuclei and the Watershed mask which segments any connected masks in the image are used

to create the Polynucleated Cell Mask. (Aii) Individually masked nuclei created using the Component mask highlighted in different colors

(component 1 5 purple, component 2 5 red, component 3 5 green, component 4 5 yellow). Component mask 1 allows for identification of

MONO cells while Component masks 2–4 allow for identification of TRI and QUAD cells. (B) The Spot Count feature created using the Poly-
nucleated Cell Mask identifies cells with one, three or four distinct nuclei. (C–E) The Aspect Ratio (AR) and Circularity features were created

using Component masks 1–4. Using the 1N population from panel B, a bivariate plot of these two features was created (C) to select for

cells containing nuclei with normal morphology. MONO cells containing nuclei with high AR and Circularity values can then be separated

from cells with nuclei possessing irregular nuclear morphology. (D, E) Using the 3N or 4N population from panel B, a bivariate plot of the

Average AR and Average Circularity features was created to select for cells containing three (D) or four (E) nuclei with normal morphology.

TRI and QUAD cells containing nuclei with high Average AR and high Average Circularity values can then be separated from cells with

nuclei possessing irregular nuclear morphology. The percentages shown in each panel are taken from control samples. The values in

panels C–E and will vary significantly from samples that have been exposed to chemical agents.
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Table 2. Demonstration of the effectiveness of the gating strategy to retain positive events while removing negative events during data

analysis in IDEAS
VR

. In addition, the features, region boundaries and purpose for using each feature in the data analysis template are

shown for each cell type. (A) The percentage of events remaining from the data acquisition positive and negative truth populations for

mono-, bi-, tri-, and quadranucleated cells following sequential application of each region. Region boundaries were adjusted to minimize

the inclusion of negative events and to ensure inclusion of at least 85% of positive events. (A) The percentage of events remaining from

the data analysis positive and negative truth populations following sequential application of the IDEAS data analysis regions for the

mono-, tri- and quadranucleated cell populations. Region boundaries were adjusted such that at least 85% of positive events remained.

(B) Summary of features used in the IDEAS data analysis template to select for mono-, bi- and quadranucleated cells. (C) Summary of fea-

tures used in the IDEAS data analysis template to select for MN-containing mononucleated and binucleated cells. In B and C, the purpose

for the use of each feature is also shown. The percentages of the total events shown are taken from control samples and will vary from

samples that have been exposed to chemical agents.

(A)

REGION

% POSITIVE TAGGED EVENTS REMAINING

FOLLOWING APPLICATION OF EACH REGION

% NEGATIVE TAGGED EVENTS REMAINING FOLLOWING

APPLICATION OF EACH REGION

Trinucleated cells

Nonapoptotic 100 100

3 nuclear spots 100 84

Trinucleated cells 88 4

Quadranucleated cells

Nonapoptotic 100 100

4 nuclear spots 100 88

Quadranucleated cells 96 4

Mononucleated cells with Cyt-B

Nonapoptotic 100 84

1 nuclear spot 100 54

Mononucleated cells 100 4

Mononucleated cells without Cyt-B

Nonapoptotic 100 94

1 nuclear spot 100 88

Mononucleated cells 96 2

(B)

FIGURE PANEL FEATURES

REGION BOUNDARIES

(MIN/MAX)

PURPOSE OF FEATURE/

REGION

% OF TOTAL

EVENTS

S1B* Hoechst Area

BF Contrast

50/300

0/15

Removes apoptotic

events

92.2

Mononucleated cells

3B Hoechst spot count 0.5/1.5 Selects for events with

one distinct nucleus

identified by the

polynucleated cell

mask

44.6

3C Hoechst Aspect Ratio

Hoechst Circularity

0.85/1

20/50

Selects for events that

have one distinct

nucleus with high

Aspect Ratio and

Circularity values

38.5

Trinucleated cells

3B Hoechst Spot Count 2.5/3.5 Selects for events with

three distinct nuclei

identified by the

5.3
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positive debris that resides outside of the cytoplasm was

masked by the MN mask and it was necessary to ensure that

these events were not being scored as true MN. In addition,

artifacts between the main nuclei of BN cells were sometimes

also being incorrectly masked. In order to eliminate these

events, the Spot Distance Minimum (SDM) feature was used.

The SDM feature computes the minimum distance between

the centers of two spots and was used to compute the distance

between the MN and the main nucleus (Fig. 4B). In BN cells,

this feature was used to compute the minimum distance

between the MN and both main nuclei in all BN cells; both of

these distances were then summed. A histogram of the SDM

feature was then used to remove events in which masked

DNA-positive particles resided at distances outside of the

cytoplasmic boundary (16 and 21 lm for MONO and BN

cells, respectively) as well as artifacts that were masked

between the main nuclei of BN cells (Fig. 4B; Table 2C).

