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Beste Başak Savaşçı b,d, Mara Massimi a, Martina Colasante a, Giulia Fioravanti e, 
Nunzio Antonio Cacciola f, Rodolfo Ippoliti a, Michele d’Angelo a, Monia Perugini b,*, 
Elisabetta Benedetti a 

a Department of Life, Health and Environmental Sciences, University of L’Aquila, L’Aquila, Italy 
b Department of Bioscience and Agro-Food and Environmental Technology, University of Teramo, Teramo, Italy 
c Department of Life Sciences and Biotechnology, University of Ferrara, Ferrara, Italy 
d Unit of Evolutionary Biology/Systematic Zoology, Institute for Biochemistry and Biology, University of Potsdam, Potsdam, Germany 
e Department of Physical and Chemical Sciences University of L’Aquila, L’Aquila, Italy 
f Department of Veterinary Medicine and Animal Production, University of Naples Federico II, Naples, Italy   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• TCC induces microphthalmia in zebra-
fish larvae at environmentally relevant 
concentrations. 

• Microphthalmia is accompanied with 
alterations in retinal structure. 

• Molecular analysis revealed a change in 
the transcript abundance of genes 
required in eye development. 

• Early life exposure to TCC has long-term 
effects, acting on visual discrimination 
abilities.  
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A B S T R A C T   

Triclocarban (TCC), is an antimicrobial component in personal care products and it is one of the emerging 
contaminants since it has been detected in various environmental matrices. Its presence in human cord blood, 
breast milk, and maternal urine raised issues about its possible impact on development and increased concerns 
about the safety of daily exposure. 

This study aims to provide additional information about the effects of zebrafish early-life exposure to TCC on 
eye development and visual function. Zebrafish embryos were exposed to two concentrations of TCC (5 and 50 
μg/L) for 4 days. TCC-mediated toxicity was assessed in larvae at the end of exposure and in the long term (20 
days post fertilization; dpf), through different biological end-points. The experiments showed that TCC exposure 
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Behavior 
Visual discrimination abilities 

influences the retinal architecture. In 4 dpf treated larvae, we found a less organized ciliary marginal zone, a 
decrease in the inner nuclear and inner plexiform layers, and a decrease in the retinal ganglion cell layer. 
Photoreceptor and inner plexiform layers showed an increase in 20 dpf larvae at lower and both concentrations, 
respectively. The expression levels of two genes involved in eye development (mitfb and pax6a) were both 
decreased at the concentration of 5 μg/L in 4 dpf larvae, and an increase in mitfb was observed in 5 μg/L-exposed 
20 dpf larvae. Interestingly, 20 dpf larvae failed to discriminate between visual stimuli, demonstrating notable 
visual perception impairments due to compound. The results prompt us to hypothesize that early-life exposure to 
TCC may have severe and potentially long-term effect on zebrafish visual function.   

1. Introduction 

Antimicrobial preservatives are added to cosmetics and personal care 
products to inhibit the development of microorganisms, ensuring the 
consumer product safety (Halla et al., 2018). Triclocarban (TCC) is an 
active ingredient in many skin-care products, including soap bars, 
cleansing lotions and antibacterial wipes (Schebb et al., 2011; Iacopetta 
et al., 2021). It ranked in the top ten contaminants of emerging concern 
(CEC), because of its diffusion on the surface waters and in the aquatic 
sediment phase (Halden and Paull, 2005; Chalew and Halden, 2009), 
and its tendency to accumulate in aquatic organisms (Coogan et al., 
2007; Prosser et al., 2014; Das Sarkar et al., 2020). As a result of the 
frequent exposure, TCC has been also detected in human samples, such 
as blood (Wei et al., 2017), urine (Pycke et al., 2014), breast milk 
(Azzouz et al., 2016), and nails (Shi et al., 2013). Many studies showed 
an estrogenic disruption activity of TCC (Cao et al., 2020; Ahn et al., 
2008; Huang et al., 2014; Zenobio et al., 2014), and its ability to in-
fluence thyroid hormone homeostasis (Hinther et al., 2011; Wu et al., 
2016a). 

In our previous study (Caioni et al., 2021), we demonstrated that 
environmentally relevant concentrations of TCC affected morphological 
traits and melanogenesis in zebrafish larvae. We found a strong micro-
phthalmia in zebrafish larvae exposed to two concentrations of TCC (5 
and 50 μg/L), even if the effects of this chemical on visual function and 
behavior remained unexplored. Chen et al. (2021) confirmed the sig-
nificant reduction in eye size and the presence of altered retinal struc-
tures in larvae exposed to TCC from to 2–144 h post-fertilization (hpf), 
and also demonstrated changes in sensitivity to red and green light 
(Chen et al., 2021). 

