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A B S T R A C T

Cypermethrin (CM), widely used for control of indoor and field pests, is one of the most common contaminants
in freshwater aquatic systems. We evaluated CM genotoxicity and the activities of superoxide dismutase (SOD)
and catalase (CAT) in retinal cells of adult zebrafish. Histological and immunofluorescence techniques show the
presence of apoptotic cells in the zebrafish retina after 9 d of treatment with 0.6 μg/L CM. Histone γ-H2AX, a
marker of DNA damage, was detected in both outer and inner nuclear layers; caspase-3, an apoptotic marker,
was detected in the outer nuclear layer. In the comet assay, the cells were sensitive to hydrogen peroxide-
induced DNA damage, showing a dose-dependent response. We observed a positive comet assay response to CM
that was dose- and time-dependent. Following exposure to CM, SOD and CAT enzyme activities, and sod and cat
mRNA levels, increased. These results indicate that CM causes DNA damage and oxidative stress and can induce
apoptosis in retinal cells.

1. Introduction

Pyrethroids are toxic to fish under laboratory conditions [1]. In the
environment, their effects might be different, due to interactions with
suspended matter, bottom sediments, and aquatic plants [2] and de-
pending on field use conditions. Most risk assessments are based on
data from experiments in freshwater model ecosystems, rather than
descriptive hydrobiological research. Cypermethrin ([cyano-(3-phe-
noxy-phenyl)methyl]3-(2,2-dichloroethenyl)-2,2-dimethylcyclopro-
pane-1-carboxylate, CM) is a widely-used type II pyrethroid pesticide.
Because of its high toxicity to target organisms, such as insects, and low
mammalian toxicity, CM is widely used for agricultural and domestic
applications. Consequently, CM is one of the most common con-
taminants in freshwater aquatic systems [3,4]. CM residues have been
detected in water and sediment samples from streams and rivers
draining major agricultural districts [5]. According to previous reports,
the concentration of CM in surface water is< 1 μg/L, in most cases, but
it can be as high as 2.8 μg/L [6]. Chemical exposure may cause oxi-
dative stress and reactive oxygen species (ROS) generation in fish [7,8].
Under normal physiological conditions, ROS are detoxified by anti-
oxidant enzymes such as SOD and CAT [8,9]. However, CM may induce

oxidative stress in fish. Uner et al. [10] found that SOD and CAT levels
were significantly increased in the livers and kidneys of the freshwater
fish species Oreochromis niloticus and Cyprinus carpio after 10-d exposure
to 3.0 μg/L CM. Oxidative stress can also cause DNA damage and
apoptosis. Jin et al. [11] reported that CM exposure induces hepatic
DNA damage and alters the transcription of oxidative stress and
apoptosis genes in adult female zebrafish. We demonstrated that am-
phibian tadpoles subjected to sublethal and acute doses of CM suffer
apoptosis in several brain regions [12–14]. To analyze CM effects in a
system simpler than the amphibian brain, we have evaluated morpho-
logical, biochemical, and molecular changes in the zebrafish retina.

The multilayered vertebrate retina, like other regions of the central
nervous system (CNS), develops from a relatively homogeneous, single-
layered sheet of neuroepithelial cells. The retina is a highly-conserved
structure, having almost identical anatomical and physiological char-
acteristics throughout vertebrate taxa [15]. The teleost retina is an
excellent model for studying xenobiotic effects on neurogenesis. It is
arranged in discrete layers, facilitating observations of morphological
changes and toxic effects on neuronal cells and their synaptic connec-
tions. Here, we have analyzed histological alterations, DNA damage,
enzyme activities, and the expression of genes related to oxidative stress
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and apoptosis in the retinas of adult zebrafish exposed to en-
vironmentally relevant concentrations of CM.

2. Materials and methods

2.1. Chemicals

Cypermethrin, commercial formulation SHERPA®, 25% CM active
ingredient, was used. The stock and test solutions were prepared by
dissolving the material in 0.1% acetone (Cicarelli, BA, Argentina). Stock
solutions were stored in the dark at 4 °C. H2O2 was purchased from
Cicarelli. RPMI-1640 medium was purchased from HyClone (Thermo
Scientific, Logan, UT). Dimethyl sulphoxide (DMSO), low-melting-point
agarose (LMPA), acridine orange, and other reagents for the comet
assay (CA) as well as general laboratory chemicals were from Sigma-
Aldrich (St. Louis, MO).

