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Abstract

Trimethyltin chloride (TMT) is a neurotoxicant that is widely present in the aquatic environment,
primarily from the manufacture of PVC plastic, but few studies have evaluated aquatic
neurotoxicity. We have examined TMT dose-dependent malformation and neurobehavioral
toxicity in the embryonic zebrafish model. Exposure of embryos to TMT (0-10 uM) from 48-72
hours post fertilization (hpf) elicited a concentration-related increase (0-100%) in malformation
incidence with an ECys5 of 5.55 uM. TMT also significantly modulated the frequency of tail
flexion, the earliest motor behavior observed in developing zebrafish, and the ability to respond to
a mechanical tail touch. Exposure to 5 uM TMT from 48-72 hpf modulated the photomotor
response at 4 and 5 days post fertilization and significantly promoted apoptosis in the tail. Our
study demonstrates the morphological and behavioral sensitivity of the developing zebrafish to
TMT and establishes a platform for future identification of the affected pathways and chemical
modulators of TMT toxicity.
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1. Introduction

Trimethyltin chloride (TMT) occurs in polyvinyl chloride (PVC) and silicone products, such
as kitchen utensils, food packages, and fungicides (Gomez et al., 2007; Hoch, 2001). TMT is
detected in domestic water systems, drinking water supplies, marine environments and
aquatic specimens (Gomez et al., 2007; Shawky and Emons, 1998). As a byproduct of
plastic stabilizers, TMT has caused 67 poisoning accidents worldwide, affecting 1,849
people between 1978-2008 (Tang et al., 2010). The most common, acute exposures to TMT
appear to be occupational during plastic manufacture or other industrial processes that
require heating of plastic. Ingestion of organotin polluted food or water in areas heavily
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affected by plastics manufacturing is also likely to be of increasing concern (Fonger et al.,
2000; Tang et al., 2010). Intoxication with TMT leads to profound behavioral and cognitive
deficits in both humans (Fortemps et al., 1978) and experimental animals (Fonger et al.,
2000; Hlinak et al., 2008; Ishida et al., 1997; Kim et al., 2009; Niittykoski et al., 1998). The
neurotoxic presentation most frequently reported in human cases is a limbic-cerebellar
syndrome, the manifestations of which include memory defects, confusion, seizures,
tinnitus, insomnia, and depression (Saary and House, 2002). Despite the documented
presence of TMT in aquatic environments (Jiang et al., 2004; Jiang et al., 2001; Liu and
Jiang, 2002; Shawky and Emons, 1998; Zhou et al., 2001) its potential risk to aquatic
organisms is largely unknown.

TMT has been widely used as a model toxicant for studying central nervous system (CNS)
toxicity (EI-Fawal and O’Callaghan, 2008; Trabucco et al., 2009; Zuo et al., 2009). In mice
and rats TMT was shown to induce lesions in the hippocampus and impair spatial memory
(Ishida et al., 1997). TNFa-induced, PKC-dependent stannin expression has been
hypothesized to play a role in the selective neurotoxicity of TMT (Reese et al., 2005; Toggas
etal., 1992). Some have hypothesized from experiments in the marine fish Sebastiscus
marmoratus that glutamatergic receptor NMDAR and its signaling pathway components are
important for TMT neurotoxicity (Zuo et al., 2009). In another report, TMT-induced
neurotoxicity and memory impairment in adult rats were reversed by sigma 1 receptor
antagonists, and TMT exposure reduced the amount of sigma 1 receptor in the hippocampus
suggesting that TMT acts, at least in part, through sigma 1 receptor stimulation (Shin et al.,
2007). Much remains to be learned about the mechanism of organotin neurobehavioral
toxicity. Though numerous studies describe a consensus phenotype of TMT intoxication in
the adult rat and mouse, only a few studies have addressed the outcomes of developmental
TMT exposure in vertebrates. No reports have appeared from a vertebrate model amenable
to genetic screens for modulators of TMT toxicity. Several prior studies in the developing
rat have demonstrated that TMT significantly impaired olfactory learning, spatial memory
and learning in adulthood (Stanton, 1991; Stanton et al., 1991), elicited obvious
hyperactivity in the preweaning stage, impaired the acoustic startle response in preweaning
and adult rats and resulted in the significant loss of pyramidal neurons in the hippocampus
(Miller et al., 1982; Miller and O’Callaghan, 1984; Ruppert et al., 1983, 1985). Despite
these significant findings from 20-30 years ago, almost no additional investigations of
developmental processes affected by TMT have been reported to date.