It remains unclear whether TCC alters the expression of eye devel-
opment genes and affects behaviors driven by visual cues in larval fish. 
Moreover, assessing long-term effects deriving from larval exposure will 
be useful in evaluating TCC developmental toxicity. The present study 
was designed to understand the effects of TCC on zebrafish retina 
morphology and on vision function up to the late stage of larval devel-
opment. For this purpose, we exposed zebrafish embryos from 3 hpf to 
two sublethal concentrations of TCC: 5 μg/L, an environmentally rele-
vant concentration (Gomes et al., 2021), and 50 μg/L, the NOEC (No 
Observed Effect Concentration) value. Subjects at 4 and 20 dpf were 
collected to perform histological evaluations of the eyes, molecular 
analysis by Real-Time PCR and behavioral test to assess vision 
capabilities. 

2. Materials and methods 

2.1. Chemicals 

TCC (CAS number 101− 20–2, Pharmaceutical Secondary Standard; 
Certified Reference Material) was purchased from Merck Life Science, 
Milano, Italy. Dimethyl sulfoxide (DMSO) (>99.9% purity), 3,4-dichlor-
oaniline (>98% purity), dichloromethane for analysis EMSURE® ACS, 
ISO, Reag. Ph Eur (>99.8%) and ethylenediaminetetraacetic acid tet-
rasodium salt (EDTA) were obtained from Merck Life Science (Co. St. 
Louis, MO, USA). Dilution water was prepared according to OECD TG 
203, Annex 2 (OECD, 1992). Phosphate buffered saline (PBS) 1X was 

obtained from Corning (Mediatech, Inc., Manassas, VA, USA). 
Formalin 37% and ethanol absolute were obtained from Sigma- 

Aldrich (Milano, Italy). Bio Clear was obtained from Bio Optica 
Milano, Italy. Paraffin pastilles (solidification point about 56–58 ◦C) 
were purchased from Merck, Life Science, Milano, Italy. Haematoxylin 
and eosin 1% aqueous solution was obtained from Merck Life Science, 
Milano, Italy. Eukitt® mounting medium was purchased from Bio 
Optica, Milano, Italy. 

2.2. Zebrafish exposure to TCC 

AB adults wild-type zebrafish were obtained from the breeding fa-
cility at the University of Teramo. Fish maintenance, breeding condi-
tions, and egg production were described in detail in previous studies 
(Merola et al., 2020a, 2020b), and are in accordance with internation-
ally accepted standards. At 2–3 hpf, embryos were examined under a 
dissecting microscope, and all healthy embryos at the blastula stage 
were randomly allocated to one of three experimental treatments. The 
treatments consisted of an environmentally relevant concentration of 
TCC (5 μg/L) and the NOEC value (50 μg/L) found in a previous study 
(Caioni et al., 2021), and a solvent control condition (DMSO, which was 
used to dissolve the TCC, at the final concentration of 0.01%). Each larva 
was treated individually in a 2 mL well; consequently, the number of 
replicates corresponds to the number of subjects per each treatment, 
which is reported below in the description of each specific assay per-
formed. For Real-Time PCR at 4 dpf, 50 larvae for each condition were 
treated collectively in a beaker with 100 mL of dilution water. The 
treatment lasted until the larvae reached the age of 4 dpf, before they 
start to feed autonomously. At the end of exposure, a group of 4 dpf 
zebrafish larvae was euthanized and used for the histological analysis 
and Real-Time PCR (Table 1). The remaining zebrafish were maintained 
until the age of 20 dpf in glass tanks containing clean water (pH: 7 ± 0.2, 
conductivity: 500 ± 100 μS/cm, and dissolved O2: 6.1 mg/L) in the 
incubator (temperature: 26 ± 1 ◦C, and photoperiod: 14 h light: 10 dark) 
and were fed with cultured live paramecia and dry feed (Zebrafeed, 
Sparos, Olhão, Portugal) three times per day. These remaining zebrafish 
larvae were used to perform histological analysis, Real-Time PCR and 

Table 1 
Number of zebrafish embryos used in the different investigations, and replicate 
number.  

Real-Time PCR (4 
dpf) 

For each groups N = 50 
for 3 biological replicates 

50 larvae for each condition 
were treated collectively in a 
beaker with 100 mL of dilution 
water 

Real-Time PCR (20 
dpf) 

For each groups N = 6 for 
3 biological replicates 

Each larva was treated 
individually in a well with 2 mL 
of dilution water 

Histological 
analysis (4 dpf) 

For each groups N = 10 Each larva was treated 
individually in a well with 2 mL 
of dilution water 

Histological 
analysis (20 dpf) 

For each groups N = 10 Each larva was treated 
individually in a well with 2 mL 
of dilution water 

Visual 
discrimination 
(20 dpf) 

TCC 5 μg/L N = 22; TCC 
50 μg/L N = 17; solvent 
control N = 25. 

