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Abstract

Cadmium (Cd) is a naturally occurring trace metal that is widely considered to be highly toxic to
aquatic organisms and a significant health hazard to humans (Amzal et al 2009; Bernhoft 2013;
Burger 2008; Satarug et al 2009). The zebrafish (Danio rerio) has been used as a model organism
for toxicological studies with Cd (Banni et al 2011; Blechinger et al 2007; Chow et al 2009; Chow
et al 2008; Favorito et al 2011; Kusch et al 2007; Matz et al 2007; Wang & Gallagher 2013). We
asked what the lasting longitudinal effects would be from short early developmental Cd exposure
(between 24-96 hours post-fertilization) in a range that larvae might experience living atop typical
Cd-containing surface sediments (0, 0.01, 0.1, 1.0 and 10 uM CdCly: 1.124, 11.24, 112.4 and 1124
ug Cd/L). The goal of this exposure window was to specifically target secondary neurogenesis,
monoaminergic differentiation and cardiovascular development, without affecting earlier
patterning processes. Developmental abnormalities in body size and CNS morphology increased
with concentration, but were statistically significant only at the highest concentration used (10
UM). Heart rate for Cd-treated larvae increased with concentration, and was significant even at the
lowest concentration used (0.01 pM). Longitudinal survival was significantly lower for fish
developmentally exposed to the highest concentration. Except for brain weight, overall
morphology was not affected by developmental Cd exposure. However, developmental exposure to
lower concentrations of Cd (0.01, 0.1, and 1.0 uM) progressively lowered cocaine-induced
conditioned place preference (CPP), used to measure function of the reward pathways in the brain.
Baseline heart rate was significantly lower in longitudinal fish developmentally exposed to 1.0 pM
Cd. Cardiovascular response to isoproterenol, a potent p-adrenergic agonist, in longitudinal adults
was also significantly affected by developmental exposure to Cd at low doses (0.01, 0.1 and 1.0
UM). Surviving longitudinal adult fish exposed to the highest concentration of Cd showed normal
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CPP and cardiovascular physiology. The data imply that even lower exposure concentrations can
potentially result in fitness-affecting parameters without affecting survival in a laboratory setting.
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Introduction

Cadmium (Cd) is a biologically non-essential trace metal that occurs in soils, sediments and
surface waters all over the world. At high concentrations it is highly toxic to aquatic
organisms and considered a significant health hazard to humans (Amzal et al 2009; Bernhoft
2013; Burger 2008; Satarug et al 2009). The toxic effects of Cd are not completely
understood, but most have been linked to its ability to upset cellular redox balance (Cuypers
et al 2010; Nair et al 2013). Cd disrupts electron transport chain function in mitochondria
and is thus believed to generate reactive oxygen species (ROS) (Wang et al 2004). Cd also
liberates normally bound stores of iron (Fe) and copper (Cu), which in turn accelerate the
generation of ROS via the Fenton reaction (Casalino et al 1997; Cuypers et al 2010; Nair et
al 2013). Finally, Cd binds to thiol groups in ROS scavenger proteins and antioxidant
enzymes, thereby neutralizing their function (Cuypers et al 2010; Jurczuk et al 2004; Nair et
al 2013). The secondary effects of the resulting increased ROS production include lipid
peroxidation and subsequent damage to other macromolecules including DNA. This damage
is believed to play a major role in the carcinogenicity associated with Cd exposure (Hartwig
2010; Satarug et al 2009). The link to mitochondrial function suggests that Cd would be
particularly harmful to highly aerobic tissues. Indeed, the kidney, site of most
bioaccumulation of Cd, is particularly vulnerable to the effects of the metal (Gobe & Crane
2010). Less is known about the effects on the central nervous system (CNS) and
cardiovascular system (CVS). Cd affects redox balance and survival in cultured neurons
(Lopez et al 2006) and has been linked to amyloid accumulation and progression of
neurodegenerative disorders (Jomova et al 2010; Li et al 2012). Cd has also been linked to
the progression of heart disease and to toxicity of cardiomyocytes /in vivoand in vitro (Chen
et al 2015; Ferramola et al 2012; Limaye & Shaikh 1999), further evidence of the broad
impact of this metal.

Because Cd is widely present in top soils and is readily absorbed by plants, the main avenue
of non-smoking human exposure is by ingestion of cereals, vegetables, potatoes and rice
(Jarup & Akesson 2009; Satarug et al 2009). Sediments in most waterways are also rich in
Cd (typically in the range of 0.1 to 0.7 mg/kg dry weight) and the metal enters the food
chain via plants and freshwater invertebrates (Cuculic et al 2016; Jacob et al 2013; Li et al
2017; Otter et al 2012). The level currently considered to be safe for human consumption is
7 pg/week/kg body weight (WHO 2004). Most current estimates of average world-wide
consumption are between 0.7 and 6.3 pg/week/kg, although some populations, particularly
those that eat a lot of rice, are likely to consume much higher levels (WHO 2004). While
several studies have shown the negative health impact at levels higher than the WHO
standard, values long considered safe have been called into question (Satarug et al 2009;
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Satarug & Moore 2004). Subtler effects on human health at lower exposure levels are still a
matter of debate. Moreover, the ecological impact of Cd on aquatic ecosystems has not been
completely assessed. While Cd is common in sediments (Cuculic et al 2016; Jacob et al
2013; Li et al 2017; Otter et al 2012) where it can enter the food chain, relatively little is
understood about the impact of this metal at the low levels at which it is typically found in
surface sediments and waters (Burger 2008). There have been relatively few controlled
laboratory studies linking environmental levels with physiological function, rather than
survival and gross morphology.