Finally, according to the scoring criteria developed by Fenech

et al. MN should be morphologically similar to and usually

have about the same staining intensity as the main nuclei

(9,46). The Aspect Ratio feature was created using the MN

mask to identify circular MN. The Median Pixel feature, which

computes the median of all background subtracted pixels in a

mask, was created using both the BN cell and MN masks. The

ratio of the Median Pixel values for both masks was then cal-

culated to create a combined BN cell/MN Median Pixel fea-

ture. Figure 4C shows a bivariate plot of the MN mask Aspect

Ratio and the BN Cell/MN Medial Pixel features. Positive MN

had Aspect Ratio values higher than 0.6 and BN Cell/MN

Median Pixel values between 1 and 3 (Table 2C). Events

TABLE 2. Continued

(B)

FIGURE PANEL FEATURES

REGION BOUNDARIES

(MIN/MAX)

PURPOSE OF FEATURE/

REGION

% OF TOTAL

EVENTS

polynucleated cell

mask

3D Average Hoechst Aspect Ratio (Components 1,2,3)

Average Hoechst Circularity (Components 1,2,3)

0.85/1

13/35

Selects for events that

have three distinct

nuclei with high

Aspect Ratio and

Circularity values

2.5

Quadranucleated cells

3B Hoechst Spot Count 3.5/4.5 Selects for events with

four distinct nuclei

identified by the

polynucleated cell

mask

3.0

3E Average Hoechst Aspect Ratio

(Components 1,2,3,4)

Average Hoechst Circularity (Components 1,2,3,4)

0.85/1

13/35

Selects for events that

have four distinct

nuclei with high

Aspect Ratio and

Circularity values

1.8

*The gate in Figure S1A was used as an initial filter to remove apoptotic events from analysis.

(C)

FIGURE PANEL FEATURES REGION BOUNDARIES (MIN/MAX) PURPOSE OF FEATURE/REGION

4A MN mask spot count 0.5/4 Selects cells with spots identified

by the MN spot mask

4B MN spot distance minimum 0.2/25a

0.2/18b

Filters cells where MN reside

outside the cytoplasm

4C MN aspect ratio

Median pixel ratio

(BN cell/MN)

0.6/1

1/3

Selects for cells with circular MN

that have a similar staining

intensity as that of the main

nuclei

aIn BN cells.
bIn mononucleated cells.
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possessing an Aspect Ratio of <0.6 were largely found to be

irregularly shaped artifacts. Furthermore, the Median Pixel

ratio values between BN cells and MN vary between 1 and 3

simply because the ISX captures two dimensional images of

three dimensional objects. As mentioned in previous work,

some legitimate MN in an image may reside at a different

depth of field than the main nuclei, and will therefore appear

to be slightly less intense but should not be misinterpreted as

false positive MN or artifacts (41,43).

Experiments without Cytochalasin B

Results for experiments performed in the absence of

Cyt-B are shown in Figure 5 and in Supporting Information

Table S3. In all cases except mannitol, statistically significant

increases in the number of MN-containing MONO cells were

observed in all doses above and several doses below the

55 6 5% cytotoxicity target (12) when compared with solvent

controls. All cytotoxicity values discussed here are from the

RPD parameter since the RICC parameter has been shown to

overestimate cytotoxicity when compared with RPD (7,48).

For Colchicine (Fig. 5A) the 0.02 and 0.03 lg/mL doses were

the only two below 55% cytotoxicity to produce a significant

increases in MN frequencies, 0.28 and 0.62% respectively,

corresponding to fold increases of 1.75 and 3.88 over the sol-

vent control. For VS (Fig. 5B) all doses below the 55% cyto-

toxicity target induced statistically significant increases in

MN frequency compared with the solvent control except for

0.005 lg/mL dose. The MN frequencies ranged from 0.4% at

0.01 lg/mL (a 2.5-fold increase) to 1.6% at 0.02 lg/mL (a

10-fold increase). In the case of the clastogens MMC and

MMS (Figs. 5C and 5D) all doses below 55% cytotoxicity

induced statistically significant MN frequencies when com-

pared with solvent controls. For MMC, the MN frequencies

ranged from 0.27 at 0.05 lg/mL (a 1.68-fold increase) to

1.57% at 0.4 lg/mL (a 9.87-fold increase) and for MMS, the

MN frequencies ranged from 0.75 at 5 lg/mL (a 5-fold

increase) to 2.48% at 25 lg/mL (a 16.53-fold increase).

