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ARTICLE INFO ABSTRACT

Keywords: Fish strongly rely on olfaction as a variety of essential behaviors such as foraging and predator avoidance are
Behavior mediated by the olfactory system. Cadmium (Cd) is known to impair olfaction and accumulate in the olfactory
Chemosensation epithelium (OE) and bulb (OB) of fishes. In the present study, the acute toxicity of Cd on olfaction in zebrafish
Memls_ (Danio rerio) was characterized on the molecular and behavioral level. To this end, quantitative real-time PCR
”lc“)iiccti]t(;n was performed in order to analyze the expression of selected genes in both the OE and OB. Moreover, the
Zebrafish response of zebrafish to an alarm cue was investigated. Following 24 h of exposure to Cd, the expression of genes

associated with olfactory sensory neurons was reduced in the OE. Furthermore, the antioxidant genes peroxir-
edoxin 1 (prdx1) and heme oxygenase 1 (hmox1), as well as the metallothionein 2 gene (mt2) were upregulated
in the OE, whereas hmox1 and the stress-inducible heat shock protein 70 gene (hsp70) were upregulated in the
OB upon exposure to Cd. Following stimulation with a conspecific skin extract, zebrafish displayed a con-
siderable disruption of the antipredator behavior with increasing Cd concentration. Taken together, Cd impaired
olfaction in zebrafish, thereby disrupting the antipredator response, which is crucial for the survival of in-
dividuals. Cellular stress followed by disruption of olfactory sensory neurons may have contributed to the ob-
served behavioral deficits.

1. Introduction

Fish strongly rely on olfaction since essential behaviors such as
foraging, predator avoidance, and the selection of a suitable mate are
mediated by the olfactory system (Tierney et al., 2010). The olfactory
organ of fish consists of paired rosettes, on the surface of which the
olfactory epithelium (OE) is located (Byrd and Brunjes, 1995). Within
the OE the olfactory sensory neurons (OSNs) are responsible for the
detection of odorants (Hamdani and Dgving, 2007). To date, five types
of OSNs have been described, with the three major ones being ciliated,
microvillous, and crypt OSNs (Byrd and Brunjes, 1995; Ahuja et al.,
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2014; Wakisaka et al., 2017). While ciliated OSNs detect bile salts,
amino acids are perceived by microvillous OSNs (Hansen et al., 2003;
Kolmakov et al., 2009; Dgving et al., 2011; Dew et al., 2014). Crypt
neurons respond to pheromones (Hamdani and Dgving, 2006; Ahuja
et al., 2013). Since OSNs are only covered by a thin layer of mucous,
they are in almost direct contact with the ambient water. In such a
highly exposed position, both natural odorants and contaminants can
interact with them very easily (Tierney et al., 2010).

A wide variety of pollutants are known to disrupt olfaction (re-
viewed in Tierney et al., 2010). Being an element, cadmium (Cd) is not
degradable, and thus both ubiquitously present and continuously
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accumulating in the environment. (Faroon et al., 2012). Point sources
of Cd for environmental contamination are mining, refining, batteries,
pigments, and plastics (Mendez-Armenta and Rios, 2007). In the ma-
jority of western countries, however, rock phosphate fertilizer and at-
mospheric deposition make up over 90 % of the anthropogenic emission
(Alloway, 1995). In European stream waters, Cd concentrations range
from < 0.002-1.25 pg/L and baseline values are typically below the
environmental quality standards that range between 0.08 and 0.25 pg/L
depending on the water hardness (European Comission, 2000; Pan
et al., 2010). Yet, Cd concentrations above 1 mg/L have been measured
in a few heavily polluted areas (Murphy et al., 1978; Ma et al., 2008;
Wasike et al., 2019). In addition, it was shown that changes in the redox
condition as well as mechanical disturbances occurring due to bio-
turbation (Ciutat et al., 2007; Currie et al., 2009) or flood events (Zhao
and Marriott, 2013; Foulds et al., 2014; Ciszewski and Grygar, 2016)
can remobilize Cd that is accumulated in sediments; thereby, Cd may
partition to the water phase and become bioavailable (Audry et al.,
2010; Hamzeh et al., 2014; Ciszewski and Grygar, 2016).

