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Abstract

Perchlorate, an environmental contaminant, disrupts normal functioning of the thyroid. We
previously showed that perchlorate disrupts behavior and gonad development, and induces
external morphological changes in a vertebrate model organism, the threespine stickleback.
Whether perchlorate alters these phenotypes via a thyroid-mediated mechanism, and the extent to
which the effects depend on dose, are unknown. To address these questions, we chronically
exposed stickleback to control conditions and to three concentrations of perchlorate (10, 30 and
100 ppm) at various developmental stages from fertilization to reproductive maturity. Adults
chronically exposed to perchlorate had increased numbers of thyroid follicles and decreased
numbers of thyrocytes. Surprisingly, T, and T3 levels in larval, juvenile, and adult whole fish
chronically exposed to perchlorate did not differ from controls, except at the lowest perchlorate
dose, suggesting a non-monotonic dose response curve. We found no detectable abnormalities in
external phenotype at any dose of perchlorate, indicating that the increased number of thyroid
follicles compensated for the disruptive effects of these doses. In contrast to external morphology,
gonadal development was altered substantially, with the highest dose of perchlorate causing the
largest effects. Perchlorate increased the number both of early stage ovarian follicles in females
and of advanced spermatogenic stages in males. Perchlorate also disrupted embryonic androgen
levels. We conclude that chronic perchlorate exposure may not result in lasting adult gross
morphological changes but can produce lasting modifications to gonads when compensation of T3
and T4 levels occurs by thyroid follicle hyperplasia. Perchlorate may therefore affect vertebrate
development via both thyroidal and non-thyroidal mechanisms.

© 2014 Published by Elsevier Inc.
"Corresponding author. Fax: +1 541 346 4532. wcresko@uoregon.edu (W.A. Cresko)..
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1. Introduction

Thyroid hormones (THSs) are important for nearly every aspect of vertebrate growth and
development (Power et al., 2001; Jugan et al., 2010). Consequently, environmental
contaminants affecting TH production and use have wide-ranging impacts. Contaminants
that interfere with the vertebrate hypothalamic—pituitary—thyroid (HPT) axis have clear
deleterious effects, particularly in aquatic organisms (Power et al., 2001; Milnes et al., 2006;
Carr and Patifio, 2011). A large number of abnormal phenotypes have been ascribed to
thyroid-disrupting chemicals, including altered body size and shape (Lawrence et al., 2005;
Bernhardt et al., 2011), disrupted immune function (Capps et al., 2004), modified bone
development (Stevens et al., 2000; Bernhardt et al., 2011), and changes in behavior and
gonad masculinization or feminization in threespine stickleback (Gasterosteus acul eatus)
and zebrafish (Danio rerio), respectively (Bernhardt et al., 2006; Mukhi and Patifio, 2007;
Bernhardt and von Hippel, 2008; Sharma and Patifio, 2013). The biological mechanisms of
contaminant-induced phenotypic abnormalities are largely unknown, however. In particular,
interactions of the HPT axis with other endocrine axes and developmental pathways are still
poorly understood in many vertebrates, although it is clear that early developmental
disruption of thyroid signaling would be deleterious in mammalian (Préau et al.,, 2014) and
non-mammalian vertebrates (Morvan Dubois et al., 2006; Préau et al., 2014). Consequently,
the full suite of developmental and reproductive abnormalities caused by HPT disruption is
still unknown for most contaminants. In addition, the dose—response curves, critical
developmental windows of exposure, and physiological endpoints to assess the effects of
many HPT disruptors have not been well defined in any vertebrate.

To better understand the biological mechanisms of contaminant-induced abnormalities we
examined the hormonal and morphological effects of a known HPT antagonist, perchlorate
(C1Oy), on thyroidal, musculoskeletal, and reproductive development in a vertebrate model
species, the threespine stickleback, at environmentally relevant concentrations (Urbansky,
1998; Goleman et al., 2002). Perchlorate is a persistent, widespread environmental
contaminant and a potent endocrine disruptor with documented pathological effects on TH
production in humans (US EPA, 2002; Blount et al.,, 2006b). The perchlorate anion acts at
the thyroid follicle to block iodide uptake via competitive inhibition of the sodium-iodide
symporter (NIS, alias SLC5A5; Eskandari et al., 1997; Wolff, 1998), thereby impairing
sequestration of iodide, an ion necessary for synthesis of TH. Perchlorate appears in ground
and surface waters throughout the United States (Trumpolt et al., 2005) at levels up to 4000
ppm (Urbansky, 1998). Recent studies detected perchlorate in breast milk of pregnant and
lactating women (Kirk et al., 2005; Pearce et al., 2007), and perchlorate was ubiquitously
detectable in the urine of 22,000 pregnant women in Wales and Italy (Pearce et al., 2010).
Amazingly, all 2800 participants in a recent study had perchlorate in their urine, with levels
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ranging from 0.00019 to 0.160 ppm; children had the highest calculated exposure (Blount et
al., 2006a, 2006h).

Perchlorate produces deleterious effects in other vertebrates similar to those seen in humans.
For example, perchlorate negatively affects amphibian health — and can lead to death — at
environmentally relevant concentrations of 200-500 ppm (Goleman et al., 2002).
Perchlorate exposure in teleost fishes leads to a wide array of altered phenotypes, some of
which suggest disruption to development outside of the HPT axis (Crane et al., 2005;
Bernhardt et al., 2006; Bernhardt and von Hippel, 2008; Sharma and Patifio, 2013). Effects
of chronic perchlorate exposure on stickleback include abnormal lateral plate development,
decreased swimming performance, slower growth rates, and reduced pigmentation
(Bernhardt et al., 2006, 2011; Bernhardt and von Hippel, 2008). Perchlorate also appears to
act via an unknown mechanism to alter gonad development and sex determination in
teleosts, a finding not predicted to occur solely via thyroid disruption (Bernhardt et al., 2006;
Mukhi and Patifio, 2007; Sharma and Patifio, 2013); the HPT axis, however, has been
implicated in effects on reproductive development and function in teleosts (Carr and Patifio,
2011; Flood et al., 2013). Developmental exposure to perchlorate skews the sex ratio
towards female in zebrafish (Mukhi and Patifio, 2007; Sharma and Patifio, 2013), a species
in which various strains are reported to have different genetic bases for sex determination
(Bradley et al., 2011; Anderson et al., 2012). Perchlorate masculinizes the gonad in male and
female stickleback, in addition to increasing the gonadal-somatic index in male stickleback
(Bernhardt et al., 2006). In some cases, perchlorate exposure causes genotypically female
stickleback to become functional hermaphrodites, leading us to hypothesize that perchlorate
has androgenic effects (Bernhardt et al., 2006).

Multiple lines of evidence suggest that the effects of perchlorate could be widespread
throughout the body because TH receptors occur in most cells (Hulbert, 2000; Power et al.,
2001). Perchlorate-induced changes in thyroid hormone production therefore have the
potential for widespread disruption of numerous tissues regulated by the HPT axis. In
addition, studies of the specific effects of perchlorate on circulating or whole body TH
concentration are often contradictory. For example, Mukhi et al. (2005) found no significant
effect of 12 weeks of ammonium perchlorate exposure on whole-body T4 concentrations in
zebrafish, but in a subsequent study these authors reported that T4 concentrations were
significantly decreased while T3 concentrations remained unchanged after 16 weeks of
exposure (Mukhi and Patifio, 2007). A similar study in mosquitofish (Gambusia affinis),
however, demonstrated no dose-dependent relationship in T4 levels in response to various
levels of perchlorate exposure after 2, 10 or 30 days (Bradford et al., 2005). Conflicting
results across studies of HPT target pollutants may occur because the widespread effects of
TH toxins interact with the specifics of experimental conditions such as length of exposure,
age, species and genotype of the animal exposed, and dose of toxin to produce discordant
results (reviewed by Carr and Patifio (2011)). Because the shape of the dose—response curve
for perchlorate has not been rigorously determined across various life stages or broadly
across vertebrate phylogeny, and because different studies have used various end points as
indicators of HPT function, it is difficult to determine the scope of perchlorate’s effects on
vertebrate development.
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Taken together, these results indicate that two key hormone signaling pathways, the HPT
axis and the hypothalamic—pituitary—gonadal (HPG) axis, which regulates production of
reproductive steroids, are likely disrupted by perchlorate (Bernhardt et al., 2006; Carr and
Patifio, 2011; Sharma and Patifio, 2013). Establishing a perchlorate dose—response curve for
a variety of phenotypes related to the HPT and HPG axes is an important step in
understanding whether early developmental exposure to perchlorate affects vertebrates
solely through thyroidal mechanisms. We hypothesized that perchlorate may alter
development of thyroid tissues as well as reproductive tissues through cross-talk among
signaling pathways or through interference with normal cell physiology during development.
In particular, sodium-iodide symporters (NIS) are located in the gonads of vertebrates
(Bermudez, 2008; Russo et al., 2011), and a reasonable mechanistic hypothesis is that
perchlorate directly affects gonad tissues through interactions with these symporters.
Because perchlorate has been shown to be behaviorally and morphologically masculinizing
in stickleback, we investigate possible effects of perchlorate on androgen levels.