Finally, mannitol (Fig. 5E), a substance that has been shown

previously to be non-cytotoxic and non-genotoxic (14),

induced a cytotoxicity of 30.1% at the highest dose of 4,000

Figure 4. Gating strategy to identify micronuclei (MN) within mononucleated (MONO) and binucleated (BN) cells. (A) Histogram of the

Spot Count function, which highlights bright regions within an image, created using either the final BN cell population (with cytochalasin

B) or the final MONO cell population (without cytochalasin B) to identify all potential MN. (B—top) The Spot Distance Minimum (SDM) fea-

ture, which calculates the shortest distance in microns between two spots, is then used to measure the distance between the center of the

main nucleus and the center of the MN (B—bottom) Histogram of the SDM feature illustrating how events with large SDM values contain

DNA-positive spots that are likely to reside outside of the cytoplasm (C) Bivariate plot of the Aspect Ratio feature created using the MN
mask versus the Median Pixel ratio of the BN cell mask and the MN mask to identify true MN that are both circular and have a staining

intensity comparable to that of the main nuclei. The percentages shown in each panel are taken from control samples. The values in pan-

els A, C, and D will vary significantly from samples that have been exposed to chemical agents.
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lg/ml, but did not induce statistically significant increases in

the frequency of MN compared with the solvent control at

any doses.

On average, a data file containing 20,000 total events

took approximately 6 min to acquire and another 2–3 min to

process in IDEAS depending on file size. Therefore, acquisi-

tion and analysis from 6 or 7 samples can be completed in

about 1 h. Additionally, an average of 14,000 MONO cells per

culture (28,000 cells per test concentration) were identified

and scored in IDEAS.

Figure 5. Genotoxicity measured by the percentage of MN (clear bars) and cytotoxicity measured by both RPD (black circles) or RICC

(white circles) following a 3 h exposure and 24 h recovery in the absence of cytochalasin B for (A) colchicine, (B) vinblastine sulfate, (C)

mitomycin C (MMC), (D) methyl methanesulfonate (MMS), and (E) mannitol. Statistically significant increases in MN frequency compared

with solvent controls are indicated by stars (*P< 0.05; **P< 0.01; ***P< 0.001). All quantities are the average of two replicates at each

dose point.
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Experiments with Cytochalasin B

Results for experiments performed in the presence of

Cyt-B are shown in Figure 6 and in Supporting Information

Table S4. For all chemicals except mannitol, statistically signif-

icant increases in the number of BN cells containing MN were

observed in all doses above and several doses below the

55 6 5% cytotoxicity target (12) when compared with solvent

controls. For Colchicine (Fig. 6A) the 0.02, 0.03, and 0.04 lg/

mL doses were the only three below 55% cytotoxicity to pro-

duce a significant increases in MN frequencies, which ranged

from 1.28 to 2.26% respectively, corresponding to fold

increases that ranged from 3.56 to 6.28 over the solvent con-

trol. For VS (Fig. 6B) all doses induced statistically significant

increases in MN frequency compared with the solvent control.

Figure 6. Genotoxicity measured by the percentage of MN (clear bars) and cytotoxicity measured by both RPD (black circles) or RICC

(white circles) following a 3 h treatment and 24 h recovery in the presence of cytochalasin B for: (A) colchicine, (B) vinblastine sulfate, (C)

mitomycin C (MMC), (D) methyl methanesulfonate (MMS), and (E) mannitol. Statistically significant increases in MN frequency compared

with controls are indicated by stars (*P< 0.05; **P< 0.01; ***P< 0.001). All quantities are the average of two replicates at each dose point.
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The MN frequencies ranged from 0.58% at 0.005 lg/mL (a

2.9-fold increase) to 2.29% at 0.03 lg/mL (an 11.45-fold

increase). In the case of the MMC (Fig. 6C) only the two top

doses (0.4 and 0.5 lg/ml) induced statistically significant MN

frequencies when compared with solvent controls. The MN

frequencies were 0.93% at 0.4 lg/mL (a 2.58-fold increase)

and 1.02% at 0.5 lg/mL (a 2.83-fold increase). Similarly for

MMS, only the top two doses below the 55% cytotoxicity

threshold (20 and 25 lg/ml) induced statistically significant

increases in MN when compared with solvent controls. The

MN frequencies were 0.61% at 20 lg/mL (a 6.10-fold

increase) and 0.53% at 25 lg/mL (a 5.30-fold increase).

Finally, for mannitol (Fig. 6E), the 3,000 lg/mL induced a

cytotoxicity of 26.7% but no doses induced statistically signifi-

cant increases in the frequency of MN when compared with

solvent controls (14).

On average, a data file containing 20,000 total events

took approximately 10 min to acquire and another 2–3 min to

process in IDEAS depending on file size. Therefore, acquisi-

tion and analysis from 4 or 5 samples can be completed in

about 1 h. The throughput of samples exposed to Cyt-B is

slightly lower than in the absence of Cyt-B since highly

focused BN cells are fewer in number than MONO cells and

are therefore more difficult to capture on the ISX. Following

processing of all data files in IDEAS, an average of 3,000 BN

cells, 8,000 MONO cells and 400 POLY cells per culture

(6,000, 16,000, and 800 cells per test concentration, respec-

tively) were automatically identified and scored. In all samples

except one, at least 1,000 BN cells were scored as per OECD

scoring recommendations (12). The single exception was one

replicate of one MMS sample exposed to 30 lg/mL where

only 989 BN cells were scored and can likely be attributed to

the high level of toxicity at this dose.

