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ABSTRACT

Developmental exposure to either polycyclic aromatic hydrocarbons (PAHs) or heavy metals has been shown to
cause persisting and overlapping neurobehavioral effects in animal models. However, interactions between these
compounds have not been well characterized, despite their co-occurrence in a variety of environmental media. In
two companion studies, we examined the effects of developmental exposure to cadmium (Cd) with or without co-
exposure to prototypic PAHs benzo[alpyrene (BaP, Exp. 1) or fluoranthene (FA, Exp. 2) using a developing
zebrafish model. Zebrafish embryos were exposed to Cd (0-0.3 pM), BaP (0-3 pM), FA (0-1.0 pM), or binary Cd-
PAH mixtures from 5 to 122 h post fertilization (hpf). In Exp. 1, Cd and BaP produced independent effects on an
array of outcomes and interacting effects on specific outcomes. Notably, Cd-induced deficits in dark-induced
locomotor stimulation were attenuated by BaP co-exposure in the larval motility test and BaP-induced hyper-
activity was attenuated by Cd co-exposure in the adolescent novel tank test. Likewise, in Exp. 2, Cd and FA
produced both independent and interacting effects. FA-induced increases on adult post-tap activity in the tap
startle test were attenuated by co-exposure with Cd. On the predator avoidance test, FA- and 0.3 pM Cd-induced
hyperactivity effects were attenuated by their co-exposure. Taken together, these data indicate that while the
effects of Cd and these representative PAHs on zebrafish behavior were largely independent of one another,
binary mixtures can produce sub-additive effects for some neurobehavioral outcomes and at certain ages. This
research emphasizes the need for detailed risk assessments of mixtures containing contaminants of differing
classes, and for clarity on the mechanisms which allow cross-class toxicant interactions to occur.

1. Introduction

et al., 2015). However, the neurobehavioral impacts of mixtures con-
taining multiple classes of chemicals remain poorly understood.

Environmental pollution presents exposures that are complex mix-
tures. The traditional approach to this problem has been to identify
specific candidate compounds and evaluate their individual toxicities,
and to estimate their cumulative toxicities based on those data (Sar-
igiannis and Hansen, 2012). Based on this, it has become common to test
mixtures against the “additivity hypothesis” (Rider et al., 2018), which
states that co-exposures produce effects which are mathematically
equivalent to the collective effects of the constituent exposures. In-
teractions would then be defined as sub-additive or supra-additive ef-
fects, corresponding with effects that are over- or under-estimated using
the additivity assumption. Studies utilizing this approach show consid-
erable promise, particularly those focusing on within-class mixtures
(Cao et al., 2011; Jarvis et al., 2014; Kamo and Yokomizo, 2015; Meyer

Among the most concerning environmental toxicants are polycyclic
aromatic hydrocarbons (PAHs) and heavy metals. These classes of
compounds are frequently co-localized, as noted in diverse media, such
as tobacco smoke (Richter et al., 2016), wildfire smoke (Boaggio et al.,
2022), coal and coal-byproducts (Sarver et al., 2019; Verma et al.,
2015), air pollution from combustion products (Kamila et al., 2018;
Singh et al., 2011), urban soils and runoff (Azzolina et al., 2016; Lau
et al., 2009; Morillo et al., 2008; Wang et al., 2004), and creosote-
contaminated soils (Volkoff et al., 2019). Metal and PAH co-exposures
are common, and evaluation of their interactive toxicities is of sub-
stantial importance for risk assessment and management.

Metals and PAHs provide a complex context for mixtures toxicology,
as they act through quite different mechanisms of action. Metals, such as
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cadmium (Cd), have been found to exert toxicity through direct binding
with cellular proteins and disruption of membrane permeability, leading
to genotoxicity and interference with critical cellular processes,
including Ca-homeostasis, mitochondrial function, DNA repair, cell
growth, proliferation and differentiation (Balali-Mood et al., 2021;
Nagaraju et al., 2022). PAHs, on the other hand, have been found to act
through direct activation or inhibition of select proteins. Classical PAHs,
like benzo-a-pyrene (BAP), act as agonists of aryl-hydrocarbon receptors
(AHRs), which are ligand-activated transcription factors that mediate
the expression of a variety of key proteins. These include CYP450 en-
zymes, cell adhesion molecules, and proteins involved in mitochondrial,
immune and inflammatory functions (Das et al., 2017; Fu et al., 2022;
Malott and Luderer, 2023; Vondracek et al., 2011). Other PAHs, like
fluoranthene (FA), have AHR-independent mechanisms of toxicity,
acting as inhibitors of the CYP1lal enzyme (Brown et al., 2015), which
take part in the metabolism of exogenous compounds and endogenous
signals including retinol, melatonin, sex hormones, and linoleic acid (Lu
et al., 2020). While these compounds act with different primary mech-
anisms and levels of specificity, it is notable that they have considerable
overlap in their broader effects in the developing nervous system.

Both PAHs and metals are associated with spinal cord defects (Le
Bihanic et al., 2014; Sfakianakis et al., 2015) and developmental alter-
ations of neurotransmitter systems including glutamate, GABA, acetyl-
choline, and monoamines (Abd El Naby et al., 2023; Bensoussan et al.,
2009; Karri et al., 2016; Leret et al., 2002; Marchetti and Gavazzo, 2005;
McCallister et al., 2008; Slotkin et al., 2017). Additionally, these com-
pounds influence key processes in nervous system development,
including neurogenesis, synaptic plasticity, and long-term potentiation
(Chow et al., 2008; Dou and Zhang, 2011; Sadiq et al., 2012; Salehi
et al., 2015; Zhang et al., 2022; Zhao et al., 2018). These toxicants and
their neurochemical effects are further connected to overlapping sets of
neurobehavioral outcomes in rodent models, including changes in ac-
tivity levels, affective responses, and cognitive functions (Chen et al.,
2012; Hawkey et al., 2019; Kamel and Abd El-Razek, 2011; Lamtai et al.,
2021; Sprowles et al., 2018; Zhang et al., 2016). These effects are
believed to support links between developmental exposures to these
compounds and issues such as attention deficit hyperactivity disorder,
mood disorders, and impaired cognitive performance (Bauer et al.,
2020; Chandravanshi et al., 2021; Jedrychowski et al., 2015; Rezaei
Kalantary et al., 2020; Zhen et al., 2023). As these compounds appear to
influence the same neurodevelopmental processes through differing
mechanisms, it remains unclear whether those effects would be additive
within a mixture.

