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Simple Summary: Cadmium pollution, driven by human activities, is a significant stressor
in aquatic ecosystems, bioaccumulating and biomagnifying in food chains. While its toxic
effects on aquatic species’ organs are well-documented, its impact on sensory systems,
such as the olfactory system, remains understudied. This research focused on short-term
exposure (96 h) to 25 µM cadmium chloride in adult zebrafish, evaluating structural and
functional changes in their olfactory lamellae.

Abstract: Anthropic activities have significantly elevated cadmium levels, making it a
significant stressor in aquatic ecosystems. Present in high concentrations across water
bodies, cadmium is known to bioaccumulate and biomagnify throughout the food chain.
While the toxic effects of cadmium on the organs and tissues of aquatic species are well-
documented, little is known about its impact on sensory systems crucial for survival.
Consequently, this study investigated the impact of short-term exposure (96 h) to 25 µM
cadmium chloride on the olfactory system of adult zebrafish. The research aimed to assess
structural and functional changes in the zebrafish’s olfactory lamellae, providing a deeper
understanding of how cadmium affects the sense of smell in this aquatic species. After
exposure, cyto-anatomical alterations in the lamellae were analysed using light microscopy
and immunocytochemistry. They revealed severe lamellar edema, epithelial thickening,
and an increased number of apoptotic and crypt cells. Rodlet and goblet cells also increased
by 3.5- and 2.5-fold, respectively, compared to control lamellae, and collagen density
in the lamina propria increased 1.7-fold. Cadmium upregulated metallothioneins and
increased the number of PCNA-positive cells. The olfactory function was assessed through
a behavioural odour recognition test, followed by a recovery phase in which zebrafish
exposed to cadmium were placed in clean water for six days. The exposed fish performed
poorly, failing to reach food in five consecutive trials. However, lamellar damage was
reduced after the recovery period, and their performance improved, becoming comparable
to the control group. These results suggest that cadmium disrupts the sense of smell, and
that recovery is possible after short-term exposure. This evidence sheds light on aspects of
animal survival that are often overlooked when assessing environmental pollution.

Keywords: olfactory lamellae; behaviour; olfactory epithelium; collagen; carbohydrates;
recovery
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1. Introduction
Cadmium pollution in water bodies, primarily from industrial activities (metallurgy,

energy production), agriculture (agrochemicals), and sewerage runoff [1], poses a severe
environmental threat. This toxic heavy metal accumulates in aquatic ecosystems, where it
bioaccumulates and biomagnifies, affecting the health and survival of marine life [2]. Due
to the high risk, cadmium concentration has been monitored in potentially polluted marine
and freshwater bodies. Concentrations ranging from ng to µg are commonly registered [3,4].
Such values result from a progressive dilution of the metal: in the areas where the spill
occurs, concentrations may rise to mg/L [5,6].

Cadmium, once internalised, accumulates in tissues [7], disrupting vital functions. In
teleosts, the metal causes oxidative stress, dysregulates the immune system, and interferes
with gene expression [8]. Consequent histopathological damage is observed in all tissues
and organs, including the kidney [9], liver [10], skeletal muscle [11], and retina [12], to
cite a few examples. Cadmium is also an endocrine disruptor since it interferes with
reproduction, affecting the gonads, thyroid [13–15], and carbohydrate metabolism [16].

Less information is available on the response to short-term exposure at high con-
centrations, a situation registered in the case of an accidental spill. Laboratory tests on
teleosts confirm that acute exposures, such as chronic ones, induce oxidative stress and
immunotoxicity in the brain, ovary, and liver [17] and cause haematological, biochemical,
and enzymological alterations [18].

In fish, the paired olfactory organs consist of olfactory lamellae organised in a rosette.
It is housed in a nasal cavity connected to the exterior via two nostrils [19]. Due to their
position and the continuous water flow, the lamellae are an easy target for toxicants [20,21],
including cadmium [22]. The metal alters gene expression [23], causing histopathological
alterations [22] that affect the complex organisation of the sensory and non-sensory ep-
ithelium [19]. The consequence is a serious threat to the animal’s survival. The olfactory
deficits may impair the search for food and social interactions, including reproduction and
the escape from predators [20,24,25].

Therefore, the present study’s objective was to provide the basis for a more accurate
and comprehensive evaluation of the impact exerted by acute cadmium exposure. Char-
acterised by a prominent methodological perspective, this study analysed the effects of
exposure to 25 µM CdCl2 for 96 h on the olfactory response of Danio rerio, a key model for
studying the effects of toxicants in teleosts [26]. The Cd concentration was chosen according
to Motta et al. [27].

The effects on behaviour were investigated in young males since it is known that
the olfactory response markedly differs among the sexes [28]. An odour detection test
was conducted in a labyrinth tank [29]; it determined the time employed to reach the
food, the time the fish spent exploring the different areas of the labyrinth, and the
short-term memory.

Effects on behaviour were correlated to the cytotoxic effects of the metal on the olfac-
tory lamellae. Conventional light microscopy (haemalum–eosin staining) and Picrosirius
Red staining highlighted the possible interference on general anatomy, including collagen
deposition in the connective lamina propria [30]. PAS, Alcian Blue, and phalloidin specifi-
cally stained goblet (mucus) and rodlet cells, allowing counting and a rough estimation of
tissue inflammation [31,32] and stress [16,33]. The activation of tissue defence and recovery
mechanisms was evaluated by detecting the expression of metallothioneins (MTs; [27])
and proliferating cell nuclear antigen (PCNA; [34]). Finally, since cadmium interferes with
carbohydrate metabolism [16] and carbohydrates are involved in olfactory response [35],
the lamellae’s carbohydrate composition was investigated by staining with the lectin WGA,
specific for N-Acetyl glucosamine [27,36].
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All behavioural and cytological tests were repeated after six days of permanence in
clean water to test recovery, an aspect neglected in the literature but deserving attention.
In teleosts, studies mostly deal with cadmium elimination from intoxicated tissues [37,38],
while less evidence is available regarding recovery from toxic effects. It is demonstrated that
some, like anaemia and hypermagnesemia, disappear more rapidly than others, for exam-
ple, hypocalcaemia. On the contrary, hyperglycemia, present during the exposure, persists
throughout the recovery period [39], while in testes, reversal after cadmium withdrawal is
very limited [40]. Recovery from contamination, therefore, deserves more investigation.