Each larva was treated 
individually in a well with 2 mL 
of dilution water  
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the visual discrimination test at 20 dpf to evaluate the potential 
long-term effects of TCC early-life exposure (Table 1). Euthanasia of the 
larvae was performed with an overdose of Tricaine pharmaq (PHAR-
MAQ AS, Norway). The work was carried out following the Italian law 
for protection of research animals D.L. n. 26 March 4, 2014 and the 
European regulation directive 2010/63/U: treatments were performed 
in non-feeding embryos; behavioral tests were simple observations of 
spontaneous swimming behavior designed to do not cause distress or 
harms in the subjects and their protocols were approved by Ethical 
Committee of University of Ferrara (OPBA TLX-2022-1). 

2.3. Determination of TCC in exposure solution 

The solutions were collected at 4 dpf. A control experiment was also 
conducted without embryos to assess the concentration of TCC in dilu-
tion water. Accordingly to Chen and collaborators (Chen et al., 2021), 
TCC concentrations in the exposure solution were analyzed by 
high-performance liquid chromatography (HPLC) combined with 
liquid-liquid extraction (LLE). For each condition 100 mL of exposure 
solution was combined with 20 mL of dichloromethane, shaking vigor-
ously and extracting the organic phase. The extraction steps were 
repeated several times. All extracts were combined, and the dichloro-
methane was transferred into a 100 mL bottom flask and dried by a 
rotary evaporator (Strike 300, water bath temperature of 50 ◦C). The 
resultant residue was redissolved with 100 μL of methanol and analyzed 
by high-performance liquid chromatography (HPLC) using a C18 col-
umn (4.6 × 150 Luna, Phenomenex, Castel Maggiore, BO) and an 
analytical Azura HPLC apparatus (Knauer, Berlin, Germany) equipped 
with UV/Vis detector. Mobile phase ratio was methanol: water 80:20. 
The software used was Clarity7,4 by Data Apex Samples were run under 
isocratic conditions at 30 ◦C on C18 column. The injection volume was 
100 μl and the flow rate was 1 mL/min. 

TCC was identified on the basis of retention time (r.t. 5.7 min) at the 
optimized wavelength selected (258 nm). Each sample was run in trip-
licate. A robust calibration curve was built by using an external standard 
method, with a regression coefficient higher than 0.998, and quantifi-
cation of the analyte was extrapolated from the curve. 

Analyte recovery was estimated to be 89% for samples containing 
TCC at 50 μg/L, while was estimated to be 93% for samples containing 
TCC at 5 μg/L. 

In our experiments, we were exploring 5–50 μg/L range of concen-
trations and in the standard curve, we tested a confidence interval 
ranging from 3 to 78 μg/L. In all these measures the quality was 
matching the limits for LOD (3 times sample signal over baseline sam-
ple) and LOQ (10 times sample signal over baseline sample). Conse-
quently, the analytical method is satisfactory for the determination of 
TCC in this work. 

2.4. Histology of the eye 

2.4.1. 4-dpf larvae 
Ten zebrafish larvae for each condition were fixed overnight in 4% 

formalin in PBS. Then they were gradually dehydrated in ascending 
concentrations of ethanol, following the methods reported by Sulli-
van-Brown et al. (2011) (Sullivan-Brown et al., 2011), and then placed 
in Bio Clear and embedded in paraffin for 4 μm thick sections (for details 
see Table S1). The retinal layers investigated were: retinal pigment 
epithelium (RPE), outer nuclear layer (ONL), outer plexiform layer 
(OPL), inner nuclear layer (INL), inner plexiform layer (IPL), retinal 
ganglion cell layer (RGL). Moreover, attention was focused on the 
morphology of ciliary marginal zone (CMZ). 

2.4.2. 20-dpf larvae 
Ten zebrafish larvae for each condition were placed for 24 h at 4 ◦C 

in Davidson’s solution, whose formulation was reported in Fournie et al. 
(2000) (Fournie et al., 2000). To maximize the quality of sections, after 

fixation, fish were rinsed in 1X PBS and placed in 0.35 EDTA pH 7.8 for 
three days for decalcification. Then, they were rinsed once in 1X PBS, 
and gradually dehydrated in ascending concentrations of ethanol, and 
placed in Bio Clear, before being embedded in paraffin for 6 μm thick 
sections (for details see Table S1). The retinal layers investigated were: 
RPE, photoreceptor layer (PRL), ONL, OPL, INL, IPL, and RGL. 

The protocol for haematoxylin and eosin staining for the larvae at 4- 
and 20-dpf is reported in Table S2. Images were captured with a Zeiss 
Axio Imager A2 microscope with Axiocam color 305 camera (Carl Zeiss 
Microscopy, Thornwood, NY) run by the Zen Blue software (Carl Zeiss 
Microscopy, Thornwood, NY). The evaluation of retinal layer thickness 
and the density of cells in larval ganglion cell layer (larvae at 4 dpf) were 
performed by means of Image J software (Rasband, W⋅S., ImageJ, U. S. 
National Institutes of Health, Bethesda, Maryland, USA). 