An excellent vertebrate model, zebrafish (Danio rerio) shares many developmental, cellular,
signaling and physiological characteristics with mammals (Cole and Ross, 2001; Haendel et
al., 2004). The inherent advantages of embryonic zebrafish stem from their small size,
transparency, and rapid developmental cycle (Kimmel et al., 1995). The transparent embryos
develop externally, which can be continuously observed, facilitating developmental time
course studies. Commercial platforms for recording and analyzing larval zebrafish
photomotor behavior in a 96 well format have enabled efficient screening for a once tedious
endpoint (Huang et al.; Rihel et al., 2010). We routinely use a semi-automated approach to
evaluate larval zebrafish swimming behavior in response to sudden, visible light-to-dark
transition (Huang et al., 2010; Wang et al., 2011).

Our objectives were to more precisely define the neurotoxicity of TMT in the developing
zebrafish and gain insight into the developmental processes affected.
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2. Materials and methods

2.1. Fish husbandry and embryo collection

Tropical 5D and transgenic NBT zebrafish were reared and kept at the Sinnhuber Aquatic
Research Laboratory (SARL) at Oregon State University under standard laboratory
conditions of temperature 28 + 0.5°C, pH 7.2 + 0.2, on a 14:10 dark/light photoperiod
according to standard zebrafish breeding protocols (Westerfield, 1995). Zebrafish embryos
were obtained from spawning adults with a sex ratio of 1:1. Embryos were collected within
0.5 h of spawning and rinsed in embryo medium (EM) (Westerfield, 1995). Fertilized and
normal embryos were staged under a stereomicroscope (Nikon, Japan) according to the
descriptions of Kimmel et al. (Kimmel et al., 1995).

2.2. TMT stock solutions and exposure protocols

Trimethyltin chloride (TMT; Sigma PN#146498; purity >97%) was purchased from Sigma-
Aldrich. A TMT stock solution of ImM in water was stored at 4°C until further dilution
with embryo medium (EM)(Westerfield, 1995). Embryos were individually waterborne-
exposed to TMT at 0, 2, 5, 10 pM in plastic 96-well plates (200 pL/ well) at 8 hours post
fertilization (hpf), and covered with parafilm to prevent evaporation. At specific
developmental stages, spontaneous movement, touch response, and cell death in vivo were
assessed. The short 24 — 36 hour TMT exposures were used to evaluate the effect of
transient TMT exposure on effects observed at 96 and 120 hpf. An earlier study also
identified 48—72 hpf as a sensitive, transient window for TMT exposure. In order to identify
the malformation dose for this window, 48 hpf larvae were waterborne-exposed to TMT (1-
10 uM) as above until 72 hpf. At the end of the exposure period, the zebrafish were rinsed
three times with EM and allowed to continue development until 96 hpf when the incidence
of malformation and type were recorded.

2.3. Effects of TMT on embryo tail flexion and touch response

To determine whether exposure to TMT affected embryo spontaneous tail flexion and touch
response, embryos were exposed in 96-well plates as in 2.2 to TMT at 0, 2, 5, 10 uM
beginning at 8 hpf. From 19 to 27 hpf, the spontaneous movement of 8 embryos for each
TMT concentration was video recorded for a 1 min duration, and repeated 3 times. The time
to complete the plate was approximately 12 minutes. For the touch response test, exposed
and control embryos were manually dechorionated at 24hpf using fine forceps and at 27 and
36 hpf, the touch response of 8 embryos per treatment was recorded, and repeated 3 times.