In fish, Cd is a non-essential metal and while low levels of it can be
sequestered, cells fail to regulate higher amounts, which could subse-
quently lead to toxic effects (McGeer et al., 2011). Cd is known to
impair the olfactory system of fish in environmentally relevant con-
centrations (Williams et al., 2016) and to increase prey vulnerability
(Sullivan et al., 1978). Furthermore, Cd was shown to accumulate
within the OE, the olfactory nerve, and the olfactory bulb (OB) of rats
and fish (Evans and Hastings, 1992; Tallkvist et al., 1998).

Some research was done analyzing the effects of Cd on the OE on the
molecular or cellular level; however, to the best of our knowledge,
comparable investigations focusing on the OB are still missing.
Moreover, while a number of studies assessed Cd-induced olfactory
toxicity in fish (Matz and Krone, 2007; Wang and Gallagher, 2013;
Williams and Gallagher, 2013; Dew et al., 2016; Williams et al., 2016),
only a few linked molecular endpoints to adverse outcomes on the or-
ganism level. However, toxic mechanisms that occur on the molecular
level may lead to deficits in the perception of cues such as alarm sub-
stances, thereby impairing the antipredator response or other olfactory-
mediated behaviors (overview given by Tierney et al., 2010). Further-
more, by linking effects on the molecular level to olfactory deficits,
rapidly responding molecular endpoints that are indicative of olfactory
toxicity may be identified.

The aim of the present study was to characterize the acute effects of
Cd on the molecular and behavioral level. Using zebrafish, we analyzed
the expression of genes associated with olfaction (olfactory marker
protein (omp), transient receptor potential cation channel, subfamily C,
member 2 (trpc2), S100 calcium binding protein Z (s1002)), stress
(peroxiredoxin 1 (prdx1), heme oxygenase 1 (hmox1), heat shock pro-
tein 70 (hsp70)), and exposure (metallothionein 2 (mt2)) in both the
olfactory rosette and bulb. Furthermore, the antipredator response to a
conspecific skin extract was investigated to link the gene expression
data to behavioral changes. Collectively, we aimed at contributing to
the understanding of mechanisms underlying Cd-induced impairment
of olfaction and a related behavior in zebrafish.

2. Material and methods
2.1. Animals

Adult zebrafish were purchased from a local pet store and kept in
the aquatic facility at RWTH Aachen University for a minimum of four
weeks prior to their use in experiments. For holding water, tap water
was purified by reverse osmosis and supplemented with salts (HS aqua
Marin Pro Salt). The temperature was maintained at 26 + 1 °C and
animals were kept on a light:dark photoperiod of 14:10 h. Fish were fed
ad libitum twice a day with commercial TetraMin flakes (Tetra GmbH,
Melle, Germany).
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2.2. Exposures

Cadmium chloride and benzocaine were purchased from Sigma-
Aldrich (Sigma-Aldrich Chemie GmbH, Steinheim, Germany). Cadmium
chloride stock solutions were prepared in ultrapure water and nitric
acid (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) was added (0.4
% (v/Vv)).

Zebrafish of both sexes and minimum age of seven months were
exposed to 10, 100, and 1000 pg/L Cd for 24 h. All treatment solutions
were prepared with reconstituted water (demineralized water supple-
mented with HS aqua Marin Pro Salt); controls were reconstituted
water only. Fish were exposed in either 5 L (gene expression study) or 2
L (antipredator study) of the respective treatment solution with a
density of one fish per liter and under continuous aeration. Water
temperature was maintained at 26 = 1 °C. For the gene expression
study, three replicate groups of five fish were exposed for each treat-
ment; for the antipredator study, a total of twenty fish were exposed for
each experimental concentration. At the beginning and end of every
experiment, water samples were taken and waterborne Cd concentra-
tion, water hardness, and alkalinity were measured (please refer to
supplementary material for details). All experiments were conducted in
accordance with the Animal Welfare Act and with permission of the
federal authorities (Ministry for Environment, Agriculture,
Conservation and Consumer Protection of the State of North Rhine-
Westphalia, Germany, registration number 84-02.04.2016. A082). At
the end of the experiment, zebrafish were euthanized with 300 mg/L
benzocaine followed by decapitation.