2.2. Animals

Zebrafish is an excellent vertebrate model system for toxicology
studies [16]. We used 8-month-old fish from a laboratory stock pro-
duced by brood fish. The fish were acclimatized for 48 h in glass tanks
with dechlorinated tap water at 26.5 ± 1 °C, pH=6.8–7.5, hardness
50–100mg/L CaCO3, conductivity 410–440 μS/cm2, dissolved oxygen
concentration 5.5–6.2mg/L, photoperiod 14 h light/10 h dark [17].
They were fed twice daily with flake food (TetraMin®, Germany) and
once daily with brine shrimp. Fish were sacrificed by cooling in ice and
retinas were extracted and processed as described below, for comet
assay studies, histological analysis, and oxidative stress determination.

The use of animals in this study was approved by the Institutional
Animal Care and Use Committee at the National University of Entre
Rios and Italian University Institute of Rosario (Rosario, Argentina;
protocol N°028/12).

2.3. In vivo CM bioassay

In vivo experiments were carried out in triplicate treatments, with
five fish per treatment. Each treatment included a no-CM control. Fish
were maintained in dechlorinated tap water with 0.1% acetone. Groups
were exposed for 3, 6, 9, or 12 d, at 0.3 or 0.6 μg/L CM concentrations,
with daily changes of the solution. CM stock solution (in acetone) was
diluted with water. The CM concentrations used were based on reported
concentrations in aquatic environmental systems [6,18]. Under normal
environmental temperatures and pH, CM is stable to hydrolysis, with
half-life> 50 d, and to photodegradation, with half-life> 100 d [19].

2.4. Retinal cell extraction

The eyes of each specimen were extracted under a microscope,
connective tissue was removed, extra-ocular muscles and optic nerves
were cut, and the eyes were finally extracted with forceps. Lenses were
removed by performing a small corneal incision with watchmaker
tweezers, applying slight pressure on the eye. All cells obtained from
the complete retina were used for analysis.

2.5. Histological analysis

Eyes of control and exposed animals were fixed in 4% paraf-
ormaldehyde (PFA) in PBS 1X, pH=7.2 for 4 h at room temperature
and then processed according to Casco et al. [14]. Cured blocks were
cross-sectioned at 0.5 μm thickness with an Ultracut-S ultramicrotome
Reichert (Leica, Austria), and semi-thin sections were stained with to-
luidine blue (Merck Millipore, Billerica, MA) and recorded with a CCD
camera coupled to an Olympus BX50 microscope at 40X and 100X.

2.6. Immunofluorescence

Eyes were fixed in 4% PFA, OCT-embedded and cryo-sections were
made at 10 μm thickness. Non-specific antibody binding was blocked
with 1% bovine serum albumin, 0.2% Triton X-100 in PBS for 30min at
20–23 °C. Primary and secondary antibodies were each incubated for
1 h at room temperature. Antibodies were diluted in the blocking so-
lution as follows: anti-γ-H2AX antibody, 1:300 (Abcam, Cambridge, UK,
ab11174); anti-active caspasa-3 antibody, 1:300 (Abcam, ab2302). The
secondary antibody was goat anti-rabbit IgG, Alexa 488-conjugated,
1:1000; Molecular Probes, Eugene, OR. (now Abcam ab150077). Nuclei
were counterstained with methyl green zinc chloride salt (Abcam,
ab146287). Photomicrography was performed with a laser confocal
system, LSM800 (Carl Zeiss AG). Acquisitions of z-stacks were per-
formed with Fiji software.

2.7. Comet assay

Isolated retinas were washed with PBS, 25 μl, and gently disrupted
with a micropipette tip. Retinal cell suspensions were diluted with
RPMI-1640, 1:19 (v/v) for in vitro exposure or used directly for the
comet assay (CA) in the in vivo CM exposure studies.