2.5. Real-Time PCR 

2.5.1. 4-dpf larvae 
Three biological replicates were collected. The head was detached 

from the trunk cutting just anterior to the pectoral fin. In each replicate, 
fifty zebrafish heads for each condition were homogenized with 200 μL 
of Trizol™ Reagent (Invitrogen, CA, USA). Nucleic acid purity and RNA 
concentration were determined by NanoDrop™ 2000 Spectrophotom-
eter (Thermo Fisher Scientific, DE, USA) and Qubit 2.0 fluorometer 
(Invitrogen, CA, USA), respectively. Concentrations of RNA samples and 
A260/280 were reported in Table S3 cDNA was synthesized using Super-
Script™ IV VILO™ ezDNase™ Enzyme (Invitrogen, Life Technologies 
Corporation, CA, USA) according to the manufacturer’s instructions. 
Real-Time PCRs were performed with CFX Opus 96 Real-Time PCR 
system (Bio-rad, CA, USA) using Sso Advanced™ Universal Probes 
Supermix (Bio-rad, CA, USA) and gene-specific probes (Bio-rad, CA, 
USA) for microphthalmia-associated transcription factor (mitfb) (ID: 
qDreCIP0031120) and paired box gene 6a (pax6a) (ID: qDre-
CEP0046155). Mitfb is a key intrinsic mediator of RPE specification and 
plays a significant role in retina development (Ma et al., 2019). Pax6a is 
essential for the proper development of the optic vesicle and is required 
to maintain retinal progenitors in a proliferative state as well as to 
regulate the timing of cellular differentiation (Grindley et al., 1995; 
Lakowski et al., 2007). 

The amplification procedure was the following: 95 ◦C × 3 min, then 
40 cycles of 15 s denaturation at 95 ◦C and 1 min annealing/extension at 
60 ◦C. The results were normalized using β-actin (qDreCEP0045468) as 
the reference gene. We used the 2− ΔΔCt method to calculate the 
expression levels (Livak and Schmittgen, 2001). 

2.5.2. 20-dpf larvae 
Three biological replicates were used. The head was detached from 

the trunk cutting just anterior to the pectoral fin. In each replicate, six 
zebrafish heads for each condition were pooled to perform RNA 
extraction with Trizol™ Reagent. Determination of RNA concentration 
and purity (Table 4), cDNA synthesis and Real-Time PCR were per-
formed as reported above for larvae at 4 dpf. The gene specific probes 
used were reported above. 

2.6. Behavioral test on visual discrimination abilities 

We measured subjects’ visual discrimination ability by observing 
their spontaneous preference in a dichotomous choice between two vi-
sual stimuli (Gatto et al., 2021). This test required the larvae with an 
extended behavioral repertoire and was therefore conducted at the age 
of 20 dpf. Based on effect sized of a prior study (Merola et al., 2020b), we 
attempted to observe approximately 20 subjects per treatment. Due to 
subjects’ availability, the sample size of this experiment was as follow: 
TCC 5 μg/L = 22; TCC 50 μg/L = 17; solvent control = 25. To conduct 
the test, each subject was moved into a 15 × 5 × 5 cm white plastic 
apparatus (Lucon-Xiccato et al., 2020), filled with 3 cm of dilution 
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water. A LED strip provided uniform illumination from above. In the two 
short walls of the apparatus, two visual stimuli were provided: a black 
triangle (side 0.86 cm, height 0.72 cm) and a black circle (Ø 0.62 cm). 
The surface area of the stimuli was the same. The position of the stimuli 
was randomly switched between the short walls of the apparatus across 
subjects. 

The subjects could freely explore the stimuli for 10 min period, 
during which we recorded their behavior from above. The behavior was 
then analyzed from the recordings played back on a computer by an 
experimenter blind of the treatment of each subject. The behavioral 
analysis was conducted with the custom software ‘Ciclic timer’, which 
permitted us to associate each area of the apparatus to a separate, digital 
stopwatch. The experimenter calculated the time spent by each subject 
close to each stimulus, considering a choice area within 2.5 cm from the 
wall of the apparatus with the stimulus. The time spent close to the two 
stimuli was used to calculate an index of preference that allowed us to 
study visual discrimination (see Statistical analysis). The experimenter 
also recorded the time spent in the center of the apparatus, outside the 
choice areas of the two stimuli. This variable was used as control to 
ensure that the subjects did not spend the entire testing time far from 
both stimuli, which would prevent us to reliably calculate an index of 
preference. Based on the early studies (Gatto et al., 2021), we predicted 
to observe subjects from the TCC treatments to fail to discriminate be-
tween the visual stimuli presented and therefore, to express no behav-
ioral preference in the test. 