To date, the zebrafish (Danio rerio) has been used as a model organism for several
toxicological studies with Cd (Banni et al 2011; Blechinger et al 2007; Chow et al 2009;
Chow et al 2008; Favorito et al 2011; Kusch et al 2007; Matz et al 2007; Wang & Gallagher
2013). The effects of very high acute concentration (100 uM) on early neurogenesis and
retinogenesis have been investigated with an emphasis on early neurogenesis effects and
morphological abnormalities (Chow et al 2009; Chow et al 2008). In a study looking at
longitudinal effects after chronic exposure to lower concentrations of Cd (0.002 - 0.2 uM), it
was found that adults displayed an attenuated olfactory-based avoidance response to
predator cues, thus linking neurodegenerative effects to behavioral outcomes (Kusch et al
2007). Other studies have examined the bioaccumulation and effects in adult fish after
chronic exposure to higher levels of CdCl,, 3.5to 5 uM (Banni et al 2011; Favorito et al
2011). Thus, exposure to low levels of Cd could have subtle longitudinal effects that might
lower fitness without affecting mortality. We asked what the lasting longitudinal effects
would be from Cd exposure during a critical developmental window, between 24 and 96
hours post fertilization (hpf), within a range of concentrations that the developing fish might
experience living atop Cd-rich surface sediments. In addition to considering longitudinal
effects on gross morphology, sex ratio, and survival, we examined more subtle aspects of
early exposure on adult heart function and reward-based learning.

Fish Maintenance

All zebrafish for this study were housed in the facility at the University of North Dakota
according to standard IACUC recommendations (Animal Welfare Assurance #A3917-01,
protocol 1403-7). Fish were raised in stand-alone fish racks, which included biological,
mechanical and charcoal filtration, along with UV sterilization and a daily 10% water
change (Aquatic Habitats, Apopka, FL). Fish were fed twice daily, artemia in the morning
and pellet in the afternoon. They were kept on a constant light-dark cycle: 14 hours on, 10
hours off. Water on the system was made by dissolving 0.2- 0.3 g/L Instant Ocean (Instant
Ocean Spectrum Brands, Blacksburg, VA, USA) and 0.1 g/L sodium bicarbonate in reverse
osmaosis (RO) water. The water was further buffered with calcium carbonate in the form of
crushed coral (Aquatic Habitats, Apopka, FL), such that the final pH was maintained at
7.6-7.8 and conductivity at 800 microsiemens (hereafter called “fish water”). The fish used
for these studies was a reporter line that was a generous gift (Goldman et al 2001). This line
expresses green fluorescent protein (GFP) driven by the a1-tubulin promoter, which
confines expression to the central nervous system (CNS). The GFP expression facilitated
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vital measurement of larval brain size. Fish heterozygous for the reporter gene were crossed
to generate parallel lines of homozygous GFP-positive (GFP+) and homozygous GFP-
negative (GFP-) fish. Imaging of larval fish and longitudinal adults was done on the
homozygous GFP+ strain. The GFP- line was used for experiments assessing cell death with
acridine orange (AO).

Cd treatment paradigm

Cd treatment was performed as shown in Figure 1A. Fish were bred from individual crosses
or basket crosses. To target the effects of Cd on neural and cardiac development apart from
possible earlier effects on axis and pattern formation, Cd treatment was started at 24 hpf. Cd
exposure was stopped before inflation of the swim bladder and the increased swimming
behavior higher in the water column. GFP+ sibling embryos were divided into 6 well dishes
at a density of 30 individuals per well. A fresh stock solution of 10 mM CdCls (Sigma
Aldrich, St. Louis MO) dissolved in RO water was made for each application in each
experiment. Working solutions of 0.01, 0.1, 1.0, and 10 uM CdCl, (1.124, 11.24, 112.4 and
1124 ug Cd/L) were made by diluting the 10 mM stock in fish water drawn from the AHAB
system (see description of fish water above in Fish Maintenance). After removing most of
the water from the wells, 5mls of the appropriate CdCl, working solution were added to the
developing fish. In each experiment there was also a well of control individuals that received
no CdCl,. Water and CdCl, were changed at 48 and 72 hpf. On the fourth day post
fertilization (dpf) larvae were rinsed 3 times with fish water and allowed to recover 24 hours
before imaging or transferring to the rearing system.

All the larvae from each experimental well were transferred to the system and raised for
8-10 months in 3L tanks. The longitudinal raising of fish was done a minimum of 6 times for
each Cd treatment group except for those treated with 0 and 10 uM. Low survival of the
latter prompted us to increase the n to 10 so there would be more fish for behavioral and
cardiovascular testing. We grew a 0 uM control for each of the 4 additional 10 pM Cd fish
groups. Not every fish was subjected to every assay described for adult fish in this study. The
surviving longitudinal adult fish were tested for behavior or heart rate (see below). They
were then sacrificed and assessed for body length, body weight, sex and brain weight. Fish
were anesthatized in 40ug/L tricaine (MS-222, Sigma). They were then measured with a
mm-scale ruler and weighed. The fish were then quickly decapitated and their heads fixed in
4% paraformaldehyde. The brains were removed from the skulls the next day and weighed.
Some brains were also re-fixed, embedded in epon-araldite resin, sectioned and examined
for histology essentially as described previously (Gross et al 2005). Because the tissue was
fixed in paraformaldehyde, the brain weight reported probably does not reflect the true wet
weight. For our purposes this weight provided a relative metric to compare brain size
between different treatment groups while providing tissue for histological examination in an
ongoing study.

Imaging and measuring brain size and heart rate in 5 dpf larvae

Imaging was done at 5 dpf using a Leica dissecting microscope (M165FC, Leica,
Heerbrugg, Switzerland), camera (DFC310FX) (Leica, Heerbrugg, Switzerland), and image
analysis software suite (Leica Application Suite version 4.1.0, Leica Microsystems,
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Heerbrugg, Switzerland). Ten larvae from each condition were immobilized by transferring
to 0.2% methylcellulose in fish water. The larvae were then imaged individually, belly down,
under bright field illumination at low magnification (between 30-32x) to determine eye size
and body length using Leica analysis software (see Figure 1B). The larvae were then imaged
at high magnification (120x) under fluorescence illumination to visualize the CNS by GFP
expression. The image was later analyzed with Leica software to determine the area of
fluorescence as an indicator of brain size. Three brain regions were defined for which the
area was measured as shown in Figure 1C. What is referred to as the “telencephalon”
included the region between the olfactory epithelium (which we did not measure) and the
telencephalic flexure (T in Figure 1C). For convenience in reporting, the “diencephalon”
included the optic tectum, midbrain and cerebellum (D in Figure 1C). The “hindbrain”
included the rhombencephalon between the cerebellum and the constriction marking the
spinal cord (H in Figure 1C). Brains imaged all showed oval profiles for the olfactory
epithelium, indicating full extension of the forebrain. The telencephalons of longitudinal
adult fish brains were also imaged for GFP+ fish (not shown), but the skull and pigmentation
prevented effective imaging of the other brain regions.

