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Abstract

Cadmium (Cd) is a global toxic pollutant and a major foodborne hazard. Its widespread use in
industrial processes, including its presence in fertilizers, combined with natural environmental
occurrence, has led to persistent contamination of food and water supplies. Ingested Cd has been
associated with visual impairments, but early predictors such as disruptions to nervous system
function are elusive largely due to the reliance of in vitro and in vitro assays. Here, we examined the
effects of human-relevant dietary Cd concentrations (0, 30, and 600 ug/g Cd) on in vivo neuronal
calcium (Ca?*) activity and visually-guided behavior, as assessed by the optomotor response, across
multiple exposure windows. We found that human-relevant dietary Cd exposure induced immediate
deficits in whole-brain neuronal activity that preceded impairments in the optomotor response.
While Cd disrupted in vivo neuronal Ca?* activity in zebrafish after a single day of exposure, these
effects were transient, with differences across treatments diminishing after two weeks. In contrast,
optomotor deficits emerged after two weeks of exposure and were concentration dependent.
Notably, while alterations in neuronal Ca?* activity occurred at Cd exposure levels comparable to
those in human populations, early-life optomotor deficits were observed only at dietary Cd
concentrations at the upper limit of human exposures. Overall, these findings demonstrate that
ingested Cd poses significant risks to sensitive systems, including the nervous system, with
downstream consequences for visually-guided behavior. This study provides insight into early
neurophysiological predictors of dietary Cd-induced neurotoxicity and visual dysfunction.

Keywords: cadmium; diet; calcium; neuronal activity; optomotor response; zebrafish

1. Introduction

Cadmium (Cd) is a known carcinogen, mutagen and immunotoxin that is increasing in the
environment [1-3]. Cd is found in nearly everything we eat, drink and breathe. Diet is the leading
source of Cd exposure in the general population (non-occupational and nonsmoking) due to Cd’s
near ubiquitous presence in food [2,4,5]. Dietary Cd intake estimates in Europe are 10-30 ug/kg/d [6],
with increased risk of consumption with certain foods such as shellfish and rice [7-9]. Individuals
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consuming some seafood were found to have a daily fecal excretion of Cd up to 580 pg, more than
10 times the provisional tolerated weekly intake. Cd accumulation in ocular [10], nervous [11,12], and
reproductive [13,14] tissues suggests that Cd exposure is a significant threat to vision, cognition, and
development. Increased accumulation of Cd with age, indicates Cd exposure is chronic. Once
accumulated, Cd has a biological half-life that can reach decades [15,16]. Nearly ubiquitous presence
of Cd in food and ocular tissue highlights the need to test for dietary Cd-induced visuo-behavior
disorders [17-20].

Elevated Cd exposure in humans is linked to deficits in visual acuity and night blindness.
Human adult ocular tissue has nearly ubiquitous accumulation of Cd [18,21,22]. Epidemiological and
animal studies link some neuro-cognitive disorders with visual impairments (e.g., visuomotor
impairments, visual memory deficits — Autism Spectrum Disorders) [23-26]. Diet is a possible
pathway for ocular Cd, as rodents fed human dietary levels of Cd for 7wks showed Cd in the eye
[27]. Human ocular studies show that retina Cd levels are 20-fold higher than brain Cd levels [21,22].
An effective assay to test the effects of contaminants on visually-guided behavior is the Optomotor
Response (OMR) [28]. The OMR is where the animal moves in the direction of whole-field visual
motion to stabilize its position relative to the visual world. The OMR is observed in animals ranging
from invertebrates such as cephalopods [29,30] and flies [31] to vertebrates such as zebrafish [32,33],
mice [34], and humans [35].