Cell viability was determined with fluorescent DNA-binding dyes.
Cell suspension was mixed with a working solution of acridine orange
and ethidium bromide (EB), each 100 μg/ml, prepared in Ca2+, Mg2+-
free PBS, and then examined under a fluorescence microscope (40X).
100 cells per sample were counted and the percentage of viable cells
was determined [20]. Retinal cells obtained after in vitro and in vivo
exposures were used for CA as follows: cell suspension, 50 μl, was mixed
with 1% LMPA, 200 μl, and slides were prepared as follows. Slides were
immersed in lysis solution (2.5M NaCl, 100mM Na2EDTA, 10mM
trizma base, 1% Triton X-100, 10% DMSO; pH=10) for 24 h, in-
cubated in freshly made alkaline solution (300mM NaOH and 1mM
Na2EDTA; pH>13) for 10min, electrophoresed 10min at 300mA and
25 V (0.70 V/cm) and then neutralized (0.4M trizma base, pH=7.5).
Finally, samples were dehydrated in ethanol and left to dry [21]. Lysis,
unwinding, and electrophoresis were conducted at 4 °C and the pre-
parations were kept in the dark. All samples were coded for ‘blind’
analysis, stained with EB (2 μg/ml), and comet images of 100 randomly
selected cells (50 cells from each of two replicated slides) were scored
from each sample under a fluorescence microscope. Comet images were
analyzed and registered using a monochromatic, refrigerated Apogee
CCD camera (Andor, Belfast, UK), coupled to an epifluorescence
Olympus BX50 microscope (Olympus, Japan). Images of 100 randomly
selected nucleoids were scored from each animal. Cells were classified
into five classes according to their tail size and intensity (from no da-
mage: class 0, to maximum damage: class 4) (Fig. 4A–D), resulting in a
single DNA damage score (Damage Index, DI) for each animal. Comet
cell profiles with a small or nonexistent head and an extremely pro-
minent and diffuse tail were not scored due to the possibility that they
were apoptotic or necrotic cells [22]. The DI was calculated as follows:

DI= n1+2n2+3n3+4n4, where: n1, n2, n3, and n4 are the
numbers of cells in damage classes 1, 2, 3, and 4 [23,24]. Slide analysis
was carried out double-blind.

Twenty zebrafish were used to determine basal values of DNA da-
mage and to standardize the assay conditions, using H2O2, a known
genotoxic agent. Immediately after the acclimation period, fish were
sacrificed by a thermal shock in ice water, and retinal cells obtained as
previously described. Half of the samples were used for basal value
determinations and the remaining samples for technique standardiza-
tion, as follows: cell suspensions were made to 1:19 (v/v) with RPMI
and then exposed to H2O2 (2.5, 5.0, or 10.0 μM) for 10min at 25 °C.
Control experiments were carried out in water. Tubes were centrifuged
at 400× g for 10min and cells used for the CA. The H2O2 concentra-
tions were based on previous studies [21,25].
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2.8. Enzyme activity assay

Retinas were homogenized with a teflon microcentrifuge sample
pestle (Thomas Scientific) in PBS, 50 μl, and then centrifuged. The su-
pernatants were collected and used to determine SOD and CAT activ-
ities. SOD activity was measured in a spectrophotometer at 550 nm as
the inhibition of reduction of nitro blue tetrazolium chloride by su-
peroxide anion radical generated during oxidation of xanthine by
xanthine oxidase [26]. The reaction mixture contained 50mM sodium
carbonate dissolved in 50mMK, Na-phosphate buffer (pH=7.8,
25 °C), 0.1 mM EDTA, 0.1 mM xanthine, and 25 μM nitro blue tetra-
zolium chloride. The activity of SOD was calculated according to a
standard curve and expressed as U/mg protein [27]. CAT activity was
determined by recording the absorbance of the generated stable chro-
mophore at 405 nm due to H2O2 consumption, according to the Aebi
method [28].

2.9. Analysis of gene expression

Total RNA of retinas of zebrafish treated with CM was isolated using
GeneJET RNA Purification Kit (Thermo Scientific) according to the
manufacturer’s instructions. The ratio of absorbance at 260 vs. 280 nm
was used to verify the quality of RNA in each sample. Subsequently, RNA
was denatured at 65 °C for 15min. The RevertAid First Strand cDNA
Synthesis Kit (Thermo Scientific) was used. RT products were used di-
rectly for polymerase chain reaction (PCR), in an Ivema T-18 thermo-
cycler (Llavallol, B. A., Argentina) using the following program: dena-
turation, 10min, 95 °C; 30 cycles of 1min at 95 °C, 90 s at 50 °C, and 90 s
at 72 °C. Oligonucleotide primers were used to detect the expression of β-
actin, superoxide dismutase (AYN° 195857), and catalase (AFN°170069);
see Table 1. β-Actin expression was used for normalization.