AQ staining was used to determine if Cd increased cell death in the forebrains of GFP+
larval zebrafish similar to previous work done in the lab (Mersereau et al 2016). Briefly,
after the same drug treatment described above, GFP-, 5 larvae at 5 dpf were incubated in 1
g/mL AO (Sigma-Aldrich, St. Louis, MO) dissolved in fish water for 10 min, rinsed three
times, and then imaged using a GFP filter at 120x. A depth of focus was chosen such that
the surface pigment and olfactory epithelium were clearly in focus then all visible AO+ cells
were counted. At least three separate investigators, blind to treatment conditions, counted the
AO+ cells.

In a subset of experiments, 5-day old larvae were imaged to determine heart rate. Larval
heart rate of Cd-exposed animals was measured as described previously (Mersereau et al
2015). Heart rate was measured on day 5, 24 hours after removing the CdCl,. After imaging
for size and brain morphology, larvae were turned on their sides, and allowed to recuperate
for 5 minutes. A 12-second video at low resolution and maximal frame rate (69 frame/sec)
was shot of the beating heart imaged at high magnification (120x). The videos were then
played back in slow motion and the number of beats per minute (bpm) was counted to
determine larval heart rate. Counts for all treatment groups were performed by at least three
investigators masked to treatment condition.

Conditioned Place Preference

Cocaine-induced conditioned place preference (CPP) was measured essentially as described
previously (Darland & Dowling 2001; Darland et al 2012; Mersereau et al 2016). At
approximately 8 months of age they were tested for cocaine-induced CPP. Eight months was
an empirical threshold determined in previous studies by quantifying the number of fish that
froze and thus failed to perform in the CPP test previously (Darland & Dowling 2001;
Darland et al 2012; Mersereau et al 2016). Briefly, fish treated with various concentrations
of Cd during development and grown up to adulthood, as described earlier. CPP was used to
specifically measure function of the reward system of the brain. Ecologically this pathway,
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governed largely by monoaminergic neurotransmission, may well reflect the learning
associated with foraging (Baudonnat et al 2013; Miller et al 2013). Fish were removed from
their home tank and housed individually during testing, which took 6 days. On day 1 the fish
habituated to the CPP chamber during a 45-minute exposure. The CPP apparatus, described
previously (Darland et al 2012; Mersereau et al 2016), was divided into three sections with
perforated walls that allowed fish access to all sections and which could be replaced with
solid walls for confinement during drug exposure. The two end sections each contained half
the volume of water as that in the middle section. On day 2 a baseline preference for each
section was recorded during a 10-minute trial. Preference was determined by calculating the
percentage of time spent in a given compartment. The fish were then confined in the front
compartment for 30 minutes and then confined for 30 minutes in the back compartment. On
day 3 the same procedure was repeated except that the confinement order was reversed: fish
were initially confined to the back and then later the front. On day 4 fish were tested for
their final baseline, after which preference for the two smaller end compartments was
averaged (values from days 3 and 4). The fish were then confined to the more preferred
compartment without drug for 30 minutes. They were then confined to the least preferred
compartment for 30 minutes with cocaine (5mg/L). On day 5 the first CPP was recorded and
the conditioning paradigm determined on day 4 was repeated. On day 6 a final CPP was
recorded. In our experience, maximal CPP is typically achieved during one of these two
trials. Percent change in preference, the metric used to compare the developmental treatment
groups, was determined by subtracting the average percent time spent in the least preferred
compartment during the baseline trials (measured on days 3 and 4, after conditioning with
no drug) from the average of the two CPP trials (measured on days 5 and 6 after
conditioning with cocaine).

Electrocardiograms (ECGs) in adult zebrafish

ECGs were recorded as described previously (Mersereau et al 2015). Fish were sedated with
40pg/L tricaine (MS-222, Sigma), placed in a damp sponge belly up and ventilated by a
peristaltic pump that continuously perfused the gills and kept the animal sedated. A few
ventral scales were removed and two 29-gauge microelectrodes (AD Instruments, Colorado
Sprigs, CO) inserted to a depth of approximately 1Imm, one in the thorax between the
opercula and one in the abdomen, near the anal fins, with the ground electrode placed in the
sponge nearby. Electrical signals detected by the electrodes were amplified and translated by
a PowerLab data acquisition unit using LabChart 7.2.1 software (AD instruments, Colorado
Springs, CO). Recordings were made in the range of 0-10 mV. Digital filters limiting
frequency range to 8-40 Hz were applied and an averaging algorithm provided by the
software was used to smooth the trace. Once a signal was detected, the pump was turned off
to decrease noise and the ECG was recorded for 1 minute. After the baseline recording, the
pump was restarted but fish water was mixed with 20 uM isoproterenol, a p-adrenergic
agonist, the we have shown elevates heart rate in zebrafish (Mersereau et al 2015). Average
heart rate was determined using the LabChart software, which essentially expressed the rate
as bpm.
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Comparisons between treatment groups were done using one-way ANOVA (Prism 5.0,
GraphPad Software Inc., La Jolla, CA, USA). Bonferroni's post-test was used to determine
pairwise differences, or Dunnett's post-test was used to compare experimental groups to
untreated controls (with a set to 0.05). In some cases, treatment groups were normalized as
a percentage of the control group. Percentages were arcsin transformed for statistical
analyses but graphed as ratios or percentages as indicated. Similarly, percent survival values
were arcsin transformed for statistical comparison, but percent survival is shown in Figure 3.
Paired t-tests were used to compare average baseline preference from average post-
conditioned preference for individual groups. For change in percent preference comparisons
between groups, one-way ANOVA was used as described earlier. These percent values were
transformed for statistical purposes, but graphed as change in percent preference. Males and
female morphological measurements were done using unpaired, two-tailed, t-tests. Similarly,
t-tests were also used to compare heart rates before and after isoproterenol treatment for
individual developmental treatment groups. However, the group comparisons in base line
heart rate and the percent change in heart rate with isoproterenol treatment were done using
one-way ANOVA with Bonferroni's post-test to make pairwise comparisons. Again, the
values for isoproterenol's effect on heart rate were graphed as percent change, but the values
were transformed for statistical comparison. In the histograms asterisks refer to analysis
within a group comparing baseline and treatment, while letters refer to ANOVA analysis
between groups.