Cadmium intoxication can lead to widespread changes in the central and peripheral nervous
system [12,36,37]. Cadmium uptake in adults is minimal and is a greater threat to children and
younger animals due to differences in BBB integrity [38]. Rodents that ingested Cd showed deficits
in spontaneous and evoked visual electrocortigrams and behavior [39]. Visually-guided behavior
may be disrupted by Cd-induced alterations in Ca?* activity. Alterations in cytosolic Ca?* can affect
the regulation of many neuronal functions [40,41]. Neuronal excitation causes a transient increase in
intracellular Ca?, which in turn mediates a neuronal response. The increase in intracellular Ca? is
dependent on voltage-dependent channels. Cd inhibits all of the known pathways of cellular Ca?*
influx, and competes with Ca?* at the voltage-dependent Ca?* channels [11,42,43]. In some instances,
Cd may elevate intracellular Ca?. For example, disassociated mesencephalic trigeminal neurons of
the adult rats exposed to Cd showed elevated concentration of cytoplasmic and nuclear Ca2* [44].
Examining the relationship between neuronal Ca?activity and behavior can help us better
understand dietary Cd-induced behavioral alterations.

Zebrafish serve as a well-established model to understand how contaminants affect neuro-
behavior in the lab [45-48]. Field-based studies of zebrafish help strengthen ethological relevance of
experiments [49-51]. Zebrafish like humans rely heavily on vision to navigate their environment
[45,52,53]. The visual system in vertebrates is conserved with OMR serving as a translational assay
to assess visual acuity [28,54,55]. Cellular differentiation and cellular migration during development,
and the Ca? signaling activities of zebrafish eyes, brain and stomach, closely mirror patterns observed
in mammals, making them valuable for studying physiological and molecular mechanisms
underlying toxicant exposures [45,48,56,57]. Zebrafish biomedical toolkit enables the use of mutant
and transgenic models to assess neurophysiology including Ca? activity in intact animals. Mutant
zebrafish, nacre(mitf)w?*2, lacking melanocytes with the transgene Tg[elavl3:GCaMP5g] are optically
clear and are equipped with a genetically encoded calcium indicator that enables to the intracellular
visualization of Ca?* as a proxy for neuronal activity in vivo [58,59].

The goal of the study is to examine neurophysiological changes that may predict dietary Cd-
induced visuomotor deficits. This was achieved by assessing the optomotor response and
spontaneous Ca?* activity in vivo in zebrafish fed diets salted with human-relevant concentration of
Cd for various days. We hypothesized that dietary Cd would trigger optomotor deficits and these
deficits would be preceded by alterations in neuronal activity. We predict that deficits in OMR
resulting from dietary Cd exposure will become more pronounced with longer exposure durations
and will vary according to dietary Cd concentration.
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2. Method

2.1. Zebrafish Care and Maintenance

Adult and larval zebrafish were obtained from lines maintained in the University of Georgia
Zebrafish Facility following standard procedures. Nacre(mitf)+*+? were originally obtained from the
Zebrafish International Research Center (ZIRC). Fish transgenic for Tg[elavl3:GCaMP5g] were
obtained from Dr. Ahrens [58,59]. All adult fish were maintained in Aquatic Habitats (Apopka, FL)
multi-rack system. Habitat water consisted of reverse osmosis filtered/sterilized water to which
sodium bicarbonate and other salts (Instant Ocean, Aquarium Systems, Inc., Mentor, OH, USA) were
added to maintain water quality under standard husbandry conditions (Table S1).

2.2. Diet Creation

Diets targeting nominal concentrations of 0, 30 and 600 ug/g Cd were prepared via top coating
for three diet granule sizes obtained from Skretting (Stabanger, Norway): GEMMA Micro 75 (50-100
um pellet size). All diets consisted of 59% protein, 14% oil, and 14% ash. To make each treatment, 40
g of diet was thinly spread in a circular mixing bowl lined with saran wrap. Cadmium Chloride
(CdCly stock solution was diluted into 24 mL of 70% ethanol inside of 50 mL polypropylene tube
(VWR; Cat: 12-565-270) to achieve the appropriate mass for each target nominal concentration. The
solution was pipetted onto the diet until the surface was evenly damp, and the diet was mixed
thoroughly with a plastic spatula, allowed to dry, and respread across the bowl. This process was
repeated until the contents of the bottle were depleted, at which point the polypropylene tube was
rinsed thrice with 2 mL of ethanol and rinsate was pipetted onto the diet. Following complete
application, the diet was allowed to dry for 6 h and vortexed. The Cd-contaminated diet was
thoroughly mixed to ensure homogeneity, distributed into 50 mL polypropylene tubes (Sigma
Aldrich; SKU: CLS352070) and stored at 4 °C. The control diet was prepared using the same method,
but with only 70% ethanol. Duplicates or triplicates samples of each diet were collected and stored at
—20 °C until analytical verification of Cd concentration using Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-OES; see Sections 51-S3). Average measured concentrations in replicate
(n = 2-3) diet samples varied from 81-85% of nominal (Table 1) with control diets having Cd levels
below the limit of detection (LOD).