2.4 Behavior assessment

To determine the effect of TMT on the 4 and 5 dpf larval swimming response to sudden
light to dark transitions we used a variation of the photomotor response test.
Morphologically normal larvae exposed to 5 uM TMT from 48 to 72 hpf were assayed as
one larva per well per 2ml of EM in a 24 well plate using a ZebraBox behavior monitoring
station (ViewPoint Life Sciences, Inc., Montreal, Canada). The 48-72 hpf exposure window
was the same as for the gene expression work (2.6) to better facilitate addressing the gene
expression changes underlying the behavior phenotype. Larvae were allowed to adapt for 20
min in visible light of intensity similar to that of ambient, overhead fluorescent lighting in
the laboratory before recording the photomotor response as the average swimming speed in
each well per minute. The lighting parameters were 10 min light (visible light) followed by a
10min dark (infrared light) interval, and repeated for 50 min. The behavior testing was
conducted between 11:00 am and 3:00 pm. Each photomotor experiment had 12 TMT
exposed animals and 12 control animals in one 24-well plate. Three biological replicates
(embryos collected from different batches on separate days) were conducted.

Neurotoxicol Teratol. Author manuscript; available in PMC 2012 November 1.
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2.5 Cell apoptosis assay using acridine orange staining

In zebrafish, live embryos can be used to detect and quantify cell death in the whole animal
with the utilization of acridine orange. An earlier TMT exposure window was used because
we surmised that TMT-elicited apoptosis, if occurring during the body patterning and
neuronal development phases of embryogenesis, would be highly detrimental to
development. To visualize cell death in vivo, control and TMT (5uM) exposed embryos
(from 8 to 24 hpf) were manually dechorionated and rinsed twice with EM and incubated
with 5 ug/ml acridine orange dissolved in EM for 45 min at room temperature in the dark
(Usenko et al., 2007). The embryos were then washed with EM three times for 5 min each.
Before examination, the live animals were anesthetized with 0.02% MS-222 for 5 min and
mounted laterally in 1% w/v low melt agarose on a microscope slide. A rhodamine filter set
mounted to a motorized stage on a Zeiss Axiovert 200 M microscope (Carl Zeiss, Germany)
was used to examine all embryos (n = 24 for each group) and capture the same
magnification and orientation pictures of the head and tail region for control and TMT
treated larvae. Acridine orange- positive cells were quantified from images using Image Pro
Plus software program (Media Cybernetics, Inc., Silver Spring, MD).

2.6. TMT behavior associated gene expression

We have included here a small, vision-related subset of the unpublished expression data as it
potentially relates to effects of TMT on behavior reported in the present study (Table 1),
details of TMT effects will be published elsewhere. We found that a susceptible
developmental stage to TMT exposure was between 48-72 hpf, with 10 uM TMT producing
pericardial edema in 100% of the larvae. Embryos at 48 hpf were exposed in 96 well plates
in three replicate experiments to 10 uM TMT or embryo medium and collected and pooled
(40 individuals/pool) for RNA isolation at 60 and 72 hpf. Double strand cDNA was labeled
with Cy5 and hybridized to 12 x 135K zebrafish arrays (Roche Nimblegen, Madison, WI).
The human orthologs of the zebrafish mRNA sequences were subjected to Ingenuity
Pathways Analysis (IPA, Ingenuity® Systems, www.ingenuity.com) to generate a plausible
network of affected genes.