Research in neurotoxicology has relied on model organisms for de-
cades as a means of predicting how developmental and neurological
health can be impacted by toxicant exposures. The zebrafish has become
a prominent model organism for this work due to several advantages
that zebrafish hold. Zebrafish share 71.4% of their genes with humans,
and of those genes, 84% of those genes are associated with a human
disease (Howe et al., 2013). With respect to neuroscience, their brains
are anatomically simple compared to humans, but align notably in
organizational structure, neurochemistry and synaptic organization
(Shams et al., 2018). Further, zebrafish are small, inexpensive and
densely housed, allowing for evaluation of a greater number of chem-
icals, concentrations, mixtures, and ages than is typically possible for
rodent studies. Like rodents, a variety of behavioral techniques are
available which can allow the effects of a toxicant to be longitudinally
evaluated and characterized at the in vivo level. Given these advantages,
zebrafish were selected for the current study to allow mixture analyses
using multiple concentrations of Cd, multiple representative PAHs, and
behavioral analyses spanning development from the larval stage to
maturity.

To date, zebrafish have contributed to our understanding of the
neurobehavioral toxicology of PAHs and metals, although significant
gaps in this literature still remain. A number of studies have examined
the behavioral effects of BAP, including embryonic/larval studies and
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those assessing behavioral function into adulthood (Gao et al., 2017;
Hawkey et al., 2022; Holloway et al., 2021; Knecht et al., 2017a; Knecht
et al., 2017b). BaP shows mixed effects at the larval stage, although
additional deficits such as altered locomotor activity, startle responses
and memory performance have been noted in later stages of develop-
ment. Comparatively, there is little data on the neurobehavioral toxicity
of FA, with existing studies limited to embryo/larval testing (Geier et al.,
2018; Shankar et al., 2019). A number of studies have tested the neu-
robehavioral toxicity of CD in zebrafish, although this too is generally
limited to embryo/larval testing (Han et al., 2019; LeFauve and Con-
naughton, 2017; Liao et al., 2021; Shankar et al., 2021; Xu et al., 2022).
No known studies have examined binary mixture effects of these PAHs
and CD. Future studies examining such mixture effects would expand the
literature for both the mixture and those constituents alike.

The purpose of the current study was to use the developing zebrafish
model to assess the consistency with which PAHs and a representative
heavy metal (Cd) produce longitudinal neurobehavioral effects when
presented alone or in a mixture with one another. In the current study,
BaP and FA were selected as the representative PAHs, due to their
differing mechanisms of action, and Cd as the neurotoxic metal of in-
terest. Exposures were conducted by housing zebrafish embryos in
contaminated housing water from 5 to 120 h post fertilization (hpf). In
experiment 1, a six-group design was used including a 0.1% DMSO
control, two Cd-only groups (0.1 and 0.3 pM), a BaP-only group (3 pM)
and two binary mixtures (0.1 pM Cd + 3 uM BAP, 0.3 pM Cd +3 pM
BAP). Experiment 2 used the same design as Experiment 1, with 1 yM FA
used in place of 3 pM BaP in the single and mixture exposure groups.
Exposure concentrations were selected to be in a neurotoxic and
behaviorally toxic range without increases in dysmorphology and/or
mortality, so that consistent effects and/or interactions could be
observed. This places them above typical regulatory and environmental
levels. For example, US EPA minimum contaminant level (MCL) values
for PAHs and Cd are 0.2 pg/l and 5 pg/] respectively, compared to
current study levels of 756.9 pg/1 BAP, 202.2 pg/1 FA, and 18.3-55.0 pg/
1 Cd (https://www.epa.gov/ground-water-and-drinking-water/natio
nal-primary-drinking-water-regulations#two). Behavioral function was
assessed using a battery of tests covering locomotor activity, reflexive
behavior, affective-like behavior, and approach or avoidance responses.
These batteries sampled behavioral performance at four points in
development: larval (144 hpf), juvenile (30 days of age), adolescence
(2.5 months of age), and adulthood (7-8 months of age).

2. Methods
2.1. Animals, exposures and husbandry conditions

The subjects for this study were the offspring of untreated adult AB*
zebrafish, housed and bred in the Levin lab at Duke University. All
husbandry and testing procedures were performed under a protocol
approved by the Institutional Animal Care and Use Committee at Duke
University (Protocol #A169-22-10), and in accordance with federal
standards for the use of vertebrate animals in research.

Housing water was made using deionized water, sea salt (Instant
Ocean, 0.5 parts per thousand), and buffering powders (Alkaline
Regulator, 1 g/1, Neutral Regulator 0.3 g/l, Seachem Laboratories,
Madison, GA, USA). This was used to make exposure media and for long-
term housing. Embryos/larvae were housed in glass petri dishes in an
incubator set to 28 + 1 °C and maintained on a 14:10 light/dark cycle.
After larval motility testing, larvae were moved to 3 1 acrylic tanks
maintained on a recirculating water system (Tecniplast, West Chester,
PA, USA). These larvae/juveniles were fed 3x per day with larval diet
powder (Golden Pearl Active Spheres, Brine Shrimp Direct, Ogden, UT,
USA) until 30 days of age, and then transitioned to the adult food regime
of live artemia salina (Brine Shrimp Direct, Ogden, UT, USA) twice per
day and dry adult diet (GEMMA Micro 300 micro-pellets, Skretting USA,
Tooele, UT, USA) once per day. Water quality in the recirculating system
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was monitored weekly and managed to remain within the following
parameters: 26 + 1 °C, 6.8-7.0 pH, <0.25 ppm ammonia, <0.25 ppm
nitrite, <20 ppm nitrate, and 0.5-1 ppt salinity. As in the incubator,
developing fish on the recirculating system were maintained on a 14:10
h light/dark cycle.

The offspring collection and exposure procedure proceeded as fol-
lows. Zebrafish eggs were collected from multiple mixed-sex tanks of
untreated AB* zebrafish (> 10 fish per tank) to provide 2-3 replicate
cohorts of mixed parentage (3 cohorts in Exp. 1, 2 cohorts in Exp. 2). At
3-4hpf, successfully fertilized and normally developing embryos were
sorted out and randomized into 6 glass petri dishes to a density of 1
embryo/ml (40 embryos per petri dish). At 5hpf, the housing water in
each plate was removed and replaced with freshly made exposure me-
dium. The exposure for both experiments was renewed every day,
ending at 120hpf. At this point, larvae were transferred to clean housing
water.