Table 1. Analytical Validation of Cd Concentration in Diet.

Diet Granule Size Nominal Concentration Mean Concentration + SD

(micron) (ug/g) (ug/g) Cd Recovery (%)
75 0 <LOD <1.0D
30 24.3+6.75 81
600 502.6 +19.76 84
150 0 <LOD <1LOD
30 25.4+2.23 85
600 509.5 +17.82 85
300 0 <LOD <LOD
30 24.97 +2.37 83
600 501.1 +17.30 84

2.3. Dietary Exposure

At 14 dpf, the juvenile zebrafish were transferred to tanks with 2.8 L capacity equipped with
modified plastic breeder frames (Popetop UPC: 784911901709). The breeder frames were lined with
white nylon and spandex blended kneehighs (On The Go Hosiery UPC: 784716506222) at densities of
up to 40 fish per breeder frame and put onto an isolated intermittent flow system to facilitate the
dietary exposure. Fish were fed the control or Cd-contaminated diets from 14 to 29 dpf, a total of 1,
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2, or 14 days (Figure 1A). The amount of food administered was scaled with the number of fish in the
breeder frames such that breeder frames with 10-20 fish received an average 11 mg of food and those
with 30-40 fish received an average of 22 mg or an average of 0.55-1.1 mg of food per fish three times
per day to facilitate normal feeding behavior. Owing to the small size of the fish and feeding behavior
during the juvenile life stage, it was not possible to quantify the amount of food consumed.
Additionally, water inputs were scheduled within 15-30 min after each feeding to remove uneaten
food and circulate water. Tanks received 3-4 water inputs of 2.8 — 5.6 L of system water per input to
reach a total of 3—4 tank exchanges per day during the dietary exposure period. Detritus and food
debris was removed from tanks daily via siphoning, and water quality (i.e., temperature, pH,
conductivity, ammonia, nitrate, and nitrite levels) was monitored daily.
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Figure 1. A) Exposure regime of the zebrafish to 0, 30, 600 ug/g Cd diets for 1, 2, or 14 days beginning at 14 dpf.

B) After exposure the fish were washed three times in system water and then prepped for the optomotor
response or calcium imaging assays. C) Optomotor response was assessed with a 30s stimulus after a 300 s
acclimation and a 30 s pre-stimulus period. Fish were presented different stimuli on a monitor below their
transparent arenas. During the acclimation period fish were uniformly distributed. During the 20 s grating
stimulus presentation, the number of fish entering the target zone were counted. D) Calcium imaging was done
after exposure to a-Bungarotoxin to induce paralysis prior to embedding the fish in agarose with a 10X objective
to monitor whole brain activity for 30-60 min. E) Schematic of the brain regions of the zebrafish. F) Representative
image of a 17dpf nacre(mitf)"?*?2, Tg[elavl3:GCaMP5g] zebrafish.

2.4. Genotypes Used for Calcium Imaging and Optomotor Assays

To circumvent pigmentation interfering with calcium imaging, we reduced pigmentation in the
fish using genetics. Nacre(mitf)w¥w2, Tg[elavl3:GCaMP5g] juveniles were used as controls for
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experiments in which neural activity was perturbed using Cd. As a control for the potential effects of
nacre(mitf)*¥+2, others have imaged larvae harboring Tg[elavl3:GCaMP5g] but otherwise wild-type
after exposure to pharmacological depigmentation agent, PTU, were imaged [58,60,61]. They found
no difference in calcium activity between mitf++, Tg[elavl3:GCaMP5g] larvae reared in 0.003% PTU
and nacre(mitf)»2+2, Tg[elavl3:GCaMP5g] [62,63]. They did find differences between PTU treated and
wild-type (mitf)”* and nacre(mitf)*?*? in eye size [64], impaired retinal light adaptation [65]),
optomotor deficits, and reduced mobility [62], suggesting PTU induced toxicity. Reliable OMR
responses are observed in nacre(mitf)»22 fish [66—68].