2. Materials and Methods
2.1. Zebrafish Maintenance and Exposure to Cadmium Chloride

Four-month-old male fish (n = 96; average wet weight 1.20 ± 0.2 g), maintained at
25 ± 1 ◦C, pH 7.0 ± 0.1, and a natural photoperiod, were randomly allotted into eight
30 L tanks (n = 12 animals/tank). They were fed twice daily [41] with commercial pellets
produced for small freshwater teleosts. At treatment, four tanks were left untreated (ex-
perimental control, n = 48 fish), and four were exposed to 25 µM of CdCl2 [27] (n = 48 fish)
under static conditions (no CdCl2 was added during the experimental period). No mortality
or signs of suffering (rapid opercular movements, erratic swimming, or abrupt changes in
direction) were recorded during the treatment. The concentration chosen (4.6 mg/L) was
below the estimated 96 h exposure LC50 value that ranges from 5.0 [10] to 9.8 [42] mg/L.

After 96 h of treatment, all the animals were used in the behavioural tests (n = 48 control
fish + 48 Cd fish). In the end, three animals per tank were sacrificed for histological analyses
(Cd 96 h, n = 12 control fish + 12 Cd fish), while the remaining nine animals/tank were
transferred into uncontaminated water and allowed to recover. During recovery, the water
was changed daily to discard the excreted cadmium. After six days, all the animals in the
four control and four Cd exposed tanks were used in the behavioural tests (n = 36 control
fish + 36 Cd fish), and then three animals per tank were sacrificed for histological analyses
(Cd 96 h recovery, n = 12 control fish + 12 Cd fish). The experimental plan is reported in
Figure S1.

The experiments were carried out in compliance with the ethical provisions established
by the EU Directive 2010/63/EU for animal experiments and according to the “Guideline
for Animal Experimentation” of the Italian Department of Health. They were carried out
in the Department of Biology Animal Facility and organised to minimise stress and the
number of animals used. The University of Naples Federico II Animal Care Review Board
approved all the experiments.

2.2. Behavioural Tests

After fasting for 36 h [43], the animals were individually transferred to a glass labyrinth
(approximately 70 × 70 × 12 cm; Figure 1) containing uncontaminated water maintained
at 25 ± 2 ◦C thanks to two central reservoir tanks containing heated water. The labyrinth
was placed in a quiet room under a diffused light, and the same orientation was main-
tained (the tarting chamber was positioned to the north). At the beginning of the test,
the fish was placed in the starting chamber (S); at the same time, food was added to a
food chamber that could be reached only by swimming along a long corridor (C). Another
two corridors (A and B) were closed at the end. For food, we used commercial pellets for
fish containing animal proteins to ensure the presence of attracting amino acids. In the
experiments, we consistently used the same preparation to activate the same subset of
olfactory receptors [44].
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Figure 1. Schematic representation of the labyrinth tank used for testing the olfactory response.
Starting chamber (S), closed corridors A and B, open corridor C to access the food chamber. Tanks
filled with heated water (*). Bar: 20 cm.

A camera was placed above the labyrinth, and all the trials were recorded and exam-
ined later with Tracker Online to retrieve data. For each trial, the following was determined:
(1) the time initially spent exploring the starting chamber; (2) the time employed by the fish
to reach the food; and (3) the time spent by the fish in the different corridors and, if the case,
back in the S chamber during the trial. Times were calculated from when the fish snout
entered a chamber to when the tail left the chamber. The rationale was that by progressing
in the C corridor, changes in odour would be detected if the lamellar function was not
reduced by Cd exposure. Each animal was afforded five trials, each lasting a maximum
of 5 min, separated by a period of 15 min of rest [45] during which it was maintained in a
separate tank. During the rest period, the water in the labyrinth was renewed.

2.3. Olfactory Lamellae Sampling, Processing, and Staining

The animals were sacrificed by immersion in chilled water containing an overdose
of ethyl 3-aminobenzoate methanesulfonate (MS-222, 300 mg/L; Sigma Aldrich, Milano,
Italy). Heads were dissected and immediately fixed in Bouin’s solution (6 h), dehydrated in
ethanol, and embedded in paraffin wax. Sections (6 µm) were mounted on glass slides and
stained with haemalum–eosin to show general morphology or FITC-WGA lectin, highlight-
ing glucNAc in goblet cells [27]. To reveal collagen alterations in lamellar lamina propria,
sections were stained with Picrosirius Red (0.1 g Direct Red 80 from Merck dissolved in
saturated picric acid) and observed under bright light. The density of the stained lamina
propria was quantified by determining the optical density (see Section 2.5). Goblet cells
were marked by staining with Alcian Blue [46], while rodlet cells were detected after stain-
ing with PAS [47]. Their presence and increased number were confirmed by staining apical
actin with fluorescent phalloidin [33].

2.4. Immunolocalization of PCNA and MT

Sections were heated in citrate buffer pH 6.0 to unmask the antigens and then in-
cubated in 2.5% H2O2 to block the endogenous peroxidase and normal goat serum to
reduce non-specific bindings. The sections were incubated overnight at 4 ◦C with the
primary antibody (rabbit anti-human PCNA, 1:300, Elabscience, Houston, TX, USA; rabbit
anti-mouse MT, dilution 1:200; Santa Cruz Biotechnologies, Inc.; Santa Cruz, CA, USA).
The next day, the sections were incubated with HRP-conjugated goat–anti-rabbit secondary
antibody (1:200 in normal goat serum) for 1 h at room temperature and then incubated with
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avidin-biotin-peroxidase complex (ABC immune peroxidase kit, Pierce, VWR International,
Milan, Italy) for 1 h at room temperature. Binding was revealed with diaminobenzidine
(DAB). Negative controls were prepared by omitting the primary antibody or pre-digesting
sections with protease [26]. Positive controls were prepared by immunostaining the retina
(MT; [12]) and the testis (PCNA; [34]).

2.5. Morphometric Measurements, Cell Counts, and Determination of Staining Intensity

Random digital photos (20× magnification) were taken from the lamellae of control,
treated, and recovered animals. They were then examined using ImageJ software (free
version 1.8.0; updated 22 May 2023; https://imagej.net/ij/download.html (accessed on
10 January 2025)). In particular, the height of the olfactory epithelium (sensory and non-
sensory; [34]; n = 50 measures/treatment) was determined from the basal lamina to the top
of the epithelial cells, excluding microvilli and cilia. Numerical data obtained were pooled
and reported as a percent of the control values.

The goblets and rodlets cells were counted in Alcian Blue- or PAS-stained sections
(n = 50 counts/treatment). The same procedure was adopted to count PCNA-positive cells.
Variations in collagen were quantified in Picrosirius Red-stained lamellae by using ImageJ
software (see above). Images (20× magnification) were converted into high-resolution
(400 dpi), 8-bit, 256 grayscale TIFF images. Density was determined in n = 50 square
areas/treatment, selected in correspondence with the lamina propria, bordered by one tract
of basal lamina. Numerical data obtained were pooled and reported as a percent of the
control values.