Due to the low solubility of the selected PAHs, a 0.1% dimethyl
sulfoxide (DMSO) solution was used as a vehicle for exposures. Exposure
media was made by dissolving powdered cadmium chloride (Cd), benzo-
a-pyrene (BAP), or fluoranthene (FA) into 100% DMSO to make stocks,
then diluting these stocks with newly made housing water at a ratio of 1
pl stock per 1 ml of housing water. Stocks used in mixtures were made
separately for Cd and the PAHs, and these were combined/diluted to
make the mixture solution immediately before each exposure began or
was renewed.

These doses of BaP and FA were selected as ones producing neuro-
behavioral effects without significant impairments in survival or in-
creases in dysmorphology during the embryo/larval stage. Pilot
tolerability studies (not shown) indicated increases in embryonic
lethality and/or dysmorphology at and above the following thresholds:
Cd 1 pM, BaP 10 pM, FA 3 pM. Concentrations used for neurotoxicity
assessment were selected to fall below this threshold, with concentra-
tions of 0.1-0.3 pM Cd, 3 pM BaP and 1 pM FA. The suitability of these
concentrations was verified within each study through tracking of sur-
vival and dysmorphologies (including pericardial edema, spinal curva-
ture, eye defects, yolk sac defects and docked tail). Concentrations for
CD, BAP and FA were selected to meet a lethality and defect criterion
rate of <10% in viable embryos during the pilot tolerability studies.
Each exposure cohort contained six treatment groups: DMSO control,
0.1 pM Cd, 0.3 pM, the PAH reference group, and two mixture groups
(0.1 pM Cd + PAH; 0.3 pM Cd + PAH). In Exp. 1, the PAH treatment was
3 pM BaP. In Exp. 2, the PAH treatment was 0.3 pM FA. Observed
lethality/defect rates within each study are shown in supplemental ta-
bles (Tables S1 and S2) for reference.

2.2. Light/dark larval motility test

The Light/Dark Motility Test was used to test motor function during
early stages of zebrafish development (Hawkey et al., 2022). The test
was first conducted at 144 h post-fertilization, 24 h post the final
exposure. Prior to testing, larvae were transferred to a 96 well plate (one
larva per 7 mm diameter well) and acclimated for 1 h in the dark. This
plate was then loaded into the Daniovision Observation Chamber
(Noldus, Wageningen, The Netherlands) for testing. The testing session
lasted 50 min, consisting of alternating 10-min periods of light and dark
(dark — light — dark - light — dark). The first 10 min in the dark were
treated as a habituation period. Zebrafish larvae show increased loco-
motor activity in the dark, and reduced movement in the light periods.
The primary measure of locomotor activity in this test was distance
moved in cm. A secondary endpoint, stimulation index, was calculated
(dark phase activity — light phase activity). This represented the level of
reactive stimulation that occurred when switching from lit to dark
conditions. This metric was only used for follow-up analyses of lighting x
treatment interactions, to allow a more direct interpretation of the
lighting response. For each replicate, 24 larvae were tested.

At 30 days post-fertilization, the juvenile fish completed a second
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session of light/dark motility testing. The testing protocol and analysis
was identical to that used at 6 days of age, except that 24-well plates (16
mm diameter wells) were used to accommodate the increased size of
animals at this age.

2.3. Novel tank dive test

The novel tank dive test was used to test locomotor activity and
anxiety-like behavior (Hawkey et al., 2022). This test was performed
identically in adolescence (2.5 months) and adulthood (6-8 months).
Briefly, fish were individually netted and placed into 1.5 1 acrylic tanks
(Aquatic Habitats housing tanks) filled to a depth of 10 cm with clean
system water (approximately 1250 ml of water). These tanks were
trapezoidal in shape [22.9 cm long on the bottom, 27.9 cm long at the
top, 15.2 cm tall, and 5.1 cm wide]. Each fish was then allowed to
explore the tank for 5 min, while a digital webcam (Logitech HD C310),
placed to face the side of each tank, recorded the session. Videos of this
session were collected and analyzed with Ethovision software (v.14,
Noldus, Wageningen, The Netherlands) to measure locomotor activity
and anxiety-like diving responses, represented as distance moved and
distance from the bottom.

2.4. Tap startle test

The tap startle test was used to test sensorimotor reflex in adoles-
cence (2.5 months) and adulthood (6-8 months) (Hawkey et al., 2022).
Briefly, fish were individually placed into one of 8 clear plexiglass wells
(5.7 cm diameter) arranged in a 2 x 4 setup. White plastic dividers were
in place to prevent the fish from seeing each other. The platform under
each well was fitted with a 24-V DC push solenoid to strike the well
bottom with a metal pin when triggered at set intervals. After a 30 s
delay, 10 such tapping stimuli were delivered at 1 min intervals. This
session was recorded using a digital webcam mounted 50 cm above the
wells. Movement data was collected during the 5 s prior to the tap (pre-
tap) and the 5 s after each tap (post-tap). The magnitude of each startle
response was then calculated as a change in movement due to the de-
livery of the tap (post-tap - pretap).

2.5. Shoaling test

The shoaling test was used to test the social behavior of adult fish
(6-8 months of age) (Hawkey et al., 2022). This test was performed in a
rectangular partitioned tank placed on top of an LED light pad (Huion
Technology, Shenzen China). Each lane of the partitioned tank (30 x 6
cm, filled to a depth of 10 cm) was bordered by black plexiglass on the
long sides and clear plexiglass on the short ends. The lane ends faced
LCD monitors where stimuli could be presented. Testing began with a
30 min isolation period in visually separated 1.5 1 tanks. This was done
to promote social attraction during the test. After the isolation period,
the fish were individually placed into the lanes and testing began
immediately. The first two minutes of the session served as a baseline
phase, where each monitor showed only control shapes, which were
statis ovals with zebrafish stripes. After two minutes, a 5-min video of a
shoal of adult zebrafish swimming was presented on one of the two
screens. The webcam mounted 55 cm above the tank recorded this
session. Videos were analyzed for locomotor activity (distance moved in
cm) and distance from the video-adjacent end of the lane. Social
attraction, or the shoaling response, was calculated as the change in
position due to the video (distance to wall at baseline — video phase).