2.7. Data analysis

3. Results

Sigmoidal regression for concentration—response curves for estimation of the EC,5 was
performed in Origin 8.0 (OriginLab, Northampton, MA, USA). For gene expression, one-
way ANOVA for unequal variance with Tukey’s post hoc test (p<0.05) in GeneSpring GX
v11.0 (Agilent Technologies, Santa Clara, CA) was used to generate significant gene lists.
For tail flexion and larval behavior data, we used a repeated-measures ANOVA followed by
Bonferroni t-tests to identify significant differences between control and each TMT dose at
each timepoint. For the non-parametric touch response data, we used Friedman’s two-way
ANOVA for repeated-measures followed by Cochran’s Q test to identify significant
differences between control and each TMT dose for both timepoints. Tests were run in Base
SAS 9.2 (SAS, Cary, NC, USA). The apoptosis data, as background subtracted pixel values
above an intensity threshold, were statistically assessed by a t-test. All the graphed data were
reported as means * standard error (SEM) unless otherwise stated.

3.1. TMT affects motor behavior in zebrafish embryos

The first observable behavior in early development of zebrafish is spontaneous movement
(periodic tail bending) from the presence of functional neurons adjoining the somites (Saint-
Amant and Drapeau, 1998). At 20 hpf, 10 uM TMT significantly (P < 0.05) stimulated tail
bending (2.67 £ 0.29 bends/min) compared to the control embryos (1.0 £ 0.29 bends/min)

Neurotoxicol Teratol. Author manuscript; available in PMC 2012 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chen et al.

Page 5

(Fig. 1.). The spontaneous movement frequency between 19-27 hpf for control embryos
peaked at 4.87 + 0.55 bends/min at 22 hpf and slowly declined thereafter, while all three
groups of TMT treated larvae reached a similar peak frequency at 21 hpf, then rapidly
declined by 22 hpf to frequencies significantly less (P < 0.01) than the control peak. Both 5
and 10 uM TMT significantly decreased (P < 0.05) tail bending frequency at 25 and 27 hpf.

3.2. TMT affects the embryo’s response to tail touch

At 27 and 36 hpf, tactile stimulation (rounded probe touch) to the tail of TMT treated
embryos elicited fewer responses than the control group. At 27 hpf, the percent of animals
displaying a touch response was lower in 5 uM (41.7 £ 5.5; P < 0.05) or 10 uM TMT treated
larvae (31.3 = 3.6; P < 0.001) than in control larvae (66.7 + 2.08) (Fig. 2). At 36 hpf,
exposure to 5 and 10 uM TMT resulted in 45.8 £ 4.2 (%) touch response incidence
compared with 79.2 + 4.2 (%) in the control group (P < 0.001; Fig. 2).

3.3. TMT elicits malformations and aberrant photomotor behavior in zebrafish larvae

The ECy5 for TMT exposure from 48 to 72 hpf (a sensitive window, data not shown) was
5.55 uM when assessed at 96 hpf (Fig. 3). Yolk sac and pericardial edemas comprised <25%
of the malformations elicited by 5 uM TMT. Larvae that did not develop visible
malformations when exposed to 5 uM TMT were used to evaluate the effect of TMT on
photomotor behavior. At 4 and 5 dpf, TMT exposed embryos displayed obvious
hypoactivity (P < 0.001) in the visible light periods (Fig 4A and B). At 4dpf the TMT
exposed larvae were also weakly hypoactive in the dark (P<0.05; Fig. 4B) though this weak
effect was insignificant at 5dpf.

3.4. TMT induces localized apoptosis

Cellular death assays were performed to determine if TMT affected apoptosis in specific
cells or tissues. Embryos exposed to 5 uM TMT from 8 to 24 hpf were dechorionated
manually before being exposed to acridine orange for 45 min. Only a few apoptotic cells
were observed in the control larvae. While considerable apoptotic activity was consistently
localized in the brain, eye, ear and tail region of TMT exposed embryos (Fig. 5), the
apoptotic difference between the control and TMT exposed fish in the head region was not
statistically significant (P = 0.063; n=3). The difference in tail region was significant (P <
0.05; n=3).