2.7. Statistical analysis 

For the determination of TCC concentration, results were expressed 
as means ± SD. Statistical analyses were performed using the GraphPad 
Prism 7 software (GraphPad software). t-test was used to determine the 
statistical difference between TCC exposure solution without and with 
embryos. For the determination of retina layer thickness, cell density in 
retinal ganglion layer, and Real-Time PCR, results were expressed as the 
mean ± SEM. The assessment of normality was conducted using 
Shapiro-Wilk test. Real time data were analyzed by Kruskal-Wallis’s test 
followed by Dunn’s post-hoc comparisons. Differences were considered 
statistically significant if p values were * p < 0.05; **p < 0.005; ***p <
0.0005. 

Analysis of behavioral data was performed in R version 3.2.2 (The R 
Foundation for Statistical Computing, Vienna, Austria, http://www.r-pr 
oject.org). We focused on two dependent variables. We initially 
compared the time spent by subjects from the different treatment in the 
central, no-choice area of the apparatus with ANOVA. This was a control 
variable that described whether the fish noticed and approached the two 
stimuli. It was not expected to vary between experimental treatments 
otherwise it would make it difficult to interpret the following variable. 
We then analyzed the main depended variable, an index of preference 
for one of the two stimuli. We calculated this index in favor of the circle 
as: time spent in the choice area of circle/(time spent in the choice area 
of circle + time spent in the choice area of triangle). The index ranged 
from 0 to 1, with increasing values indicating greater preference for the 
circle stimulus. The index was analyzed with one-sample t-tests against 
the index value indicating a random choice between the stimuli (0.5). A 
significant outcome would indicate that a group of subjects displayed a 
significant preference for one of the stimuli, and therefore were able to 
discriminate them. Five outliers from the TCC 5 μg/L treatment and 1 
outlier from the TCC 50 μg/L treatment were removed to meet test’s 
assumptions. Outliers were identified by calculating the threshold value 
corresponding to 1.5 times the interquartile range below and above of 
the 25th and the 75th percentile of the data distribution, respectively 
(Walfish, 2006). 

3. Results 

3.1. 4-dpf larvae 

3.1.1. Chemical analyses 
The amount of TCC in the solutions with and without embryos is 

shown in Table 2. 
At the lower tested concentration data reported in Table 2 showed a 

not significant difference between samples with or without embryos (4 
dpf), while at the higher concentration a significant difference of 15% 
between the presence or the absence of embryos was observed. These 
data are similar to those obtained by Chen et al. (2021) in terms of re-
covery of TCC from water in the presence of embryos at low (5 μg/L) and 
high (50 μg/L) being respectively more than 100% (with respect to the 
nominal concentration) and 85% at 96 h. The TCC concentration in the 
solutions with the embryos were lower than the corresponding nominal 
concentrations suggesting an uptake by the larvae or a possible degra-
dation of TCC. 

3.1.2. Histology of the eye 
Larvae exposed to both concentrations of TCC showed differences in 

retinal morphology compared to solvent control (Fig. 1). First, INL and 
IPL were significantly decreased at both concentrations of TCC (p <
0.0005) compared to solvent control (Fig. 1 a, c). RGL showed a sig-
nificant increase in thickness (p < 0.005 for TCC 5 and p < 0.0005 for 
TCC 50) (Fig. 1 a,d), which corresponds to a significant decrease in RGL 
density (p < 0.0005 at both concentrations) (Fig. 1 a, e-f). In fact, the 
ganglion cell count demonstrated a significantly decrease of cell density 
in treated embryos (Fig. 1 f). In addition to the evident microphthalmia, 
the CMZ appeared less organized in treated larvae (framed in red, Fig. 1 
a-b). 

3.1.3. Real-Time PCR 
The analysis revealed a significant decrease (p < 0.05) in mitfb and 

pax6a gene expression levels at the lower concentration, while at higher 
concentration we observed only a slight negative trend in expression 
level (Fig. 2). 

3.2. 20 dpf larvae 

3.2.1. Histology of the eye 
At 20 dpf, zebrafish larvae exposed to the three treatments in their 

early life showed no changes in the eyes (Fig. 2a). The morphology of 
retinal layers appeared normal (Fig. 3b). However, following exposure 
to either concentration of TCC, increased the thickness of the IPL (*p <
0.05), while only lower concentration altered PRL thickness (*p < 0.05) 
(Fig. 2d). 

3.2.2. Real-Time PCR 
The gene expression analysis showed a significant increase of mitfb 

levels at lower concentration (*p < 0.05) compared to solvent control. 
Pax6a did not undergo any changes (Fig. 4 a). 

Table 2 
TCC concentrations found in the zebrafish test solutions.  