2.6. Predator avoidance test

The predator avoidance test was used to test threat recognition in
adult zebrafish (6-8 months) (Hawkey et al., 2022). Predator avoidance
testing was conducted using the same apparatus as used in the shoaling
test. Fish were individually removed from their home tanks and placed
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Fig. 1. Experiment 1: Larval and Juvenile Effects of Cd and BaP. Motility testing measured locomotor activity as distance moved (cm/10 min), and time mobile
(sec/10 min). (A) BaP treatment reduced distance moved in larvae regardless of Cd exposure. (B) In the light (left), BaP reduced time mobile in larvae, but only within
0.1 and 0.3 pM Cd-exposed groups. In the dark (right), BaP, 0.1 uM CD and 0.3 pM Cd reduced time mobile in larvae compared to controls. Co-exposure had no
additional effect. Dark-induced stimulation (right) was reduced in larvae by 0.1 and 0.3 pM CD. BaP co-exposure attenuated the effect of 0.3 pM Cd. (C) 0.3 pM Cd
treatment reduced juvenile distance moved relative to non-Cd and 0.1 pM Cd treated groups, regardless of BAP exposure. (D) BaP treatment reduced juvenile distance
moved under lit (left) but not dark (right) conditions. (E) 0.3 pM Cd treatment reduced juvenile time mobile relative to non-CD and 0.1 pM Cd treated groups,
regardless of BaP exposure. Data expressed as mean + SEM. Asterisk (*) indicates significance at p < 0.05. Ns = Larval 67-72/group; Juvenile 25-48/group.

into the lanes of the partitioned tank. The first minute of the session
served as a baseline phase, where each monitor was blank (white). After
one minute, a sequence of four threatening cues (presented for 1 min
each), separated by blank screen phases (1 min each), was presented on
one of the two screens. The threatening cues consisted of a colored dot
which grew from 1 to 23 cm in size at a fixed speed, to provide a two-
dimensional representation of a large object approaching. On minutes
2 and 4, the predator cue grew from 1 to 23 cm in size over 4 s (slow
cue). On minutes 6 and 8, the predator cue grew from 1 to 23 cm in size
over 1 s (fast cue). Videos were analyzed for locomotor activity (distance
moved in cm) and distance from the cue-adjacent end of the lane.
Predator avoidance, or the fleeing response, was calculated as the
change in position due to the video (distance to wall when cue present —
pre-cue blank phase).

2.7. Data Analysis

Statistical analyses were performed with IBM SPSS Statistics v. 24.
Data were analyzed with mixed factorial analysis of variance (ANOVA).
Each toxicant comprising the mixture (Cd, BaP, FA) was treated as a
between-group factor (coded by concentration), to allow identification
of main effects of each toxicant and interactions between the toxicants.
Sex was also treated as a between-subjects factor at ages when sex could
be reliably identified (adulthood). Repeated-measures analyses included
within-session parameters (e.g. time block, stimulus type or repetition,

phase of the trial, etc). Cohort was treated as a covariate. Main effects
and interactions were then investigated using Fisher's LSD post hoc tests.
For interactions, these tests were examined based on an a priori design,
which compared each single-treatment group to the DMSO control, and
each mixture to the single Cd and single PAH groups. For initial iden-
tification of interactions, a significance cutoff of p < 0.10 was used
(Snedecor and Cochran, 1967). However, for all main effects and post
hoc tests, p < 0.05 was set as threshold for statistical significance. For
ease of interpretation, the results report all methodological and treat-
ment main effects, and the highest order interaction regarding either the
combined treatment (if present) or a given single-treatment, as relevant.
Where applicable, within-session alterations in treatment effects, indi-
cated by interactions of treatments and sequential within-session fac-
tors, such as time block or repetition of a given stimulus, are provided as
supplemental data. The analysis of variance presentation includes the
F-ratio, degrees of freedom and the p-value. The control group refers to
the group that was administered only vehicle with no Cd or PAH (BaP,
Exp. 1 or PA, Exp. 2) when individual treatment groups re compared.
Non-BaP, Non-FA or Non-Cd groups are used when discussing the main
effects of these treatments when the groups with and without these
treatments are compared regardless of the exposure to the other
treatment.
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Fig. 2. Experiment 1: Adolescent and Adult Effects of Cd and BaP. Figures represent results of the adolescent and adult test batteries. (A) BaP treatment increased
locomotor activity (cm/min) in the adolescent novel tank, but co-exposure to 0.1 pM Cd attenuated this effect. (B) BaP reduced baseline (pre-tap) activity (cm/5 s) in
the adolescent tap startle test, regardless of CD exposure. (C) BaP impaired the diving response (distance to bottom in cm) in the adult novel tank, regardless of Cd
exposure. (D) 0.3 pM Cd treatment increased baseline (pre-tap) activity (cm/5 s) in the adult tap startle test relative to non-Cd and 0.1 pM Cd treated groups,
regardless of BaP exposure. (E) BaP impaired the startle response (change in activity, cm/5 s) in the adult tap startle test, regardless of Cd exposure. (F) BAP increased
locomotor activity (cm/min) in the adult shoaling test, regardless of Cd exposure. (G) 0.3 pM Cd enhanced fleeing responses (change in position, in cm) to the slow
predator cue (left) in the adult predator avoidance test regardless of BaP exposure. (H) BaP reduced the average distance from the screen (in cm) in the adult predator
avoidance test, regardless of Cd exposure. Data expressed as mean + SEM. Asterisk (*) indicates significance at p < 0.05. Ns = Adolescent 19-31/group; Adult

22-36/group.
3. Results
3.1. Experiment 1 - Cadmium and BaP mixtures

The primary results of Exp. 1 are shown in Figs. 1 and 2 and are
summarized in Table 1.

