


cronuclei elimination: degradation, reincorporation into
the main nucleus, extrusion from the cell, and persistence
in the cytoplasm; but there are two additional fates: the
premature chromosome condensation/chromothripsis and
the elimination of MN cells by apoptosis [23]. The degrada-
tion of MN was observed under specific situations in fixed
primary and immortalized cells from humans and other
animal species. Those MNs were induced by clastogenic/
aneugenic agents and the type of degradation was variable
(apoptic, autophagic, lysosomal). Autophagy represents
one way of micronuclei degradation. It is a catabolic pro-
cess when degradation of cellular components is caused
by lysosomes [11]. Another possible fate of micronuclei
degradation has been described by Rello-Varona
etal. [37]. The authors found that MNs were removed by
macroautophagy. A small percentage of MNs was local-
ized inside autophagic vesicles and the collapse of the MN
envelope observed could have been associated with DNA
damage caused by those lysosomes. Then, the extrusion
of the MNs has only been shown under very specific ex-
perimental circumstances; the MN can be extruded during
a high concentrated cytoB-induced anucleation observed
in mammalian cells [30] and/or micronuclei containing
whole chromosomes can be extruded [39]. Then, chromo-
tripsis (premature chromosome condensation) can occur.
It causes massive genomic rearrangements resulting in the
presence of highly mutated chromosomes within one cell
cycle. A higher percentage of reincorporation was observed
in MNs induced by aneugenic agents, but data from studies
are not consistent, so general conclusions cannot be made.
On the other hand, a very high percentage of MNs persists
until the next mitosis without alteration [23].

The cytokinesis-block micronucleus assay (CBMN)
is preferred using both in vivo and in vitro methods of MNs
detection in various cell lines [14]. The author described
the CBMN cytome assay as the comprehensive system
for measuring DNA damage, cytostatic and cytotoxicity,
where specifically once divided binucleated (BN) cells were
scored. The occurrence of the MN (biomarker of chro-
mosomal breakage and/or loss of whole chromosome),
nucleoplasmatic bridges (NPB, biomarker of faulty DNA
repair and/or telomere and fusion), nuclear buds (NB, bio-
marker of elimination of amplified DNA and/or complex
DNA repair mechanism) are analysed. Moreover, the cyto-
static effects are scored using the cytokinesis-blocked pro-

liferation index (CBPI) which is the ratio between mono-,

bi- and multinucleated cells and cytotoxic effects through
the ratio of the necrotic and/or apoptotic cells.

The CBMN is used for monitoring of clastogenic
(mainly induction of chromosomal fragments) and aneu-
genic (disruption of mitotic apparatus leading to mis-seg-
regation either chromatids or whole chromosomes during
mitosis) effects of the chemical agents as genotoxic dam-
age. The MNs are also widely used as indicators of genomic
instability and in vivo exposures by genotoxins in biomoni-
toring studies [23].

In this review we will summarize information and make
conclusions whether the CBMN test is a suitable method
for in vivo or in vitro genotoxicity testing in aquatic species

and farm animals.

MATERIALS AND METHODS

The data were obtained by the analysis of previously
published research involving methodology and analysis
of the micronucleus assay and its application to genotoxi-
cology assessment in water environments and farm ani-
mals. The authors “experiences” in the application of MN
assay on bovine peripheral lymphocytes were also de-

scribed and analysed in the article.

COMPARISON OF IN VITRO AND
IN VIVO MICRONUCLEUS TEST

According to the OECD guidelines, the following two
main types of MN assays are approved for chemical test-
ing: the in vivo mammalian erythrocyte MN assay (OECD
No. 474) [31] and the in vitro mammalian micronucleus
test (OECD No. 487) [32]. Their summary and comparison

can be found in Table 1.

SLIDE SCORING AND ANALYSIS

The criteria for scoring cells has been described in de-
tail in the HUMN project [15] and CBMN cytome assay
[14], and are used as standards for scoring the cells.