2.10. Statistical analysis

Statistical analysis was performed using SPSS 17.0 for Windows
(SPSS Inc., Chicago, IL). Results are given as means ± standard error
(SE). Variables were tested for normality with the Kolmogorov-Smirnov
test and homogeneity of variance between groups was verified by
Levene’s test. We used one-way ANOVA followed by Dunnett’s test for
the comparison of the DI between each group and its control, for both in
vitro and in vivo exposures. A linear regression was conducted for the in
vivo exposure to test a concentration-response relationship between DI
and CM. p < 0.05 was considered significant.

3. Results

3.1. Histological analysis

Fish exposed to CM, 0.3 μg/L, showed no significant morphological
changes at any treatment times compared to the controls (Fig. 1A and

B). for fish exposed to 0.6 μg/L CM, this was also true for the first 9 d
(Fig. 2A and B), but, after 12 d, apoptotic figures were seen in the outer
(photoreceptors) and inner (amacrine, bipolar, and horizontal cells)
nuclear layers (Fig. 2C and D).

3.2. Immunofluorescence

γ-H2AX: Retinas of fish treated with 0.6 μg/L CM for 3 d did not
stain for γ-H2AX in any of the nuclear retinal layers (data not shown),
but at 12 d, γ-H2AX staining was seen in the outer nuclear layer, cor-
responding to the rod and cone cells (Fig. 3A), and in the inner nuclear
layer (Fig. 3B). Caspase-3: Retinas of fish exposed to 0.6 μg/L CM for 3 d
were negative (data not shown), but at 12 d, a nuclear dotted pattern of
immuno-labeling was seen in the photoreceptor cells (Fig. 3C); no
signal was observed in the control retinas (Fig. 3D).

3.3. In vitro assay

A significant DI increase was seen in retinal cells exposed in vitro to
H2O2, at all concentrations tested, and the increase was dose-depen-
dent; R2= 0.9574; p < 0.05 (Fig. 4).

3.4. In vivo assay

No mortality occurred in the in vivo treatments. Retinal cell DI va-
lues of fish exposed to CM, 0.3 μg/L, increased significantly with ex-
posure time, compared to controls. At 0.6 μg/L CM, a statistically sig-
nificant increase in DI of retinal cells was seen as early as 3 d (Fig. 5A,
Table 2).

3.5. Effects of CM on antioxidant enzyme activities

Oxidative stress may be one of the mechanisms of pyrethroid neu-
rotoxicity [29]. For fish exposed to CM, 0.3 μg/L, SOD activities in re-
tinas increased, but not significantly, compared to controls (Fig. 6A,
Table 3). However, at 0.6 μg/L CM, SOD activities showed statistically
significant increases beyond 3 d treatment (Fig. 6B, Table 3). CAT ac-
tivities in retinas of zebrafish exposed to CM showed significant in-
creases (Fig. 6C and D, Table 3), especially at 0.6 μg/L.

3.6. Effects of CM on sod and cat gene expression

Expression levels (mRNA) of the sod and cat genes were determined
by semi-quantitative RT-PCR (RT-sqPCR). For the fish exposed to CM,
0.6 μg/L for 3 d, retina cat mRNA levels increased compared to the
control group, but sod mRNA did not. After 12 d, mRNA levels of both
genes were significantly increased (Fig. 7).

4. Discussion

The possible adverse effects of pyrethroids on aquatic environments,
including fish, have become an important issue [30]. Fish are often used
as sentinel organisms because they have prominent roles in the trophic
chain, react to low concentrations of mutagens, and may accumulate
toxic substances, both directly, from contaminated water, and in-
directly, by eating contaminated aquatic organisms [31]. Pollutant ef-
fects on vertebrate retinal cells have been reported by several groups
[32–37]. We chose to study the effect of CM on the zebrafish retina, a
system derived from the CNS with a simpler organization than the
vertebrate brain.

Retinal cells of zebrafish exposed to CM showed significant changes,
including apoptotic bodies, in the photoreceptor cell layer and, to a lesser
extent, in the inner nuclear layer. In contrast to the amphibian larvae brain
[12–14], these changes occurred at CM concentrations much lower than
those found in surface water or runoff from agricultural practices in Ar-
gentina [3], and were already seen after relatively short exposures. To test

Table 1
Sequences of primer pairs used in the PCR reactions.