To better understand the effects of perchlorate on the HPT and HPG axes, we performed a
large, replicated, and long-running experiment on developing stickleback at a variety of
chronic and environmentally relevant perchlorate exposures. We examined intermediate and
end-point effects of perchlorate exposure by mapping changes of endocrine profiles as well
as alterations to morphology and gonadal development. We studied stickleback because it is
a widely used aquatic model of ecology, behavior, evolution, endocrine disruption, and
genetics (Bell and Foster, 1994; Gravenmier et al., 2005; Cresko et al., 2007; von Hippel,
2010). This small fish is a differentiated gonochorist with genotypic sex determination
(Hahlbeck et al., 2004; Kitano et al., 2007; Lewis et al., 2008). Stickleback live in a variety
of marine, brackish and freshwater habitats throughout much of the Northern Hemisphere
(Bell and Foster, 1994), including in polluted sites. Stickleback are therefore a good model
species for investigations of environmental contaminants that might affect human sexual
differentiation and development and thyroid function.

In the current study, we found no abnormalities in external phenotype at any dose of
perchlorate, but we did discover a significant increase in the number of thyroid follicles in
stickleback. Surprisingly, whole fish T4 and T3 levels were not different from controls,
except at the lowest dose (10 ppm). Perchlorate induced an increase of early stage follicular
ovarian follicles in females, and enlargement of the testes and increased occurrence of
mature stage sperm in males with increasing dose in both juveniles and adults. Perchlorate
also disrupted embryonic androgen levels. We conclude that perchlorate-induced
perturbations to the thyroid throughout development may not result in lasting adult gross
morphological changes if the chronic exposure leads to compensation by thyroid follicle
hyperplasia. Life-long exposure to perchlorate does, however, produce modifications to the
adult gonad. Our data suggest that perchlorate exposure during development affects several
multiple endocrine axes and development of thyroid and gonad tissues and that the effects
on the gonad may be independent of whole-body concentrations of T3 and Tj.

Gen Comp Endocrinol. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Petersen et al. Page 5

2. Methods

2.1. Study species and experimental design

Adult anadromous stickleback were collected during the 2010 and 2011 breeding seasons
(May through July) in Rabbit Slough (61.5595°N, 149.2583°W) in south-central Alaska.
These wild-caught stickleback were stripped of eggs and sperm for mass-cross in vitro
fertilizations using protocols described in Cresko et al. (2007) to produce approximately
2250 embryos per replicate, totaling approximately 800,000 embryos. Mass crosses were
performed in 1 L Pyrex jars with a ratio of one male per six females. Stickleback were
maintained in 113.6 L glass aquaria filled with 98.4 L of fortified reverse osmosis (RO)
water from hatching through sexual maturity. Nominal water quality parameters in every
tank/treatment included 6 ppt salinity and zero (immeasurable) ammonia. Temperature and
photoperiod were manipulated to simulate ambient seasonality. Water temperatures ranged
from 12.5-19.6 °C according to season. Approximately 40 mL of Bactapur (Aquatic
Ecosystems) was added to tanks with initial fry introductions to enhance denitrifying
bacteria colonization in biofilters.

Approximately 1700 L of RO water was delivered on a weekly basis to support the static/
renewal experimental design (MatSu Water, Anchorage, AK). This RO water was mixed in
stock tanks to produce 6 ppt salinity, and nominal 99.5% sodium perchlorate hydrate (Sigma
Aldrich, St. Louis, MO) concentrations of zero, 10, 30, or 100 mg/L (ppm). Trace iodide
(0.06 ppm) was added according to treatment during tank maintenance. All stock and
experimental tanks were continually aerated using 15 cm diameter biofilters (Aquatic
Ecosystems). We measured ammonia, iodide, nitrate, perchlorate, pH, temperature, salinity,
and specific conductivity. Ammonia levels were monitored using a commercial test kit
(API). Ammonia was typically measured at two-week intervals unless detectable
concentrations were recorded, at which time additional Bactapur was added and/or water
exchanges were performed. Subsequent measurements were performed (up to multiple times
daily) until ammonia concentrations returned to non-detectable levels. lodide concentrations
were measured at 1-2 week intervals using a commercially available iodine/iodide multitest
(Seachem, Madison, GA). Perchlorate concentrations were measured using an Orion
Perchlorate Probe (Thermo Electron Corp). Perchlorate concentrations were measured
weekly with supplemental measurements (up to multiple times daily) as adjustments were
made to regain nominal treatment concentrations following water changes. Perchlorate
levels were adjusted such that they never deviated more than 10% from target values.
Temperature, salinity, and pH were monitored using a commercial multiparameter probe
(YSI). Temperature and pH readings were conducted at 7-10 day intervals with
supplemental measurements (up to daily) recorded following pH variations or water
changes. Nominal salinity concentrations were 6 ppt, and measurements were conducted
weekly. Specific conductivity measurements were performed weekly, with as needed
supplementation.

Fish were chronically exposed to control (no perchlorate) and three nominal perchlorate
concentrations (10, 30 and 100 ppm), and sampled at the following days post fertilization
(dpf): 0 through 8, 28, 31, 44, 56, 84, 112, 140, 168, 196, 224, 252, 280, 308, or 336. 0 dpf
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means the fish were exposed to perchlorate from fertilization until 3 h post fertilization.
Thyroid hormones were measured from fish at sampling periods from day 0 to 336 as listed
above. In a separate trial in the 2011 breeding season in which we targeted embryonic and
larval developmental androgen levels, fish were collected from each experimental treatment
for measurement of developmental whole body testosterone (T) and 11-ketotestosterone (11-
KT) levels at 0-7 dpf, 28 dpf, and 56 dpf.

2.2. Hormone assays

On each sampling day, fish were euthanized with neutral pH MS222 (Sigma—Aldrich, St.
Louis, MO) and pooled by age and treatment in numbers sufficient to attain three samples of
0.5 g fresh weight (usually requiring 5-20 individuals per sample depending on the age of
fish). Samples were stored at —80 °C for later analysis of whole body concentrations of THs
(T4 and T3) and androgens (11-KT and T).

THs were extracted from whole-body homogenates, and the final extract was stored dry at
—80 °C until the day of the assay, as outlined in Crane et al., (2004), with the following
modifications. Each sample was reconstituted with 330 pL of EIA buffer (0.1 M PBS, 0.15
M NaCl, 0.1% BSA, pH 7.4). T4 was assayed in technical duplicate using 15 pL per well
(Total T4 EIA, MP Biomedicals, Santa Ana, CA) and T3 was assayed in technical triplicate
using 20 uL per well (Total T3 EIA, MP Biomedicals, n = 5-18 pools (biological replicates)
of age matched fish (mass equal to 1 g)). Both EIAs were validated using tests of parallelism
and standard addition. Intra-assay variation was 3.6% for T, and 6.9% for T3. Inter-assay
variation was 13.0% and 12.2% for T4 and Ts, respectively.

Androgens were extracted with an excess of diethyl ether from whole-body homogenates
that had been sonicated in PBS. Extracts were evaporated under a nitrogen stream and stored
dry at —80 °C. Samples assayed for T were reconstituted with 200 pL of extraction buffer
and run in triplicate using 50 pL per well (Testosterone EIA, Neogen). Samples assayed for
11-KT were reconstituted with 800 pL of EIA buffer and run in technical duplicate using 50
pL per well (11-ketotestosterone EIA, Cayman Chemicals, Lexington KY), n = 3-5 pools
(biological replicates) of age-matched fish (mass equal to 1 g). Both EIAs were validated
using tests of parallelism and standard addition for both fish and embryo homogenates.
Intra-assay variation was 5.5% for T and 4.6% for 11-KT. Inter-assay variation was 18.8%
and 9.8% for T and 11-KT, respectively.