The microscopic analysis of each slide should be per-
formed by two different scorers using identical micro-

scopes and examining at 1000x magnification. The sam-
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Table 1. Comparison of the in vivo mammalian erythrocyte MN test [31]
and the in vitro mammalian cell MN test [32]

Invivo mammalian erythrocyte MN test

Invitro mammalian cell MN test

Experimental models
Samples

Solvents

Positive controls

Preparation of
samples

Preparation
for staining

Analysis/scoring cells

mice, rats, other mammalian species
bone marrow, peripheral blood

water, physiological saline, methylcellulose solution,
olive oil, corn oil

ethyl methanesulphonate, methyl methanesulphonate,
ethyl nitrosourea, mitomycin ¢, cyclophosphamide,
triethylenemalamine, colchicines, viriblastine

bone marrow cells-humane euthanasia (femurs, tibias),
peripheral blood - from tail vein or other blood vessel,
cardiac puncture or large vessel

stained for microscope (giemsa), fixed for flow cytom-
etry (acridine orange/ hoechst 33258 + pyronin-y)

randomised manual evaluation (by microscope),
automated systems (flow cytometrs, image analysis

human, rodents
peripheral blood cells-lymphocytes, cell lines

water, physiological saline, dimethyl sulfoxide (dmso),
ethanol, acetone

methyl methanesulphonate, mitomycin ¢, 4-nitroquin-
oline-n-oxide, cytosine arabinoside, benzo(a)pyrene,
cyclophosphamide, colchicines, viriblastine

cell lines - harvested in culture medium, lymphocytes
need mitogen stimulation (e.g. phytohaemagglutinin),
with or without cytochalasin-b

giemsa, acridine orange, hoechst 33258 + pyronin-y

by microscope or automated scoring systems (flow
cytometry, laser scanning cytometry, image analysis)

platforms, laser scanning cytometers)

ples should be ideally obtained and assessed from duplicate
cultures. At first, the frequency of mono-, bi- and multi-
nucleated viable cells, as well as apoptotic and necrotic in
a minimum are analysed for each slide. Then the occur-
rences of micronuclei, nuclear bridges and buds are detect-
ed. The following data gives us: information about the nu-
clear division index/cytokinesis-block proliferation index,
the number of apoptotic cells per 500 cells, the number of
necrotic cells per 500 cells, and the frequency of BN cells
containing MN, NPB, NB in at least 1000 BN cells [14, 15].

Nuclear division index (NDI) measures the prolifera-

tive status of the viable cell fraction,
NDI=(1xM, +2xM,+3xM +4xM)/N

where

MI1—MA4 represent the number of cells with 1—4 nu-
clei and N is the total number of viable cells scored (ex-
cluding necrotic and apoptotic cells). The NDI is a useful
parameter for comparing the mitotic division of lympho-

cytes and cytostatic effects of agents examined in the assay.
Cytokinesis-block proliferation index (CBPI) is cal-
culated according to Surrallés etal [45] for the cell

cycle delay and/or cytotoxicity induced by chemical agents,

CBPI=[1xM +2xM,+3x(M,+M)]/n
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where
MI1—M4 represent the number of cells with 1—4 nu-

clei and n is the total number of scored cells.

Both NDI and CBPI reflect the dose dependency of cy-
totoxicity more accurately than only the percentage of BN
cells do. The CBPI is similar to the NDI, expect that the
NDI estimates the average number of nuclei per cell. The
CBPI indicates the average number of cell cycles under-
gone by a given cell, which may be more relevant in the
case of cytokinesis/blocked cells. The CBPI classifies both
trinucleated and tetranucleated cells into the same category
and equally considered being in their third cell cycle [45].

The anticipated results depend on several factors like:
the culture conditions, level of exposure to genotoxic or
cytotoxic agents and their potency, the composition of the
medium, the genetic background, and the age and gender of
the donor of the cells. For normal peripheral human blood
lymphocytes, Fenech [14] assumed the following range
of values: 30—60 % of BN cells; NDI: 1.3—2.2, 0—9 % of
necrotic cells; 0—7 % of apoptotic cells; and 0—30 of MNi,
0—10 NPBs and 0—5 NBUDs per 1,000 BN cells, respec-
tively.

According to the OECD protocol no. 474 for in vivo
eryMN (erythrocyte micronucleus) test, all slides and
samples for analysis should be scored according to its

standards. The ratio among immature and total eryth-



rocytes (ery) should be determined for each animal by
counting at least 500 erythrocytes from bone marrow and
2000 erythrocytes from the peripheral blood. Then, the
incidence of the micronucleated immature erythrocytes
should be scored in at least 4000 immature erythrocytes
per animal [31].