2.5. Calcium Imaging

Calcium imaging was performed on a Zeiss Axio Imager D2 with a 10X objective equipped with
a digital camera (AxioCam HSm, Zeiss). Transgenic zebrafish juveniles at 15, 17, and 29 dpf were
washed three times in system water and then immobilized with 125 uM of alpha-bungarotoxin
(Figure 1B). The fish were then mounted in 1.5% low-melting agarose prepared with system water
matching facility conditions in a slide with a bridge coverslip (Figure 1D; method adapted from [69].
Each fish was imaged at approximately the same horizontal plane referenced from the dorsal surface
of the optic tectum or hind brain continuously for 30 to 60 minutes with short intermittent breaks for
health assessments and perfusion with system water to maintain physiological conditions and to
address motion if observed (Figure 1E,F). Images were collected at 1 frame per second or 1 Hz.

2.6. Image Analysis

For calcium image analysis, we scored instances where the fish displayed large-amplitude
calcium transients characterized by a rapid, coordinated increase in fluorescence across the hindbrain
and optic tectum, followed by a return to baseline. These events were consistent with propagating
calcium waves. If a fish exhibited at least one such calcium wave during the imaging period, it was
scored as exhibiting a calcium wave (1). If no such large-amplitude fluorescence events were
observed during the imaging period, the fish was scored as not exhibiting a calcium wave (0).

2.7. Optomotor Response (OMR) Assay

The OMR assays were performed by washing fish three times with system water to remove any
unbound Cd (Figure 1B). We then transferred up to 10 juveniles into each transparent arena channel
containing about 0.5-1.0 cm of system water (19.4 x 6.7 x 2.5 cm) Container Store, SKU: 10072023). The
shallow water ensured that fish were in a similar plane and limited movement in the z-plane. The
arena was located on top of a horizontal screen (Spectre) where the fish were shown a movie (Figure
1C). The monitor was used with the following settings: 80 backlight, 50 brightness, 50 contrast, and a
lux range of 74-96. We modified the script of [32] to present a movie with a 330 s acclimation period
with a white screen followed by a stimulus consisting of a high-contrast black and white moving
grating (cycle length: 2.3 cm; drift speed: 4600 cm/s) for 45 s, which was repeated twice in opposite
directions with a 30 s non-moving gray screen in between. While the stimulus was in motion the
number of unique fish in each section of the channel was recorded during the first 20 s. We scored
the response to the second stimulus presentation as the first stimulus presentation startled the fish.
Juvenile fish with typical vision swim in the direction of the moving grating towards the end of the
channel. A positive OMR response was recorded as the number of unique fish in the furthest quadrat
(or 33% of the channel) in the direction of the moving grating, and other behavior was recorded as
no response.

2.8. Statistical Analysis

We used Pearson’s Chi-Squared tests to compare fish exposed to different Cd diets to identify
differences in the exhibition of calcium waves for each age. We fit the chi-squared models using the
“chisq.test” functions in the stats package, respectively. To assess the effects of Cd diets for different
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exposure periods on the optomotor response, we fit the logistic regression using “glm” function in
the stats package. For general linear models that reached statistical significance, we followed up with
Tukey post-hoc test using “emmeans” and “pairs” functions on the log odds in the emmeans package
[70]. Our alpha level was 0.05. We used R for all statistical tests [71].