There were a number of morphological effects of developmental CdClI, exposure on larval
zebrafish (Table 1). Body, eye and brain size were all affected in similar fashion, exemplified
by telencephalic area (Figure 2A-C and Table 1). Area measurements revealed that the
telencephalon was significantly smaller in fish treated with 10 uM CdCl,, but not at lower
concentrations (Table 1 and compare Figure 2A and 2B). Development stage at the time of
imaging varied slightly between experiments so the effects of Cd on brain morphology were
also calculated as a percentage of control (0 pM CdCl,) for individual experiments (Figure
2C). For the 10 uM CdCl,-treated larvae, the telencephalon, which included the olfactory
bulbs, was on average 12% smaller than that of untreated fish in the same experiment
(Figure 2C). Table 1 shows that the same pattern of significant reduction in size with 10 pM
Cd was seen for body length (dropped by 3.6% when normalized by experiment),
diencephalic area (dropped by 7.2% when normalized by experiment), hindbrain area
(dropped by 13%, when normalized by experiment), and eye diameter (dropped by 5.1%,
when normalized by experiment). For the hindbrain there was also a significant reduction in
area with 1 uM CdCl, (Table 1). However, when values were normalized as a percentage of
control for individual experiments, there was no significant effect at this concentration.

AQ staining suggested that at least some of the change in telencephalic size after 10 pM
CdCl; treatment was due to cell death (Figure 2D and 2E, Table 1). Fish treated with 10 uM
CdCl, averaged 3.7 times as many AQO positive cells as untreated fish (Table 1). Most of the
AQ positive cells were localized in the olfactory bulbs (asterisk in Figure 2E), similar to
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what has been reported by others (Blechinger et al 2007; Kusch et al 2007; Wang &
Gallagher 2013). However, many fish had a cluster of AO+ cells centrally and ventrally
located in the telencephalon as well (arrow in Figure 2E). There was no significant
difference in AO+ cells seen between untreated fish and fish treated at lower concentrations
(Table 1), and there was no difference in AO+ cells in other brain regions at any
concentration of Cd (data not shown). There was considerable cell death evident in the
olfactory epithelium at 10 pM, but not at lower concentrations. The background fluorescence
of the olfactory epithelium made this difficult to quantify in this study. However, others have
extensively documented Cd effects on neurotoxicity in the zebrafish olfactory system
(Blechinger et al 2007; Kusch et al 2007; Wang & Gallagher 2013).

Several other morphological and physiological parameters were affected by CdClI, exposure,
although most differences were only significant at the highest treatment concentration (10
UM). Eye diameter decreased by 5% at the highest concentration and was significantly
smaller than that of untreated controls (Table 1). Body length was also significantly
decreased by 3.6% in fish treated with 10 uM CdCl, (Table 1). Nearly 15% of the fish
treated at this concentration also displayed a characteristic arch (shown in Figure 2F),
similar to that described by others (Hallare et al 2005). These larvae were also imaged in
profile, measured with a segmental line function, and compared to untreated larvae to insure
that the decrease in size was not due to an effect of imaging angle and body curvature. Body
curvature did not alter results significantly (10 uM fish measured in profile were 4% smaller
than untreated controls). Larval heart rate was significantly elevated in fish treated with
CdCl,, and increased progressively with concentration (Figure 3A). All four Cd treatment
groups showed significantly higher heart rates relative to untreated control larvae (0 uM).
The larvae treated with 1.0 uM and 10 uM Cd Cl, had heart rates also significantly higher
than those treated with 0.01 uM Cd (p < 0.05 and p < 0.01 respectively). Larvae treated with
10 uM Cd showed a striking increase above untreated larvae in the number of AO positive
cells in the heart (Figure 3B and 3C). Since the dying cells were tightly clustered in the Cd-
treated larvae it was difficult to get precise counts at this level of resolution. The
significantly elevated heart rate was not associated with morphological abnormalities (Figure
3D-F). While some larvae treated with 10 uM CdCl, showed hypertrophy of the ventricle
and pericardium, there was no obvious abnormal looping (asterisk in Figure 3F). Also
obvious from Figure 3 is that swim bladders did not inflate for most larvae treated with 10
UM CdCl,. Nevertheless, very little difference in early mortality was seen before the larvae
were transferred to the main system for rearing.

Longitudinal adult survival, however, was significantly impacted by developmental exposure
to 10 uM CdCl,, but not to lower concentrations (Figure 4A, p < 0.01). We also did four
experiments (120 larvae total) using this exposure paradigm at 100 uM CdCls, but all the
larvae died by day 5. Body length and weight differed between groups, but obviously
survival rate, and thus rearing density, affected individual growth. Fish treated with 10 uM
CdCl, during development were typically larger that those treated with other concentrations,
probably because they had much lower survival and were thus raised at lower density. With
this in mind we made several morphological measurements to see if ratios could be used to
determine whether brain and eye size were specifically affected by developmental Cd
exposure.
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As expected, body length and body weight strongly correlated (Pearson r = 0.93, R? = 0.86
and p < 0.0001). Other morphological measurements strongly correlated with both body
length and body weight. However, since body length consistently showed slightly higher
coefficients and thus provided the more reliable normalization factor, we report the
correlation with body length here. Transparency of the skull above the telencephalon
allowed imaging of this brain region and thus morphological measurement of area (Figure
3B). Telencephalic area also strongly correlated with body length (Pearson r = 0.79, R% =
0.62 and p < 0.0001). Eye diameter was strongly correlated with body length (Pearson r =
0.82, R2=0.67 and p < 0.0001), as was brain weight (Figure 3E: Pearson r = 0.76, R? =0.58
and p < 0.0001).