DISCUSSION

This article demonstrates that the in vitro MN assay to

assess cytotoxicity and genotoxicity can be adapted to an

automated IFC method. In its current form, the sample prepa-

ration protocol, staining procedures and data collection are

straightforward. However, the data analysis procedures are

slightly more difficult, especially when considering that accu-

rate identification of mono-, bi-, and polynucleated cells must

be achieved. It is worth noting that if one examines (Fig. 2C),

it may appear that these events may be able to be separated

based purely on DNA intensity. In fact, this is not the case.

Examination of the imagery in the peaks of the histogram

reveals that each peak contains a mixture of cells with different

numbers of nuclei. This is due to the fact that the uniformity

in staining intensity can vary from one cell to the next. As

such, separating populations based on DNA intensity alone

does not work well, hence why the data analysis in this work is

complex. Despite the difficulty of the image processing techni-

ques, once an IDEAS template has been created, the batch

processing option allows for data files from many samples to

be rapidly analyzed automatically, removing any user bias or

need for user intervention. All data files consisting of both BF

and fluorescent images from all cellular images captured can

be stored for re-analysis if necessary. At the 603 magnification

setting used in this work, the resolution of the ImageStream is

0.1 mm2. Therefore, no image enhancement has been per-

formed and MN can be easily observed by eye in the images in

the IDEAS analysis software, as well as by the masking algo-

rithms used for automated enumeration. MN are also are fully

visible in the image preview gallery during data acquisition on

the ISX. The method presented here demonstrates several

advantages over currently established techniques to perform

the in vitro MN assay.

In this study, four chemicals (two aneugens and two clas-

togens) known to induce MN, as well as one negative control

chemical, were evaluated for cytotoxicity and genotoxicity. In

samples not exposed to Cyt-B, increases in cytotoxicity were

observed with increasing chemical dose as expected and all

top doses induced a cytotoxicity of >55 6 5%, similar to

results presented in published literature (7,48–50). In samples

exposed to Cyt-B however, cytotoxicity values at most doses

from all chemicals tested tended to be lower than when Cyt-B

was not used. Similar results have been presented in the litera-

ture using several chemicals tested in a number of different

cell lines, with varying exposure schedules (7,51,52). For VS

and MMC, none of the tested doses induced a cytotoxicity of

55% when Cyt-B was used; in fact in the case of VS, several

negative values for cytotoxicity were observed with increasing

dose. Similar trends have been observed by Massey and Hin-

chliffe who reported several negative cytotoxicity values when

using VS in V79 cells and by Elhajouji who demonstrated

cytotoxicity values below 15% up to doses of 1.0 lg/mL of

MMC in TK6 cells (7,52). Additionally, Hashimoto et al. (53)

observed opposing cytotoxicity trends in the presence and

absence of Cyt-B using a number of clastogens and aneugens

in TK6 cells, albeit with different exposure/recovery schedules.

Exposure of cells to Mannitol showed an increase in cytotoxic-

ity of <30% both in the presence and absence of Cyt-B. This

compares well to previous studies in which Mannitol was

shown to be negative for cytotoxic effects up to 5,000 lg/mL

(14). Overall, the cytotoxicity values obtained here for all

tested chemicals compare well to published literature.

The results presented here demonstrate clear positive

genotoxic responses in the form of MN induction from the

four chemicals tested at most doses. Statistically significant

increases in the frequency of MN when compared with con-

trols were observed for doses of all test chemicals that induced

a cytotoxicity of 55 6 5% both in the absence and presence of

Cyt-B. In the absence of Cyt-B, significant increases in MN

frequencies were also observed at most doses that did not

achieve 55% cytotoxicity with all tested chemicals when com-

pared with solvent controls. Only the two lowest doses of Col-

chicine (0.005 and 0.01 lg/ml) and the lowest dose of VS

(0.005 lg/ml) did not produce significant increases in MN.

When using aneugens in the presence of Cyt-B, only the low-

est two doses of Colchicine (0.005 and 0.01 lg/ml) did not

show significant increases in MN frequency. However, when

using clastogens in the presence of Cyt-B, only the top two

doses of MMC (0.4 and 0.5 lg/ml) and the top three doses of
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MMS (20, 25, and 30 lg/ml) showed significant increases in

MN frequency. For MMS in the absence of Cyt-B, there is an

apparent lack of correlation between cytotoxicity and MN

induction between the 25 and 30 mg/mL doses (Fig. 5D). That

is, the RPD increases from 52.5% (25 mg/ml) to 72.2% (30 mg/

ml) while the corresponding MN frequencies are 2.48 and

2.53% for 25 and 30 mg/ml, respectively; a very small increase.