3. Results
3.1. Deficits in Neuronal Calcium Activity are Observed After a Single Day of Dietary Cd

Juvenile fish were exposed to 0, 30, or 600 pg/g Cd beginning at 14 dpf and imaged at 15, 17, and
29 dpf (Figure 2). Calcium waves were defined as large-amplitude fluorescence events spanning the
hindbrain and optic tectum. Dietary Cd exposure had concentration and time-dependent effects on
calcium activity. Calcium waves occurred in either a hindbrain-to-tectum (H-O) or tectum-to-
hindbrain (O-H) direction (Figure 2A,B). At 15 dpf (1 day of exposure), 4/7 control fish exhibited
calcium waves, whereas no calcium wave events were observed in fish exposed to 30 ug/g (0/6) or
600 ug/g Cd (0/5) (Figure 2C). This difference in the proportion of fish exhibiting calcium waves
among treatments was significant (X2 (2, N = 18) = 8.08, p = 0.02). At 17 dpf (2 days of exposure),
calcium wave activity remained reduced in Cd-treated groups, with 2/5 control fish, 1/5 fish exposed
to 30 ug/g Cd, and 0/5 fish exposed to 600 pg/g Cd exhibiting calcium waves. Differences among
treatments at this time point were not statistically significant (X2 (2, N =15) =2.5, p = 0.29). At 29 dpf
(14 days of exposure), calcium waves were observed in all treatment groups, with 3/7 control fish, 2/7
fish exposed to 30 ug/g Cd, and 2/7 fish exposed to 600 ug/g Cd exhibiting calcium waves. There were
no significant differences in the proportion of fish exhibiting calcium waves among treatments at this
time point (X2 (2, N =21) = 0.43, p = 0.81). Across all ages, control fish exhibited calcium waves more
frequently than Cd-treated fish (Figure 2C), resulting in a significant overall treatment (X2 (2, N = 54)
=7.13, p = 0.03). These results indicate an early suppression of calcium wave activity following Cd
exposure, followed by partial recovery over time.
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Figure 2. A) Representative images of the hindbrain (H) and optic tectum (O) of 15 dpf zebrafish exposed to 0,
30, and 600 pg/g Cd, shown across four consecutive time points using a 10X objective. Control fish (0 pg/g Cd)
exhibit a calcium wave, visible as a large-amplitude increase in fluorescence spanning the hindbrain and optic
tectum, whereas fish exposed to 30 and 600 pg/g Cd do not display such events. B) Representative image
sequences from a 0 ug/g Cd control fish at 17 dpf showing calcium waves propagating from the hindbrain to the
optic tectum (H-O) and from the optic tectum to the hindbrain (O-H). C) Proportion of fish exhibiting calcium
waves at 15, 17, and 29 dpf. At 15 dpf, calcium waves are observed in control fish but not in Cd-treated fish. At
17 dpf, calcium waves are observed in a subset of fish across groups. By 29 dpf, calcium waves are observed in
all treatment groups. Green bar heights and insets indicate the proportion of fish exhibiting at least one calcium

wave during the imaging period.

3.2. OMR Deficits Emerge After Two Weeks of Dietary Cd

Dietary Cd exposure had exposure length/age and concentration-dependent effects on the
optomotor response (Figure 3). A single day of dietary Cd did not affect the OMR in fish fed 30 ug/g
Cd with 55% of fish displaying OMR, while the 600 pg/g Cd fed fish showed a 9% reduction in OMR,
compared to 58% in the control group. The probability of fish fed 30 ug/g Cd displaying OMR was
not significantly affected (B=-0.13, z=-0.29, p = 0.77, Exp (B) = 0.88, 95% CI [0.37, 2.10]). There was a
trend for the odds of 600 pg/g fish to display OMR to decrease by 0.39 or have 32% lower probability
of exhibiting OMR than control diet fed fish (B =-0.75, z=-1.72, p = 0.09, Exp (B) = 0.47, 95% CI [0.20,
1.10]). After two days of Cd exposure, the 30 pg/g Cd fed fish increased their OMR by 20%, whereas
the 0 and 600 pg/g Cd groups maintained similar levels of response. This difference in proportions
of OMR by Cd diet at 17 dpf (or 2-days of exposure) did not reach statistical significance for 30 ug/g
Cd fish (B=10.88, z=1.56, p = 0.12, Exp (B) = 2.40, 95% CI [0.81, 7.47]) or 600 ug/g Cd fish (B =-0.29, z
=-0.54, p=0.59, Exp (B)=0.75, 95% CI [0.26, 2.14]). After two weeks of dietary exposure, 78% of control
fed fish displayed OMR, whereas 4% and 27% fewer 30 and 600 ug/g Cd fed showed OMR,
respectively. When comparing fish fed Cd, 23% fewer fish exposed to 600 pg/g Cd than did 30 pg/g
Cd group displayed OMR. The probability of 600 ug/g Cd fed fish displaying OMR is 35% lower than
control fish. We observed that the odds that 600 ug/g Cd fed fish display OMR decreases by 2.21 (B=
-1.24, z = -2.65, p < 0.01, Exp (B) = 0.29, 95% CI [0.11, 0.71]). There was a trend for 600 pg/g fish to
display fewer OMR than 30 ug/g fed fish (z =2.01, p =.11, Tukey). The likelihood of OMR expression
was not affected by a two-week exposure to 30 ug/g Cd diet (B =-0.23, z=-0.45, p = 0.66, Exp (B) =
0.79, 95% CI [0.29, 2.22]).