For the in vitro cell MN test, it is recommended to score
the cytokinesis-block proliferation index (CBPI) and/or
Replication Index (RI) from at least 500 cells per culture
to determine the cell proliferation and the cytotoxic and/
or cytostatic activity using cytochalasin-B. Besides those,
we can estimate other indicators of cytotoxicity, such as cell
integrity, apoptosis, necrosis, metaphase counting, and the
cell cycle. In test studies without cytochalasin-B, it is rec-
ommended to measure the Relative Population Doubling
(RPD) and/or Relative Increase in Cell Count (RICC) to
estimate the cytotoxic and cytostatic activity of the treat-
ment. Moreover, other markers can be scored: cell integ-
rity, apoptosis, necrosis, metaphase counting, proliferation
index (PI), cell cycle, NPB, and NB.

The other possibility for the microscopic assessment of
MN induction is the flow cytometry. The reliability of the
flow cytometry is enhanced by two fluorescent staining
methods of MNs. Both dyes are fluorescent specific. Ethi-
dium monoazide bromide stains the chromatin of necrotic
and mid/late stage apoptotic cells. After washing of cells and
stripping of cytoplasmic membranes, they are incubated with
SYTOX Green (RNase plus a pan-nucleic acid dye) which
stain differentially the suspension of free nuclei and MNs [4].

At the same time, the usefulness of the in vivo MN
assay scored by flow cytometry was tested. An immuno-
chemical reagent, anti-CD71-FITC conjugate, together
with propidium iodide were used to detect MNs in young
polychromatic and normochromatic erythrocytes. In con-
clusion, it was found that flow cytometry can be used for
the assessment of MN induction after acute and chronic
exposures of rats to the aneugenic/clastogenic agents [5].
The flow cytometry method performed with Hoechst
33258 and propidium iodide is admissible for automated
scoring in in vivo MN assay using rat bone marrow and pe-
ripheral blood [22]. Nowadays, automation of the MN as-
says with the use of imaging flow cytometry indeed repre-
sents ,,twenty-first century approach® and is able to identify
and automatically score binucleated cells, micronucleated
binucleated cells, mono-, multinucleated cells, NPB, NB,

apoptotic and necrotic cells [38].

APPLICATION OF CBMN ASSAY
IN AQUATIC ANIMALS

Cytogenetic assays on aquatic organisms are essential,
as humans are exposed throughout their lifetime to many
xenobiotics present in both the water and aquatic food.
The MN test used for genotoxic biomonitoring of chemi-
cal compounds, pesticides and environmental pollutants
has proven to be the most practical tool in genotoxicologi-
cal assays; various aquatic species were used [8, 20, 51].
In vivo MN tests performed on fish and other aquatic spe-
cies erythrocytes were used as useful tools in determining
the potential genotoxicity of pesticides. Increased levels of
micronuclei were found in rainbow trout Oncorhynchus
mykiss after amoxicillin exposure at the highest concentra-
tion tested (320 mg.kg ) [2]. Another study evaluated the
mutagenic potential of rotenone in the same fish and the
results showed a significantly increased MN frequency in
the four lowest concentrations tested: i. e. 0.06; 0.125; 0.187
and 0.25 mg.l" [28]. Then, the potential genotoxic effect
of glyphosate formulation Roundup® [8], atrazine-based
formulation Gesaprim® [7], trifluralin-based formulation
Treflan® [24], chlorpyrifos [1], malathion [25] and imida-
cloprid [54] were assessed in fish erythrocytes. In all, sig-
nificantly elevated levels of MNs were detected.

On the other hand, atrazine as a single compound was
found to be nongenotoxic, whereas atrazine-based formu-
lation Gesaprim® showed genotoxic effects [7]. Also, the
risk assessment of MN frequencies in flounder Platichthys
flesus, herring Clupea harengus and eelpout Zoarces vi-
viparus were investigated by Bar§iené etal [3]. They
obtained data from different regions of the Baltic Sea in
the years 2001 to 2011. Their MN analysis in erythrocytes
showed that there were extremely high genotoxicity risk
zones in many tested regions; the highest level of MN was
found in flounder.