2.6. FITC-WGA Staining

Sections were stained in the dark with 1 µL of FITC-WGA lectin (2 mg/mL), diluted
in 30 µL of PBS (0.2 M, pH 7.2–7.4). After 10 min in a humid chamber, slides were rinsed
in PBS, and sections were observed under UV light at 495–500 nm, as indicated by the
manufacturer (Vector Laboratories Inc., Burlingame, CA, USA). Autofluorescence was first
assessed by examining unstained sections. Controls were prepared by incubating the lectin
with the competing sugar; positive controls were represented by tissues of known positivity
to the lectins present in the same section [27,36]. Labelling was defined as positive or
negative by the same observer.

2.7. Statistical Analysis of Data

The significance of treatments was assessed using a Student’s t-test, and one-way and
two-way ANOVAs followed by a Tukey’s pairwise comparison test. Statistical analyses
were conducted using GraphPad Prism 9.0 Software (San Diego, CA, USA). The minimum
significance level accepted was p < 0.05 (*). Cohen’s d was used to determine the size effects
of treatments; in particular, d = (x1 − x2)/s, where x1 and x2 are the sample means of group
one and group two, and “s” is the standard deviation of the population from which the
two groups were taken [48].

3. Results
3.1. Behavioural Tests: Control and Cadmium-Treated Animals

In the controls, the average time spent exploring the starting room S (Figure 2A) was
18.1 ± 4.8 s; a significant reduction in time was observed from the first (21.8 ± 4.3 s) and
the fifth (10.2 ± 2.1 s) trial. In Cd-treated animals, the average time was significantly higher
(25.4 ± 2.2 s; p < 0.0001) compared to the control, and though performance improved in
trials 2 to 5, the maximum (29.1 ± 4.5 s) and the minimum (22.9 ± 2.0 s) values were
recorded in the first and fourth trial, respectively.

https://imagej.net/ij/download.html
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Figure 2. Response in a five-trial odour test of cadmium-treated Danio rerio. A significant decrease in
time spent exploring the starting chamber S (A) and reaching food (B) is observed in the controls
but not in treated animals. Different letters indicate significant differences from the corresponding
control. (C,D) Time spent exploring the different areas of the labyrinth. Two-way ANOVA followed
by a Tukey’s pairwise comparison test.

The average time employed by the control fish to explore the labyrinth and reach
the food was 67.4 ± 16.6 s (Figure 2B). Times reduced significantly in subsequent trials
(from 117.3 ± 12.7 s in the first trial to 30.9 ± 3.5 s in the fifth trial). In Cd-treated animals
(Figure 2B), the situation was completely different. The average time to reach the food
was 138.2 ± 18.4 s, with a maximum of 160.4 ± 15.4 s in the first trial and a minimum of
131.2 ± 7.9 s in the second trial. Times did not change significantly in the following trials.

On average, in the five trials, control animals (Figure 2C) randomly entered one of the
three corridors after leaving the starting room S. If they entered corridor A or B, they rapidly
turned and came out (average permanence was 11.8 ± 5.7 and 8.2 ± 7.9 s, respectively).
If they entered corridor C, they explored cautiously and suddenly swam to the food. The
average permanence in this corridor was 33.2 ± 6.8 s. Occasionally, the animals returned to
the starting room S (average permanence, 12.7 ± 4.9 s). In subsequent trials, the time spent
in the corridors and S chamber reduced significantly.

Cadmium-treated animals (Figure 2D) showed a completely different behaviour. As
with the controls, once leaving the starting chamber S, the fish indifferently entered one of
the three corridors, but on average, once inside, they swam without an apparent destination,
often coming back even if already very close to the food. The average permanence time in a
corridor ranged from a minimum of 32.7 ± 4.4 s in corridor B to a maximum of 42.6 ± 7.3 s
in corridor C. In addition, fish tended to re-explore the starting chamber, remaining inside
for an average of 35.9 ± 6.3 s. The time spent in the corridors and S chamber was not
significantly reduced with trials.

3.2. Behavioural Tests: Control and Cadmium-Treated Animals After Six Days of Recovery

After six days in clean water, in the controls, the average time spent exploring the
starting room S (Figure 3A) was 15.3 ± 4.3 s; a significant reduction was observed from the
first (20.4 ± 3.6 s) to the fifth (10.6 ± 2.3 s) trial. In Cd-treated animals, the average time
was significantly higher (19.6 ± 5.8 s) compared to the controls; performances, however,
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significantly improved with trials since the first and fifth trials recorded the maximum
(23.5 ± 3.2 s) and minimum (16.6 ± 3.7 s) values, respectively.
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Figure 3. Response in a five-trial odour test of cadmium-treated Danio rerio after a 6-day recovery in
uncontaminated water. A significant decrease in time spent exploring the starting chamber S (A) and
reaching the food (B) is observed in both the control and Cd-treated animals. Different letters indicate
significant differences from the corresponding control. (C,D) Time spent exploring the different areas
of the labyrinth. Two-way ANOVA followed by a Tukey’s pairwise comparison test.

The average time employed by the control fish to explore the labyrinth and reach the
food was 34.7 ± 4.5 s (Figure 3B), with a significant reduction observed from the 60.5 ± 5.4 s
of the first trial to the 13.7 ± 2.1 s of the fifth trial. The behaviour in Cd-treated animals
(Figure 3B) was similar: the average time to reach the food was statistically higher than
that of the controls (44.4 ± 5.3 s). However, as in the controls, performances significantly
improved with trials. Times were reduced from an average of 72.1 ± 6.4 s in the first
trial to a minimum of 15.7 ± 3.0 s in the fifth trial, a time not different from that of the
relative control.

In the five successive trials, control (Figure 3C) and recovered (Figure 3D) animals
randomly entered one of the three corridors after leaving the starting room S. In both
cases, if they entered corridor A or B, they rapidly came out (average permanence less
than 10 s). In contrast, if they entered corridor C, they explored carefully and rapidly
progressed towards the food. The average permanencies in this corridor were 20.6 ± 3.8
and 25.3 ± 9.2 s, respectively. Occasionally, the animals returned to the starting room S, but
the average permanence reduced to 5.7± 3.4 and 9.6 ± 4.5 s, respectively. In subsequent
trials, the time spent in the corridors and S chamber was always significantly reduced.