2.3. Gene expression study

2.3.1. Tissue collection, RNA isolation, and cDNA synthesis

Immediately after euthanasia, fish were dissected under a dissecting
microscope. Olfactory rosettes and bulbs were removed, pooled from
five fish, snap-frozen in liquid nitrogen, and stored at -80 °C until fur-
ther processing. RNA isolation was performed using the NucleoSpin®
RNA Kit (Macherey-Nagel, Diiren, Germany) following the instructions
of the manufacturer. To remove any residual genomic DNA, samples
were purified employing the Invitrogen TURBO DNA-free™ Kit (Thermo
Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s
protocol. RNA concentrations and purity were measured with a BioDrop
ULITE (BioDrop Ltd, Cambridge, UK). cDNA was synthesized from 125
ng total RNA using a random primer mix (hexamers and anchored-dT
primers), a ANTP mix, and MULV Reverse Transcriptase (all purchased
from New England Biolabs, Frankfurt a.M., Germany) following the
manufacturer’s standard protocol for first strand cDNA synthesis (NEB
#MO0253).

2.3.2. Quantitative real-time PCR

Primers were designed using Primer-BLAST (National Center for
Biotechnology Information, Bethesda MD, USA) and NetPrimer
(Premier Biosoft, Palo Alto, CA, USA) and synthesized by Eurofins
Genomics (Eurofins Genomics Germany GmbH, Germany) (Table S2).
For the quantitative real time PCR (qRT-PCR), cDNA was used as a
template for the DNA amplification. The PCR reaction mix contained
Fast SYBR™ Green Master Mix (Applied Biosystems™ by Thermo Fisher
Scientific, Darmstadt, Germany), 0.5 uM of each primer, and cDNA. The
gqRT-PCR was conducted using a StepOnePlus™ real-time PCR system
(Applied Biosystems™ by Thermo Fisher Scientific, Darmstadt,
Germany). Samples were analyzed in triplicates and the DNA amplifi-
cation was quantified according to Pfaffl (2001). Gene expression of the
target genes was normalized to the reference gene eeflalll and ex-
pressed as fold change of the respective control values. Details are
shown in the supplementary material (S2.1).

2.3.3. Data analysis
If not stated otherwise, data analyses were performed in R Version
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3.5.1 (R Developmental Core Team, 2018). Three samples each con-
sisting of either olfactory rosettes or bulbs pooled from five fish (cor-
responding to one replicate group) were analyzed per treatment. Ex-
pression data of individual genes were tested for homogeneity of
variance and normal distribution. In case the parametric assumption
was confirmed, a univariate analysis of variance (ANOVA) followed by
a Dunnett’s test (multcomp package) (Hothorn et al., 2008) was per-
formed. Whenever the parametric assumption was not confirmed, a
Kruskal-Wallis test followed by a Dunn’s test (Dunn.test package)
(Dinno, 2017) was employed. Figures were prepared using the ggplot2
package (Wickham, 2016) and cowplot package (Wilke, 2019). In ad-
dition, the expression of all selected genes in the olfactory rosette and
bulb were assessed by performing Multiple Response Permutation
Procedures (MRPPs) (Mielke et al., 1976) in PC-ORD (MjM Software,
Gleneden Beach, Oregon) using the Euclidean distance as the distance
measure.

2.4. Antipredator response study

2.4.1. Skin extract preparation

The conspecific skin extract was prepared from dead and archived
control fish from previous experiments that had been snapfrozen in li-
quid nitrogen and stored at -80 °C until further usage. On every ex-
perimental day, fish were thawed on ice and the skin of four individuals
— two males and two females (corresponds to approx. 12 cm?) — was
removed with surgical scissors and forceps. Special care was taken to
ensure that no blood or other tissue was added to the skin sample.
Subsequently, 60 mL of demineralized water was added, the skin was
homogenized (homogenizer VDI 12, S12N-5S, VWR International
GmbH, Darmstadt, Germany), and the resulting dispersion was filtered
through a glass microfiber filter. The skin extract was stored on ice until
usage.

2.4.2. Behavioral trials

Behavioral trials were conducted in parallel in two 35 L observation
tanks filled with clear reconstituted water; no Cd was added. To prevent
visual disturbances, three sides of the tanks were covered from the
outside with black silicon. In addition, an opaque curtain was installed
in front of the tanks. Tubing was attached to allow the delivery of sti-
muli to the observation tanks from behind the curtain. A camera (Rollei
Actioncam 426, 4k, Rollei GmbH & Co. KG, Norderstedt, Germany) was
installed in front of each tank to record fish behavior during the trial.
Following 24 h of exposure to 10, 100, and 1000 pg/L Cd, fish were
introduced individually into the observation tanks and left undisturbed
to acclimate for 40 min. The rationale for assessing the behavior of
individual fish instead of shoals was that despite of zebrafish being a
shoaling fish species, it had previously been demonstrated by Mathuru
et al. (2012) that the response of individuals is either comparable or
stronger compared to that of small groups. Hence, by assessing the
antipredator behavior of individual zebrafish we reduced the number of
animals required while obtaining similar or stronger responses to con-
specific skin extract. To assess whether the delivery of a solution alone
induced an alarm response in control animals via visual or mechanical
stimulation, water was employed as a blank stimulus in preliminary
experiments. Skin extract was utilized to trigger the olfactory-mediated
antipredator response. 5 mL of stimulus was delivered to the observa-
tion tanks via the tubing and the latter was flushed with an additional 5
mL of water. Between trials, observation tanks were emptied, flushed
with 5 L of water, and refilled with fresh reconstituted water before the
next fish were introduced.