We compared males and females for all morphological measurements (Table 2). In all cases,
and at all concentrations of CdCl, treatment, females were significantly larger than males.
Females were longer than males (3.45 + 0.04 cm vs. 3.25 £ 0.05 cm, p = 0.0011) and
weighed more (0.385 £ 0.016 g vs. 0.281 + 0.013 g, p < 0.0001). These results were
comparable to our previous studies (Mersereau et al 2016). As expected, females also had
larger eye diameters (2.48 = 0.21 mm vs. 2.34 + 0.21 mm, p = 0.0025), heavier brains (8.2
+0.3vs. 7.4 £0.2, p=0.0342), and larger telencephalons (2.24 + 0.06 mm?2 vs. 1.99 + 0.07
mm?Z, p = 0.012). Interestingly, when normalized to body length (or body weight), eye and
brain size were nearly identical between the sexes (Table 2). We thus used these ratios to
compare the impact of developmental CdCl, exposure on longitudinal adults. We also
looked at ratios of brain region areas to body length in 5 dpf larvae and found the correlation
significant, but not as robust as that seen for adults (Pearson r = 0.42, R2=0.18 and p =
0.0009). We, therefore, reported the data without normalizing to body length (Table 1 and
Figure 2).

Very few longitudinal effects of developmental Cd exposure were seen in the morphology of
adult fish. The highest concentration of CdCI, produced a modest increase in the ratio of
body weight to body length (data not shown when compared to untreated control fish). This
was probably related to the fact that most 10 uM Cd groups were smaller in number; the fish
tended to put on extra weight. Sex ratio also did not vary between developmental treatment
groups; on average the longitudinal groups were 44% male (p < 0.967 for comparisons
between treatment groups). When normalized to body length, eye diameter (p = 0.64) and
telencephalic area (Figure 4D, p = 0.37) did not vary significantly between treatment groups.
However, the concentration response curve of the telencephalic area to body length ratio
(Figure 4D) was similar in shape to the change in larval telencephalic area (Figure 2C) and
also to survival of the longitudinal groups (Figure 4A). That is, fish showed a slight, but
statistically insignificant, increase in survival and telencephalic area after developmental
exposure to low Cd concentrations (0.01 uM) but a decrease after developmental exposure to
high concentrations (10 uM) when compared to untreated controls. In contrast, the ratio of
brain weight to body length did vary significantly (p < 0.0001) between groups (Figure 4F).
The difference depended on concentration, with 1 UM developmental exposure having the
greatest effect (p < 0.001, when compared to untreated control fish) and a lesser effect seen
with 0.1 uM (p < 0.01) and 10 uM (p < 0.05). Interestingly, this Cd concentration effect on
brain weight/body length ratio did inversely correspond somewhat to that seen for CPP
behavior.
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Changes in longitudinal behavior and baseline heart rate were seen in fish treated with
CdCl, during early development. We used a classic conditioning paradigm, cocaine induced
place preference assay (CPP), to assess monoaminergic, reward-based learning. Fish not
treated with cocaine showed no significant increase in preference above baseline (Unt in
Figure 5A). Since the response of the untreated fish from all developmental exposure groups
did not differ from one another (p < 0.44), they are combined for convenience in Figure 5A
(Unt). Fish not treated with CdCl, as larvae (0 pM Cd in Figure 5A) and fish treated with 10
UM Cd showed a significant increase in side preference after cocaine conditioning (** p <
0.01 by paired t-test in Figure 5A). The magnitude of the responses for the 0 uM and 10 pM
groups, a change in percent preference of 13.1 and 11.2 respectively, were comparable to
what we have reported for CPP before using 5 mg/L cocaine (Darland & Dowling 2001;
Darland et al 2012; Mersereau et al 2016). The degree of the change in preference for the 0
uM fish was significantly higher than that of fish not treated with cocaine (a: p < 0.01
compared to Unt in Figure 5A). The adult CPP behavior dropped progressively with
developmental exposure to CdCl, except at the highest concentration, 10 uM. Fish exposed
t0 0.1 puM and 1.0 uM CdCl;, as larvae showed significantly lower CPP than 0 uM fish (b: p
<0.01 and c: p <0.001). Finally, the 1 uM Cd group showed significantly lower CPP than
that of the 10 pM Cd fish (c: also represents p < 0.05 for this comparison in Figure 5A).

Longitudinal adult baseline heart rate was affected by developmental CdClI, exposure
(Figure 5B). Fish untreated during development showed a baseline heart rate of 126.3 £ 7.0
bpm, similar to what we have described before (Mersereau et al 2015). Fish exposed to 0.01
UM and 0.1 pM CdCl, during development showed a 15% increase in average baseline heart
rate, but this proved not to be statistically significant when compared to the 0 uM adults.
Baseline heart rate was significantly lower for the 1 uM Cd treatment group compared to all
other groups (Figure 5B). Developmental treatment with 1.0 uM CdCl;, resulted in an
average heart rate 42% lower than 0 uM adults (p < 0.05) and 50% lower that that seen for
0.01 uM and 0.1 uM CdCls exposure (p < 0.001). As seen with CPP behavior, the fish that
survived developmental treatment with 10 uM had an average heart rate similar to that of the
0 uM fish and significantly higher than the 1.0 uM fish (112.8 + 13.5 bpm, p < 0.05).

We also treated fish from each developmental Cd treatment group with isoproterenol, a 8-
adrenergic agonist, to simulate the cardiovascular response to stress, and provide a scope of
cardiac performance (Figure 5C). Isoproterenol significantly increased the heart rate by
33.3% above baseline for the 0 uM Cd fish (p = 0.004, using a paired t-test), which was a
similar change to what we have previously reported (Mersereau et al 2015). Isoproterenol
also significantly raised heart rate above baseline for the 0.01 pM, 10 uM Cd treatment
groups (p = 0.03 and p = 0.0001 respectively). However, isoproterenol did not significantly
change heart rate for the 0.1 and 1.0 uM groups (p = 0.57 and 0.18 respectively). While
isoproterenol significantly changed heart rate in 0.01 uM fish, this change was significantly
smaller than that seen for 0 uM and 10 pM fish (p < 0.05). Finally, The 1 uM Cd fish, which
had the lowest average baseline heart rate, also had significantly lower heart rates than all
other groups after isoproterenol treatment (data not shown, p < 0.01 compared to 0, 0.01,
and 1.0 uM Cd groups; p < 0.001 compared to 10 uM Cd fish). The differing responses to
isoproterenol suggest that there are long-term effects on cardiovascular function resulting
from developmental Cd exposure, even at concentrations as low as 0.01 uM.
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Discussion