This is likely due to two factors. The first is that manual

hemocytometer counting performed on these samples to

determine cytotoxicity has a high degree of uncertainty. The

second is that the recovery time of 24 h is relatively short in

comparison to the TK6 cell doubling time of 15 h (1.6 dou-

bling times). This may be too short to allow MN to be fully

expressed at higher doses. These results indicate that it may be

worth increasing the culture time in future experimental work

to more accurately quantify MN expression at higher doses.

When examining the literature for studies using TK6 cells

exposed to the same test chemicals and similar exposure/recovery

schedules, the fold increases in MN frequency compared well to

the results obtained here in some cases, and in other cases they

were slightly higher or lower. For example, with Colchicine, Elha-

jouji reported twofold and threefold increases MN frequency,

with and without Cyt-B, respectively at a dose level of 0.05 lg/

mL (7). Here, at the same dose level, 7-fold and 14-fold increases

in MN frequency were observed with and without Cyt-B, respec-

tively. In the case of VS, Lorge reported a 10-fold increase in MN

frequency over solvent controls in MONO cells at a dose level of

0.023 lg/mL (48). Here, at approximately the same dose, a 10-

fold increase in MN frequency when compared with solvent con-

trols was also observed. Overall rates of MN induction using

clastogens only slightly exceeded 1.0% at the top doses, an effect

that has also been observed in the literature. For example, in the

case of MMC, Elhajouji reported MN frequencies of 1.6% and

4.0% (1.7- and 2.4-fold increases, respectively) with and without

Cyt-B, respectively, at a dose level of 0.4 lg/mL (7). Here, at the

same dose level, MN frequencies of only 1.6% and 0.9% were

observed with and without Cyt-B, respectively. However, these

correspond to 10-fold and 3-fold increases in MN frequency

when compared with solvent controls. In general, the results pre-

sented here demonstrate that statistically significant increases in

MN both in the presence and absence of Cyt-B from four test

chemicals are detectable above and below the 55 6 5% cytotoxic-

ity target using the ISX method to perform the in vitro MN

assay. Caution must be taken when attempting to draw conclu-

sions based on comparisons between the experimental results

presented here and published literature. Laboratory conditions,

sample preparation methods and exposure/recovery times all

present variations in the methods as a whole. In addition, the

large variations that exist between manual slide scoring and the

mathematical algorithms used to identify MN in this ISX-based

method lead to difficulties when attempting to compare results.

Our group (MilliporeSigma, Seattle, WA and the Con-

sumer and Clinical Radiation Protection Bureau, Health Can-

ada, Ottawa, ON, Canada) has previously reported on several

limitations with the ISX-based methods to score MN; such as

the observation of a lower MN frequency when compared

with manual slide scoring for triage radiation biodosimetry

(40,41). When compared with automated slide-scoring meth-

ods however, the MN frequency was more consistent with

results in published literature (43). The explanation provided

for such variations in MN frequency between the ISX method

and manual scoring in the context of radiation biodosimetry

likely applies in this work also. The discrepancy most probably

arises from a combination of the strictness of scoring parame-

ters implemented in automated methods and the depth of

field of the ISX. Tight-fitting nuclear masks can be created in

IDEAS, but some MN that reside very close to or touch the

main nuclei may still be incorrectly enveloped within the

nuclear mask and can be missed. Additionally, some very

small MN that would likely be scored through manual meth-

ods will be missed due to the need for an increased lower area

limit on the MN mask to avoid the incorrect masking of small

debris or artifacts. In a recent publication, we optimized the

data analysis template created in IDEAS in an attempt to cap-

ture some of these missed MN, but only partial improvements

in the way of masking modifications were possible (43). As

described in that publication, we attempted to reduce the area

of the BN cell mask to avoid enveloping a MN in close prox-

imity to the main nuclei. This sometimes caused smaller,

DNA-positive debris to be incorrectly masked as a main

nucleus. By the same token, reducing the area of the MN

mask to score smaller MN remained an issue since this caused

small image artifacts to be falsely counted as MN, especially at

the periphery of the main nuclei. In addition to the complexi-

ties of image-based data analysis, the ISX captures two dimen-

sional images of three dimensional objects which may cause

MN that are hidden behind a main nucleus to be missed.