3.1.1. Cadmium - BaP larval testing

With the distance moved measure (Fig. 1a), significant main effects
of lighting, F(1, 408) = 45.92, p < 0.05, and BaP treatment, F(1, 408) =
5.56, p < 0.05, were detected. As typical in this test the fish moved less
during the lit condition than in the dark. BAP-treated groups moved less
than non-BAP treated groups, regardless of Cd treatment or lighting
condition. Time spent moving was also recorded (Fig. 1b). In this
analysis similar to the distance moved measure, main effects of lighting,
F(1, 408) = 38.56, p < 0.05, and BaP, F(1, 408) = 10.40, p < 0.05, were
observed. There was also a lighting x Cd x BaP interaction, F(2, 408) =
3.53, p < 0.05. Under lit conditions (Fig. 1a, left), 0.1 pM and 0.3 uM Cd
each differed from their respective mixture (Cd + BaP) (p < 0.05), with
the mixture group showing reduced activity. No single treatments
differed from controls. Under dark conditions (Fig. 1a, center), 0.1 pM

Cd, 0.3 pM Cd and 3 pM BaP groups were each hypoactive relative to
controls (p < 0.05). Based on this interaction, a stimulation index score
was evaluated (change in activity due to lighting) (Fig. 1a, right). Both
Cd-alone treatment groups showed reduced dark-induced stimulation
relative to controls (p < 0.05). Additionally, the 0.3 pM CD group
showed reduced dark-induced stimulation relative to its respective
mixture with BaP (p < 0.05).

3.1.2. Cadmium - BAP juvenile testing

For distance moved (Fig. 1c¢/d), main effects of lighting, F(1,233) =
162.31, p < 0.05, and Cd treatment, F(2,233) = 5.56, p < 0.05, were
detected, as was an interaction of lighting x BaP, F(2, 233) = 3.29,p <
0.10. For the Cd effect (Fig. 1c), post hoc tests indicated that groups
treated with 0.3 pM Cd were hypoactive relative to non-Cd and 0.1 pM
Cd treated groups, regardless of BaP treatment (p < 0.05). For the
lighting x BaP treatment, 3 pM BaP treatment led to hypoactivity under
lit (Fig. 1d, left), but not dark (Fig. 1d, right), conditions, regardless of
Cd treatment (p < 0.05).

For the time spent moving measure (Fig. 1), a main effect of Cd was
observed, F(2, 233) = 5.76, p < 0.05. No interactions reached signifi-
cance. For the Cd main effects, post hoc testing determined that groups
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Table 1
Experiment 1: Summary of CD, BAP and Mixture Effects.
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Test Age Measure Nature of Cadmium Effect

Nature of Benzo [a]

Nature of

Pyrene Effect

Interaction

Distance
Moved

Larval

Motility Time Mobile

Distance
Moved
Time Mobile
Distance
Moved
Novel Distance to
Tank Bottom
Distance
Moved
Distance to
Bottom
Distance
Tap Adolescent Moved
Startle Distance
Moved
Distance
Moved
Change in
position
Distance
Moved
Change in Hypersensitive to slow cue (0.3
Position M)

Juvenile Hypoactive (0.3 pM)

Reduced mobility (0.3 uM)

Adolescent

Adult

Increased baseline activity (pre-

Adul
dult tap, 0.3 pM)

Shoaling Adult

Predator Adult

Hypoactive, regardless of
lighting

Light; BaP reduces mobility, but only when in a mixture with
0.1-0.3 M Cd.

Dark; All single treatments reduce mobility. No effect of BaP on
Cd treated groups.

Stimulation; 0.1-0.3 pM Cd impairs dark-induced stimulation. 3
uM BaP attenuates effect of 0.3 pM Cd.

Hypoactive in light, but
not dark

BAP single treatment is hyperactive. 1 pM Cd attenuates this
effect.

Impaired diving response

Reduced baseline activity
(pre-tap)

Impaired startle response

Hyperactive

For each age, test, and endpoint (rows), the presence of each main effect (CD and/or BaP, in the absence of an interaction) and interactions (Cd x BaP) are noted. A brief
summary of those effects is provided for comparison. Summary covers all panels contained in Fig. 1-2.

treated with 0.3 pM Cd were hypoactive relative to both the non-Cd
treated and 0.1 pM Cd treated groups, regardless of BaP treatment (p
< 0.05).

3.1.3. Cadmium - BAP adolescent testing

Within the adolescent novel tank analysis, a Cd x BaP treatment
interaction was observed for distance moved, F(2, 156) = 2.67, p < 0.10
(Fig. 2a). Post-hoc analysis observed that the 3.0uM BaP group was
hyperactive relative to Controls, and to its relevant mixture with 0.1 pM
Cd (p < 0.05). No other pairwise comparisons reached significance. For
the diving response (not shown), measured as distance from the bottom,
no significant main effects or relevant interactions were observed.

Within the adolescent tap startle analysis, a main effect of BaP
treatment, F(1, 138) = 8.81, p < 0.05, was observed on activity prior to
the tap stimulus (Fig. 2b), whereby BaP-treated groups generally
showed lower baseline activity than non-BaP treated groups, regardless
of Cd treatment (p < 0.05). For activity after the tap stimulus, no effects
of treatment were observed. For startle magnitude, no effects of treat-
ment were observed.

3.1.4. Cadmium - BAP adult testing

Within the adult novel tank analysis, no main effects or interactions
were observed for distance moved (not shown). For the diving response
(Fig. 2¢), measured as distance to the bottom, a main effect of BaP
treatment was observed, F(1, 169) = 5.33, p < 0.05, whereby BaP-
treated groups generally swam further from the bottom than non-BaP
treated groups, regardless of Cd treatment (p < 0.05).

Within the adult tap startle analysis, main effects of sex (M > F), F(1,
180) = 7.17, p < 0.05, and Cd treatment, F(1, 180) = 4.04, p < 0.05,
were observed on activity prior to the tap stimulus (Fig. 2d), whereby
0.3 pM Cd-treated groups showed higher baseline activity than Controls
or 0.1 pM Cd-treated groups, regardless of BaP treatment (p < 0.05). For
activity after the tap stimulus (not shown), no effects of treatment were

observed. For startle magnitude (Fig. 2e), a main effect of BaP, F(1, 180)
= 6.25, p < 0.05, was observed, whereby BaP-treated groups generally
had a lower startle magnitude than non-BAP-treated groups, regardless
of Cd treatment (p < 0.05).