2.4.3. Behavioral analysis

The behavior of twenty fish per treatment was tracked 7 min before
and 7 min after stimulus delivery (from hereinafter referred to as pre-
and post-stimulus) from the video recordings employing EthoVision®
XT 11.5 (Noldus Information Technology bv, Wageningen, The
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Netherlands). Observation tanks were divided into a lower and upper
half, and the time spent in the lower half was measured. Raw data were
exported and further analyzed with R version 3.5.1 (R Developmental
Core Team, 2018). Freezing (defined as motionless, except the move-
ment of eyes and gills) and erratic movements (defined as rapid
swimming bursts with multiple changes of direction) were manually
analyzed from the video recordings. In order to obtain a combined
assessment of all behavioral elements of the antipredator response, we
used a previously developed scoring system (Volz et al., 2019) com-
prising the three behaviors as well as the time spent performing them.

2.4.4. Data analysis

If not stated otherwise, data analyses were performed using R
Version 3.5.1 (R Developmental Core Team, 2018). To investigate
whether Cd affected the behavior prior to the stimulation with the
alarm substance, Mann-Whitney U tests were conducted comparing the
individual behaviors of fish exposed to Cd to those of control animals.
To verify the suitability of the selected behavioral endpoints for the
assessment of the olfactory-mediated antipredator response, pre-sti-
mulus data of bottom-dwelling, erratic movements, and freezing in
control fish stimulated with either skin extract or water (blank) were
tested against the respective post-stimulus values. Therefore, Wilcoxon
signed-rank tests were performed. Post-stimulus data of freezing and
erratic movements were corrected by subtracting the respective pre-
stimulus values. Cd-induced effects on the individual behaviors asso-
ciated with the antipredator response were assessed by using one-sided
Mann-Whitney U tests. The Benjamini-Hochberg p-values adjustment
was employed to correct for multiple testing. For the multivariate
analysis of the antipredator response, an MRPP (Mielke et al., 1976)
was performed with PC-ORD (MjM Software, Gleneden Beach, Oregon);
the Euclidean distance was used as the distance measure. Figures were
prepared in R using the ggplot2 package (Wickham, 2016) and cowplot
package (Wilke, 2019).

3. Results
3.1. Gene expression

Exposure to Cd for 24 h resulted in a significantly decreased ex-
pression of marker genes for ciliated (omp) and microvillus (trpc2) OSNs
in the olfactory rosette (Fig. 1). The expression of s100z, a marker for
crypt neurons, increased following exposure to 10 pg/L Cd but did not
significantly differ from the control level at 100 and 1000 pg/L Cd.

100 pg/L Cd induced a significant increase in the expression of the
antioxidant genes hmox1 and prdx1 in the olfactory rosette (Fig. 2). In
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Fig. 1. Expression of OSN marker genes in the olfactory rosette following 24 h
of exposure to Cd. The results are displayed as the mean fold change to the
control + standard deviation. Expression levels were normalized to the re-
ference gene eeflalll. n = 3 pools of olfactory rosettes of 5 fish. Statistically
significant differences between the control and the treatments are denoted with
asterisks: *p < 0.05, **p < 0.01, ***p < 0.001.
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the OB, hmox1 expression was significantly elevated in the highest test
concentration and prdx1 showed an increasing trend. While hsp70 ex-
pression was upregulated in both the olfactory rosette and the OB, a
statistically significant difference to the control only occurred for the
expression in the OB. However, hsp70 expression at 100 and 1000 pg/L
Cd in the olfactory rosette was significantly induced compared to at 10
ug/L Cd (p = 0.04 and p = 0.02, respectively). Following exposure to
1000 pg/L Cd, the expression of mt2 significantly increased in the ol-
factory rosette, whereas only an upward trend could be measured in the
OB.