Also, some MN may reside at a different depth of field than

the main nuclei which then makes identification and masking

difficult due to their lower intensity. The higher MN frequen-

cies in MONO cells when compared with BN cells observed

here is likely because it is more difficult to capture highly

focused BN cells containing in-focus MN than it is to capture

highly focused MONO cells containing in-focus MN. The

larger area of the BN cells may result in MN residing out of

the focal plane, thus resulting in a lower rate of MN detection

In several unpublished experimental studies, the

extended depth of field (EDF) option on the ISX was applied

in the hopes of capturing MN lying at a different focal depths

than the main nuclei. The EDF option on the ISX allows light

from different focal planes to be imaged on the detector plane

simultaneously. The EDF is a useful option that allows struc-

tures and probes, such as individual chromosomes in suspen-

sion (54,55) or cH2AX foci (56,57) to be focused onto a

single two-dimensional image. This improves the ability to

count spots at different focus depths within the cell. In the

case of MN assays however, the EDF has thus far been unsuc-

cessful using both irradiated human lymphocytes in radiation

biodosimetry studies and TK6 cells in toxicology studies.

With the EDF option enabled, the main nuclei appear highly

punctate and structures that may be candidate MN are signifi-

cantly blurred. This makes resolving and masking these events

nearly impossible in IDEAS. Therefore, the EDF option was

not used in this work. The overall reduction in MN frequency
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observed here when compared with manual microscopy may

simply be a general phenomenon of automated analysis meth-

ods and may not be possible to overcome with current tech-

nologies and image processing algorithms. Historically, the

background frequency of MN has been shown to vary between

0.32% and 1.38% using flow cytometry and various

microscopy-based methods in genetic toxicology testing (58).

In this work, the background MN frequency is 0.19% on aver-

age slightly lower than the historical lower limit. As such, cau-

tion should be observed when attempting to interpret

statistically significant results at low dose levels. It is for these

reasons that a separate, dedicated investigation must be per-

formed to quantify the overall reduction in MN frequency

obtained by the ISX method in comparison to most other

established and validated methods including manual and

automated microscopy as well as conventional flow cytometry.

With respect to the conventional flow cytometry method, the

lack of compatibility with Cyt-B will make direct comparisons

to other all methods that are compatible with Cyt-B difficult

or impossible. However, direct comparisons between all meth-

ods in the absence of Cyt-B can be performed. Such a study

will also provide insight into the lower limit of sensitivity of

the ISX method as compared with other methods.

Despite these shortcomings, the ISX-based method to

perform the in vitro MN method offers many advantages over

all other techniques established to date. Fenech et al. recently

proposed several criteria that must be considered when devel-

oping automated image cytometry systems for MN assays

(59). Some of these criteria include visualization of both the

cytoplasm and nuclear material in MONO, BN, and POLY

cells, MN assessment from cultures at varying degrees of cyto-

toxicity, sufficiently high magnification to ensure confidence

in the quality of MN detected and the ability to quantitatively

characterize nuclear morphology and MN positioning within

the cytoplasm. The results demonstrated here illustrate that

the ISX satisfies, or possesses the potential to satisfy, all of the

proposed criteria. All samples are run on the ISX in suspen-

sion and therefore the need to create microscope slides has

been eliminated. Furthermore, automated slide-scoring meth-

ods typically do not allow visualization of the cytoplasm,

which can make some positive events questionable (e.g., BN

cells versus doublets) (21,23). On the ISX, cytoplasmic imag-

ery can be captured by the BF LED and all nuclear imagery by

the fluorescent lasers, demonstrating that all cell types of

interest, with and without MN, can be rapidly collected and

resolved. Images containing cells with nuclei of normal mor-

phology can then be automatically separated from other

events and debris by using a series of masks and features. For

example, apoptotic cells have been shown to be differentiable

from healthy cells simply through the use of BF Contrast and

DNA Area, without the requirement to use EMA or other via-

bility dyes (43,60). Healthy cells will have a lower, more uni-

form contrast in the brightfield images and the DNA imagery

will be large in area. By comparison, images of apoptotic/

necrotic cells will demonstrate dark spots and blebbing (char-

acteristic of chromatin condensation) in Brightfield imagery

and the nuclear imagery will be much smaller and more

fragmented. This allows relatively simple differentiation

between healthy and apoptotic/necrotic cells without the need

for additional sample processing. Moreover, conventional flow

cytometry methods still suffer from the lack of ability to con-

fidently differentiate between legitimate MN and DNA-

positive debris or fragments produced during apoptosis or

necrosis. This can lead to significantly overestimated MN fre-

quencies at higher doses that induce toxicity in excess of 55%

(32). Direct visualization of MN in all acquired images elimi-

nates these concerns in the ISX-based method. Furthermore,

POLY cells and cells with multiple MN can be easily identified

using manual microscopy but these events become difficult to

score in the case of automated slide scoring and impossible to

score in the case of conventional flow cytometry where lysis of

all cells is required. In the ISX method, all cells remain intact

as they flow through the cytometer and due to the spot count-

ing features available during image processing, all of these

events can be automatically identified and scored, as demon-

strated in this work and in previous publications (40–44).