Within the shoaling test, main effects of time block (x 7), F(6, 1062)
=4.07, p < 0.05, sex (M > F), F(1, 177) = 4.22, p < 0.05, and BaP, F(1,
177) = 4.81, p < 0.05, were detected for locomotor activity (Fig. 2f).
Post hoc analysis of the BaP effect indicated that groups treated with BaP
were hyperactive relative to non-BaP exposed groups (p < 0.05),
regardless of Cd treatment. No effects were detected for the magnitude
of the shoaling response (not shown).

Within the predator avoidance test, a main effect of sex (M > F), F(1,
162) = 12.69, p < 0.05, was detected for locomotor activity, but no
effects of treatment reached significance (not shown). For the distance
from the screen, main effects of cue presence, F(1, 162) = 21.19, p <
0.05, and BaP, F(1, 162) = 4.17, p < 0.05, were detected. Additionally,
an interaction of cue speed (slow, fast) x cue presence (present, absent) x
Cd treatment, F(2, 162) = 4.18, p < 0.05, was detected. The Cd inter-
action (Fig. 2g) was then investigated as the fleeing score (cue presence
effect, present — absent) by cue speed and treatment. Post hoc testing
indicated that during the slow cue presentations (Fig. 2g, left), treatment
with 0.3 pM Cd led to increased fleeing responses relative to the DMSO
control and 0.1 pM Cd groups, regardless of BaP treatment. No differ-
ences were detected during the fast cue presentation (Fig. 2g, right).
With respect to BaP (Fig. 2h), BaP-treated groups remained closer to the
screen on average compared to non-BaP-treated groups (p < 0.05),
regardless of predator cue presence or absence.

3.2. Experiment 2 - Cadmium and Fluoranthene mixtures

The primary results of Exp. 2 are shown in Figs. 3 and 4 and are
summarized in Table 2.
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Fig. 3. Experiment 2: Larval Effects of Cd and FA. Locomotor activity was
measured as distance moved (cm/10 min), and time mobile (sec/10 min). (A)
FA treatment reduced distance moved under both lit (left) and dark (right)
conditions, regardless of Cd exposure. 0.1 pM Cd treatment increased distance
moved in larvae in the dark (right), but not the light (left), regardless of FA
exposure. (B) In the light (left), FA reduced time mobile in larvae under both lit
(left) and dark (right) conditions, regardless of Cd exposure. Data expressed as
mean + SEM. Asterisk (*) indicates significance at p < 0.05. Ns = Larval
38-44/group.

3.2.1. Cadmium - FA larval testing

Larval motility was measured using two metrics; distance moved per
10 min lighting phase, and mobile time per 10 min lighting phase. For
distance moved (Fig. 3a), main effects of lighting, F(1, 249) =77.29,p <
0.05, lighting repetition, F(1, 249) = 6.13, p < 0.05, and FA treatment, F
(1, 249) = 26.63, p < 0.05, were detected, as were interactions of a
lighting x CD, F(2, 249) = 2.66, p < 0.10, and lighting x FA, F(1, 249) =
4.49, p < 0.05. Post hoc investigation of this interaction was conducted
separately for the lit and dark phases of the session. Under lit conditions
(Fig. 3a, left), FA-treated groups were hypoactive relative to non-FA-
treated groups (p < 0.05), regardless of Cd treatment. Under dark con-
ditions (Fig. 3a, right), groups treated with 0.1 pM Cd were hyperactive
relative to non-Cd-treated groups (p < 0.05), regardless of FA treatment.
Also, in the dark, FA-treated groups were hypoactive relative to non-FA-
treated groups (p < 0.05), regardless of Cd treatment.

Parallel to these effects were effects on mobile time (Fig. 3b). In this
analysis, main effects of lighting, F(1, 249) = 64.11, p < 0.05, lighting
repetition, F(1, 249) = 7.67, p < 0.05, and FA, F(1, 249) = 26.98, p <
0.05, were observed, as was a lighting x FA interaction, F(1, 249) = 4.76,
p < 0.05. Post hoc analyses were performed separately for dark and light
conditions. FA-treated groups were hypoactive relative to non-FA
treated groups, regardless of Cd treatment, under both lit (Fig. 3b,
left) and dark conditions (Fig. 3b, right).

3.2.2. Cadmium - FA juvenile testing
For distance moved (not shown), a main effect of lighting, F(1, 208)
= 5.58, p < 0.05, was detected, as was a lighting repetition x FA
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interaction, F(1, 208) = 5.34, p < 0.05. However, pairwise comparisons
between FA and non-FA-treated groups did not reach significance during
either the first or second presentations of the lighting cues. For mobile
time (not shown), no significant effects were detected.

3.2.3. Cadmium - FA adolescent testing

Within the adolescent novel tank analysis, no effects of treatment
were detected for distance moved (not shown). For the diving response
(Fig. 4a), a main effect of FA treatment, F(1, 186) = 4.04, p < 0.05, was
observed. FA-treated groups swam a further distance from the bottom
than non-FA treated groups, regardless of Cd treatment (p < 0.05).

Within the adolescent tap startle analysis, a main effect of FA
treatment, F(1, 215) = 6.78, p < 0.05, was observed on activity prior to
the tap stimulus (Fig. 4b, left), whereby FA-treated groups generally
showed lower baseline activity than non-FA treated groups, regardless
of Cd treatment (p < 0.05). For activity after the tap stimulus (Fig. 4b,
right), a main effect of FA treatment, F(1, 215) = 6.78, p < 0.05, was
observed, whereby FA-treated groups generally showed activity than
non-FA treated groups, regardless of Cd treatment (p < 0.05). For startle
magnitude, no effects of treatment were observed.

3.2.4. Cadmium - FA adult testing

Within the adult novel tank analysis, no effects were observed (not
shown). For the diving response (not shown), no effects were observed.

Within the adult tap startle analysis, an interaction of Cd and FA
treatment, F(1, 139) = 4.29, p < 0.05, was observed on activity prior to
the tap stimulus (Fig. 4c, left). Post hoc analyses observed that the 0.1 pM
Cd alone group showed higher baseline activity compared to controls (p
< 0.05). No other pairwise comparisons reached significance. For ac-
tivity after the tap stimulus (Fig. 4c, right), a main effect of sex (M > F), F
(1, 139) = 5.64, p < 0.05, and an interaction of Cd and FA treatment
were observed, F(1, 139) = 4.67, p < 0.05. Post hoc analyses observed
that the 1 pM FA-alone group showed higher post-tap activity compared
to controls (p < 0.05) and the 0.1 pM Cd + FA mixture group (p < 0.05).
A similar trend between the 1 pM FA group and the 0.3 pM Cd mixture
failed to reach significance (p = 0.08). For startle magnitude (Fig. 4d), a
main effect of FA was observed, F(1, 139) = 4.66, p < 0.05, whereby FA-
treated groups generally had a higher startle magnitude than non-FA-
treated groups, regardless of Cd treatment (p < 0.05).