3.3. Effects of Cadmium and Recovery on the Anatomy of the Olfactory Lamellae

The olfactory organ consisted of a nasal cavity containing an olfactory rosette, a
paired series of lamellae inserted in a midline raphe. The youngest was shorter and
located anteriorly (Figure 4A). The lamellae were covered by epithelium, about 25 µm
thick (Figure 4B), in which the olfactory receptor cells, supporting cells, and small basal
cells were closely packed and not organised in layers (Figure 4C). This pseudostratified
epithelium lay on a basal lamina and a connective lamina propria containing capillaries
and nerves and occasional pigment cells (Figure 4C). Goblet cells were rare, as were crypt
sensory neurons and rodlets cells (Figure 4D).
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Figure 4. Microscopic anatomy of the olfactory lamellae in the control (A–D), cadmium-treated
(E–H), and recovered (I–L) Danio rerio. (A) Olfactory rosette in the nasal chamber. Lamellae (l) and
lateral channel-like system (*). (B) Detail of polymorphic sensory (s) and non-sensory (ns) epithelium,
and lamina propria (lp). Note the ciliated non-sensory epithelium (big arrow). (C) Further detail of
ciliated non-sensory (ns) epithelium, lamina propria (lp), and melanocytes (m). The apical portion
of the epithelium contains rodlet cells (r) and mitotic figures (arrowhead in the inset). (D) Detail
of a crypt (c) and rodlet (r) cell in the channel epithelium. (E) Altered lamellae (**) and increased
melanocytes (m) in the median raphe (#). (F) Detail of a moderately altered lamella; notice the
apoptotic bodies (arrow) in the epithelium and the oedematous lamina propria (*). (G,H) Groups of
altered cells (double arrow) with apoptotic bodies (arrow) and increased number of crypt cells (c).
(I,J) Intact lamellae (l) with non-sensory epithelium (ns) showing well-organised cilia (big arrow),
lamina propria (lp), and rodlet cell (r). (K,L) Oedematous lamina propria (*) and altered epithelium
(white *). Presence of melanocytes (m). Haemalum–eosin staining. Bars: 200 µm (A); 100 µm (E,I);
50 µm (K); 25 µm (B,G,H); 15 µm (C,F,J,L); 5 µm (D).

After cadmium exposure, the olfactory organ was occasionally altered (Figure 4E). In
general, the lamina propria was oedematous (Figure 4F), and the goblet, rodlet, and crypt
cells were significantly increased in number (Figures 4G and 5B). The epithelium often
detached from the underlying connectives (Figure 4F) and showed disorganised areas,
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characterised by the presence of groups of cells with pale cytoplasm and/or pyknotic nuclei
and/or apoptotic bodies (Figure 4H). After six days of recovery in clean water, the lamellae
appeared almost normal in morphology (Figure 4I): the epithelia were better organised
(Figure 4J), and the lamina was only occasionally oedematous (Figure 4L).
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Figure 5. Characterization of the olfactory lamellae in control, cadmium treated and recovered
Danio rerio. (A) Increased height of non-sensory and sensory epithelia. (B) Increased number of
goblet and rodlet cells. (C) Labelled goblet cells (*) and apical cytoplasm in non-sensory (dotted
arrow) and ring channel epithelia (arrow). (D,E) Details of (C). (F) Labelled (*) and poorly labelled
(**) goblet cells. Labelled and poorly labelled apical cytoplasm of lamellar (dotted arrow) and ring
channel (arrows) cells. (G,H) Details of (F). (I) Positive control; labelled skin goblet cells (arrow).
(J,K) Alcian Blue-stained goblet cells (dotted arrows) and microvilli (arrows). (L) PAS-stained rodlet
cells (dotted arrows) and apical cytoplasm of non-sensory cells (arrow). (M) Detail of (L) (frame).
(N–P) Phalloidin stain; positive actin-rich apical cytoplasm in sensory (dotted arrows) and non-
sensory (arrow) epithelial cells. (Q–S) Picrosirius Red-stained collagen in the basal membrane
of the epithelium (arrows) and lamina propria (lp). (Q’–S’) Details of (Q–S). (T) Optical density
(grey values) measured in the areas of the lamina propria indicated in the frame in (Q’). n = 50
measures/treatment. One-Way ANOVA followed by a Tukey’s pairwise comparison test. Different
letters indicate statistically significant differences among groups. Bars: 50 µm (C,F) 25 (D,E,G–S)
10 µm (M,Q’–S’). Non-sensory (ns, ciliated)/sensory (s) epithelia; lamina propria (lp).
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Morphometric analyses did not evidence differences among the control animals (group
examined at 96 h and group examined after the six days of recovery). In contrast, analyses
provided significant information about the extent of the alterations observed in Cd-treated
lamellae. Measures demonstrated that cadmium increased the height of the sensory but
not the non-sensory epithelia (98.7 and 123.6% of the control; Figure 5A). After a 6-day
recovery, the height further increased in both sensory and non-sensory epithelia, with
values reaching 126.4 and 139.5% of the control, respectively (Figure 5A). The Cohen’s d
values for the effect size were 1.5 for non-sensory epithelium and 1.7 and 2.7 for sensory
epithelium, treated and recovered, respectively.

Goblet cells were counted in Alcian Blue-stained lamellae (Figure 5J,K). Numbers
increased by 144.2% after Cd exposure and reduced to 84.4% after recovery (Figure 5B). In
control lamellae, goblets were intensely stained by WGA lectin (Figure 5C). The lectin also
stained the apical cytoplasm of scattered cells in non-sensory epithelia (Figure 5E) and the
apical cytoplasm of ring channel epithelial cells (Figure 5C,D). After Cd exposure, several
goblets showed reduced labelling (Figure 5F–H). At the same time, labelling on the apical
cytoplasm of sparse epithelial cells tended to disappear (Figure 5F), as did labelling on
ring channel epithelial cells (Figure 5F,G). In recovered animals, labelling distribution and
intensity did not differ significantly from the control animals.

Rodlet cells also increased in number, as indicated by phalloidin staining (Figure 5N–P)
and counting in PAS-stained lamellae (Figure 5L,M). Their number increased 235.1% after
cadmium exposure and reduced to 86.5% after recovery (Figure 5B). The most significant
Cohen’s d values for the effect size were registered after Cd exposure (for rodlets, 4.9; for
goblets, 2.2), while after recovery, the effect sizes were reduced to 1.8 and 1.5, respectively.

Quantitative analyses of the lamina propria stained with Picrosirius Red confirmed the
alterations observed after staining with haemalum–eosin. The absorbance demonstrated
a 170.1% increase in collagen (Figure 5T) after cadmium exposure (Figure 5R,R’). After
recovery in clean water, collagen appeared more dispersed and homogenously distributed
(Figure 5S,S’), though the absorbance values were still 143.6% higher than those measured
in controls (Figure 5T). The Cohen’s d values for the effect size for Cd-treated and recovered
samples were 4.9 and 2.5, respectively.

3.4. Immunodetection of MT and PCNA

MT, absent in control epithelia (Figure 6A,B), markedly increased in the cytoplasm of
cadmium-exposed lamellae (Figure 6C,D). After recovery, staining reduced significantly
(Figure 6E,F).