4. Discussion

In vitro, TMT appears to have a direct effect on neurons and is often used as a model
neurotoxicant for studying neuronal degeneration (Philbert et al., 2000) and delayed
neuronal cell death (Thompson et al., 1996). There has been less focus on the effects of
TMT exposure on aquatic organisms. We have shown evidence that developmental TMT
exposure attenuated secondary motorneuron dependent tail bending at 24 hpf. TMT
exposure in a later window (48-72 hpf) still elicited a hypoactive photomotor behavior
response in the light at 4 and 5 dpf. Early (body patterning and neurogenesis phase)
developmental TMT exposure promoted localized apoptosis.

Understanding of the mechanisms of organotin developmental toxicity will require much
further study, but our experiments have shed light on some of the developmental processes
affected by TMT, and in a vertebrate model that is amenable to high throughput genetic
screening. The developing zebrafish will allow researchers to capitalize on screens for
modulators of organotin toxicity that are anchored to easily assayed endpoints of the central
nervous system. Tail flexion and the touch response are very early and robust central
nervous system phenotypes. TMT treated embryos showed increased frequency of
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spontaneous tail flexion relative to control animals, peaking an hour earlier in development
than in untreated embryos, followed by a rapid and dramatic decline in tail bending
frequency relative to the control embryos. The response pattern is suggestive of a relatively
potent stimulation of an unknown neuroreceptor by TMT, immediately followed by a
saturated or desensitized period. This may occur in caudal primary motorneurons in each
trunk muscle hemisegment, or some other class of spinal neuron. TMT exposed embryos
also presented significantly decreased tail touch responses at both 36 and 48 hpf. For the
early embryo, Pietri et al. (Pietri et al., 2009) emphasized the critical roles of the primary
mechanosensory Rohon-Beard cell (RB) and the primary ascending commissural
interneuron (CoPA) in the touch response circuit. By combining the touch assay with
observation of swimming ability, one can identify mutations that affect the sensory but not
motor side of the underlying circuit (Granato and Nusslein-Volhard, 1996). The touch
response is governed by spinal sensory inputs that activate the primary motorneurons (Saint-
Amant and Drapeau, 1998). As the only sensory neurons in the tail, RBs mediate tactile
sensitivity between ~24-60 hpf. (Kuwada et al., 1990; Metcalfe et al., 1990). Specific
examination of TMT effects on RB responses is still needed.

Our study sought to examine the effects of TMT on simple photomotor behavior in the
developing zebrafish. Untreated zebrafish larvae typically are more active in darkened
conditions than in the light, soon after a rapid light to dark transition (Prober et al., 2006).
However, we observed that 4 and 5 dpf zebrafish larvae exposed to TMT were hypoactive in
the visibly lighted periods but displayed the same heightened photomotor response as the
control larvae after the transition to darkness. TMT-elicited hypoactivity may result from a
heightened sense of vulnerability and instinctual predation avoidance. In rodents and
humans, photophobia is an observed effect of TMT exposure (Candura, 1998; Halladay et
al., 2006). The observed photomotor response in larvae, and future examination of TMT-
affected adult zebrafish behavior, will be important clues toward identifying the neurologic
targets of TMT.

Cell apoptosis plays a critical role in developmental modeling, immune repertoires, and
homeostasis maintenance. And it is a tightly controlled physiological process regulated by a
well-tuned balance of inducer and repressor factors. The balance of apoptosis and
proliferation is a critical part of normal development and susceptible to perturbation by
toxicant exposure (Ahmadi et al., 2003; Cole and Ross, 2001). Exposure to TMT resulted in
visually apparent increases in apoptotic cell death both in the head and tail region at 24 hpf.
Enhanced apoptosis in the tail may partly explain the attenuated tail touch response in the
present study. Several studies support the hypothesis that TMT induces cell death,
particularly in the limbic system. While the mechanisms by which TMT induces
neurodegeneration are still not understood, many hypotheses suggest that unwanted neuronal
apoptosis could be largely due to calcium overload (Mattson and Chan, 2003; Mundy and
Freudenrich, 2006; Wang et al., 2008).