Target gene Accession no. Primer sequences (from 5′ to 3′) Product
length
(bp)

sod AY195857 F: 5ˊ-
CCGGACTATGTTAAGGCCATCT-3ˊ

123

R: 5ˊ-
ACACTCGGTTGCTCTCTTTTCTCT-3ˊ

cat AF170069 F: 5ˊ-AGGGCAACTGGGATCTTACA-3ˊ 499
R: 5ˊ-TTTATGGGACCAGACCTTGG-3ˊ

β-actin AF057040 F: 5ˊ-ATGGATGAGGAAATCGCTGCC-
3ˊ

106

R: 5ˊ-CTCCCTGATGTCTGGGTCGTC-
3ˊ
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whether the morphological changes were indeed due to apoptosis, we used
immunofluorescence with antibodies to γ-H2AX [38] and caspase-3 [39].
After 12 d exposure, γ-H2AX immunoreactivity was observed on both the
outer and inner nuclear layer cells, while caspase-3 immunoreactivity was
observed only in the outer layer. These results are consistent with the work
of Rogakou et al. [38], who showed that γ-H2AX is seen as an early re-
sponse to DNA fragmentation, prior to activation of caspase-3. Our studies
are consistent with the view that double-strand DNA breaks are an early
event in the apoptotic pathway [40] and may explain the differential re-
sponses of retinal cells seen in our experiments. Shi et al. [41] showed that,
in 4-h-post-fertilization zebrafish embryos exposed to CM, caspase-3 ac-
tivity increases, p53 gene expression increases, and ogg1 gene expression
decreases. The studies of Jin et al. [18] demonstrated that mRNA levels of

some apoptosis genes, such as p53, puma, bax, apaf1, caspase-9 and cas-
pase-3, were significantly up-regulated after exposure to 3 or 10 μg/L CM.
In the same study, the activities of caspase-3 and caspase-9 also increased
significantly after CM exposure. These findings suggest that CM induces
DNA damage in the photoreceptor cells (possibly by a specifically neuro-
toxic mechanism) and that this damage cannot be adequately repaired.
Cells in the inner nuclear layer may avoid apoptosis by more effective
DNA repair.

The comet assay measures DNA damage in single cells [42]. BDI
values for retinal cells reported here are somewhat higher than those
found by Poletta et al. [43] in gill cells of Prochilodus lineatus. The
difference may be either cell type-related or species-related; this re-
mains to be determined.

Fig. 1. Retinal histological sections of zebrafish exposed to CM,
0.3 μg/L. Morphological changes observed in the retinas of zebrafish
at 12 d (A) compared to controls (B). Toluidine blue stain. ONL: Outer
Nuclear Layer; OLM: External Limiting Membrane; OPL: Outer
Plexiform Layer; INL: Inner Nuclear Layer; IPL: Internal Plexiform
Layer; GCL: Ganglion Cell Layer.

Fig. 2. Retinal histological sections of zebrafish ex-
posed to CM, 0.6 μg/L. No significant morphological
changes were observed during the first 9 d of ex-
posure (A) relative to the control zebrafish (B). After
12 d exposure, the retinas showed apoptotic nuclei in
the photoreceptor layers (C); controls are shown in
(D); the red outlines show apoptotic figures. The
inset shows the morphology of the nuclei. Toluidine
blue stain. ONL: Outer Nuclear Layer; OLM: External
Limiting Membrane; OPL: Outer Plexiform Layer;
INL: Inner Nuclear Layer; IPL: Internal Plexiform
Layer; GCL: Ganglion Cell Layer.
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Fig. 3. Immunofluorescence analysis of zebrafish
retinal cells exposed to CM, 0.6 μg/L, for 12 d; anti-
bodies to γ-H2AX and caspase-3, respectively. (A)
Retinas of exposed fish (n=5) showed im-
munoreactivity at the level of outer nuclear layer
(rods and cones) and the inner nuclear layer with the
anti γ-H2AX antibody. (B) Retinal cells of the control
animals are devoid of immunoreactivity for γ-H2AX.
(C) Retinas of exposed fish (n=5) showed im-
munoreactivity at the level of outer nuclear layer
(rods and cones) with the caspase-3 antibody. (D)
Retinal cells of the control animals are devoid of
immunoreactivity for caspase-3. The green color
observed on the external segments of the photo-
receptors is the autofluorescence of the visual pig-
ments. R and C: Rods and Cones; OPL: Outer
Plexiform Layer; INL: Inner Nuclear Layer. (For in-
terpretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)

Fig. 4. Comet assay. (A) Class 0 (un-
damaged); (B) Class 1 (slightly damaged);
(C) Class 2 (medium damage); (D) Class 3
(highly damaged). (E) Damage index (DI)
values in retina cells of zebrafish after in
vitro exposure to H2O2 (n=5). Control;
2.5 μM H2O2; 5.0 μM H2O2; 10.0 μM H2O2.
Values significantly different from the con-
trol are indicated by asterisks (**p < 0.01).
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Fig. 5. Damage index (DI) values of DNA in retinal cells of zebrafish exposed to CM at 0.3 (A) (n=5) and 0.6 μg/L (B) (n=5). Statistically significant differences are indicated by
asterisks (**p < 0.01).