In control epithelia (Figure 6I), PCNA-positive cell nuclei numbered 3.6 ± 1.8 in non-
sensory and 0.75 ± 1.3 in sensory epithelia (Figure 6N). Positive nuclei were more numerous
in the ring channel epithelium, reaching an average of 5.2 ± 1.3 per lamella (Figure 6N).
After cadmium exposure (Figure 6J), stained nuclei increased significantly, ranging from
a minimum of 8.9 ± 1.6 in the sensory epithelium to a maximum of 13.5 ± 2.1 in the ring
channel epithelium (Figure 6N). Recovery in clean water restored the control condition
in non-sensory epithelia, while in sensory and ring channel epithelia, values reduced to
2.0 ± 0.5 and 7.1 ± 1.6 (Figure 6N). The Cohen’s d values for the effect size of cadmium
samples were always >4.5. After recovery, they reduced significantly, ranging from a
minimum of 0.5 in non-sensory epithelium to a maximum of 2.1 in sensory epithelium.
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Figure 6. Metallothionein and PCNA expression in the olfactory lamellae in control, cadmium-treated,
and recovered Danio rerio. (A,B) No MT is evident in the cell cytoplasm (*). (C,D) Increased MT
expression (*). Notice staining in cilia (small arrow). (E,F) Reduced MT expression (*). (G) Negative
control; unstained epithelium (*). (H) Positive control; stain on inner plexiform-layer cytoplasm (*).
(I–K) Localization of PCNA-positive cell nuclei (small arrows). (L) Negative control; unstained
epithelium (**). (M) Positive control; stain on the spermatocytes. Stained cysts (*), unstained
cysts (**), lamina propria (lp). Bars: 50 µm (M); 25 µm (A,C,E,G–L) 15 µm (B,D,F). (N) Variation
in the number of PCNA-positive nuclei in non-sensory, sensory, and channel epithelia. Staining
with peroxidase-conjugated antibodies; nuclei counterstained with haemalum. *, p < 0.01; n = 50
lamellae/treatment. One-Way ANOVA followed by a Tukey’s pairwise comparison test. Different
letters indicate statistically significant differences among groups.

4. Discussion
Teleost fish use chemosensing to gain information about the surrounding environ-

ment [49]. The olfactory system can perceive and discriminate various odours [50]. During
evolution, this ability led to the development of distinctive behavioural responses, such as
the escape from predators [51] and the search for a partner [52] or food [53]. These innate
olfactory-driven behaviours, also present in animals that have only experienced caged life,
such as trout [54], can be consolidated by conditioning [55,56]. The labyrinth tank was
designed to activate such mechanisms and test cadmium’s interference.

In our experiments, the initial cautious exploration of the labyrinth demonstrated
that control fish in captivity retained the antipredator behavioural response, particularly a
careful approach during the inspection of the novel environment [57]. When food odour
was first perceived, the appetitive swimming response [58] drove the animal to the food
reward, consolidating conditioning and improving performances with trials [55,56,59]. As
expected [60], Cd interfered with such behaviour, and according to the literature, this would
depend on interference with olfactory lamellae but not with the mouth chemosensing as
demonstrated in Danio rerio [56].

The slowdown of performances after Cd exposure should not depend on direct inter-
ference in swimming. In Cyprinus carpio and Nile tilapia, it has been demonstrated that
skeletal muscle is a poor Cd-accumulating tissue [61,62]. In Danio rerio, at a low concentra-
tion, it takes 7 days of exposure to alter gene expression (cyt, bax, gadd, and rad51; [63]);
therefore, it is improbable that 96 h were sufficient to determine damages so severe to affect
swimming [11]. Indeed, during the experimental period, fish showed no typical signs of
behavioural alterations such as bottom-dwelling or freezing [64].

Similarly, the involvement of the olfactory bulbs in the delayed behavioural response
is unlikely. Lower levels of cadmium have been registered in the bulbs compared to the
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olfactory mucosa [65]. In addition, it has been shown that cadmium diffuses in the bulbs
already complexed with MT [66]. In contrast, interference in behaviour via the olfactory
system may be extremely fast. Lamellae offer a wide surface for direct contact with
contaminated water, and the microvilli and long cilia of olfactory neurons further increase
the exposed surface. Not surprisingly, Cd accumulates in the olfactory epithelium [67].

In both adult and larval teleosts, besides altering behaviour [68], cadmium impairs
physiological [69] functions and causes cell stress [70]. In our experiments, the first evi-
dence of tissue stress was the increased number of goblet cells. This occurs in all mucous
membranes, in gut villi [27], gill lamellae [71], and skin [72]. As a component of the in-
nate immune system, mucus binds toxic cadmium and avoids ion loss from the damaged
epithelium, exerting a protective role [72].

In Danio rerio, no increase in mucus was observed in the nasal chamber. The continuous
water flow probably washed it away, on one side leaving the epithelial surface accessible
for the olfactory functions but, on the other, increasing contact with the metal and damage.

The increase in rodlet cells is another evidence of the activation of defensive mecha-
nisms. Though their function has not been fully characterised in teleosts, rodlets have been
implicated in ion transportation, inflammation, and immune response [73]. Their increase
in the tissue is a marker of stress, no matter the origin [74]. From this point of view, the data
on rodlets correlates well with the observed increase in goblet cells and the subsequent
reduction when exposure to cadmium ended. The two cell types, therefore, collaborate in
epithelial defence as expected, considering that rodlet cells have also been implicated in
mucus glycoprotein elaboration [75].

Cd penetration in the tissues also activates regulatory mechanisms that change physi-
ological parameters, for example, cortisol levels [76], initiating downstream molecular and
cellular responses [77]. Among these, cadmium activates the expression of MT, small pro-
teins specialised in chelating metals, including cadmium [78]. In Danio rerio, MT expression
increases as early as after 24 h of exposure, and increased MT proteins have been detected
in several tissues [12,27], including in larval Danio rerio [79]. However, as demonstrated in
pike, glutathione would be the first ligand for cadmium [66].

MT markedly increased in our experiments, localising in the apical cytoplasm of
epithelial cells and cilia, the most exposed areas, due to the high surface/volume ratio.
Antioxidant genes (hmox1 and prdx1) and heat shock proteins [23] were also activated,
even at low Cd concentrations, to defend tissues from Cd-induced lipid and DNA peroxi-
dation [80]. Sensory neurons are susceptible to metal-induced oxidative stress since their
membranes are rich in ion transporters, with which divalent cation Cd competes [81]. The
obvious consequence is a cascade of degenerative events [17], ending in apoptosis and a
loss of function, and in anosmia in our specific case.