This study differs from other Cd studies in zebrafish by the combination of concentrations
used, the developmental window of exposure, and the longitudinal parameters examined
(Blechinger et al 2007; Chow et al 2009; Chow et al 2008; Kusch et al 2007; Matz et al
2007; Wang & Gallagher 2013). First, we used a range of concentrations that allowed
survival and longitudinal studies on behavior and heart rate (larvae treated with 100 uM,
11240 g Cd/L, all died using this paradigm). Second, administration of Cd began at 24 hpf,
after axis formation and the onset of primary neurogenesis and monoaminergic cell
development (Wullimann 2009; Wullimann & Rink 2002). This time point also occurs after
the heart has begun to form although definitive looping is not yet complete (Straudt &
Stainier 2012). We also cut off Cd treatment at 4 dpf, just before inflation of swim bladder,
and increased time spent higher in the water column. This developmental step would
perhaps lower sediment exposure for the larval fish. We examined different aspects of
physiology and behavior. Given the suspected mechanism of action, Cd would be expected
to affect particularly aerobic tissues like the CNS, kidney and heart. A study on the
developmental and longitudinal effects of Cd exposure on heart rate has not been reported in
zebrafish. Finally, we looked for longitudinal effects of developmental Cd exposure on
conditioned learning behavior, which has not been reported previously in zebrafish.

Dramatic effects of Cd exposure were seen in larvae treated at the highest concentrations.
Body length, brain size, and eye size were all decreased in a similar manner, with the most
significant effects seen with treatment of 10 uM CdCl,. Previous studies have shown a
decrease in neurogenesis and retinogenesis with Cd treatment, though these studies were
conducted at a higher concentration (100 pM), with shorter duration, and earlier exposure
onset to target early CNS patterning and gene expression events (Chow et al 2009; Chow et
al 2008). We report here a significant increase in neural cell death as indicated by AO
staining. Cd has been reported to stimulate apoptosis in cultured neurons, a process linked to
the destruction of mitochondria and ROS generation (Jomova et al 2010; Lopez et al 2006).
The eye and olfactory epithelium were also particularly susceptible to Cd treatment, which
has been previously reported by others (Blechinger et al 2007; Chow et al 2009; Kusch et al
2007; Wang & Gallagher 2013). Given the dramatic effects of Cd on neural development
reported here and by others, longitudinal effects on survival and behavior would certainly be
expected.

In fact, survival was affected significantly, but only at the highest concentration of CdCl,.
The decline in mortality occurred after placement of the treated 5-dpf larvae on the rearing
system. When ratios of telencephalic area to body length and eye diameter to body length
were compared between longitudinal adults from developmental Cd-treated groups, no
significant differences were seen. However, the ratio of brain weight to body length did
significantly vary between groups, though not in the way expected. Given the reported
effects on neurogenesis and our observations on cell death in Cd-treated larvae, smaller
longitudinal adult brains might be expected, but this was not the case. Adult brain weights
were proportionally higher in fish exposed to 0.1 uM, 1.0 uM CdCl, and 10 uM CdCl,
during development. In another study in which adult fish were exposed to high
concentrations of Cd showed a decrease in organization, possibly the cellular or synaptic
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arrangements, of the optic tectum (Favorito et al 2011). In the present study zebrafish were
treated during early development, but it is possible that the organization in the adult fish was
similarly changed in organization, which in turn somehow affected tissue weight.
Alternatively, an injury response caused by developmental Cd exposure could have
reprogrammed the neural stem cells to make more neurons. We are currently exploring these
possibilities by conducting detailed histological and immunohistological analyses of the Cd-
treated brains. While the mechanism driving the differences in brain weight has not been
found yet, the relative changes did inversely correspond to the effect on CPP behavior
(Compare Figure 4F with 5A).

We sought to test if exposure to lower levels of CdCI, might have more subtle effects on
neural organization that might be reflected by altered behavior. We looked at cocaine-
induced CPP as a measure of conditioned learning involving the dopaminergic reward
pathways of the adult zebrafish brain, believed to extend from the caudal diencephalon to the
dorsal area of the ventral telencephalon (Vd) (Darland et al 2012; Wullimann & Rink 2002).
Whether CdCl, led to specific lesions in the dopaminergic reward pathway is an area we are
currently investigating. Interestingly AO staining of 10uM Cd treated larvae often showed a
pocket of cell death in the medial telencephalon, consistent with the V4 (arrow in Figure
2E). Rats exposed in utero to CdCl, have also been reported to display lower cocaine-
induced CPP as well as lower cocaine self-administration, another assay that measures
reward-based learning (Cardon et al 2004; Smith & Nation 2003). In the present study we
show that CPP in zebrafish was decreased in a concentration dependent fashion, except at
the highest Cd-treatment concentration tested (10 uM), which displayed a normal response.
This concentration response curve was inverted relative to brain weight and somewhat
similar to results looking at adult heart rate.

Given its impact on mitochondrial function and ROS generation, Cd would be expected to
affect development and function of the heart. However, little has been reported looking at the
cardiac effects of developmental exposure to Cd. We report an increase in baseline heart rate
of Cd-treated larval zebrafish. A similar result was reported for Japanese medaka (Oryzias
latipes) exposed to Cd-spiked sediments during early development (Barjhoux et al 2016). In
that study, a concentration dependent increase in heart rate by 6 dpf was reported and
followed by a progressive drop in heart rate by 7dpf. There were also significant effects on
looping induced by Cd in the heart. In the present study we observed an increased number of
AO+ cells in the hearts of larvae treated with 10 uM CdCl,. In many of the 10 uM Cd-
treated larvae that were arched, the pericardium and ventricle were also enlarged, but we did
not see evidence of abnormal looping as was reported in the medaka study. Some studies
have shown toxic effects of Cd on cultured cardiomyocytes and in whole animals (Chen et al
2015; Ferramola et al 2012). The increased cell death might lower pumping efficiency, and
the resulting drop in peripheral blood pressure could induce a compensatory baroreflex in
heart rate. Alternatively, others have proposed that metal exposure might induce a stress
response that progressively raises the heart rate (Barjhoux et al 2016). In longitudinal adults,
the only fish whose base line heart rates were affected significantly by Cd were those treated
with 1.0 uM. These fish could represent a population in which permanent damage was done
to the heart, or perhaps central sympathetic tone was permanently affected in the larvae. We
favor the latter explanation given the decided lack of isoproterenol effect on 0.01, 0.1 and
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1.0 uM Cd-treated fish. We are currently investigating the pharmacological and histology
properties of the Cd-treated cardiovascular system to find the likely cause for the deficit in
function. While the adults exposed to 10 uM CdCl, appeared normal in heart rate, brain
weight and CPP behavior, it is likely that this is because most of the fish were severely
affected but died. It is, therefore, a reasonable hypothesis that early treatment with 10 uM
CdCl; selected for particularly robust, or Cd-resistant individuals. We are currently testing
these hypotheses.