The multivariate analysis (MRPP with Euclidean distance) com-
bining the expression of all the selected genes showed that gene ex-
pression was significantly altered in the OE in all Cd treatments (p =
0.02), whereas in the OB only 100 and 1000 pg/L Cd induced sig-
nificant effects (p = 0.02).

3.2. Antipredator response

Zebrafish displayed bottom-dwelling, erratic movements, and
freezing in response to the delivery of conspecific skin extract (Fig. 3).
While bottom-dwelling was the most common reaction to the alarm
cue, not all of the zebrafish showed erratic movements or freezing. To
validate whether these behaviors are reliable endpoints for the in-
vestigation of the olfactory-mediated antipredator response, they were
assessed prior and following the delivery of either conspecific skin ex-
tract as an alarm cue or water as a blank stimulus. While no changes in
the selected behaviors were detected after stimulation with water,
control fish significantly increased bottom-dwelling (p = 0.0005), er-
ratic movements (p = 0.01), and freezing (p = 0.03) following the
delivery of conspecific skin extract.

Prior to the addition of the conspecific skin extract, fish exposed to
Cd did not display any alterations in the percentage of time spent with
erratic movements or freezing. The percentage of time spent in the
bottom half of the tank (bottom-dwelling), however, increased with

rising Cd concentration (refer to Fig. 1 of supplementary material).

Following 24 h of exposure to 1000 ug/L Cd and delivery of con-
specific skin extract, zebrafish displayed significantly less bottom-
dwelling (p = 0.009). The duration of erratic movements presented a
tendency to decrease after treatment with Cd. Zebrafish exposed to 10-
1000 pg/L Cd displayed a concentration-dependant decline of the
percentage of time spent freezing (p = 0.03 for 1000 pg/L Cd).

Since the selected behavioral elements were not independent of
each other, we additionally performed multivariate data analysis.
MRPP results presented a highly significant difference (p = 0.0008).
Pairwise comparisons of the control with the Cd treatments showed
statistically significant distinctions at 1000 pg/L Cd (p = 0.00008).

Additionally, we employed our previously developed scoring system
(Volz et al., 2019), which comprises all three behaviors as well as time
fish spent performing them. With increasing concentration of Cd, the
score significantly declined in a concentration-dependent manner (p =
0.04 for 100 pg/L and p = 0.005 for 1000 pg/L).

4. Discussion

In the present study, Cd-induced olfactory impairment in zebrafish
was evident at both the molecular and behavioral level. The assessment
of the expression of genes associated with olfaction revealed a sig-
nificant decrease of omp following 24 h of exposure to 1000 pg/L. Omp
is a small cytoplasmic protein that is widely used as a marker for mature
ciliated OSNs. Omp modulates cAMP kinetics in OSNs (Reisert et al.,
2007), thereby ensuring the maintenance of OSN sensitivity
(Nakashima et al., 2020). Reduced expression of omp may translate into
a decreased availability of the protein and thus, impair olfactory signal
transduction. Beyond that, the expression of omp has previously been
suggested to be a sensitive marker for the loss of ciliated OSNs (Wang
and Gallagher, 2013). The fact that the downregulation of omp in
zebrafish and coho salmon (Oncorhynchus kisutch) after metal exposure
was demonstrated to be concordant in time and concentration with a
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significant increase of cell death in the OE (Wang et al., 2013; Wang
and Gallagher, 2013) supports this suggestion. Hence, the reduced ex-
pression of omp in the present study possibly indicates Cd-induced loss
of ciliated OSNs; however, this hypothesis remains to be tested, for
instance, by combining gene expression studies with OE histology or
immunostainings employing specific antibodies against OSN marker
proteins.

Transcript numbers of trpc2 were decreased following treatment
with 100 and 1000 pg/L Cd. Trpc2 is a commonly used marker protein
for microvillous OSNs and was shown to have a role in the detection of
amino acids (Lipschitz and Michel, 2002; Sato et al., 2005). As for omp,
reduced expression of trpc2 may potentially alter olfactory signal
transduction. Future research should investigate whether a Cd-induced
loss of microvillous OSNs is the underlying cause of the decreased ex-
pression of trpc2.