While the ELISA kit for 11-KT has been commercially validated for use with teleost serum,
it had not been validated for whole fish homogenate. To verify that the ELISA kit was
measuring 11-KT accurately in stickleback tissue homogenates, which contain lipids and
other substances that have the potential for interference with ELISA assays, stickleback
adult and embryo tissues were analyzed at the Endocrine Technology Support Core Lab
(ETSC) at the Oregon National Primate Research Center (ONPRC). Adult fish tissue, as
well as a pool of approximately 80 embryos each aged 3 dpf, were prepared by euthanizing
the animals, blotting off excess liquid, and flash freezing in liquid nitrogen before shipping
animals on dry ice to ETSC. Three methods for extraction of hydrophobic lipids and sample
purification were utilized prior to measuring the concentration of hormone in the adult and
embryo samples. In addition, a monkey serum pool from Rhesus Macaque (Macaca
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mullata), with or without an 11-KT spike, was used as a control. The three methods were (1)
radioimmunoassay (RIA) after methanol extraction without Strata-X SPE column
purification (Phenomenex, Torrence, CA), (2) RIA after methanol extraction and reverse
phase liquid chromatography using a C-18 reverse column, and (3) RIA after methanol
extraction, C-18 reverse column purification, and Strata-X column purification. A standard
dilutions test was also performed in duplicate at 1:1, 1:2, 1:4 and 1:8, and the results were
found to be parallel across dilutions. 11-KT values of 10.9, 2.2, and 20.4 pg/ml were
measured for the pooled embryonic tissue using the three methods, respectively. These
results corresponded well with the value recorded using ELISA on untreated 3 dpf
stickleback embryos (8.2 pg/ml £ 3.1). Similarly, adult 11-KT values determined by RIA
were 36.0, 19.5, and 29.4 pg/ml using the three methods, again corresponding well with the
ELISA results for control adults (21.08 pg/ml + 8.8). We conclude that 11-KT results using
ELISA are repeatable using RIA methods, and are therefore likely not significantly affected
by lipid or impurity interference in whole body assays.

2.3. Histology preparation

2.4. Thyroid

A total of 128 stickleback ages 1-12 months post fertilization from each of the treatment
groups (0, 10, 30, 100 ppm) were euthanized and immediately fixed in Bouin’s solution at 4
°C for 48 h. After Bouin’s fixation, fish were serially washed in ethanol and then stored in
70% ethanol at 4 °C. Samples were subsequently paraffin-embedded and sectioned
horizontally in the head and neck for thyroid visualization, and in cross-section in the
abdomen to visualize the gonads at 16 pm resolution, and stained with hematoxylin and
eosin (H&E).

pathohistology

Histological preparations of stickleback thyroid follicles were analyzed for thyroid follicle
morphology in 51 individuals (n = 31 exposed to 100 ppm perchlorate; n = 20 control fish,
with at least 4 individuals at each time point sampled up to 1 year). The whole throat was
cryosectioned, and all slides containing thyroid follicles were viewed at 100x magnification.
The single slide containing the largest number of follicles for that individual was chosen for
follicle quantification and morphometric analysis of two sections (technical replicates) on
that slide. The sections were imaged using a Nikon Eclipse T3200 inverted light microscope
with an Olympus DP71 camera and Olympus imaging software. Images were analyzed using
Image J software and an Intuos 4 tablet (Wacom Co., Vancouver WA) to trace and quantify
thyroid follicle number, follicle area, follicle width, thyrocyte number, thyrocyte height, and
thyrocyte width. Morphometric analyses to quantify size and shape were performed on five
of the largest follicles on the sections, and data averaged to a single value per fish.
Representative images of thyrocytes were photographed at 100x and 600x from both 100
ppm and control fish. For thyroid analysis and morphometrics, fish 9-100 dpf were
considered larvae, 101-250 dpf were considered juveniles, and fish more than 250 dpf were
considered adults.
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2.5. Gonad and kidney pathohistology

At least six females from each age class (larvae 9-100 dpf; juveniles 101-250 dpf; adults
251-336 dpf) with two technical replicates from the left and right ovaries (two sections/
slide, two slides for each fish = four gonad sections) were evaluated for gonadal maturity.
Age class designations were determined following definitions outlined in Parichy et al.
(2009). Female gonads, which in stickleback have group synchronous follicular
development (Wallace and Selman, 1979; Sokolowska and Kulczykowska, 2006; John
Baker personal comm.), were analyzed using light microscopy by tallying the humber of
follicles per ovary in each stage in the four sections analyzed per fish. Ovarian follicles were
staged based on Sokolowska and Kulczykowska (2006), and collapsed into four categories:
early follicles (corresponding to their stages 1-2, defined by small, round, previtellogenic
oogonia), mid (their stages 3—4, defined by beginning of vitellogenesis, vacuolization,
enlarged ovarian follicles), late (their stages 5-6, defined by cytoplasm densely filled with
vacuoles, yolk vesicles, beginning of secondary yolk), and mature (their stages 7-8, defined
by cytoplasm full of yolk stained dark red, yolk sometimes in densely packed globules,
largest ovarian follicles) (Fig. 6). We could not unequivocally determine if adult females had
spawned prior to harvesting, but the recent spawning of an individual would appear in the
histology preparations as the absence of stage 4 (mature) ovarian follicles.

At least three males from each age class (larvae 9—-100 dpf, juveniles 101-250 dpf, adults
251-336 dpf) were evaluated histologically for gonadal maturity. Because lobules within a
stickleback testis are relatively synchronous in terms of spermatogenic stage, the testes of
each fish were given a single score. Testes were designated as belonging to a single stage for
each fish according to Sokolowska and Kulczykowska (2006), except that stages were
collapsed into: stage 1 early spermatogenesis (their stages 6 and 7), stage 2 intermediate
spermatogenesis (their stages 1 and 2), stage 3 late spermatogenesis and complete
spermatogenesis (their stages 3-5). Three slides per male, with two sections per slide, were
analyzed as technical replicates. For each individual we chose to analyze the slide with
sections with the largest cross-sectional area in order to standardize the region of the testis
from which we were measuring across individuals. Testis width and area were measured
using NIH image J software (Rasband, 1997-2012) calibrated to a scale bar imaged
simultaneously.

The height of kidney epithelial cells was measured using Image J software and designated
per age class for those ages that had developed kidneys (juvenile, adult) as normal,
hypertrophic, and hypotrophic based on kidney cell height (um). Normal, hypertrophic and
hypotrophic designations were determined by creating a size range based on a subset of
kidneys per age group. Juvenile kidney epithelial cells were considered normal in the height
range of 8-12 um based on values for juvenile controls, and adult kidney epithelial cells
were classified as normal in the height range of 9-15 um based on values for adult controls.
Hypotrophic kidney epithelial cells (<8 um) were not found in any fish.

2.6. Statistical analysis

Statistical analyses of all data were performed using JMP PRO software (2013 SAS
Institute, Cary, NC). Means presented are = 1SE. Comparisons of means for continuous
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response variables were analyzed using either a one-way or two factor factorial analysis of
variance (ANOVA) followed by Tukey’s HSD post hoc analysis of means for significant
treatment effects, after testing for statistical assumptions. Analysis of count response
variables utilized Generalized Linear Models (GLMSs) using a Poisson error distribution and
Log link function. Categorical response variables were analyzed using contingency analysis
or logistic regression and standard error. VValues were considered significantly different at an
alpha level of p < 0.05 (see Fig. 7).

3.1. TH levels do not change in response to chronic perchlorate treatment except at the
lowest tested concentration

Perchlorate had no significant effect at any dose on whole body [T4] in one year old
chronically exposed stickleback (F3 162 = 0.66, P = 0.5720; Fig. 1A). Given our sample
size, the statistical power to detect a biologically relevant difference of 5 pg/g was high
(power = 0.82), and thus the absence of a significant effect is biologically meaningful.
Subsequent tests had similar power. Median concentrations of T, in adult fish (aged >
250dpf) ranged between 30 and 40 pg/g (Fig. 1A). In contrast, whole body adult [T3] was
significantly affected by perchlorate treatment (F3 151 = 3.29, P = 0.0231), but only the
lowest dose, 10 ppm, elicited a statistically significant increase in whole body [T3] with
respect to the control treatment (Tukey’s HSD LS Means test; Fig. 1A).