A question not often considered in these types of studies is ecological relevance of the Cd
concentrations used. Most heavy metals in freshwater ecosystems complex with organics
and are sequestered into the sediments. A recent survey of sediments taken from the
Northern Plains in the United States showed that the surface sediments of potholes, rivers
and lakes averaged 0.38 mg of Cd per kg dry weight (Jacob et al 2013). Similar levels have
been reported in other surveys conducted in the Southeastern United States, China and
Central Europe (Cuculic et al 2016; Li et al 2017; Otter et al 2012), although these can be
affected dramatically by anthropogenic activity, particularly mining and agriculture (Audry
et al 2004; O'Neill et al 2015). Much less has been reported on surface waters since these
tend to have levels below detection limits. However, general detectable concentrations
reported are in the range of 0.05 to 0.65 pg/L (Cremazy et al 2015; Linnik et al 2015; Zhang
et al 2016). These reported Cd concentrations are far lower than those used in our study
(1.124 to 1124 pg/L). However, the bioavailability of heavy metals in an aquatic system is a
dynamic process that has not been fully explored (Burger 2008).

In some preliminary investigations looking at Cd bioaccumulation in larvae, we have seen a
range of 1.02-5.69 mg Cd/kg dry weight in larvae treated with concentrations between 0.1
and 10 pM CdCls,. These results are similar to those described in other studies looking at
developmental and adult Cd exposure in zebrafish (Banni et al 2011; Favorito et al 2011;
Matz et al 2007). Japanese medaka exposed to Cd-spiked sediments over the same
approximate developmental time course as ours showed similar Cd bioaccumulation
(Barjhoux et al 2016). These bioaccumulation levels are also similar to those quantified for
bass found in waterways with moderate to levels of Cd in sediments, but not in surface
waters (Andres et al 2000; Otter et al 2012). Fish are thought to take up Cd by using divalent
cation pumps and channels localized to the gills and specific areas of the surface integument
as well as by ingestion of sedimentary particles (Burger 2008; Tjalve & J. 1999; Wicklund
Glynn et al 1994). Uptake by developing larvae sitting on the surface of the sediment would
be expected to increase the local solubilization of Cd sequestered in the sediments of the
microenvironment by mass action. Order of magnitude differences in concentration of the
microenvironment are therefore not impossible. Also, any local surge in anthropogenic
activity could easily increase the bioavailability of Cd. In fact, other studies consider the
range we have used in the current study to be ecologically relevant (Pereira et al 2016). This
validates our model system and experimental approach, particularly given the observed
differences in heart rate and behavior at lower concentrations.

The ecological impact of environmental Cd exposure in most waterways where the metal is
at low concentration is a question of some debate (Burger 2008). In the present study we
show a decrease in baseline heart rate and CPP behavior at a Cd concentration that has no
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effect on survival in the laboratory. While we still need to ascertain the cause of the lowered
heart rate, lower cardiac performance would be expected to affect fitness of the individual.
Similarly the altered CPP behavior suggests an effect on monoaminergic reward systems of
the brain, which are important neural substrates governing foraging behavior (Baudonnat et
al 2013; Miller et al 2013). Cd-exposed individuals might be expected to forage less
effectively, thereby lowering fitness. In another study, olfactory-based predator avoidance
behavior in zebrafish was completely eliminated in longitudinal adult zebrafish raised from
clutches exposed to 20 ug/L Cd (0.2 uM) for 50 days (Kusch et al 2007). The subtle effects
seen in the laboratory fish might become much more important in a natural population faced
with conditions of scarcity, competition, and predation. Future studies will be aimed at
exploring the impact of low Cd exposure on these subtle aspects of fitness.
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Highlights

Developmental exposure to 10 uM Cd significantly decreased body, eye, and
brain size of 5 day-old larvae treated between 24 and 96 hours post-
fertilization. Lower concentrations (0.01, 0.1, and 1.0 pM) had no effect.

Developmental exposure to these same doses of Cd progressively increased
larval heart rate in 5 day-old larvae treated between 24 and 96 hours post-
fertilization.

Longitudinal survival of fish treated with Cd during development was
unaffected except at the highest concentration used (10 pM)

Morphologically, longitudinal adult fish did not vary significantly in any way
except for brain weight.

Cocaine-induced conditioned place preference (CPP) was used to measure
function of the monoaminergic reward systems in the brains of adult fish
developmentally exposed to Cd. Developmental Cd exposure progressively
decreased CPP response, except for fish that survived the highest dose (10
UM), which behaved normally.

Base line heart rate was significantly lower in fish treated with 1.0 uM Cd
during development.

Cardiovascular response to isoproterenol was significantly reduced in fish
treated with 0.01, 0.1 and 1.0 uM Cd, but not fish that survived the 10 uM
developmental treatment.

Collectively, the data suggest that even low exposure to Cd can influence
individual fitness without necessarily affecting survival or gross morphology
in a laboratory setting.
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Figure 1. The experimental design to examine the effects of Cd on early zebrafish development,
longitudinal adult behavior, and physiology

The basic experimental design is shown in 1A. As described in methods, developing
zebrafish were exposed to different concentrations of CdCl, starting at 24 hpf and ending at
96 hpf. After rinsing three times, the larvae were allowed 24 hours of recovery before
imaging. Body and eye size were measured (1B). In addition, the areas of brain regions were
determined (1C), including what is herein referred to as the telencephalon (T), diencephalon
(D), and the hindbrain (H). Larvae from each treatment group were raised to adulthood and
assessed for survival, sex, basic morphology, cardiovascular function using an
electrocardiogram (ECG) and a conditioned place preference assay (CPP).
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Figure 2. Cd decreases brain size and increases the number of acridine orange-positive (AO+)
cells in the forebrain of treated larvae