To assess the effect of Cd on crypt neurons, the expression of s100z
was analyzed. Our data showed an induction of s100z at 10 ug/L Cd.
With increasing Cd concentration, however, s100z expression declined
and was not significantly different from control levels at 100 and 1000
ug/L. For another member of the S100 protein family, SI00A2, it was
proposed that this protein plays a role in the response to oxidative stress
(Deshpande et al., 2000). Wang and Gallagher (2013) further demon-
strated that s100z is likely under the control of the nuclear factor (er-
ythroid-derived 2)-like 2 (Nrf2) pathway, which has an important an-
tioxidant function. Hence, one possible explanation for the
upregulation of s100z in the present study may be the induction of an
antioxidant response in the olfactory rosette by 10 ug/L Cd. Beyond
that, the decrease of s100z expression in 100 and 1000 pg/L Cd may
indicate an impact of Cd on crypt OSNs, which — as for omp and trpc2—
needs to be investigated in future studies.

Previously, it was demonstrated that oxidative stress likely is a
critical factor in the impairment of olfaction by metals (Wang and
Gallagher, 2013). The generation of reactive oxygen species (ROS) is a
common mode of action of different metals and can affect various
cellular components, such as proteins, DNA, and lipids, thereby mod-
ulating their function (Manca et al., 1991; Mendez-Armenta et al.,
2003; Lopez et al., 2006). Moreover, ROS act as signaling molecules in

the induction of apoptosis (Othumpangat et al., 2005). Studies with
zebrafish larvae demonstrated that 3 h of exposure to 2.81 and 14 mg/L
Cd, respectively, induced cell death in the olfactory placode and dis-
rupted olfactory-mediated behaviors (Blechinger et al., 2007; Wang and
Gallagher, 2013). Since the enzymes Prdx1 and Hmox1 hold important
antioxidant functions (Novoselov et al., 1999; Ryter and Choi, 2002),
their gene expression is used as a biomarker for oxidative and cellular
stress (Williams and Gallagher, 2013; Williams et al., 2016). After 48 h
of treatment with 347 pg/L Cd, the induction of hmox1 expression co-
incided with histological effects, such as decreased number of OSNs and
increased number of apoptotic cells (Williams and Gallagher, 2013).
Our data showed induction of hmox1 and prdx1 in the olfactory rosette
after treatment with 100 pg/L Cd which is indicative of an antioxidant
response. This is consistent with observations in the OE of coho salmon
following 24 h of exposure to 347 pg/L (Williams and Gallagher, 2013)
and in 120 hpf zebrafish larvae upon 24 h of treatment with 117 ug/L
Cd (Heffern et al., 2018).

Heat-shock proteins, also called stress-proteins, are part of the pri-
mary defense mechanisms coping with proteotoxicity. Hsp70 is one of
the most widely studied stress-proteins and its gene expression is highly
inducible by a wide variety of environmental contaminants (reviewed
in Bierkens, 2000). Zebrafish embryos exposed to Cd for up to 96 h
displayed an upregulation of hsp70 in the OE (Matz and Krone, 2007).
Furthermore, whole larvae expression of hsp70 increased after 24 h of
treatment with 117 pug/L Cd (Heffern et al., 2018). In the study at hand,
hsp70 expression increased at 100 and 1000 pg/L Cd compared to 10
ug/L, suggesting cellular stress and the occurrence of protein dena-
turation in the olfactory rosette. Alterations in the expression of mt2
were generally comparable to those for hsp70, but, they were slightly
less pronounced. Metallothioneins are small cytosolic metal-binding
proteins and their gene expression is commonly used as a marker for
metal exposure. Hence, the elevation in the expression of mt2 is con-
sistent with the induction of this gene by Cd.

The investigation of the expression of the same genes in the OB
showed similar trends; however, measured fold changes in mRNA
transcript levels were lower in the OB compared to in the olfactory
rosettes. While hmox1 and hsp70 were significantly upregulated, slight
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upward trends could be observed for prdx1 and mt2. Taken together,
the overall trend of the mRNA data suggests that Cd induces an anti-
oxidant response in the OB. Previous studies have shown that Cd en-
tered the olfactory system and accumulated in the OE, the olfactory
nerve, and the OB of fishes (Evans and Hastings, 1992; Tallkvist et al.,
1998, 2002; Scott et al., 2003). Complexation with metallothionein
likely facilitates this process (Nishimura et al., 1992; Tallkvist et al.,
2002). Since metallothioneins are thought to play a vital role in the
detoxification of metals by sequestration, Cd is unlikely to exert any
toxic effects as long as it is bound to them. Nonetheless, our gene ex-
pression data suggested that an antioxidant response occurred in the
olfactory organ, proposing that Cd was likely also present in its free and
toxic form as well.