Additional advantages of the ISX method are ease of sam-

ple processing, rapid rate of data acquisition and the high

numbers of cells that can be scored in a relatively short time-

frame. While samples for microscope-based methods can be

prepared relatively quickly (<1 h) conventional flow methods

currently require a minimum of 2.5 h to process a single sam-

ple, including multiple staining and cell lysing steps

(30,31,35). The sample processing technique used in this work

requires <2 h to process a single sample and includes only a

cytoplasmic swelling step, two fixation steps and a single

staining step; all of which are relatively easy to perform. The

OECD Test Guideline 487 for the in vitro MN assay recom-

mends that at least 2,000 BN cells be scored for the presence

of MN per test concentration for samples treated in the

absence of Cyt-B (12). When Cyt-B is used, it is recommended

to score 2,000 BN cells per test concentration for the presence

of MN (genotoxicity) along with at least 500 cells per test con-

centration to determine cytotoxicity. In this work, an average

of 28,000 MONO cells per test concentration for samples

tested in the absence of Cyt-B were collected and scored by

the ISX in about 10 min. For samples tested in the presence of

Cyt-B, an average of about 16,000 MONO, 6,000 BN and 800

POLY cells per test concentration were collected and scored in

approximately 20 min. The high numbers of cells captured by

the ISX illustrate the improvement in statistical robustness

that can be achieved in comparison to microscope-based ver-

sions of the assay. In addition, conventional flow cytometry

methods that do not use Cyt-B typically analyze between

20,000 and 40,000 lysed nuclei (30,31,61). The number of

MONO cells scored from samples treated without Cyt-B using

the ISX method fall roughly in the middle of this range and

have the added benefit of associated BF and fluorescent imag-

ery for every cell collected. Furthermore, conventional flow

cytometry methods do not possess the ability to distinguish

between MONO, BN, and POLY cells (32,50), whereas the

data analysis template created in this work can do this rela-

tively easily, allowing for cytotoxicity calculations to be per-

formed. Finally, data files from all processed samples

Original Article

Cytometry Part A � 00A: 00�00, 2018 17
722 In Vitro MN Assay by Imaging Flow Cytometry

ORIGINAL ARTICLE



containing all required imagery (e.g., cytoplasm, nuclear

material, etc.) can be stored indefinitely for re-evaluation if

necessary. This is not possible with conventional flow cytome-

try methods but can be performed using automated slide

scanning however, slides can only be stored for a few months

and must be re-loaded to examine specific events of interest

(23). In addition, in the majority of cases, the entire sample

does not have to be passed through the ISX to acquire the

required number of events. Any unused, fixed samples can be

returned and stored for several weeks in the event that

Table 3. Summary of the advantages and disadvantages of visual microscopy, automated microscopy, conventional flow cytometry and

imaging flow cytometry methods in the context of performing the in vitro micronucleus assay

SCORING METHOD ADVANTAGES DISADVANTAGES

Visual microscopy Direct visualization of all required events (e.g.,

MONO, BN, and POLY cells and MN)

Slides can be stored and re-scored if required

Validated sample preparation protocols and

scoring procedures

Laborious and suffers from low throughput

Inter-laboratory and scorer variations make MN

scoring subjective

High quality microscope slides are required and

slide quality can vary according to laboratory

conditions and technical expertise

Limited number of cells can be scored; restricts

statistical robustness

Automated

microscopy

Automatic scanning of slides allows identification

of MN and MONO, BN, and POLY cells

Images can be stored and slides can be

re-scanned if necessary

Improved throughput when compared with

visual microscopy (1,000–2,000 BN cells can be

detected in about 2 min)

High-quality microscope slides are required and

slide quality can vary according to laboratory

conditions and technical expertise

Lack of cytoplasmic visualization with many

systems

Visual verification of the image gallery required

due to high rates of false positive BN cells and

MN; may re-introduce scorer bias and reduces

throughput

In many cases, slides must be scanned twice: first

for BN cells and then again for MONO and

POLY cells

Conventional flow

cytometry

Fully automated scoring of nuclei and MN

High throughput data acquisition (several

thousand events can be scored in just a

few minutes)

Viable nuclei can be easily differentiated from

necrotic or apoptotic cells

Cell lysis creates a solution that may contain

debris; does not guarantee clear distinction

between MN and DNA positive debris

Absence of cytochalasin B does not permit the

use of the cytokinesis-blocked version of the

MN assay; BN and POLY cells cannot be

quantified

Imaging flow

cytometry

Direct visualization and potential for fully

automated scoring of all required events (e.g.,

MONO, BN, and POLY cells and MN)

Cytoplasm can be visualized through the use of

brightfield imagery

Multiple excitation lasers and image channels will

allow for several cellular structures to be

imaged simultaneously (e.g., nuclei,

centromeres, telomeres)

High throughput data acquisition (several

thousand events can be scored in just a few

minutes)