Telencephalic area was significantly reduced in larvae treated with 10 uM CdCl,, which is
exemplified by comparing the brain in (2A) with that in (2B). While all three gross brain
regions were reduced in size at this concentration, the most significant effect was seen for
the telencephalon (2C, a: p < 0.001) and hindbrain (not shown, p < 0.001, see Table 1). The
data from 6 experiments is shown in Figure 2C and in each of these the telencephalic area of
Cd-treated larvae is expressed as a percentage of that from untreated controls in the same
experiment (n =73 for 0 uM, and n = 23-28 for the other concentrations, for statistical
analysis the percentages were arcsin transformed). At least some of this effect was probably
due to increased cell death as exemplified by comparing AO staining in panels (2D) and
(2E). A significant change in the number of AO+ cells was seen at 10 puM of CdCl, but not
at lower concentrations (Table 1, p < 0.001, n = 16 total for each Cd group from 3
experiments). Most of these cells were localized to the olfactory bulbs (asterisk in 2E),
however, many were also found in the middle, ventral telencephalon (arrow in 2E). Many 10
UM Cd larvae had an arched appearance (2F). Scale bars in each panel represent 200 um and
the larva shown in 2F is 3.74 mm long.
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Figure 3. Cd affects heart development and function
Cd caused a concentration-dependent increase in larval heart rate (3C, data was combined

from 3 experiments with a total n = 20 for each Cd group, a: p < 0.01 compared to 0 uM, b:
p< 0.001 when compared to 0 uM larvae, c: p < 0.05 when compared to 0.01 pM larvae, and
d: p <0.01 when compared to 0.01 pM larvae). Larvae treated with 10 uM CdCl, had more
AO+ cells (small arrowheads in 2B and 2C) in the heart than untreated larvae. Most 10 uM
Cd larvae had hearts that were normal in size and morphology (2D and 2E), but some had an
enlarged ventricle and pericardium (3F). The asterisks highlight the ventricles, which
showed no obvious defects in looping. There were no discernable differences in morphology
or AO+ cells seen in larvae exposed to lower Cd concentrations (not shown). The scale bar
for 2B and 2C is 200 um, and that for 2D-2F is 150 pM.

Aquat Toxicol. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 22

w
=
E 80
w
®
=
=
e
=
@
£
@
g
a
o@ N
C Developmental Treatment
Tq r=079 %NE
s .| R* =062 SE
2 £ 2
< e -
o . 2=
= 2 g 2
] s =
£ . . 2 o
a o -
81 = o=
w0
5 =
2 29
P20 25 30 35 40 45 2=
Body Length
E Developmental Treatment
. F
15 r=0.76 g ¥ a be d
g R?=0.58 .. 3E
£ 10 2%
= .l . g -Ev
2 Se
5 T
§ 2 22
@ £
o4 T T T ™ 1 []
20 25 30 35 40 45 @ @ >
Body Length (cm) & & @& & @

¥
ENERS O

Developmental Treatment

Figure 4. Developmental Cd exposure affects survival and brain size in longitudinal adult fish
Fish treated with 10 pM CdCl, during development showed significantly lower survival at 6

months than untreated controls (4A). This experiment was carried out a minimum of 6 times
for each treatment group (a: p < 0.05 when compared to the 0 pM, 0.1 pM and 1.0 pM
groups and b: p < 0.01 compared to the 0.01 uM group). The telencephalons of longitudinal
adult GFP™* fish were imaged and the area measured as described in methods (4B). Body
length and telencephalic area are strongly correlated (3C, p < 0.0001, n = 152). The
telencephalon to body length ratio (TA/BL) did not vary significantly between the different
longitudinal treatment groups (4D this experiment was done 3 times with an n = 35 for each
Cd group, except the 10 pM Cd, which had much lower survival and an n = 10, p < 0.52).
However, the shape of the concentration response curve was similar to that for survival (4A)
and larval telencephalic area (2C), with a slight, but statistically insignificant, increase at the
lower concentrations (0.01 uM), and a decrease at higher concentrations (1.0 and 10 pM).
Brain weight was strongly correlated with body length when all groups were considered
together (3E, p < 0.0001, n = 103). The brain weight to body length ratio differed between
CdCl, treatment groups. Fish treated with 0.1 pM, 1.0 uM and 10 pM CdCl, during
development had proportionally heavier brains than untreated controls (n = 21-24 for each
Cd group except the 10 uM group, which had an n =12, a: p < 0.01 compared to the 0 uM
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group, b: p <0.001 compared to the 0 uM group, ¢: p < 0.01 when compared to the 0.01 uM
group and d: p < 0.05 compared to the 1.0 uM fish).
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:c:_igr;]ure 5. Developmental Cd exposure affects CPP behavior and heart rate in longitudinal adult
1S

Fish not treated with CdCl, during early development (0 uM Cd) and fish treated with 10
UM CdCl, display normal CPP in response to cocaine (**p < 0.01 when baseline trials are
compared to post-conditioning trials with cocaine). The response of the 0 UM group is
significantly higher than that of fish not conditioned with cocaine (5A Unt, a: p < 0.05).
Developmental exposure to CdCl, progressively attenuated adult CPP, except at the highest
concentration, 10 uM (5A b: p < 0.01 when compared to 0 uM Cd, c: p < 0.001 when
compared to 0 uM CdCl, and p < 0.05 when compared to 10 uM Cd fish). This experiment
was repeated 3 times, by different sets of investigators with a minimum total n = 30 for each
group. Longitudinal adult fish were also tested for heart rate by measuring their ECG
(Figure 5B). Adult fish treated with 1.0 pM CdCl, during development had a significantly
lower baseline heart rate than fish from all other treatment groups (5B, a: p <0.01 and b: p <
0.001 when compared to the 1 uM Cd fish). After determination of baseline heart rate, the
same fish were tested for their cardiovascular response to isoproterenol, a potent -
adrenergic agonist. Fish not developmentally exposed to Cd (0 uM Cd) showed a significant
response to the isoproterenol (** p = 0.01, when isoproterenol is compared to baseline using
a paired t-test), as did the fish treated with 0.01 pM and 10 uM during development (*p <
0.05 and *** p < 0.001). In addition, fish treated with 0.01 uM CdCl, during development
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showed a significantly lower response to isoproterenol than either the 0 uM and 10 uM
groups (a: p < 0.05 as determined by ANOVA of arcsin transformed values). This
experiment was repeated twice, with ECG recordings by two sets of investigators with a
minimum n = 8 for each Cd group.
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