The antipredator response of fishes belonging to the Ostariophysi
superorder is one example of such an olfactory-mediated behavior. The
ostariophysans make up approximately 64 % of all freshwater fish.
Their common feature is the presence of specialized epidermal club
cells, which contain the alarm pheromone (Frisch, 1938; Smith, 1992).
Upon injury, this pheromone is released and can be detected by con-
specifics, thereby eliciting a typical fright response. Following the de-
livery of conspecific skin extract, control fish in the present study sig-
nificantly increased the time spent in the bottom half of the tank as well
as the time spent freezing and displaying erratic movements. These
behaviors are typical parts of the antipredator response of zebrafish
(Gerlai, 2010). The lack of a change in these behaviors when delivering
water as a blank stimulus instead of the alarm cue further showed that
these behaviors were not induced by the mechanical or visual stimulus
due to the addition of the solution. Thus, bottom-dwelling, erratic
movements, and freezing are suitable endpoints for assessing the ol-
factory-mediated antipredator response.

Zebrafish displaying erratic movements often performed these close
to the bottom of the tank. Considering the natural environment of these
small freshwater cyprinids, this behavior would stir up sediment and
debris at the ground, thereby making it harder for predators to spot and
catch their prey (Speedie and Gerlai, 2008). After exposure to Cd, the
duration of erratic movements showed a downward trend, suggesting a
disruption of this behavior. Following treatment with Cd, both the
number of fish exhibiting freezing behavior and the duration of freezing
decreased substantially. Freezing in most cases was the final stage of the
antipredator response of zebrafish and was only performed when fish
appeared to be in severe distress. In agreement with these findings, a
study assessing anxiety in zebrafish using a dark/bright preference test
found that freezing was the strongest measure of this emotional state
(Blaser et al., 2010). Hence, freezing was assigned the highest score
value in our previously developed scoring system (Volz et al., 2019).
The results of utilizing the scoring system in the present study de-
monstrated a clear concentration-dependent decrease of the score with
rising Cd concentration. Together with the outcome of the multivariate
analysis, this leads to the conclusion that Cd altered the olfactory-
mediated antipredator response of zebrafish. For rainbow trout, it was
shown that exposure to 2 pg/L Cd for seven days disrupted antipredator
behavior, whereas shorter exposure times or lower concentrations had
no effect (Scott et al., 2003). Furthermore, it was demonstrated that
coho salmon exposed to 347 pg/L Cd for 48 h displayed a reduction of
the antipredator response that coincided with a decreased number of
OSNs in the OE (Williams and Gallagher, 2013). Developmental ex-
posure to 20 pg/ L Cd for 50 days disrupted the antipredator response of
zebrafish and the effect was still present following 14 days of depura-
tion (Kusch et al., 2008). The occurrence of behavioral deficits at lower
Cd concentrations compared to the present study is probably due to the
considerably longer exposure duration that likely resulted in the ac-
cumulation of Cd in the olfactory system (Tallkvist et al., 2002;
Williams et al., 2016). In addition, a higher sensitivity of the early life
stages compared to adult zebrafish to Cd-induced olfactory deficits
could explain the difference in effective concentrations. However, Matz
and Krone (2007) did not observe an impairment of olfactory-mediated
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behavior following 96 h exposure of zebrafish larvae to 56 pg/L Cd. In
the environment, impairment of the antipredator response would sub-
stantially increase the likelihood of falling prey to a predator, thereby
decreasing the chance of survival for the individual (McIntyre et al.,
2012). While an impairment, injury, or loss of OSNs could explain the
disruption of the antipredator behavior observed in the present study,
we can not exclude other causes. Monaco et al. (2016 and 2017) ob-
served alterations in the neuroglia as well as neurodegeneration in the
brain of zebrafish following 16 days of exposure to Cd. Previously, it
was shown that the medial bundle of the medial olfactory tract pro-
jecting to the medial pallium of the forebrain (Nikonov et al., 2005) is
involved in the antipredator response (Hamdani et al., 2000; Mathuru,
2008). Hence, Cd-induced alterations in the forebrain as described by
Monaco et al. (2016 and 2017) may also cause the impairment of an-
tipredator behavior. Yet, since neurodegeneration in adult zebrafish
brains was only evident following 16 days and not after 2 or 7 days of
treatment with Cd (Monaco et al., 2017), impairment or loss of OSNs
appear to be more likely causes of the observed behavioral effects.