Perchlorate exposure also did not significantly alter whole body [T,4] over the course of
development (Fig. 1B; F3 46 = 0.47, P = 0.7034); although [T4] varied across age (F3 46 =
4.92, P = 0.0050) there was no significant interaction between treatment and age (Fg 46 =
1.13, P =0.3613). Levels of T4 exhibited similar developmental trajectories across the 365
days of development except for 10 ppm perchlorate exposed fish (Fig. 1B). T4 levels in
control fish and 100 ppm exposed fish increased slightly from larval to juvenile stages, and
then fell in adults (Fig. 1B). In 30 ppm exposed fish T4 levels were fairly level across the
three stages (Fig. 1B). In 10 ppm exposed fish, however, T4 levels were steady from larval
to juvenile stages, and then increased in adult fish. This pattern in 10 ppm exposed fish is the
inverse of the pattern seen in control fish and 100 ppm exposed fish (Fig. 1B).

Levels of T3 did not vary significantly over the course of development (Fig. 1B) with respect
to the dose of perchlorate (two factor ANOVA; F3 g = 0.083, P = 0.5400) or the age of the
fish (F,, 28 = 0.58, P = 0.5675), and there was no significant interaction between treatment
and age (Fg 46 = 0.71, P = 0.6440). Fish exposed to 10 ppm perchlorate demonstrated
altered developmental T3 levels, holding constant in the larval-to-juvenile transition, and
increasing at adulthood. For both T4 and T3 therefore, this pattern is essentially an inversion
of the normal TH developmental profile in which TH levels fell in adulthood after the larval-
juvenile transition (Fig. 1B).

Chronic perchlorate exposure, irrespective of dose, did not have a discernible effect on gross
morphology (Table 1). We found no significant differences among treatments in standard
length, body mass, mean dorsal spine humber, anal spine length, number of lateral plates,
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pigmentation, or frequency of exophthalmia. We also did not find a higher frequency of
otherwise abnormal morphologies, or any intersex fish (Table 1).

3.2. Perchlorate causes an increase in the number of small thyroid follicles and altered
thyrocyte morphology

Histological examination of cryosectioned pharynges of stickleback (Fig. 2) revealed an
interaction between perchlorate concentration and age on the development of thyroid
follicles. Sections from treated and control fish were compared qualitatively (Fig. 2) and
quantitatively analyzed using Image J software followed by appropriate statistical analysis
(Fig. 3). We observed a significant increase in the number of thyroid follicles associated
with increasing perchlorate concentration (Fy 47 = 44.17, P < 0.0001) and advancing
developmental stage (F2 47 = 10.24, P = 0.0002), as well as a significant interaction
between these two factors of perchlorate dose and developmental stage (F, 47 = 8.45, P =
0.0007). An increase in thyroid follicle number in the 100 ppm perchlorate treatment
became evident as early as 18 dpf (Fig. 2A and B). Adults chronically exposed to
perchlorate showed hyperplasia of small thyroid follicles (Fig. 2C and D). In particular, the
average thyroid follicle area was affected by perchlorate treatment (F; 47 = 8.80, P =
0.0047) and developmental stage (F», 47 = 11.26, P = 0.0001), and, as with follicle number,
a significant interaction existed between age and perchlorate treatment, which had the
largest effect on follicle size in adult fish (F5, 47 = 7.99, P = 0.0010). Higher magnification
(60x, Fig. 2E and F) revealed that the number of thyrocytes was decreased by perchlorate
exposure (Fq 47 = 19.73, P = 0.0001) and developmental stage (F, 47 = 14.26, P = 0.0001),
and that age and treatment again interacted (F, 47 = 10.87, P = 0.0001).

Thyroid morphologies varied with developmental stage due to perchlorate treatment (Fig. 3).
Fish chronically treated with perchlorate had significantly more thyroid follicles as juveniles
and adults, and the relationship between perchlorate treatment and age exhibited an
interaction. Compared to controls, treated fish had more follicles early in development, and
follicles increased in number more rapidly late in development. Although thyroid follicle
area (Um?2) in perchlorate-treated juveniles was not significantly different than in control
fish, perchlorate-treated adults had substantially smaller thyroid follicles and demonstrated a
faster increase in number of follicles as compared to controls (Fig. 3A and B). Average
follicle area increased in a linear fashion in control fish (Fig. 3B), but was arrested in
perchlorate treated fish (Fig. 3B).

Because follicles are three-dimensional structures, and the NIS is embedded in the layer of
thyrocytes that surround the lumen of the follicle, we calculated an approximate surface area
of all the thyroid follicles present in a fish. We made the simplifying assumption that the
follicles are spheres, and calculated (follicle count) * (4nr2) where radius is the average
radius of 5 follicles/fish. As expected, we found that the total surface area increases as fish
get older (F,, 47 = 9.41, P = 0.0004). However, there was not an overall effect of perchlorate
treatment (F1 47 = 0.01, P = 0.9055), although there was a significant treatment-by-age
interaction (F,, 47 = 13.89, P < 0.0001), indicating that the effects of perchlorate on surface
area varied depending on embryo, juvenile or adult stages. To decipher this interaction
effect, we examined the post hoc means contrasts using a Tukey’s HSD test. We found that
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follicles earlier in development, in larval fish, have approximately cover equal total surface
area in both treated and control fish. In juvenile fish, however, perchlorate treatment caused
a significant increase of over four fold in total thyroid surface area (P = 0.012) compared to
controls. In adults, however, total estimated organ surface area was significantly reduced in
treated fish by 3 to 4-fold (P < 0.0001), presumably due to the small size of the follicles in
perchlorate treated adults compared to control adults. Thus, the lack of an overall main
effect of perchlorate is due to equal and opposite offsetting effects within the larval and
adult categories.

We also measured morphology of thyrocytes within the follicles. Thyrocytes of follicles
from perchlorate treated fish were larger in height (F1, 47 = 3.58, P = 0.0007) and width

(F1, 47 = 28.64, P = 0.0001). Both height and width of thyrocytes increased over
developmental stage (height — F» 47 = 7.79, P = 0.0012; width — F, 47 = 4.83, P = 0.0124)
and they showed a significant interaction between perchlorate treatment and developmental
stage for height (F,, 47 = 13.99, P = 0.0001) but not for width (F, 47 = 2.39, P = 0.1022). In
juveniles, thyrocyte height and width were significantly larger in perchlorate treated fish
when compared with controls (Fig. 3D and E). Thyrocytes of control fish grew larger in
height than treated fish over the course of development, but maintained a steady width (Fig.
3D and E). In contrast, thyrocytes of perchlorate-treated fish were arrested in their
development or even shrank as the fish aged (Fig. 3D and E). Overall, perchlorate appears to
cause hyperplasia of small hypotrophic follicles that are lined by larger, fewer, hypertrophic
epithelial thyrocytes that do not continue to grow normally over development as compared
to controls (Figs. 2 and 3).

3.3. Chronic low doses of perchlorate dramatically increase embryonic androgen levels in

the embryo

When considering androgen levels in embryos (chronically exposed to perchlorate and
harvested at time points 0-7 days; Fig. 4A) as a nominal variable in a statistical analysis,
unexpected results emerged. Both treatment (F3 gg = 19.02, P < 0.0001) and age (F7 g¢ =
6.94, P < 0.0001) were highly significant factors in the model, and the interaction effect
between treatment and age (F»1 g = 1.67, P = 0.0606) approached significance. Exposure
to 10 ppm perchlorate for only a few hours (0 dpf, Fig. 4A) resulted in significant elevation
of 11-KT concentration in the embryo, and exposure to 10 ppm and 30 ppm perchlorate
elicited the greatest effect on 11-KT levels over the first 5 dpf of development, raising 11-
KT levels 3-6x as compared to control embryos (Fig. 4A). The pattern weakened but was
still detected at 28 dpf (larval averages shown in Fig. 4B). After 28 dpf, perchlorate had no
measurable effect on whole body 11-KT concentration at any dose.

When fish were grouped into the life stages of embryos (0-7 dpf) or larvae (28 and 56 dpf)
for analysis (Fig. 4B), overall levels of 11-KT were not significantly different between age
categories (F1, 104 = 1.32, P = 0.2532), and no interaction existed between age and
perchlorate dose (F3 104 = 1.59, P = 0.1952). However, perchlorate treatments resulted in
significantly elevated embryonic and larval 11-KT levels (F3 104 = 3.09, P = 0.0303). Mean
whole body 11-KT levels (solid line) were clearly highest in 10 ppm treated fish, reaching
levels 5-fold higher than levels observed in control embryos, and 30 ppm treated fish also
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had significantly elevated 11-KT (Fig. 4B). Despite the lack of a significant interaction, the
trajectory of 11-KT levels in control fish appears to be an increase from less than 10 pg/g to
nearly 30 pg/g by the larval stage (up to 56 dpf). 100 ppm treated embryos demonstrated 11-
KT increases similar in pattern and magnitude to controls (Fig. 4B, solid lines). In contrast,
mean 11-KT levels in 10 ppm and 30 ppm exposed embryos remained constant from
embryo to larva (10 ppm), or decreased slightly (30 ppm).