Not only fish were used as experimental models to assess
the impact of environmental pollutants on freshwater eco-
systems. The genotoxic effects of many pesticides accom-
panied with increased MN frequencies were detected in
lizards (Podarcis sicula) [6], tadpoles of Chinese toad Bufo
gargarizans [56], tadpoles of Indian frog Euflictis cyano-
phliyctis [55] and Montevideo tree frog Hypsiboas pulchellus
[35]. Lajmanovich etal [26] carried out erythro-
cyte MN tests on tadpoles of the common toad Rhinella

arenarum. They exposed them to glufosinate-ammonium
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and its commercial formulation Liberty® for 48 and 96 h
at concentrations of 3.75; 7.5 and 15 mg.I". A statistically
significant increase of MN frequencies were detected only
after 48 h treatment with Liberty® at the concentrations of
7.5 and 15 mgl*. In another study, an increased frequen-
cy of micronuclei was observed in the tadpoles of Hypsi-
boas pulchellus [34]. They were exposed to imidacloprid-
based formulation Glacoxan Imida® (12.5—37.5 mg.I")
for 48 and 96 h, but the genotoxic effects were seen only
at the concentration of 25 mg.I"! after the 96 h treatment.
The ambiguous results of flurochloridone-based formu-
lations Twin Pack Gold® and Rainbow® genotoxicity were
observed on tadpoles of toad Rhinella arenarum [29]. After
exposure to Twin Pack Gold®, the MN frequency did not
differ from the negative control, regardless of the tested
concentrations and both exposure time, whereas Rainbow®
caused an increase in the MN frequency only after 48 h
treatment with the lowest concentration (0.71 mg.l'?) test-
ed. And also for the first time, a turtle Trachemys callirostris
was used in the MN induction assessment [57]. This en-
demic species from northern Colombia was used to charac-
terize DNA damage caused by contaminated environments.
Our water environments are dangerously polluted and
the first contact with the pollutants are mainly fish, oth-
er aquatic and amphibian species. These results from the
above mentioned studies indicated potential genotoxic
effects of contaminants from the released and/or leaked
chemical pollutants and used pesticides in agriculture near
water sources. On the other hand, some studies showed in-
conclusive and ambiguous results, but there is still a need
for further investigation using MN assays as a tool for

genotoXicity monitoring.

APPLICATION OF CBMN ASSAY
IN FARM ANIMALS

Pesticides are chemicals which help us in agriculture to
control the pests, weeds or plant diseases, but on the other
hand their extensive use leads in their accumulation in the
environment and the possibility of potential hazards to
animals” health. A broad range of in vivo and in vitro cyto-
genetic assays have been used for genotoxicity assessment
of pesticides. The predominantly used cytogenetic assays
are the MN assay and the chromosomal aberration test

performed on different experimental models and cell lines.
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Cattle and other farm animals like rabbits and chickens are
mostly exposed to environmental pollutants via contami-
nated feed and water, which may result in the accumulation
of some chemicals in the milk [13], meat and fat [27] used
for primary consumption and food processing. Finally,
negative health effects can be seen in animal offspring and
humans after their consumption [33]. The methodology of
MN assay performed on bovine peripheral lymphocytes
has been described by Galdikov4a etal [17]. Briefly,
the peripheral blood from 2 healthy bulls were cultivated
for 72 h at 37 °C in cultivation medium. Cytochalasin B
was added 44 h after the initialization of the cultivation.
The following time periods were used for pesticide treat-
ments: 4, 24 and 48 h. Then, 1000 BNMN cells were scored
for the MN induction and 500 cells for the CBPI analysis.

Neonicotinoid insecticides have been widely applied
and acted as selective inhibitors of nicotinic acetylcholine
receptors in the central nervous system of insects lead-
ing to accumulation of acetylcholine and subsequently to
death [21]. The potential genotoxic effects of the insecti-
cide thiacloprid and thiacloprid-based formulation Calyp-
so® was evaluated after 24 and 48 h exposures. The results
showed no significant increase in MN frequencies after any
concentration tested (30, 60, 120, 240 and 480 pg.ml™') [17,
18]. On the other hand, both pesticides reduced the CBPI
in a dose dependent manner after 24 h and a prolonged
time of exposure as well. To elucidate the mechanism of ac-
tion, the experiments with short-time treatment were also
performed [41]. Unlike the previously published results,
significant induction of micronuclei were observed ac-
companied with the CBPI reduction. The authors assumed
that micronuclei induction was a temporary process in 4 h
treatment compared to prolonged exposures due to micro-
nuclei elimination during the cultivation process. More-
over, higher levels of apoptotic cells, cell cycle stop in G0/
G1, recruitment of p53, and DNA double strand breaks
were detected. Other authors evaluated the effects of the
insecticides chlorpyrifos, cypermethrin and their mixture
on bovine lymphocytes in vitro [16]. They found a higher
incidence of MN and nuclear buds with a simultaneous de-
crease in CBPI after treatment with cypermethrin and the
mixture. It is known they induce, oxidative stress, disturb
synthesis of hormones and have a negative impact on re-
production.