TCC nominal concentration 
(μg/L) 

TCC 
concentration 
without 
embryos (μg/ 
L) 

TCC 
concentration 
with embryos 
(μg/L) 

Significance 

Mean SD Mean SD  

5 4.03 0.33 3.62 0.38 P = 0.2016 
50 48.92 0.83 33.09 3.5 P = 0.0016  
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Fig. 1. Results of the analysis performed on 4-dpf larvae. a) Representative images of zebrafish eyes with haematoxylin and eosin staining. Framed in red CMZ. 
0,01% DMSO is the Solvent control. Scale bar 20 μm. b) Magnification of CMZ to appreciate the morphological changes. Scale bar 7 μm. c) Retinal organization in 4- 
dpf larvae. d) Measure of retina layers thickness. Statistical differences are indicated as * p < 0.05, **p < 0.005 and ***p < 0.0005 vs. DMSO, or as ##p < 0.005 vs. 
TCC 5. e) Magnification of RGL to appreciate the cell organization. Scale bar 7 μm. f) Cell density in RGL, measured as number of cells/area (μm2). Statistical 
differences are indicated as ***p < 0.0005 vs. solvent control. (The results are expressed as mean ± SEM). Abbreviations: SV, solvent control; CMZ, ciliary marginal 
zone; RPE, retinal pigment epithelium; ONL, outer nuclear layer; OPL outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; RGL, retinal ganglion 
cell layer. 
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3.2.3. Visual discrimination abilities 
In the visual discrimination test, subjects from the different treat-

ments did not differ in engaging the stimuli, spending a similar amount 
of time in the center of the apparatus (ANOVA: F2,55 = 1.218, p =
0.304). This indicated that the treatment did not determine major 
changes in swimming patterns of the subjects and their general response 
towards the stimuli. However, subjects of the different treatment 
showed different discrimination performance as indicated by the anal-
ysis of the preference index (Fig. 4 b): control larvae exposed to the 
solvent spent significantly more time close to the triangle stimulus (one- 
sample t-test: t24 = 2.165, p = 0.041), indicating the ability to perform 

the discrimination between the two stimuli presented. Conversely, 
discrimination between the two stimuli was not significant in larvae 
exposed to TCC 5 μg/L (t20 = 1.265, p = 0.220) and TCC 50 μg/L (t11 =

1.266, p = 0.232). 

4. Discussion 

Retinogenesis is highly conserved among vertebrates so that even in 
divergent phyla, such as teleosts and mammals, it is governed by a 
similar interplay between extrinsic and intrinsic influences and addi-
tionally, the retinae show a similar structure (Kitambi et al., 2011). 
These similarities make zebrafish a suitable model for studying the eye 
formation changes induced by external factors in vertebrates. It is worth 
noting that the eye represents an highly sensitive target to chemical 

Fig. 2. Gene expression analysis of mitfb and pax6a. Statistical differences are 
indicated as * p < 0.05 vs. solvent control. (The results are expressed as mean 
± SEM). 

Fig. 3. a) Results of the analysis performed on 20-dpf 
larvae. a) Representative images of zebrafish eyes. b) 
Representative images of zebrafish eyes with hae-
matoxylin and eosin staining. Scale bar 20 μm. RPE, 
retinal pigment epithelium; PRL, photoreceptor layer; 
ONL, outer nuclear layer; OPL outer plexiform layer; 
INL, inner nuclear layer; IPL, inner plexiform layer; 
RGL, retinal ganglion cell layer. c) Retinal organiza-
tion in 20-dpf larvae. d) Measure of retina layers 
thickness. Statistical differences are indicated as * p 
< 0.05 vs. solvent control (SV). The results are 
expressed as mean ± SEM.   