All cellular imagery is stored in data files

permitting re-analysis if required

Custom data analysis templates created using

image processing algorithms allow scoring

criteria for BN cells and MN to be

implemented

MN frequency obtained using IFC has been

shown to be roughly 30% of that measured

using manual microscopy in radiation

biodosimetry

Two-dimensional projection image of a

three-dimensional cell likely causes some MN

to be hidden behind the main nucleus or to

reside at a different depth of focus than the

main nuclei

Mathematical algorithms used to perform image

analysis lack the flexibility and judgment of the

human eye; this may cause smaller MN or MN

that reside very close to the main nuclei to be

missed
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additional data collection is required. The advantages and lim-

itations of all methods for performing the MN assay for toxi-

cology discussed in this article are summarized in Table 3.

In a recent publication Verma et al. stated that “a test sys-

tem that combines the high-throughput, high-content and

multiplexing potential of flow cytometry, with the re-

validation and data storage benefits for image analysis, would

be a major step forward in achieving a truly twenty-first cen-

tury approach” (50). The ISX-based method developed here

for performing the in vitro MN assay satisfies this statement

and overcomes many of the challenges in slide-based micros-

copy and conventional flow cytometry techniques. The work

in this article presents the first step toward the development

of a fully automated, ISX-based method for performing the in

vitro MN assay to assess cytotoxicity and genotoxicity. Further

development, optimization and validation are required; how-

ever, these results indicate that this method may represent the

next technological advancement for performing automated

MN assays.

FUTURE DIRECTIONS

The methodology presented here to perform the in vitro

MN assay using imaging flow cytometry can be improved

upon and expanded to better identify and quantify MONO,

BN, and POLY cells as well as MN. For example, since all

true MN form their own nuclear envelope, markers that stain

the nuclear envelope can be incorporated into sample prepa-

ration methods and imagery can be captured on the ISX.

This will allow further confirmation that the identified MN

are indeed genuine. Furthermore, since most MN appear rel-

atively large at 603 magnification, it may be possible to

incorporate centromere, telomere, and nuclear protein (e.g.,

histone) markers to better differentiate MN from nonspecific

DNA positive events, and identify MN that originate from

whole chromosomes versus those from chromosomal frag-

ments. This may also allow for the development of a proto-

col to distinguish aneugenicity from clastogenicity.

Additionally, as is done with conventional flow cytometry

methods, apoptotic/necrotic markers can be added to con-

firm the effectiveness of the current methodology (e.g., BF

contrast vs. Nuclear area) to separate these apoptotic or

necrotic cells from viable cells. Due to the multi-spectral

nature of the ISX, and the wide range of masks and features

available in IDEAS for data analysis, it is conceivable that

many (or all) of these markers could be introduced at the

same time to all samples, providing a broader picture of the

cytotoxic and genotoxic processes taking place.

There are several working methods to perform the in

vitro MN assay: visual microscopy, automated microscopy

and conventional flow cytometry and studies in the literature

have been performed to assess the comparability between

these methods (50). In order to assess the accuracy of the ISX

method described in this article, a dedicated investigation

should performed that compares results to the existing three

established methods. This will allow for the determination of

how well the results obtained from the ISX method compares

to other validated methods.

The current OECD guideline for performing the in vitro

MN assay permits the use of several cell lines, both human

and rodent as well as primary human or other mammalian

peripheral blood lymphocytes (12). Several studies have been

performed to test the in vitro MN assay using a number of dif-

ferent cell types including human peripheral blood lympho-

cytes (14,49), Chinese Hamster Ovary cells (13), Chinese

Hamster Lung cells (17), and mouse lymphoma L5178Y cells

(16,48,62), demonstrating positive results for many test

agents. Therefore, the assay should be performed on the ISX

using additional cell types and chemical agents to develop

applicable sample processing methods and to demonstrate the

adaptability of the method.

Finally, the ISX possesses an autosampler option in which

a 96 well plate can be loaded into the instrument allowing

samples to be run with very little user intervention. A plate

definition template can be defined that assigns specific instru-

ment settings to particular wells, allowing customizable data

collection for each sample. The use of the autosampler would

greatly expand the number of samples that could be analyzed

per experiment. This would allow laboratories using this tech-

nique to run experiments in triplicate or quadruplicate (or

higher replicates) enabling robust measurements of typical

background MN frequencies to be obtained. Additionally, the

use of the autosampler would permit a larger number of sam-

ples to be run per experiment, allowing for a wider range of

dose levels to be tested than may be possible using other

methods and to examine the dynamic range of a number of

cell types. All of this, combined with an increased number of

replicates per dose point, may help to better interpret any

chance statistically significant increases observed that may not

be biologically meaningful.

All of these proposed future research directions would

increase the capacity of the ISX to provide more robust and

comprehensive results from the in vitro MN assay than are

currently available from all other methods.
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