The other group of tested pesticides represented triazole

based fungicides. Their mode of action is based on ergos-



terol synthesis inhibition via lanosterol 14-a-demethylase
inhibition [9]. Finally, fungal cell permeability is disturbed
and slower cell growth occurs. An epoxiconazole-fen-
propimorph-based fungicide formulation Tango® Super
was tested in bovine lymphocytes using concentrations of
0.5, 1.5, 3, 6 and 15 pug.ml™* for 4, 24 and 48 h exposures.
The fungicide did not induce micronuclei production, but
the cell proliferation was significantly decreased [10, 42].
Moreover, it was supposed that higher levels of apoptotic
cells were the result of DNA damage caused by oxidative
stress damage [42]. Epoxiconazole, an active agent of Tan-
go®, was tested also. The results were very similar to those
obtained in a commercial formulation; no clastogenic/an-
eugenic effects but a decrease in the CBPI were observed
after 24/48 h treatment [47]. Other triazole fungicide for-
mulations, namely a tebuconazole-based fungicide Orius®
25 EW and tebuconazole/prothioconazole-based fungicide
Prosaro® were used in experiments; no significant increase
in the MN frequencies but a significant decline in prolif-
eration indices were observed [40, 46].

Results demonstrating the pesticide effect on micro-
nucleus formation in sheep (in vivo or in vitro) are not so
common. Tolylfluanid, a fungicide, was tested in sheep af-
ter 28-day chronic exposure [50] and in in vitro conditions
[49]. In both cases, the fungicide was able to induce higher
levels of MN. At the same time, no cytotoxic effect was
seen. Then, the positive effect of vitamin E and selenium
from the perspective of MN level reduction after carbon
tetrachloride induction was observed in ovine lympho-
cytes [48].

Rabbits, as common small farm animals are also good
bioindicators for genotoxicity assessment. Their advan-
tages are: easy manipulation, sampling, housing and low
cost compared to big animals. The effect of neonicotinoid
imidacloprid was studied after oral administration for 2 to
4 months [44, 52]. Chronical exposure led to statistically sig-
nificant MN induction with no changes in the CBPI. Simi-
lar results were found in rabbit lymphocytes after chronical
treatment with cypermethrin, piperonylbutoxid and their
mixture [53]. On the other hand, negative result in the abil-
ity to induce MN formation in bone marrow erythrocytes
was obtained after bendiocarbamate administration after
a 90-day chronical administration [36]. Simultaneously de-
pression in bone marrow proliferation was seen.

Finally, the studies performed on poultry (chickens,
ducks...etc.) were veryrare. Giri etal [19] studied the ef-

fects of malathion on chicks. They detected significant MN
elevation not only in the bone marrow (2.5, 5, 10 mg.kg™)
but also in the peripheral cells (5 and 10 mg.kg™?). Higher
numbers of MN were also seen in broiler chicken blood
erythrocytes after cypermethrin administration [43]. The
MN reduction was seen after simultaneous treatment with

vitamin E and selenium.

CONCLUSIONS

The micronucleus assays (in vivo or in vitro) together
with chromosomal aberration tests are some of the official-
ly approved tests by OECD for chromosomal damage test-
ing. Our review informs briefly about the actual status and
usage of MN assay in genotoxicity monitoring in aquatic
environments and with farm animals. Testing the aquatic
organisms is the best option of how to confirm or deny
the presence of harmful chemical agents in the water and
surrounding biotope because feed and water are the main
sources of environmental exposure to farm animals. Ac-
cording to these results, we can conclude that the MN assay
is a suitable method because of the simultaneous detection
of aneugenic and clastogenic effects of chemicals. More-
over, in many cases a cytotoxic effect (reduction of CBPI)
was observed even though there were no MN induction or
vice versa. The use of CBMN cytome assay in peripheral
lymphocytes provides an opportunity to study genotoxic-
ity and cytotoxicity within in vitro and also ex vivo, which
is important for modelling and predicting the in vivo geno-

toxic effects to chemical agents on humans.
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