Light microscopy did not allow for determining the extent of damage to neurons
or for characterising which were the most affected. Ciliated neurons should be the most
vulnerable due to their large surface being exposed to metal; microvillar neurons also
seem to be affected, as changes in Alcian Blue and lectin staining suggested. Ongoing
investigations at the electron microscope will clarify the damage that occurred while im-
munocytochemistry, thanks to specific antibodies, will allow for discrimination on different
sensory and non-sensory cells [82]. In teleosteans, the olfactory epithelium contains four
different types of sensory neurons [83], and these subpopulations may respond differently
to toxicants [34] and different odorant classes depending on the existence of differential
projections to the olfactory bulb [84]. We have no information in this regard since, for
now, only a commercial food pellet containing several different components was used in
the experiments.
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Cell damage, however, did occur in the olfactory epithelium, as indicated by the
presence of many disorganised areas, apoptotic bodies, pyknotic nuclei, and hypertrophy.
Cadmium is a calcium mimetic, and the resulting interference justifies the deleterious effects
exerted on many cell signalling pathways, including apoptosis [85]. Lamellar integrity,
however, was essentially maintained. This finding aligns with previous observations in gut
mucosa [27]. Apoptosis and the activation of DNA repair mechanisms, demonstrated by
increased PCNA expression [86], contributed to eliminating damaged cells. Activation by
inflammation of the progenitor neural stem cells in the olfactory epithelium’s basal layer
cannot be excluded [87].

Connectives also showed damage, in particular, edema and fibrosis of the lamina
propria. Collagen deposition is a well-known effect of cadmium exposure [88]. The
light microscopy investigations could not discriminate between lamina propria and the
basal lamina alterations since the two are in close continuity. Therefore, TEM studies are
necessary to verify whether Cd interfered with cell adhesion to the basal membrane or
between cells [89]. This interference would have favoured the observed seric infiltration
and epithelial detachment from the lamina propria.

Recovery experiments provide further information. The first is that Cd-treated fish
performed almost as well as the controls. In the first test, at the first trial, their average
time to reach the food was 170 s, much longer than the 110 s employed by controls. In
the second test, the difference in the first trial was reduced to 11 s (44 vs. 33 of controls).
The prediction was that after recovering, the fish would have taken approximately the
same time as the controls in their first trial. However, this was not the case. In our
opinion, the exploit performance can be attributed to the fact that in Danio rerio, orientation
and resulting behaviours also depend on spatial clues. In short, the fish memorised the
environment during the first test, even if it did not reach the food. In the second test, place
conditioning [90] improved performance six days later, supporting the restored sensory
ability. It remains to determine the relevance of visual clues in achieving such goals [91].
In parallel experiments [12], we demonstrated that Cd affects the retina, altering light
sensitivity. In this case, recovery was also detected by Muller cells’ regenerative processes.

The restoration of the histological features supports recovery in olfactory lamellae.
Positivity for MT and PCNA indicated an initial increase and a subsequent decrease in Cd
in the tissues. A lower stress level in the tissues is supported by the decreased number of
goblet and rodlet cells and the almost complete disappearance of altered cells. The only
unexpected result is the increasing epithelial hypertrophy, a sign of epithelial suffering [92].
A possible explanation is that the metal is still present, at low concentrations, released by
tissues such as the liver.

5. Conclusions
In conclusion, tests indicate that adults of Danio rerio exposed to Cd lose their olfactory

ability, and they can fully recover if the insult is short. Much information is still missing,
for example, the toxicokinetics of Cd at the concentrations and times tested in the present
study. It would also be interesting to determine the concentration of cadmium in different
cell types to correlate with damage and, more intriguing, with the apparent incomplete
recovery of the epithelium after the period in clean water. Not to be forgotten is the
possibility of conducting a parallel study on females and a more in-depth comparison of
individual response variability. The collected data, therefore, represent a good basis for
future investigations.

We should remember that though increasing attention is paid to the environmental
impact of cadmium, contamination by anthropogenic activities continues. The mechanisms
underlying olfactory responses in teleost fish must be clarified to protect this essential
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component of the aquatic environment and the economic advantages humans obtain from
correct stock management.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/biology14010077/s1, Figure S1: Experimental plan adopted
for the control and cadmium-treated groups.

Author Contributions: Conceptualization, C.M.M. and P.S.; methodology, C.M.M., L.R., G.M.,
P.D., C.F., R.P., R.R. and B.A.; software, C.F. and B.A.; validation, C.M.M., R.C., P.S. and B.A.;
formal analysis, C.M.M.; investigation, C.M.M., B.A., R.C. and P.S.; resources, C.M.M. and P.S.; data
curation, C.M.M., R.C., B.A., R.C. and P.S.; writing—original draft preparation, C.M.M. and C.F.;
writing—review and editing, C.M.M., B.A., R.C. and P.S.; visualisation, C.M.M., B.A., R.C. and P.S.;
supervision, C.M.M., B.A., R.C., C.F. and P.S.; project administration, C.M.M.; funding acquisition,
C.M.M. and R.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of University and Research, grant number
20204YRYS5_006 to C.M.M and R.C.

Institutional Review Board Statement: This study was approved by the Ministry of Health, au-
thorisation no. 529/2019 PR, 19/07/2019. The experiments complied with the ethical provisions
established by the EU Directive 2010/63/EU for animal experiments and the “Guideline for Animal
Experimentation” of the Italian Department of Health. They were approved by the Animal Care
Review Board of the University of Naples Federico II and organised to minimise the number of
animals used.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article or Supplementary Materials.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Bouida, L.; Rafatullah, M.; Kerrouche, A.; Qutob, M.; Alosaimi, A.M.; Alorfi, H.S.; Hussein, M.A. A review on cadmium and lead

contamination: Sources, fate, mechanism, health effects and remediation methods. Water 2022, 14, 3432. [CrossRef]
2. Saidon, N.B.; Szabó, R.; Budai, P.; Lehel, J. Trophic transfer and biomagnification potential of environmental contaminants (heavy

metals) in aquatic ecosystems. Environ. Pollut. 2024, 340 Pt 1, 122815. [CrossRef] [PubMed]
3. El-Saadani, Z.; Mingqi, W.; He, Z.; Hamukwaya, S.L.; Wahed, M.S.M.A.; Abu Khatita, A. Environmental geochemistry and

fractionation of cadmium metal in surficial bottom sediments and water of the Nile River, Egypt. Toxics 2022, 10, 221. [CrossRef]
4. Eklöf, K.; von Brömssen, C.; Huser, B.; Åkerblom, S.; Augustaitis, A.; Veiteberg Braaten, H.F.; de Wit, H.A.; Dirnböck, T.;

Elustondo, D.; Grandin, U.; et al. Trends in mercury, lead and cadmium concentrations in 27 European streams and rivers:
2000–2020. Environ. Pollut. 2024, 360, 124761. [CrossRef]