Levels of whole body T did not significantly vary as a function of perchlorate treatment

(F3 123 =0.37, P =0.7713), but tended to vary with age (F1 123 = 3.52, P = 0.0628),
between the embryonic and larval age categories (Fig. 4B). Mean [T] varied across life stage
(Fig. 4B, dashed lines), with 10 ppm perchlorate treated embryos exhibiting twice the [T] of
controls, an effect that was not evident in 10 ppm treated larval fish (Fig. 4B, dashed lines).
Similar to the 11-KT results, a more detailed picture emerges from the independent analysis
of the embryonic data with age (0-7 days) included in the model as a nominal variable (Fig.
4A). Both age (F7, go = 33.52, P < 0.0001) and perchlorate treatments (F3 gg = 5.35, P =
0.0021) were significant main effects, but no significant interaction existed between them
(F21, 80 = 1.04, P = 0.4327). Whole body [T] decreased over the 7 days of development, and
an increased whole body [T] due to perchlorate treatment is particularly evident in 10 ppm
and 30 ppm treated embryos less than 3 dpf (Fig. 4A). In control embryos, maternally
derived T levels were near 75 pg/g for the first measured time points immediately after
fertilization, and then fell over the course of development (Fig. 4B). Perchlorate exposure
did not alter this trend at any dose (Fig. 4B). Overall, in control and 100 ppm exposed
embryos, [T] fell over the course of the first 6 weeks of development (Fig. 4B), while 11-KT
levels increased steadily (Fig. 4B). Doses of 10 and 30 ppm perchlorate did not affect this
trend in developmental T concentrations, but did significantly alter developmental 11-KT
concentrations (F3 104 = 3.09, P = 0.0303) (Fig. 4).

3.4. High perchlorate exposure increases early stage ovarian follicle numbers, kidney
hypertrophy, and spermatogenesis

Concomitant to changes in the androgen profiles of stickleback, perchlorate exposure also
resulted in several measurable abnormalities in gonadal morphology. We found a significant
increase in ovarian follicle number with dose in both juvenile and adult ovaries (Fig. 5A and
B). The effects of perchlorate on ovarian follicle number for each ovarian follicle stage were
analyzed separately using a Generalized Linear Model (GLM) with a Poisson error
distribution and log link function. Ovarian follicles only developed to stage-1 in juvenile
fish, but the number of stage 1 ovarian follicles in juveniles showed a significant treatment

effect (X34.f4ziiz56-841 P < 0.0001). The 100 ppm perchlorate treated juveniles had 3—4 times
more stage 1 ovarian follicles than control juveniles (Fig. 5B). A similar GLM analysis of all
four ovarian follicle stages in adult gonads (see Section 2 for staging criteria, stages 1, 2, 3

and 4) showed significant differences across perchlorate treatments (xﬁ_'f_:;;:10.16, P=
0.0173; 10.62, 0.0140; 19.17, 0.0173; 8.78, 0.0324 for the four stages, respectively). Adult
females treated with 100 ppm perchlorate had 1.5 times more stage 1 ovarian follicles than
adult control females (Fig. 5A). The number of mid, late, or mature ovarian follicles
increased modestly, albeit non-significantly, in adults treated with 100 ppm perchlorate.
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In male stickleback, the kidney can be considered a reproductive organ due to its production
of spiggin, the glue protein males use in nest construction. A Likelihood ratio contingency
analysis revealed a statistically significant effect of perchlorate treatment on the stage of

kidneys when considering all four treatment levels (Xg_f.:3:10.75, P < 0.0149, Fig. 5C), or
when condensing all three perchlorate treatments (10, 30 and 100) into a single level and

analyzing with respect to the controls (xﬁ,f:1:10.32, P < 0.0013; Fisher’s Exact Test P =
0.0099). Doses of 10 and 100 ppm significantly increased mean kidney stage score to
hypertrophic for 20-30% of all adult kidneys assessed (Fig. 5C).

Average spermatogenic stage of adult testes increased significantly with perchlorate dose. A
logistic regression of testis stage as a nominal response variable on perchlorate treatment
level (Fig. 5D) indicated a significant effect of perchlorate in adult stickleback

(% #=9=50.80, P < 0.0001). The majority of perchlorate-exposed adult male testes were in
advanced or near complete spermatogenesis, while the average control fish of a comparable
age had testes in early stages (Fig. 5D). No differences in testis stage were detected in
juveniles across perchlorate treatment levels (Fig. 5D; P = 0.2939).

No significant effect of perchlorate treatment on testis area as estimated per section (Fig. 5E
and F) was seen in larvae (F3 17 = 0.51, P = 0.6839) or adults (F3 »; = 0.35, P = 0.7901).
However, juvenile testis area increased with perchlorate dose (F3 19 = 14.13, P = 0.0006). A
significant increase in testis area in juveniles exposed to 100 ppm as compared to controls
was found by a Tukey’s post hoc test (Fig. 5E and F). Juvenile testes from fish exposed to
100 ppm perchlorate increased in area more than four-fold (Fig. 5F) while adult testes were
enlarged 1.5-fold (Fig. 5E), continuing the trend that perchlorate appears to have more
dramatic effects on juveniles versus adults in terms of morphology and endocrine profiles.

4. Discussion

Here we report results from the first study to associate endocrine profiles and morphological
development in an organism that has been chronically exposed to perchlorate from embryo
to adult. In this large well-replicated study, we subjected stickleback to three concentrations
of perchlorate plus a control treatment, and analyzed a comprehensive set of hormonal and
morphological variables that might be altered in response to changes to the HPT or HPG
axes. We show that this common pollutant may have systemic, deleterious effects on
vertebrate health and reproduction. An important implication of our findings is that the
effects of perchlorate may be occurring via mechanisms that are beyond the previously
documented mechanism of disrupting thyroid function through alterations of NIS function.

4.1. Perchlorate caused only small changes in TH profiles and external morphology

In contrast to our expectation that whole body TH profiles would be significantly reduced by
perchlorate treatments, the only significant changes in TH levels we found were at the
lowest dose of perchlorate (10 ppm, Fig. 1). Otherwise, TH levels were comparable to those
reported for healthy stickleback and closely related fish (Crane et al., 2005; Lema et al.,
2009; Kitano et al., 2010). Over the course of development, trajectories and slopes of [T,4] in
perchlorate-treated fish were not different than in control fish, with levels remaining steady

Gen Comp Endocrinol. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Petersen et al.

Page 14

or increasing slightly between 20 and 30 ng/g. This trend is consistent with other studies
measuring TH over normal development in fish (Crane et al., 2004; Chang et al., 2012).

A significant effect of perchlorate was detected for [T3] primarily due to the 10 ppm
exposure over development, which increased more rapidly than in controls and remained
elevated into adulthood (Fig. 1). A small mean increase of [T3] of 1-2 ng/g in the adult may
represent an increase in deiodinase activity converting T4 to T3 in response to perchlorate
interference with TH production triggering a feedback loop for T3 production, as has been
reported in Chinese minnow (Li et al., 2011). However, we did not find a concomitant
decrease in T4 levels at 10 ppm or any other dose of perchlorate, suggesting that perchlorate
is not limiting T, availability for conversion to metabolically active T3 for use by tissues.
The specific increase in [T3] may indicate an increased biological demand for T3, or a
reduction in T3 breakdown and metabolism. Treatment with androgens elevates T3 levels in
fish (Eales and MacLatchy, 1989), possible evidence that perchlorate exposure also
stimulates androgenic steroid pathways during development.