Fig. 4. a) Gene expression analysis of mitfb and pax6a. Statistical differences 
are indicated as * p < 0.05 vs. solvent control. (The results are expressed as 
mean ± SEM). b) Visual discrimination performance of the subjects measured 
as preference for the circle stimulus versus the triangle stimulus (mean ±
standard error) in the behavioral test. Asterisks indicate significant deviance 
from random choice (0.5 preference for the circle). *p < 0.05. 
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exposure. For example, a range of xenobiotics, such as the thyroid 
hormone disruptors (TD) propylthiouracil and tetrabromobisphenol A, 
could lead to morphological and physiological changes of eyes in 
zebrafish larvae (Baumann et al., 2016). TCC is a TD and we observed 
that it induces impaired eye development and visual functions; as well as 
other well-known thyroid axis disruptors. The starting point of this study 
is represented by the evaluation of retinal morphology in solvent con-
trols and specimens exposed to TCC (Fig. 1 a-b). Observing sections from 
treated larvae at 4-dpf, the loss of a clear division between the retina 
layers can be noticed. In particular, the INL and IPL have a lower 
thickness in exposed larvae, and their size correlates with the concen-
trations used (Fig. 1d). The INL contains the nuclear bodies of bipolar, 
horizontal, amacrine cells and Müller glial cells (Gollisch and Meister, 
2010). The main function of INL is to transmit the information from 
photoreceptors to ganglion cells, while Müller glial cells have a role in 
maintaining retinal homeostasis. The IPL includes the synaptic con-
nections between the axons of bipolar and amacrine interneurons and 
the dendrites of ganglion cells (Angueyra and Kindt, 2018). The retinal 
patterning alterations observed might be explained by defects in retinal 
cell development that influence cell proliferation and migration. In light 
of the above, we hypothesize that TCC could influence retinogenesis 
acting on the CMZ. In fact, the CMZ morphology of 4-dpf treated larvae 
appeared abnormal in comparison with control specimens (Fig. 1b). This 
region is responsible for retinal neurogenesis, and contributes to main-
taining the tissue architecture. One of the first studies conducted by 
Wetts et al. (1989) on frogs showed that this region contained retinal 
stem cells and retinal progenitor cells (Wetts et al., 1989). More recent 
extensive works gave information about the role of CMZ in zebrafish, 
which collaterally develops during the early phase of the rapid prolif-
eration of cells (Angileri and Gross, 2020). Thus, by 3 dpf at the retina’s 
periphery, there are undifferentiated and diving cells opposing the other 
cells that exited the cell cycle to differentiate (Wan et al., 2016). The 
retinal stem cells in the CMZ represent the stem niche, contributing to 
retinal progenitors’ generation (Todd et al., 2016). Pax6 is required for 
the retina’s normal development, to maintain progenitors’ proliferation. 
In particular, the pax6a isoform is expressed in the lens and in retinal 
stem cells and progenitors, while the isoform pax6b is prevalent in the 
developing pancreas (Thisse and Thisse, 2004). The pax6a levels 
decrease at the end of exposure in the 4-dpf larvae exposed at lower 
concentration (Fig. 1g), although it did not change for higher concen-
tration. The decrease in RGL’s density is observed at both concentrations 
in the larvae at 4 dpf (Fig. 1 e, f). The ganglion cells represent the final 
output since their axons converge in the optic nerve formation. Among 
the first events of retinogenesis, there is the generation of retinal gan-
glion cells, which firstly become post-mitotic cells, with the final di-
visions between 1 and 1.5 dpf (Gollisch and Meister, 2010). The damage 
in this layer corroborated the hypothesis that the injury may influence 
the CMZ, altering all the subsequent steps. However, it must be 
emphasized that the differentiation of retinal ganglion cells also depends 
on the presence of extrinsic factors, which control the fate of these cells 
(Nguyen-Ba-Charvet and Rebsam, 2020). 

Regarding intrinsic factors, mitfb is a key mediator of RPE specifi-
cation and retina development. Ma et al. (2019) showed in their study 
on mitfb mutant mice that RPE appeared as a pseudostratified epithelium 
with altered pigmentation and retinal degeneration (Ma et al., 2019). In 
our research, mitfb levels decreased with significance at lower concen-
tration (Fig. 2) in 4-dpf larvae, and the RPE layer, particularly in TCC 5 
μg/L, appeared less pigmented and with altered morphology, suggesting 
an impairment also in this layer that plays a critical role for retina 
physiology. 

Overall, these first collected data highlight that environmentally 
relevant concentrations of TCC produced phenotypic defects of the 
retina, in agreement with Chen et al. (2021) (Chen et al., 2021). 
Moreover, these data showed that TCC modulated the expression levels 
of key genes implicated in retina development. Surprisingly, mitfb and 
pax6a gene expression was significantly modulated only by the lowest 

concentration highlighting concentration effects on retinal cells’ 
response. 

Although the highest concentration induced more marked defects in 
retina morphology and eyes size (eye length and wide), the expression of 
the two master’s gene of retina development did not change signifi-
cantly, we hypothesize that the greater damage produces a major retinal 
regenerative response as proposed also by Raymond et al. (1988) 
(Raymond et al., 1988). The findings of our study could be explained by 
a favorable response resulting from the acute toxicity which occurred in 
the initial stages of development (Wang et al., 2022). It is only a hy-
pothesis, for which further investigations are needed. 

To assess the eventual recovery from the injury or long-term effects, 
we performed investigations at 20 dpf. In contrast to mammals, zebra-
fish can regenerate all retinal cell types using the source of stem cells 
maintained in the CMZ (see above) (Wan and Goldman, 2016). Several 
regeneration pathways have been clarified, and much attention was 
given to the role of Müller glia cells (Wan and Goldman, 2016). These 
are so responsive in case of damage that allow for reestablishing retinal 
homeostasis and pax6-related pathways seem to be involved (Thummel 
et al., 2008, 2010). The eyes size and histological sections of 20-dpf 
larvae (Fig. 3 a,b) suggest an improvement compared to the early 
larval damage observed. For example, in our study, a reduction in the 
thickness of retinal layers cannot be observed (Fig. 2d). In fact, as a 
response to the alterations induced by TCC, PRL, and IPL appeared to 
increase at one or both concentrations (Fig. 3 c,d). The increase of 
retinal layers may be explained by a compensative mechanism that tries 
to restore a physiological condition. For example, RPE is a single layer of 
cells that separates the retina from the choroid. It consists of 
pigment-containing cells and supports the visual function, interacting 
with the outer segment of photoreceptors by means of long apical 
microvilli (Strauss, 2005). RPE sustains the process of retinogenesis, 
producing some critical factors which stimulate cell proliferation and 
the reestablishment of retinal architecture (Steele et al., 1993; Tanihara 
et al., 1997). In our study, larvae that were exposed at early stages to 
TCC 5 μg/L present the increment of mitfb gene expression levels, sug-
gesting a chemical-induced stimulation to recovery. PRL contains the 
outer segment of photoreceptors, and we observed its increased thick-
ness at lower concentration. Further investigations should be performed 
to assess whether the increase in thickness is related to changes in outer 
segment length, since the literature offers examples of correlations be-
tween these kinds of modifications and visual acuity (Forooghian et al., 
2010; Maden et al., 2017) or defects in RPE-mediated phagocytosis 
(Mukherjee et al., 2007; Mazzoni et al., 2014). 