5. Wasike, P.W.; Nawiri, M.P.; Wanyonyi, A.A. Levels of heavy metals (Pb, Mn, Cu and Cd) in water from River Kuywa and the
adjacent wells. Environ. Ecol. Res. 2019, 7, 135–138. [CrossRef]

6. Ciszewski, D.; Grygar, T.M. A review of flood-related storage and remobilization of heavy metal pollutants in river systems.
Water Air Soil Pollution 2016, 227, 239. [CrossRef] [PubMed]

7. Tolkou, A.K.; Toubanaki, D.K.; Kyzas, G.Z. Detection of arsenic, chromium, cadmium, lead, and mercury in fish: Effects on the
sustainable and healthy development of aquatic life and human consumers. Sustainability 2023, 15, 16242. [CrossRef]

8. Liu, Y.; Chen, Q.; Li, Y.; Bi, L.; Jin, L.; Peng, R. Toxic effects of cadmium on fish. Toxics 2022, 10, 622. [CrossRef] [PubMed]
9. Yan, L.-J.; Allen, D.C. Cadmium-induced kidney injury: Oxidative damage as a unifying mechanism. Biomolecules 2021, 11, 1575.

[CrossRef] [PubMed]
10. Zheng, J.-L.; Yuan, S.-S.; Wu, C.-W.; Li, W.-Y. Chronic waterborne zinc and cadmium exposures induced different responses

towards oxidative stress in the liver of zebrafish. Aquat. Toxicol. 2016, 177, 261–268. [CrossRef]
11. Avallone, B.; Agnisola, C.; Cerciello, R.; Panzuto, R.; Simoniello, P.; Cretì, P.; Motta, C.M. Structural and functional changes in the

zebrafish (Danio rerio) skeletal muscle after cadmium exposure. Cell Biol. Toxicol. 2015, 31, 273–283. [CrossRef] [PubMed]
12. Avallone, B.; Crispino, R.; Cerciello, R.; Simoniello, P.; Panzuto, R.; Motta, C.M. Cadmium effects on the retina of adult Danio rerio.

Comptes Rendus Biol. 2015, 338, 40–47. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/biology14010077/s1
https://doi.org/10.3390/w14213432
https://doi.org/10.1016/j.envpol.2023.122815
https://www.ncbi.nlm.nih.gov/pubmed/37898430
https://doi.org/10.3390/toxics10050221
https://doi.org/10.1016/j.envpol.2024.124761
https://doi.org/10.13189/eer.2019.070303
https://doi.org/10.1007/s11270-016-2934-8
https://www.ncbi.nlm.nih.gov/pubmed/27397942
https://doi.org/10.3390/su152316242
https://doi.org/10.3390/toxics10100622
https://www.ncbi.nlm.nih.gov/pubmed/36287901
https://doi.org/10.3390/biom11111575
https://www.ncbi.nlm.nih.gov/pubmed/34827573
https://doi.org/10.1016/j.aquatox.2016.06.001
https://doi.org/10.1007/s10565-015-9310-0
https://www.ncbi.nlm.nih.gov/pubmed/26715392
https://doi.org/10.1016/j.crvi.2014.10.005
https://www.ncbi.nlm.nih.gov/pubmed/25528674


Biology 2025, 14, 77 15 of 18

13. Henson, M.C.; Chedrese, P.J. Endocrine disruption by cadmium, a common environmental toxicant with paradoxical effects on
reproduction. Exp. Biol. Med. 2004, 229, 383–392. [CrossRef] [PubMed]

14. Motta, C.M.; Simoniello, P.; Di Lorenzo, M.; Migliaccio, V.; Panzuto, R.; Califano, E.; Santovito, G. Endocrine disrupting effects of
copper and cadmium in the oocytes of the Antarctic Emerald rockcod Trematomus bernacchii. Chemosphere 2021, 268, 129282.
[CrossRef]

15. Tian, J.; Hu, J.; He, W.; Zhou, L.; Huang, Y. Parental exposure to cadmium chloride causes developmental toxicity and thyroid
endocrine disruption in zebrafish offspring. Comp. Biochem. Physiol. Part C Toxicol. Pharmacol. 2020, 234, 108782. [CrossRef]

16. Sabir, S.; Akash, M.S.H.; Fiayyaz, F.; Saleem, U.; Mehmood, M.H.; Rehman, K. Role of cadmium and arsenic as endocrine
disruptors in the metabolism of carbohydrates: Inserting the association into perspectives. Biomed. Pharmacother. = Biomed.
Pharmacother. 2019, 114, 108802. [CrossRef] [PubMed]

17. Zheng, J.-L.; Yuan, S.-S.; Wu, C.-W.; Lv, Z.-M. Acute exposure to waterborne cadmium induced oxidative stress and immunotoxic-
ity in the brain, ovary and liver of zebrafish (Danio rerio). Aquat. Toxicol. 2016, 180, 36–44. [CrossRef]

18. Sastry, K.V.; Shukla, V. Acute and chronic toxic effects of cadmium on some haematological, biochemical, and enzymological
parameters in the freshwater teleost fish Channa punctatus. Acta Hydrochim. Hydrobiol. 1994, 22, 171–176. [CrossRef]

19. Byrd, C.A.; Brunjes, P.C. Organization of the olfactory system in the adult zebrafish: Histological, immunohistochemical, and
quantitative analysis. J. Comp. Neurol. 1995, 358, 247–259. [CrossRef]

20. Volz, S.N.; Hausen, J.; Nachev, M.; Ottermanns, R.; Schiwy, S.; Hollert, H. Short exposure to cadmium disrupts the olfactory
system of zebrafish (Danio rerio)—Relating altered gene expression in the olfactory organ to behavioral deficits. Aquat. Toxicol.
2020, 226, 105555. [CrossRef] [PubMed]

21. Tierney, K.B.; Baldwin, D.H.; Hara, T.J.; Ross, P.S.; Scholz, N.L.; Kennedy, C.J. Olfactory toxicity in fishes. Aquat. Toxicol. 2010, 96,
2–26. [CrossRef] [PubMed]

22. Roy, D.; Ghosh, D.; Mandal, D.K. Cadmium-induced histopathology in the olfactory epithelium of a snakehead fish, Channa
punctatus (Bloch). Int. J. Aquat. Biol. 2013, 1, 221–227. [CrossRef]

23. Matz, C.J.; Krone, P.H. Cell death, stress-responsive transgene activation, and deficits in the olfactory system of larval zebrafish
following cadmium exposure. Environ. Sci. Technol. 2007, 41, 5143–5148. [CrossRef]

24. Shelton, D.S.; Dinges, Z.M.; Khemka, A.; Sykes, D.J.; Suriyampola, P.S.; Shelton, D.E.; Boyd, P.; Kelly, J.R.; Bower, M.; Amro, H.;
et al. A pair of cadmium-exposed zebrafish affect social behavior of the un-exposed majority. Environ. Toxicol. Pharmacol. 2023,
100, 104119. [CrossRef] [PubMed]

25. Henry, M.G.; Atchison, G.J. Metal effects on fish behavior—Advances in determining the ecological significance of responses. In
Metal Ecotoxicology Concepts and Applications; eBook; CRC Press: Boca Raton, FL, USA, 2020; pp. 131–143. ISBN 9781003069973.