The effects that we observed at the lowest perchlorate dose are consistent with other studies
that have documented a widespread occurrence of low dose effects on vertebrates of several
types of endocrine disruptors including bisphenol A, androgens, estradiol and other
estrogenic compounds (Melnick et al., 2002; Vandenberg et al., 2012). Low dose effects,
and non-monotonic dose response curves such as we report here for perchlorate, may be due
to the evolution of high sensitivity to low doses of hormones in the hypothalamic-pituitary
axis that improves the sensitivity of feedback loops (Weshons et al., 2003; Vandenberg et
al., 2012). In concordance with the T3 and T, hormone results, we found no significant
changes in external morphological characters, including those characters that we had
previously found to be affected by perchlorate in stickleback from the same study
population. It is not clear why our current study did not replicate findings from our earlier
study showing induced changes to gross anatomy by chronic perchlorate exposure in
stickleback, but our earlier work occurred under different experimental conditions which
included use of plastic tanks and natural outdoor lighting and ambient temperatures of the
Alaskan summer (Bernhardt et al., 2011). These disparate results underscore the problem
that responses to endocrine disruptors may have a strong environmental component, such as
interaction with other chemicals.

4.2. Evidence for compensation by the HPT in response to perchlorate exposure

Our finding that perchlorate, an inhibitor of iodine uptake into the thyroid, caused little or no
change to TH levels might initially suggest that perchlorate does not affect the stickleback
thyroid. An alternative explanation is that, at all levels of perchlorate exposure (except 10
ppm), the HPT was able to make compensatory changes to the levels of THs. In humans, the
effects of perchlorate exposure on circulating TH levels, thyroid stimulating hormone (TSH)
levels, and thyroid function depend on a multitude of factors including sex, age, and
background iodide state (Jugan et al., 2010), suggesting that healthy humans may also be
able to compensate to perchlorate exposure through feedback loops in the HPT axis. In
quail, initial changes in TH levels due to 0.5-50 ppb aluminum perchlorate exposure
returned to control values after 8 weeks of chronic ingestion, explained by the authors as

Gen Comp Endocrinol. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Petersen et al.

Page 15

evidence for compensatory mechanisms such as increased iodide sequestration (McNabb,
2004). TH levels therefore may not be a reliable sole endpoint for identifying perchlorate
effects in vertebrates. In addition, single time point measurements may miss key changes,
and can serve as only a snapshot of TH levels.

To support the hypothesis of HPT compensation in response to perchlorate, we employed
pathohistology to measure changes at the site of TH production, the thyroid follicular cell.
Recent studies in zebrafish (Sharma and Patifio, 2013) and fathead minnows (Crane et al.,
2005) demonstrated that thyrocyte height and morphology may be reliable indicators of
perchlorate compensation in fish, more so than whole body or circulating TH levels which
can yield contradictory results (Jugan et al., 2010). In striking contrast to the absence of
effects on TH concentration and external morphology, we found that larval (as early as 18
dpf) stickleback exposed to 100 ppm perchlorate experienced a significant increase in
number (hyperplasia) of thyroid follicles with enlarged thyrocytes when compared to control
fish (Fig. 2). In adult perchlorate-treated stickleback, thyroid follicles also increased in
number, were densely packed, and appeared much smaller than control follicles. These
morphological changes to the thyroid follicles may play a role in compensation to
perchlorate treatment. Supporting this idea we found that in juveniles, perchlorate treatment
leads to a significant increase of almost four fold in thyroid follicle surface area over control
fish, which could increase the efficiency of and potential for iodide uptake and TH export.
Interestingly we found an effect of approximately the same magnitude in adults, but in the
opposite direction with the total surface area in control fish much higher than in perchlorate
treated fish.

Other thyroid morphological traits affected by chronic 100 ppm perchlorate exposure at
some point in development included thyroid follicle number, average follicle area in
sections, thyrocyte number, and thyrocyte width. Thyroid follicle development in control
fish consisted of steady incremental growth or increase in all parameters, except for
thyrocyte width, which remained constant over development in control fish. In contrast,
growth and development of follicle area and thyrocyte number were arrested or decreased
under perchlorate treatment conditions. Developmental growth factors such as Wnt signaling
cascades or other paracrine signaling mechanisms responsible for cell proliferation and
tissue growth are plausible candidates for localized proliferation, often in response to
perturbation or injury (Berge et al., 2008; Minear et al., 2010), and may be responding to
perchlorate treatment. We also measured an average increase from 2 to 3 um in thyrocyte
height in juvenile fish, and no change in adult fish exposed to 100 ppm perchlorate (Fig.
3D). Doubling in thyrocyte height in zebrafish from an average of 3 to an average of 8 pm
(Sharma and Patifio, 2013) was found in response to perchlorate doses comparable to those
used in our study. Increased thyrocyte height is a commonly used endpoint indicating HPT
disruption, and is thought to be directly proportional to degree of TSH stimulation in
response to perchlorate (Carr and Patifio, 2011). Although the increase in juvenile thyrocyte
height was small, we did detect a significant increase in thyrocyte width, which may be a
stickleback-specific morphological response, and likely indicates changes in growth signals
in response to perchlorate (Fig. 3).
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Our general finding is that perchlorate leads to changes in thyroid development that result in
an overall increase in the number of thyroid follicles, each of which is smaller than the
follicles in untreated fish. The smaller size of the thyroid follicles is likely a result of colloid
depletion in the inner lumen of thyroid follicles (Carr and Patifio, 2011). These findings
provide an intriguing mechanistic hypothesis. Because NIS are localized on the basolateral
cell surface of thyrocytes, the increased surface area of more numerous but smaller follicles
may allow for increased NIS expression along the surface of the thyrocytes. Thus, more of
the exposed thyrocyte surface may be lined with NIS, increasing the potential for
overcoming the interruption to iodide transport caused by perchlorate. Supporting this idea
is the finding that the human NISgene is expressed in thyroid follicular cells, and NISgene
expression in mammals is upregulated at low doses of perchlorate (McDougal et al., 2011).
Furthermore, previous studies found that the iodide-concentrating function is compromised
at perchlorate doses that do not affect circulating thyroid hormone levels (Lawrence et al.,
2005), suggesting that NIS function is highly sensitive to perchlorate and that compensatory
mechanism can adjust for perchlorate toxicity.

Our data are consistent with this surface area compensation hypothesis. We estimated total
surface area of all thyroid follicles combined in larval, juvenile, and adult stickleback. In the
larval fish, perchlorate had no effect on total follicle surface area. However, we found that in
juveniles (101-250 dpf), perchlorate treated fish had significantly more total thyroid follicle
surface area, at a time when thyroid hormones are of paramount importance for the larval to
juvenile transition and overall body growth (Power et al., 2001). In adult stickleback
exposed to perchlorate, however, the reverse was true, and the thyroid follicle surface area
of treated fish was significantly smaller than of control fish; follicles from perchlorate
treated fish remained so small that although they were more abundant than follicles in
control fish, their total surface area was smaller. This reversal of effects between juvenile
and adult stages is curious. Thyroid hormone production may be less important in adult vs.
juvenile fish, and by the time adulthood is reached, compensation may be occurring by
increased receptor capacity rather than by increased ligand production. Alternatively, the
compensation mechanism may be exhausted in adults simply because the number of follicles
that can be created is finite, regardless of their size. Regardless, the potential for increased
number of NIS, via either increased surface area in juveniles, or increased TH receptors in
adults, could contribute as a compensatory mechanism responsible for maintenance of TH
levels upon exposure to chronic, high doses of perchlorate. Measurement of NIS density and
thyroid hormone receptor expression levels under the treatment conditions, could address
these possibilities.

4.3. Perchlorate effects on embryonic and larval 11-KT suggest disrupted cross talk
between the HPT and HPG axes during early development

We were surprised to find a measurable and significant effect of low doses of perchlorate on
embryonic and larval (through 56 dpf) androgen levels (Fig. 4). 11-KT is the key androgen
in teleost fishes for stimulating male reproductive physiology (Borg et al., 1993; Lokman et
al., 2007), and is synthesized from T. Stimulation of biosynthetic pathways for 11-KT may
be expected to cause decreases in T temporally linked to increases in 11-KT, which we
found over the first 3 days of exposure in untreated controls and 100 ppm perchlorate
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exposed fish. This inverse correlation between T and 11-KT was disrupted, however, in 10
and 30 ppm exposed embryos and larvae. Remarkably, perchlorate exposure caused a
significant increase in levels of 11-KT in embryonic stickleback within hours of exposure, a
result that we hypothesize is based on conversion of maternally deposited precursors.
However, we did not detect a decrease in the levels of T, the immediate precursor of 11-KT,
in embryos, suggesting possible stimulation of the steroid biogenesis pathway upstream of
the T-to-11-KT conversion. Perchlorate has a significant effect on embryonic 11-KT levels
most obviously in the first 3 dpf, a time of organogenesis and cell proliferation prior to any
testes development or sex determination.