Within the shoaling test, main effects of sex (M > F), F(1, 137) =
5.36, p < 0.05, and FA, F(1, 137) = 4.98, p < 0.05, were detected for
locomotor activity (Fig. 4e). Post hoc analysis of the FA effect indicated
that groups treated with FA were hypoactive relative to non-FA exposed
groups (p < 0.05), regardless of Cd treatment. No effects were detected
for the magnitude of the shoaling response (not shown).

Within the predator avoidance test, main effects of sex (M > F), F(1,
148) =8.60, p < 0.05, and CD, F(2, 148) = 3.89, p < 0.05, were detected
for locomotor activity, as was a Cd x FA interaction, F(1, 148) = 3.03, p
< 0.10 (Fig. 4f). Post hoc analyses indicated that the 0.3 pM Cd group
was hyperactive relative to controls and the 0.3 pM Cd + FA mixture
group (p < 0.05). A trend towards hyperactivity in the 1 pM FA group
approached but did not reach significance (p = 0.056). Additionally, the
1 uM FA group differed from both Cd + FA mixture groups (p < 0.05).
For the distance from the screen, no effects were detected.

4. Discussion

The present study was performed to assess the additive and/or non-
additive effects of developmental exposures to Cd and PAHs on behav-
ioral function in a zebrafish model. This study focused on two concen-
trations of Cd, 0.1 and 0.3 pM, and two representative PAHs associated
with differing mechanisms of action, (3uM) BaP and (1.0) FA. The
present data indicated that these compounds partially overlap in their
profile of neurobehavioral effects, with some tests impacted by both Cd
and PAH treatment and others impacted by only one treatment. When
the two treatments impacted the same test, the resulting patterns were
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Fig. 4. Experiment 2: Adolescent and Adult Effects of Cd and FA. Figures represent results of the adolescent and adult test batteries. (A) FA treatment impaired
the adolescent diving response (distance to bottom in cm) in the novel tank diving test, regardless of Cd exposure. (B) FA exposure reduced baseline (pre-tap) activity
(cm/5 s) (left) and post-tap activity (right) in the adolescent tap startle test, regardless of Cd exposure. (C) 0.1 pM Cd enhanced baseline (pre-tap) activity (cm/5 s)
(left) in the adult tap startle test when administered alone, but not in a Cd mixture. FA treatment enhanced post-tap activity (right) in the adult tap startle test, but co-
exposure to 0.1 pM Cd attenuated this effect. (D) FA exposure increased startle magnitude (change in activity, cm/5/s) in the adult tap startle test, regardless of Cd
exposure. (E) FA exposure reduced locomotor activity (cm) in the adult shoaling test, regardless of Cd exposure. (F) FA and 0.3 pM Cd each increased locomotor
activity (cm) in the adult predator avoidance test relative to controls. The FA effect was attenuated by co-exposure to either 0.1 pM or 0.3 pM Cd. The 0.3 pM Cd
effect was attenuated by co-exposure with FA. Data expressed as mean + SEM. Asterisk (*) indicates significance at p < 0.05. Ns = Adolescent 28-35; Adult

25-28/group.

complex and poorly predicted by the additivity hypothesis. In both ex-
periments, instances were noted where the effect of one toxicant sys-
tematically differed based on the presence or absence of the second
toxicant. In each of these cases, the mixture effects were sub-additive. In
general, these data indicate that CD and PAH interactions can occur, but
are impactful on only select endpoints, and at select stages of develop-
ment. These concentrations were selected to be sub-dysmorphogenic
and matched with one another according to tolerability within this
specific species. Based on this, the selected concentrations are higher
than typical environmental and regulatory levels, but were necessary in
order to observe consistent responses across animals and their potential
interactions. For example, the US EPA minimum contaminant level
(MCL) values for PAHs and Cd are 0.2 pg/L and 5 pg/L respectively,
compared to current study levels of 756.9 ug/L BAP, 202.2 ng/L FA, and
18.3-55.0 pg/L Cd. As these concentrations were not selected based on
environmental levels and known metal:PAH ratios, this data does not
necessarily represent effects and interactions resulting from a specific
source and level of human exposure (including from coal waste and
wildfire smoke). Rather, its intended purpose is to test the general

hypothesis that Cd and PAH co-exposures interactively modulate neu-
robehavioral outcomes.

Across the present study, it was observed that on a majority of
affected outcomes, behavioral deficits could be attributed to a single
exposure, regardless of the presence or absence of the second exposure.
This was observed even in cases where the two constituent treatments
impacted the same test. In Exp. 1, BaP- and 0.3 pM Cd treatment each
reduced distance moved metrics in the juvenile motility test, but the lack
of a BaP x CD interaction suggests that these effects were additive.
Indeed, these effects were also qualitatively different, with BaP effects
being lighting-dependent, and Cd effects being lighting independent.
Likewise, in the adult tap startle test, BaP and Cd both altered perfor-
mance but independently and in qualitatively different ways. Cd
reduced baseline activity without significantly altering startle magni-
tude and BaP impaired startle magnitude without significantly altering
the pre- and post-tap scores. In Exp. 2, larval locomotor activity was
altered in qualitatively different ways by Cd and FA, with Cd increasing
distance moved in the dark, and FA suppressing mobile time regardless
of lighting condition. Taken together, these data indicate that when CD
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Table 2
Experiment 1: Summary of CD, BAP and Mixture Effects.
Test Age Measure Nature of Cadmium Nature of Fluoranthene Effect Nature of
Effect Interaction
Motility Larval Distance Moved Hyperactive in the dark Hypo'a'ctive under both lit and dark
(0.1 pM) conditions
Time Mobile Redu-ce-zd mobility under both lit and dark
conditions
Juvenile Distance Moved
Time Mobile
Distance Moved
Novel Adolescent
Tank Distance to Impaired diving response
Bottom
Adult Distance Moved
Distance to
Bottom
Adolescent  Distance Moved Reduced pre- and post-tap activity.
Pre-tap; Increased for 0.1 uM Cd alone.
Tap
Startle Adult Distance Moved Increased startle magnitude

Distance Moved
Change in
position

Shoaling Adult

Predator Adult Distance Moved

Change in
Position

Post-tap; Increased for FA alone.0.1 pM Cd
attenuates this effect.