Cd-induced olfactory toxicity occurred at concentrations that were
considerably higher (factor 10-1000) as typically measured in surface
waters (Pan et al., 2010). In some exceptional cases, maximal Cd con-
centrations exceeding 10 nug/L were reported, for instance, 13.5 pg/L in
filtered and 513 pg/L in unfiltered water of the Tarapaya River in Bo-
livia (Smolders et al., 2003), 610 pg/L in surface water in the Cerbat
Mountains in Arizona (Rosner, 1998), and 1 mg/L in the River Kuywa
in Kenya (Wasike et al., 2019). Cd is known to accumulate in sediments
and may be remobilized due to changes in the redox potential or me-
chanical disturbances, for example occurring during flood events; this
may lead to temporarily increased waterborne Cd concentrations
(Audry et al., 2010; Hamzeh et al., 2014; Ciszewski and Grygar, 2016)
that could approach concentrations which were shown to induce an
effect in the study at hand. Besides, Cd was demonstrated to accumulate
within the olfactory rosette and bulb of fish and rats (Gottofrey and
Tjalve, 1991; Tallkvist et al., 2002); hence, prolonged exposure may
lead to substantially higher internal Cd concentrations. In fact, fol-
lowing 48 h of exposure to up to 30 pg/L Cd, coho salmon displayed no
disruption of their aversive response to L-cysteine; however, when
treated with 0.3 pg/L Cd for 16 days, the aversion response was sig-
nificantly altered (Williams et al., 2016). Consequently, chronic ex-
posure to low and environmentally relevant concentrations may result
in effects comparable to those observed in the present study after acute
exposure to high concentrations of Cd.

As recently pointed out by Legradi et al. (2018), the increasing
numbers of potentially neurotoxic contaminants in the environment
pose great risks for humans and animals alike and raise the need of
implementing the investigation of “eco-neurotoxicity” into the en-
vironmental risk assessment of chemicals. Given the importance of ol-
factory function for a variety of behaviors pivotal for fish, such as the
antipredator response assessed in the present study, the inclusion of
olfactory endpoints into an “eco-neurotoxicity” testing strategy should
be considered. In this context, the expression of OSN marker genes
(omp, trpc2, s100z), as well as the genes associated with stress (hmox1,
prdx1, hsp70) and exposure (mt2), may be useful biomarkers. While this
study showed that alterations in the expression of these genes coincided
with impairment of olfactory-mediated behavior, future research is
required to establish the missing link between gene expression and
physiological markers of cellular stress and OSN injury. Moreover,
thresholds need to be determined, the exceedance of which results in an
effect relevant to olfactory function. Besides, additional genes that may
be suitable endpoints for olfactory toxicity ought to be identified and it
should be tested whether an array of these genes would reliably in-
dicate the toxic potential of a variety of different substances to the ol-
factory system.

In conclusion, this study demonstrated that Cd disrupted the ol-
factory system of zebrafish at the molecular and behavioral level. In the
olfactory rosette, Cd induced an antioxidant response and altered the
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expression of OSN marker genes; these results are consistent with those
of previously published studies. Furthermore, this study was the first to
show that Cd further induced the expression of genes related to cellular
stress in the OB. Observed effects on olfactory-mediated behavior were
concordant in time and concentration with altered expression of anti-
oxidant as well as OSN marker genes; thus, a causal relationship be-
tween these two endpoints is possible. However, additional research is
required to fill in the remaining knowledge gaps, for instance, by
combining the assessment of antioxidant and OSN marker gene ex-
pression with the measurement of lipid peroxidation in the olfactory
organ and histological or immunohistochemical analysis of OSN da-
mage. The assessment of Cd-induced effects in an environmentally re-
levant (long-term) exposure scenario was beyond the scope of the
present study and exposure concentrations were considerably higher
than commonly found in the environment. However, since our results
suggested that Cd was rapidly taken up into the olfactory rosette and
bulb of zebrafish, an accumulation of this metal in the olfactory tissue is
to be expected. Consequently, even significantly lower concentrations
of Cd in the environment may lead to high amounts of the metal within
the olfactory system; these could ultimately overwhelm cellular defense
mechanisms, thereby disrupting olfaction. Given the importance of the
olfactory system for almost every aspect of a fish’s life, olfactory deficits
may threaten both individuals and populations.
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