We hypothesize that a possible interaction with perchlorate and thyroid hormones may cause
cross talk between the HPT and HPG axes during larval development and possibly
throughout development. In embryonic stages, however, when any hormones and conversion
enzymes that are present in the embryo must be maternally deposited, the effects of
perchlorate on [11-KT] must occur through direct action somewhere in the steroid synthesis
pathway in the embryo, or via a direct biochemical oxidation of T to 11-KT. Numerous
endocrine disruptors, including DDT, atrazine, and flame retardants, affect the function of
steroid biosynthesis enzymes in vertebrates (Sanderson, 2006). Our data suggest a similar
action of perchlorate. Further experiments are needed to clarify the mechanism responsible
for changes in embryonic 11-KT levels. We hypothesize that early perchlorate exposure
during a “critical window” leads to alteration of androgen levels that may have effects on
important reproductive developmental stages such as primary germ cell differentiation
(Lewis et al., 2008) and development and function of HPT and HPG axes later in
development (Sharma and Patifio, 2013). Our finding that perchlorate alters the adult gonad
supports this hypothesis (Fig. 5). This hypothesis could also explain our previous result of
some perchlorate-exposed genotypic females developing into functional hermaphrodites
(Bernhardt et al., 2006).

Perchlorate has subtler and less significant effects on T levels over the course of
development as compared to its effects on 11-KT (Fig. 4A and B). In control and 100 ppm
treated stickleback, whole body T levels declined over the first 56 dpf, presumably as
maternally deposited stores of hormone were utilized and endogenous production was
minimal. 11-KT levels increased steadily as T was converted to the metabolically active 11-
KT when gonads formed and differentiated (Fig. 4B). In 10 and 30 ppm treated fish,
however, T levels fell, but 11-KT levels failed to rise or even fell to levels lower than those
found in embryos (Fig. 4B). This U-shaped dose response curve is due to the abnormally
high levels of 11-KT in the earliest stage embryos treated with 10 ppm and 30 ppm
perchlorate. These abnormal androgen levels may have consequences for proper
reproductive development. Although perchlorate has only a minor effect on T levels under
all perchlorate treatment conditions (Fig. 4), the changes we report in 11-KT levels yield a
significant change in the T:11-KT ratio, perhaps a more important biological measure in fish
than T levels alone, since 11-KT is often the most potent fish androgen (Borg, 1994).
Because we were forced to pool males and females for these assays, a more pronounced sex-
specific effect on androgens may have been masked. Even with pooling of both sexes, it is
clear that perchlorate increases early embryonic 11-KT levels, and may also have an impact
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on T in embryos. Perchlorate’s androgenic effect is most pronounced in embryos less than 7
dpf, however, before the gonads develop. Future studies should also examine the effect of
perchlorate on embryonic 5a-Dihydrotestosterone levels, which is also a potent fish
androgen, exogenous exposure of which can cause abnormal ovarian folliculogenesis and
intersex in female fathead minnows (Margiotta-Casaluci and Sumpter, 2011).

4.4. Perchlorate significantly affects gonadogenesis of both sexes

Endocrine disruption by exogenous pollutants often perturbs gonad size (Mukhi and Patifio,
2007; Bernhardt et al., 2011; Sharma and Patifio, 2013), shape (Wester, 2003), and
reproductive development and behavior (Woodling et al., 2006; Bernhardt and von Hippel,
2008). We previously found that perchlorate masculinizes both male and female stickleback
(Bernhardt et al., 2006), leading to the hypothesis that perchlorate can have androgenic
effects in some organisms mediated through the thyroid itself. If this hypothesis were true,
masculinization in the present study should have been mitigated via the compensation of TH
levels by changes in thyroid morphology. Our data, however, support a non-thyroidally
mediated, direct effect of perchlorate on gonad development. We found that chronic
perchlorate exposure caused abnormal testis development even in the absence of changes in
whole body [T4] (Fig. 4).

Testis area is related to spermatogenic potential and male reproductive state, and testis
development and growth correlate with circulating androgen levels in teleost fishes (Borg et
al., 1993; Weltzien et al., 2002). In halibut, circulating androgen levels are directly
proportional to stage of testis development and spermatogenic stage (Weltzien et al., 2002).
We found that perchlorate causes juvenile testis enlargement as dose increases (Fig. 5E and
F), confirming our previous findings that perchlorate is a masculinizing agent in stickleback
(Bernhardt et al., 2006; Bernhardt and von Hippel, 2008).

Based on the masculinization effect of perchlorate on both males and females, we previously
hypothesized that perchlorate has an androgenic effect (Bernhardt et al., 2006), a
phenomenon that would be quite rare for endocrine disrupting contaminants. Consistent with
this hypothesis we found elevated androgen levels in early development at the lowest dose
of perchlorate (10 ppm), but not at the highest dose, which was the dose that affected testis
development most significantly. These results point to an incongruity between effects of
perchlorate on androgen levels and testis development (Figs. 4 and 5) and warrant additional
experimentation to determine how perchlorate might alter androgens and testis development
independently, such as through different rates of androgen utilization and metabolism.
Similar to our findings of thyroid morphology and TH levels, these effects on gonadogenesis
show that perchlorate has complex effects that implicate more than just competitive
inhibition of the NIS. Because the NIS is expressed in male Leydig cells and female
reproductive tract in mammals (Russo et al., 2011; Riesco-Eizaguirre et al., 2014), we
hypothesize that perchlorate may be affecting reproductive development via interactions
with NIS in these tissues.

Our finding that the lowest dose of perchlorate had the greatest effect on embryonic
androgen levels, whereas the highest dose affected testis development most significantly,
argues that perchlorate is altering these two pathways independently. Another possible
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explanation is that perchlorate stimulates not only androgen production, but also androgen
degradation, and at high perchlorate concentrations degradation is faster than production. An
inverse correlation between androgen concentration and testis development, however, is not
supported by studies in other adult teleosts, where highest testis mass correlates directly to
the highest levels of circulating androgens (Weltzien et al., 2002). To our knowledge, no
study has correlated embryonic and juvenile androgen levels with testis development.

Surprisingly, we also found that perchlorate affects the synchrony of ovarian follicle
development in female juveniles and adults (Fig. 5A and B). Specifically, perchlorate
induced a significant (3 to 4-fold) increase in the number of early stage ovarian follicles as
dose increases in juvenile fish. Adults also showed a significant increase in early stage
ovarian follicles, accompanied by a trend towards increased total numbers of ovarian
follicles in later stages raised in 100 ppm perchlorate. Stickleback females have group
synchronous development of ovarian follicles that occurs continuously throughout the
breeding season, and it is common to find simultaneously all identified stages of ovarian
follicles present in the ovary of an adult female (Wallace and Selman, 1979, 1981;
Sokolowska and Kulczykowska, 2006). Environmental contaminants with effects on
steroidogenesis affect the synchrony of ovarian follicle development in white suckers
(Woodling et al., 2006), presumably through estrogenic effects on the gonad. Although we
cannot fully know if an individual had recently spawned, we found no significant difference
in late stage ovarian follicle number based on perchlorate treatment. Stickleback spawn all
late stage ovarian follicles synchronously (John Baker, pers. comm.), and therefore if
perchlorate affected spawning as well as stage 1 ovarian follicle number we would have
seen a difference in number of late stage ovarian follicles between treated and control fish,
which we did not (Fig. 5). Instead, perchlorate treatment appears mainly to affect
proliferation of early stage ovarian follicles. The ovarian follicles presumably undergo
apoptosis prior to maturation, which would explain why we did not see an increase in late
stage ovarian follicles in perchlorate treated females.

Proliferation and early stage oogenesis signals are poorly understood in all vertebrates
(Lubzens et al., 2010), but gonadotropes (Lyman-Gingerich and Pelegri, 2007; Lubzens et
al., 2010), estradiol (Kirk, 2003; Miura et al., 2007; Lubzens et al., 2010), 17-20Beta-
dihydroxy-4-pregnen-3-one (Miura et al., 2007), and IGF-1 (Lokman et al., 2007), all
increase oogonial proliferation in teleosts, suggesting numerous pathways stimulate
oogenesis in fish and that these pathways are susceptible to perturbation by exogenous
chemicals. Perchlorate can now be added to this list, although the underlying mechanism
remains to be determined. The near dose-dependence of ovarian follicle proliferation in
stickleback again stands in contrast to our findings that androgen and T3 levels are affected
by perchlorate in an inverse dose dependent manner, and argues for independent molecular
mechanisms for the effects of perchlorate on gonad development versus thyroid
development. One possibility is that perchlorate might increase female T levels, which is
consequently aromatized, leading to higher estrogen levels and thereby stimulating growth
of more ovarian follicles. Another possibility is that perchlorate acts on NIS-expressing
granulosa cells to decrease aromatase and estrogen, thereby slowing oocytes maturation and
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leading to accumulation of early stage ovarian follicles. More studies are necessary to
determine if these are plausible hypotheses.