26. Calvo-Ochoa, E.; Byrd-Jacobs, C.A. The olfactory system of zebrafish as a model for the study of neurotoxicity and injury:
Implications for neuroplasticity and disease. Int. J. Mol. Sci. 2019, 20, 1639. [CrossRef] [PubMed]

27. Motta, C.M.; Califano, E.; Scudiero, R.; Avallone, B.; Fogliano, C.; De Bonis, S.; Raggio, A.; Simoniello, P. Effects of cadmium
exposure on gut villi in Danio rerio. Int. J. Mol. Sci. 2022, 23, 1927. [CrossRef] [PubMed]

28. Wang, Y.; Jiang, H.; Yang, L. Transcriptome analysis of zebrafish olfactory epithelium reveals sexual differences in odorant
detection. Genes 2020, 11, 592. [CrossRef] [PubMed]

29. Namekawa, I.; Moenig, N.R.; Friedrich, R.W. Rapid olfactory discrimination learning in adult zebrafish. Exp. Brain Res. 2018, 236,
2959–2969. [CrossRef] [PubMed]

30. Motta, C.M.; Rosati, L.; Cretì, P.; Montinari, M.R.; Denre, P.; Simoniello, P.; Fogliano, C.; Scudiero, R.; Avallone, B. Histopathological
effects of long-term exposure to realistic concentrations of cadmium in the hepatopancreas of Sparus aurata juveniles. Aquat.
Toxicol. 2024, 268, 106858. [CrossRef] [PubMed]

31. Reite, O.B.; Evensen, Ø. Inflammatory cells of teleostean fish: A review focusing on mast cells/eosinophilic granule cells and
rodlet cells. Fish Shellfish Immunol. 2006, 20, 192–208. [CrossRef] [PubMed]

32. Alesci, A.; Cicero, N.; Fumia, A.; Petrarca, C.; Mangifesta, R.; Nava, V.; Lo Cascio, P.; Gangemi, S.; Di Gioacchino, M.; Lauriano,
E.R. Histological and Chemical Analysis of Heavy Metals in Kidney and Gills of Boops boops: Melanomacrophages Centers and
Rodlet Cells as Environmental Biomarkers. Toxics 2022, 10, 218. [CrossRef] [PubMed]

33. Cheung, K.Y.; Jesuthasan, S.J.; Baxendale, S.; van Hateren, N.J.; Marzo, M.; Hill, C.J.; Whitfield, T.T. Olfactory rod cells: A rare
cell type in the larval zebrafish olfactory epithelium with a large actin-rich apical projection. Front. Physiol. 2021, 12, 626080.
[CrossRef] [PubMed]

34. Bettini, S.; Lazzari, M.; Ferrando, S.; Gallus, L.; Franceschini, V. Histopathological analysis of the olfactory epithelium of zebrafish
(Danio rerio) exposed to sublethal doses of urea. Am. J. Anat. 2016, 228, 59–69. [CrossRef] [PubMed]

35. Lazzari, M.; Bettini, S.; Franceschini, V. Immunocytochemical characterisation of olfactory ensheathing cells of zebrafish. Am. J.
Anat. 2014, 224, 192–206. [CrossRef]

https://doi.org/10.1177/153537020422900506
https://www.ncbi.nlm.nih.gov/pubmed/15096650
https://doi.org/10.1016/j.chemosphere.2020.129282
https://doi.org/10.1016/j.cbpc.2020.108782
https://doi.org/10.1016/j.biopha.2019.108802
https://www.ncbi.nlm.nih.gov/pubmed/30921704
https://doi.org/10.1016/j.aquatox.2016.09.012
https://doi.org/10.1002/aheh.19940220404
https://doi.org/10.1002/cne.903580207
https://doi.org/10.1016/j.aquatox.2020.105555
https://www.ncbi.nlm.nih.gov/pubmed/32645607
https://doi.org/10.1016/j.aquatox.2009.09.019
https://www.ncbi.nlm.nih.gov/pubmed/19931199
https://doi.org/10.22034/ijab.v1i5.151
https://doi.org/10.1021/es070452c
https://doi.org/10.1016/j.etap.2023.104119
https://www.ncbi.nlm.nih.gov/pubmed/37028532
https://doi.org/10.3390/ijms20071639
https://www.ncbi.nlm.nih.gov/pubmed/30986990
https://doi.org/10.3390/ijms23041927
https://www.ncbi.nlm.nih.gov/pubmed/35216042
https://doi.org/10.3390/genes11060592
https://www.ncbi.nlm.nih.gov/pubmed/32471067
https://doi.org/10.1007/s00221-018-5352-x
https://www.ncbi.nlm.nih.gov/pubmed/30088022
https://doi.org/10.1016/j.aquatox.2024.106858
https://www.ncbi.nlm.nih.gov/pubmed/38325058
https://doi.org/10.1016/j.fsi.2005.01.012
https://www.ncbi.nlm.nih.gov/pubmed/15978838
https://doi.org/10.3390/toxics10050218
https://www.ncbi.nlm.nih.gov/pubmed/35622632
https://doi.org/10.3389/fphys.2021.626080
https://www.ncbi.nlm.nih.gov/pubmed/33716772
https://doi.org/10.1111/joa.12397
https://www.ncbi.nlm.nih.gov/pubmed/26510631
https://doi.org/10.1111/joa.12129


Biology 2025, 14, 77 16 of 18

36. Avallone, B.; Cerciello, R.; Cretì, P.; Pizzoleo, C.; Scudiero, R.; Tizzano, M.; Panzuto, R.; Simoniello, P.; Montinari, M.R.; Motta,
C.M. Long term exposure to cadmium: Pathological effects on kidney tubules cells in Sparus aurata juveniles. Aquat. Toxicol.
2017, 193, 201–209. [CrossRef] [PubMed]

37. Kim, S.-G.; Jee, J.-H.; Kang, J.-C. Cadmium accumulation and elimination in tissues of juvenile olive flounder, Paralichthys
olivaceus after sub-chronic cadmium exposure. Environ. Pollut. 2004, 127, 117–123. [CrossRef]

38. Renieri, E.A.; Sfakianakis, D.G.; Alegakis, A.A.; Safenkova, I.V.; Buha, A.; Matović, V.; Tzardi, M.; Dzantiev, B.B.; Divanach, P.;
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