The larvae at 20 dpf also showed an increment in IPL. IPL is 
composed of a dense reticulum of cells in a multilayers structure. This 
stratification is present both in the larval stages and the adults (Nevin 
et al., 2008). The IPL of the vertebrate retina is the best example of a 
multilayered synaptic neuropil region. In this layer, the dendrites of RGC 
stratify and form contact with axons of bipolar cells that deliver infor-
mation from the photoreceptors. Moreover, RGC dendrites do synapsis 
with inhibitory interneurons and amacrine cells (Gollisch and Meister, 
2010). The heterogeneity and complexity of IPL make it challenging to 
formulate a hypothesis. However, the increased size of IPL suggests 
possible defects in visual information transmission. 

To confirm the long-term effects of exposure to TCC, we looked 
directly at the behavioral output related to the visual system, investi-
gating the ability to perform visual discriminations in zebrafish larvae. 
In our test, we exploited the spontaneous preference of larvae for spe-
cific visual stimuli, which can be investigated in a controlled setting in 
the laboratory (Gatto et al., 2021). When presented with the choice 
between a triangle stimulus and a circle, larvae usually approach the 
former and avoid the second shape, which might be perceived as the eye 
of a larger and potentially, a predator fish. In the present study, we 
found that TCC impaired this shape discrimination ability: while control 
larvae expressed the expected preference for the triangle shape, speci-
mens early exposed to TCC did not. This effect was not explained by 
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differences in engaging the stimuli, which was similar across the 
experimental groups. Indeed, we found no significant effect of treatment 
in time spent in the center of the apparatus (i.e., far from both stimuli). 
Thus, the subjects noticed and showed a similar general attraction to-
wards the visual stimuli. We conclude that TCC caused an anomalous 
behavior due to an alteration in visual functions that prevented fine 
recognition of subtle differences between stimuli. It is worth noting that 
the preference for the triangle, and therefore the discrimination capac-
ity, was absent on subjects exposed to both TCC concentrations. It ap-
pears that the effect of TCC on visual capacities was present even at low, 
environmentally relevant concentrations. For many species, visual 
discrimination ability is a fundamental requirement in nature, allowing 
the recognition of the main biological stimuli. Research has shown that 
in nature, zebrafish probably use vision to recognize social companions 
(Spence and Smith, 2007), reproductive partners (Turnell et al., 2003), 
predators (Barcellos et al., 2007), and prey (Howe et al., 2018). Our 
visual discrimination test has not been directly related to such activities. 
However, it is plausible that the visual impairment due to TCC could 
have some consequences when fish perform such activities in their 
natural environment. 

This study is a preliminary approach to evaluating the effects of early 
exposure to TCC on zebrafish larval retina morphology. We tried to 
distinguish between the alterations at the end of exposure (performing 
the analysis at 4 dpf) and the delayed effects, testing the larvae at 20 dpf. 
A more comprehensive explanation will need the study of particular 
mechanisms or pathways, starting from the data obtained. Except for the 
immunological role of TCC (Wei et al., 2018) and some information 
concerning the thyroid hormone disrupting activity (Hinther et al., 
2011; Wu et al., 2016b), there is a lack of knowledge about the effects of 
TCC on zebrafish larvae and humans. Particularly for human health, the 
research of these topics is crucial. For instance, the discovery of TCC in 
maternal urine and cord blood raised serious concerns about its poten-
tial impact on human development. Using an environmentally relevant 
concentration (5 μg/L) allowed us to understand the risks associated 
with the exposure, although there is still much to investigate. The data 
found in this study showed that early exposure to TCC negatively in-
fluences eyes’ development and consequently zebrafish visually-driven 
behavior. 

5. Conclusions 

This study provided preliminary results of the effects deriving from 
the exposure to environmentally relevant concentrations of TCC on fish 
ocular development. In particular, the results allowed only an explor-
atory description of the events, while an analysis of molecular mecha-
nisms and underlined pathways represent the following step for a better 
comprehension of the toxicological effects. However, these consider-
ations may contribute to the risk assessment of TCC, resulting in an 
increased awareness of the impact of personal care products (and their 
particular ingredients or additives) on human health. 
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