100 + *
90 +
80 +
70 +
60 +
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30 +
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187 25/43 L_' 22/40 U 17143 u 15127 L_| 24/32 L_’ 14130 L_| 40/51 u 26/35 u 20/39 L
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0 30 ‘ 600 0 ‘ 30 ’ 600 0 ‘ 30 ‘ 600 | pg/g Cd

15 17 29 dpf

Figure 3. Two weeks of Cd exposure lead to attenuated OMR responses in 600, but not 30 ug/g Cd fed fish. A
single day of Cd diet (or 15 dpf) did not affect the OMR response of 30 and 600 ug/g Cd fed fish. Two days of
Cd diets (or 17 dpf) did not significantly affect the odds of exhibiting OMR. Two weeks of Cd diets (or at 29 dpf),
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led to deficits in the display of OMR in 600 pg/g Cd fed fish, but not 30 ug/g Cd fed fish. The proportion of fish
exhibiting OMR is shown in each bar of the figure.

4. Discussion

We found that deficits in the occurrence of spontaneous Ca?" activity preceded behavioral
deficits. After a single day of dietary Cd, there was a reduction in the occurrence of large-amplitude
calcium events. After two weeks of dietary Cd, spontaneous large-amplitude Ca?" activity increased,
approaching levels observed in control fish, with lower dietary exposures approaching control levels
faster than higher exposures. After two weeks of dietary Cd, deficits in the OMR began to emerge.
The similarity between the control and Cd fed fish in spontaneous Ca?* activity after two weeks of
exposure suggests the likelihood of detecting calcium waves may partially recover. However, the
progressive deficit in OMR suggests that while large-scale calcium activity patterns may appear to
normalize, the circuits or other underlying mechanisms may not.

We observed that Cd fed fish exhibited fewer Ca?" events after a single day of exposure to diets
with an average daily intake of Cd and high levels of Cd, with partial recovery in calcium occurrence
over longer exposure durations. This result suggests that Cd absorbed gastrointestinally poses
neurotoxic effects. This finding is striking given that the gastrointestinal absorption of Cd is
suggested to be 3-7% in humans and ~2% in rodents [3,72,73]. Similarly, mice with the genetically
encoded Ca? indicator GCaMP6 exposed to 3 mg/L Cd daily through their drinking water for 70 days
showed disrupted Ca?* transients of hippocampal neurons while imaged during an associative
learning task [74]. While studies that examine the effects of dietary Cd on Ca? activity in vivo are
sparse, greater mechanistic insights stem from ex vivo and in vitro studies. The effects of dietary Cd
on Ca? in the intestine of chickens reveals that Cd competes with Ca?, as there is a decrease in
calcium biding proteins and calcium absorption in chickens fed 3, 10 and 100 mg/day Cd diets, for
3wks (Fullmer et al. 1980). While short-term (< 24h) exposures to Cd can elevate intracellular Ca?,
longer-term exposures to Cd can deplete intracellular Ca?.

In this study, calcium waves represent large-scale, coordinated calcium activity patterns;
however, their occurrence may reflect neuronal activity and indicator properties under Cd exposure.
Given that Cd may compete with Ca? for calcium binding proteins such as calmodulin and activate
similar conformational changes, we cannot rule out that Cd rather than Ca? is activating GCaMP5
[75-77]. Thus, different mechanisms may be leading to the observed calcium signals over the course
of the exposure. That is, Cd may deplete intracellular Ca? initially inhibiting calcium wave
occurrences and then bind to GCaMP5 leading to detectable calcium signals after longer exposures.
Cd competing with Ca? for calcium binding proteins is a prevalent issue with the use of Ca?*
indicators in the presence of Cd. To overcome this challenge, a technique with a combination of two
indicators with varying affinity for Ca?* and Cd is used for in vitro studies [78,79]. While this technique
is not feasible in vivo Ca? imaging studies. Using an approach with a dual combination of genetically
encoded zinc sensors that have an affinity for Cd and genetically encoded calcium sensors with a
higher affinity for Ca?* is a possibility [80,81]. Therefore, caution is warranted in interpreting calcium
wave occurrence solely as a direct measure of neuronal activity in the presence of Cd. To further
interrogate this possibility future studies should examine if the circuit is intact when presented with
a visually-evoked stimulus as can be done with pERK/MAPK mapping followed by LA-ICP-MS or
autoradiography to localize Cd and Ca?.