Vision-related transcript down-regulation by TMT served as a preliminary identifier of
potential targets of TMT toxicity (Table 1). Pathway analysis (Fig. 6) suggested that
potential TMT targets span locomotor behavior, cell proliferation, neurogenesis, learning
and memory. Future studies involving systematic repression of these targets with antisense
technology, as well as chemical genetic screening for compounds that modulate the effects
of TMT, will define the mechanism of developmental toxicity and illuminate potential
therapeutic approaches to the adverse effects of organotins.
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Figure 1.

TMT promoted early spontaneous tail flexions (Mean £ S.E.M.) in zebrafish embryos
followed by a rapid decline in flexions (n = 8 embryos per group). Tail flexions were
recorded for 1 min, hourly from 19-27 hpf.
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Figure 2.

TMT reduced the tail touch response (mean = SEM) of zebrafish embryos at 27 and 36 hpf
(n = 8). The data indicate the percentage of animals at each TMT concentration that
displayed a touch response. *= P < 0.05 and **= P < 0.001 for significant differences from
the control group.
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Figure 3.
TMT induced dose related malformations between 48 and 72 hpf (n = 36 zebrafish larvae

per treatment).
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Figure 4.

TMT induced hypoactivity in the light. (A) Photomotor responses were recorded at 4 and 5
dpf for larvae exposed to 5 uM TMT from 48 to 72 hpf. Each light or dark interval was 10
min and 12 larvae were assessed per group. White intervals on the x axis were visibly
lighted periods and dark intervals were IR lighted (dark) periods. (B) Comparison of mean
light and dark responses between control and TMT exposed larvae at 4 and 5 dpf. **The
TMT responses in the light at 4 and 5 dpf were hypoactive (P < 0.001) relative to the control
responses. *The TMT dark response at 4 dpf was weakly hypoactive (P < 0.05) and this
effect was not significant at 5 dpf.
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Control TMT

Figure 5.

TMT promoted localized apoptosis. Representative images of apoptotic cells (bright white
spots) observed in whole mount embryos at 24 hpf after exposure to 5 uM TMT (n = 24).
The top two panels are the head and trunk wrapping around the large yolk sac (center, right).
The bottom two panels are of the tail region. B: Brain; E: eye. The apoptotic difference
between the control and TMT exposed fish in the head region was apparent, but not
statistically significant (P = 0.063; n=3). The difference in tail region was significant (P <
0.05; n=3).
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Figure 6.

Pathway model based on vision related TMT-associated gene expression changes indicating
a possible mechanism for TMT elicited neurobehavioral changes. Overarching regulation by
the cone-rod homeobox protein (CRX) in this scenario might account for the observed
abnormal photomotor response of TMT exposed zebrafish larvae.
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Vision associated transcriptional changes elicited by TMT in the developing zebrafish. 48 hpf embryos were
exposed to 10 uM TMT or embryo medium and collected at 60 and 72 hpf, in replicate pools of 40
individuals. Double strand cDNA was labeled with Cy5 and samples were hybridized to 12 x 135K zebrafish

arrays (Roche Nimblegen, Madison, WI).

Table 1

Symbol Entrez Gene Name Fold Change Location Family

ARR3 arrestin 3, retinal (X-arrestin) —1.97 Cytoplasm arrestin

CRX cone-rod homeobox —1.24 Nucleus transcription regulator

G proteina. G protein a —-1.88 Plasma Membrane G protein

Gper G Protein Coupled Receptor ~ —2.42 Plasma Membrane  G-protein coupled receptor
OPN1LW long-wave-sensitive —2.46 Plasma Membrane  G-protein coupled receptor
Opsin short-wave-sensitive -2.00 Plasma Membrane  G-protein coupled receptor
RHO rhodopsin —4.64 Plasma Membrane  G-protein coupled receptor
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