Table 2
Damage index in retinal cells of zebrafish adults exposed in vivo to CM.

CM (μg/L) Damage Index (mean ± SE)

3 d 6 d 9 d 12 d

Controls 0 182.6 ± 3.2 187.0 ± 2.5 190.0 ± 1.9 183.8 ± 3.7
Treatment (low) 0.3 200.6 ± 12.7 210.2 ± 16.8 252.0 ± 8.9 290.8 ± 6.3
Treatment (high) 0.6 229.2 ± 17.3 254.4 ± 11.1 271.4 ± 5.77 348.6 ± 9.8

Fig. 6. Activities of SOD (A and B) and CAT (C and D) in the retinal cells of zebrafish exposed to CM, 0.3 and 0.6 μg/L, respectively, for 3, 6, 9, and 12 d (n=5, each). Statistically
significant differences are indicated by asterisks (**p < 0.01).
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We tested H2O2, an oxidative damaging agent [25], and observed
DNA damage in retinal cells after 10min in vitro exposure. Poletta et al.
[43] observed H2O2-induced DNA damage in gill cells of P. lineatus.
Gills are an important tissue for uptake of contaminants by fish; gills are
directly exposed to the environment and gill cells are constantly di-
viding. Indeed, gills are a standard organ for study of water pollution
effects [31]. Our work indicates that retinal cells may be even more
sensitive than gill cells for such studies.

Positive comet assay results for CM have been found in other spe-
cies. Patel et al. [44] reported that the compound causes DNA damage
in mouse brain, liver, and kidney. Poletta et al. [43] observed DNA
damage in epithelial gill cells of P. lineatus after acute in vivo exposures.

The teleost retina has a pool of multipotent progenitor cells within
the circumferential germinal zone, which are continuously renewed,
forming more neurons. If retinal cells are damaged at early stages, these
progenitor cells can regenerate all retinal cell types [45]. Over time,
this pool of cells may be lost, or they may lose their differentiation
potential, and therefore damage sensitivity increases. The teleost retina
may provide an excellent model for studying neuronal regeneration
after damage caused by neurotoxic substances. One possible factor ac-
counting for the genotoxic effects of CM is that, because of its small size
and hydrophobicity, CM can easily cross cell membranes, reaching and
interacting with DNA through its acid moieties [46]. The binding of CM
to DNA may lead to destabilization of the DNA structure and duplex
unwinding, inducing chromosomal damage.

Alternatively, oxidative stress [47] may cause the retinal damage.
Analysis of the expression of the genes encoding SOD and CAT has been
used to detect toxicity and monitor the effects of chemical pollutants
[48,49]. Oxidative stress and DNA damage may be closely related [50].
ROS can induce oxidative DNA damage, including strand breaks and
base and nucleotide modifications [51]. Differential expression of the
genes encoding these antioxidant proteins has been used to detect
biological toxicity and/or to monitor the impact of chemical pollutants
[52]. Increased activity of ROS-scavenging enzymes such as SOD and

CAT may protect cells against the effects of CM. Many genes related to
the oxidative stress response have been identified in zebrafish [53,54].
Jin et al. [18] argued that CM produces oxidative stress in hepatocytes
of adult zebrafish, altering mRNA levels of the antioxidant enzymes
SOD and CAT.

5. Conclusion

CM causes detrimental effects in retinal cells of zebrafish within a
short time of exposure and at concentrations much lower than those
that may be found in runoff and surface waters in natural environments.
The effects include apoptosis, DNA damage, increased expression of
caspase-3 and γ-H2AX genes, alterations in antioxidant enzyme activ-
ities, and increased expression of their respective genes. Our results
provide important information about the mechanisms of CM-induced
neurotoxicity and also suggest that zebrafish can serve as an excellent
model for studying the developmental toxicity of environmental con-
taminants.
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