Optomotor deficits are observed after two-weeks of exposure to 600 pg/g but not 30 ug/g Cd
diets. The time course and concentration for an effect of dietary Cd on the optomotor response is
longer and higher than for waterborne exposures, as deficits are observed after a single exposure to
1 pg/L Cd for 17 h in adult zebrafish [33] and a 66-h exposure to 0.5 pug/L Cd in larval zebrafish [82].
This suggests that Cd exposure through water and dietary routes may have different mechanisms of
action. The accumulation time course for Cd also varies by exposure route and organ with dietary
Cd increasing weekly and waterborne Cd showing more gradual accumulation in rainbow trout, Cd
accumulated at similar rates independent of exposure route in rats [83]. Organs also showed exposure
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route specific accumulation patterns with some organs (e.g. kidney) showing negligible accumulation
of Cd after a week of waterborne exposure and significant accumulation after a week of dietary
exposure [84]. Similarly, trout exposed to 3 and 10 pg/L Cd for 1h, 2h, 3h, 10 days, and 30 days
showed that Cd had penetrated their blood and reached equilibrium after 3h while other organs
continued to accumulate Cd [85]. The divergence between early changes in calcium wave occurrence
and later behavioral deficits suggests that disruptions in large-scale neuronal dynamics may precede
measurable functional impairment. This raises the possibility that compensatory mechanisms
temporarily restore global activity patterns while underlying circuit integrity remains altered. Future
studies should test whether waterborne Cd directly penetrates and affects the eyes and whether
dietary Cd is absorbed through the gastrointestinal tract [86] and subsequently impacts neural
circuits involved in visual processing.

Although we report novel in vivo evidence that dietary Cd exposure alters Ca?* activity, our
study is limited to the measurement of spontaneous neuronal activity. Assessing stimulus-evoked
calcium responses could further clarify circuit-level deficits, particularly those related to visual
sensory pathways. While we evaluated optomotor responses at a single spatial frequency, examining
a broader range of spatial frequencies would better resolve age- and concentration-dependent
changes in visual acuity. Integrating measures of whole-body and tissue-specific Cd burden and
localization with neuronal activity and visual function assays would improve understanding of the
temporal progression, specificity, and underlying mechanisms of Cd toxicity.

5. Conclusions

In summary, the goal of the study was to examine neurophysiological changes that may predict
human-relevant dietary Cd-induced visuomotor deficits. Our results show that exposure to Cd at
human-relevant levels immediately alters whole-brain activity that precede measurable impairments
in the optomotor response. Although dietary Cd exposure disrupted in vivo neuronal Ca?* activity
in zebrafish after a single day, these differences were transient, suggesting that more refined,
circuit-level analyses are required to detect persistent dysfunction. Once ingested Cd poses
significant threats to sensitive systems including the nervous system with cascading effects on
visually-guided behavior. Identifying early neurophysiological predictors of long-term behavioral
impairments is therefore critical for defining mechanisms of Cd neurotoxicity and for informing early
intervention and prevention strategies for environmentally induced neurobehavioral disorders.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Section S1. Instrument Analysis by ICP-OES, and Extraction Method for Diet;
Section S2. Quantification and Quality Control; Section S3. Accuracy (recovery %), precision (relative standard
deviation %), and limits of detection (LOD) and quantification (LOQ) for Cd in the diet matrices; Section S3.
Accuracy (recovery %), precision (relative standard deviation %), and limits of detection (LOD) and
quantification (LOQ) for Cd in the diet matrices.
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