Reduced locomotor activity

Increased for 0.3 pM Cd alone. FA attenuates this
effect.

Increased for FA. Both 0.1 pM and 0.3 pM Cd
attenuate this effect.

For each age, test, and endpoint (rows), the presence of each main effect (Cd and/or FA, in the absence of an interaction) and interactions (Cd x FA) are noted. A brief
summary of those effects is provided for comparison. Summary covers all panels contained in Fig. 3-4.

and PAHs alter the same test, they can do so independently, additively,
and in qualitatively different ways. While this suggests that co-exposure
effects can be statistically and qualitatively parsed out in some cases,
this did not apply to all instances where both constituents impacted the
data.

A subset of combined Cd and PAH effects resulted in Cd x PAH in-
teractions, indicating non-additive relationships. In Exp. 1, two tests
showed such effects. In the larval motility test, multiple non-additive
relationships were observed. In the dark, BaP, 0.1 pM Cd and 0.3 pM
Cd each significantly reduced mobile time. However, these effects were
not seen to interact with one another, meaning that the binary mixtures
were equivalent to each of their constituent mixtures. By contrast, under
lit conditions, the effect of BaP was facilitated by co-exposure with Cd,
meaning that BaP-induced suppression of mobile time was only
observed among Cd-treated fish. When taking these patterns together,
the stimulation score revealed that Cd impaired dark-induced stimula-
tion, an effect which was attenuated by co-exposure with BAP. Even by
itself, this data indicates that mixture effects can be quite complex. The
reversal effect of combined exposure was observed in multiple other
endpoints across the two experiments. Later in Exp. 1, BaP-induced
hyperactivity in the adolescent novel tank test was attenuated by co-
exposure to 0.1 pM Cd. In Exp. 2., FA-induced increases in adult post-
tap activity were attenuated by co-exposure to 0.1 pM Cd. A similar
pattern emerges in the pre-tap component of this test, although this
should be interpreted cautiously, as the 0.1 pM Cd group was signifi-
cantly hyperactive compared to controls, but not its respective mixture
group. In the predator avoidance test, FA and 0.3 pM Cd individual
exposures both caused hyperactivity, but their co-exposure attenuated
both individual effects. Notably, the FA effect was also attenuated by co-
exposure with the lower concentration (0.1 pM) of Cd. Taken together,
these data indicate that Cd and PAH co-exposures can result in non-
additive effects, and the predominant interaction appears to be the
reversal of individual toxicant effects. Further, the presence, develop-
mental timing and endpoint-relevance of these interactions may differ

significantly between Ahr-agonist and CYP1al-antagonist PAHs.

The present analysis complements a range of prior studies with
toxicant mixtures, particularly those containing PAHs. BaP has been
found to reduce accumulation of Cd in vitro (Zhang et al., 2019). In
zebrafish there is subadditivity of toxicity of the mixture of BaP and Cd
(Kodzhahinchev et al., 2021). Within our own work, we have analyzed
tobacco smoke constituents and found that in a rat model, a binary
nicotine and BaP mixture (Hawkey et al., 2019) generated a range of
individual, redundant and reversal effects across a behavioral battery.
Other labs have also found similar non-additive relationships relevant to
PAHs. In a range of models, particularly fish models, combinations of
Ahr- and CYP1la-acting compounds have been found to produce syner-
gistic effects during early development, with further indications that
these mechanisms directly interact biologically (Billiard et al., 2008).
Notably, the synergism between Ahr and CYPlal activity extends
beyond relevant classes of PAHs, as noted in fish-based studies of PAHs
with polychlorinated biphenyls (Wassenberg and Di Giulio, 2004) and
the pesticide chlorpyrifos (Endirlik et al., 2023). However, as the present
results did not generally find synergistic relationships between PAH and
Cd, the nature of the interactions may be distinct from these other
environmental compounds, and more similar to that of nicotine (Haw-
key et al., 2019).

In light of growing interest in mixtures and mixture effects, it should
be noted that the present data do suggest developmental timing of
testing as a key parameter. Our recent work in the zebrafish has
increasingly added longitudinal testing and observed that when the
same test is performed at multiple ages, the effect of a given toxicant can
radically change (Boyda et al., 2021; Hawkey et al., 2019; Hawkey et al.,
2022; Hawkey et al., 2023a, 2023b). The present study added an addi-
tional testing point to this array, an adapted version of the classic larval
motility test. When comparing Cd, PAH, or co-exposures, effects
generally differed from one time point to the next, in subtle or striking
ways depending on the test. This should not, perhaps, be surprising
given that neural circuit development goes through a series of stages
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between birth and adulthood (Edde et al., 2021), but this does provide
necessary context for current and future zebrafish screens which are
heavily reliant on very early time points. Within the present study, larval
data suggest that non-additive interactions are a significant feature of
Cd-BaP mixtures, but not Cd-FA mixtures. When viewing that data with
additional time points and tests, a more accurate conclusion would be
that Cd-BaP interactions are more relevant within early and mid-
maturation stages of development, and that Cd-FA interactions are
more relevant in adulthood. Future studies elaborating on the potential
for developmental processes to diminish or facilitate neurobehavioral
effects will be needed so that early, late and longitudinal data can be
integrated and used to guide risk management.

The present study presents a unique analysis of mixture effects
generated by Cd, two representative PAHs, and mixtures thereof, with
relevance to neurobehavioral function. The effects and interactions of
these compounds were found to be highly specific, with certain tests and
endpoints detecting non-additive interactions, and others detecting only
additive or single-compound effects. The interactions observed were
generally in agreement that Cd and PAHs have can produce sub-additive
effects to the point of reversing a single-compound effect outright.
Future studies will be needed to determine how to best understand and
apply these findings to mixture modelling and risk management for
mixtures. However, this work indicates that laboratory studies with
zebrafish can be used to advance this work, and to further observe core
characteristics of toxicant interactions, including their neurobehavioral
specificity and developmental impact.
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