Our findings also suggest that more experiments are necessary to understand relationships
between maternally deposited androgens and gonad development, especially the process of
testis growth and spermatogenesis in juvenile vertebrates. Adult testis area and
spermatogenic stage followed the same trend as found in juvenile stickleback of increasing
as dose increases(Fig. 5), and thus supporting our previous findings that perchlorate has
androgenic effects on stickleback males (Bernhardt et al., 2006; Bernhardt and von Hippel,
2008). Our finding that kidney size also increases significantly and in relation to dose (Fig.
5C) further supports an androgenic role for perchlorate. However, kidney hypertrophy did
not occur at any dose in juvenile stickleback, suggesting that reproductive maturity may be
necessary for perchlorate to induce this effect. One might expect that kidney hypertrophy
would lead to increased spiggin production, however we may have sampled fish in the key
time point when the height of the cells of the collecting duct are increased in preparation for
spiggin production (Wootton, 1984) but prior to the actual increase in production. We have
previously found no effect of perchlorate exposure on spiggin levels (unpublished data), nor
did Katsiadaki and colleagues (pers. comm.), raising the possibility that the increase in
kidney cell height in the current study (Fig. 5¢) may be unrelated to spiggin production.

5. Conclusion

Experiments reported here show that perchlorate exposure during development can cause
abnormal growth and proliferation of three tissues: thyroid, gonad, and kidney. Our results
raise the hypothesis that perchlorate affects vertebrate health and development via both
thyroidal and non-thyroidal mechanisms in positive correlation with dose, non-monotonic,
and inverse dose-dependent manners. Additional testing of more components of the HPT
axis such as pituitary hormones, thyroid hormone binding proteins, and possible local
changes in T,4/Tj ratios that could affect specific tissues, is necessary to rule out that our
findings are entirely thyroidally mediated. Stickleback that were chronically exposed to
perchlorate demonstrated hyperplasia of the thyroid, ovary, testis, and kidney. This finding
is striking because these tissues all have different functions and arise from different
developmental precursor cell populations. Perchlorate exposure during development may
affect the HPT, HPG, and possibly global growth signaling pathways such as IGF-1
production or paracrine acting factors such as Wnt signaling. Interestingly, the effects of
perchlorate on whole body TH levels appear to follow a horseshoe-shaped dose response
curve, while responses of the gonad to perchlorate follow a standard linear dose response
curve, further suggesting that perchlorate independently affects multiple pathways. We
conclude that perchlorate exposure during development can cause abnormal growth and
proliferation in numerous tissue systems, possibly through unrelated mechanisms.
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Fig. 1.

Ef?‘ect of perchlorate on thyroid hormone levels. Mean concentrations of T, and T3 in adult
stickleback chronically exposed since fertilization to 0, 10, 30, or 100 ppm perchlorate over
336 days of development (error bars are + 1 SE.). (A) Whole body thyroxine (T4, dashed
line, left axis) and whole body triiodothyronine (Ts, solid line, right axis) levels in adult
stickleback chronically exposed to 0, 10, 30, or 100 ppm perchlorate. The asterisk (*)
denotes significantly different [T3] from control. (B) Developmental T4 (top panels, dashed
line) and T3 (bottom panels, solid line) concentrations in stickleback exposed to 0, 10, 30, or
100 ppm perchlorate for up to 336 days of development with ages grouped into category
stages larval (up to 100 dpf), juvenile (100-250 dpf), and adult stickleback (older than 250
dpf), n=5-18 pools (biological replicates) of age matched fish (mass equal to 1 g).
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Fig. 2.

Pegrchlorate disrupts thyroid morphology. Horizontal paraffin section H&E stained thyroid
follicles of 18 dpf (A and B) and adult (C-F) stickleback at 20x magnification (A-C), and
60x magnification (E and F) showing thyrocyte morphology in untreated (A, C and E) and
treated (B, D and F) stickleback. TF = thyroid follicle; Ad = adipocyte; SM = smooth
muscle; VA = ventral aorta; CA = cartilage. Perchlorate causes hyperplasia of small thyroid
follicles. Perchlorate causes an increase in the number of thyroid follicles and a dramatic
decrease in thyroid follicle width.
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Morphometric analysis of the thyroid. (A) follicle count, (B) thyrocyte cell count, (C)
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follicle area, (D) thyrocyte height, and (E) thyrocyte width in larval (<100 dpf), juvenile
(100-250 dpf), and adult (>250 dpf) stickleback exposed chronically to 0 ppm (control, 0

ppm, solid line) or 100 ppm perchlorate (perchlorate, 100 ppm, dashed line). n = 4-14

individuals for each treatment and age class. A significant interaction and model effect of
perchlorate and age by one-way ANOVA (P < 0.05) was detected for each morphological

character measured.
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Fig. 4.

Ar?drogen levels in perchlorate-treated and control stickleback. (A) Whole body
[Testosterone] (T, pg/g) in embryonic stickleback at 0, 10, 30, and 100 ppm perchlorate
exposure measured at 0, 1, 2, 3, 4, 5, 6, and 7 dpf. 0 dpf embryos have been exposed from
fertilization until 3 h post fertilization. (B) Whole body [11-Ketotestosterone] (11-KT, pg/g)
in development, with data pooled by biological life stage (embryos, 0-7 dpf, larvae, 8-56
dpf) n = 3-5 pools (biological replicates) of age matched fish (mass equal to 1 g). Results
revealed a significantly different [11-KT] in embryos treated with 10 ppm and 30 ppm
perchlorate. Dashed lines represent [T] and solid lines represent [11-KT] in embryos and
larvae. Over the course of the first 56 dpf of development there is a significant interaction
effect of perchlorate exposure and time post fertilization on 11-KT levels.
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Fig. 5.
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Gonad morphometrics in perchlorate exposed juvenile and adult stickleback. (A) Mean
number of follicular ovarian follicles in early stage (stage 1) of oogenesis within the ovary
of juvenile (dashed line) and adult (solid line) females chronically treated with O ppm, 10
ppm, 30 ppm, or 100 ppm perchlorate. n = 4-6 individuals at each concentration. (B) Mean
number of follicular ovarian follicles in mid (stage 2), late (stage 3), or mature (stage 4)

chronically treated with 0 ppm, 10 ppm, 30 ppm, or 100 ppm perchlorate. n = 4-6
individuals at each concentration. (C) Kidney morphometric analysis for hypertrophy on a

stages of oogenesis within the ovary of juvenile (dashed line) and adult (solid line) females

scale of 0 (normal size) to 1 (hypertrophy) in adult male stickleback treated (10 ppm, 30

ppm, or 100 ppm) or untreated (O ppm) with perchlorate. Mean based on n = 3—4 individuals

at each concentration. Tukey’s HSD post hoc analysis reveals a significant effect of

perchlorate treatment on kidney hypertrophy. (D) Mean testis stage in juvenile (dashed line)
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100 ppm perchlorate. n = 3-4 individuals at each concentration. Testes were staged based on
morphological criteria to determine stage of spermatogenesis: stage 0 (no development), 1
(early spermatogenesis), 2 (mid spermatogenesis), 3 (late and completed spermatogenesis).
Mean score by treatment in adults (>250 dpf) reveals a significant effect of perchlorate
treatment on stage of spermatogenesis (Tukey’s HSD post hoc analysis). (E) Mean adult
male stickleback testis area (um?) measured using Image J software in fish chronically
treated with 0, 10, 30, and 100 ppm perchlorate. (F) Mean testis area (um?) measured using
Image J software in larval (<100 dpf, dashed line) and juvenile (100-250 dpf, solid line)
stickleback males. Analysis of mean testis area in juvenile stickleback reveals a significant
effect of perchlorate treatment increasing with dose (Tukey’s HSD post hoc analysis).
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Fig. 6.
Ovarian and testicular stages in control stickleback fish. Panels A—D show ovarian follicle

developmental stages S1-S4. Follicles representative of the stage are denoted with a black
arrow. Panel E shows a representative undifferentiated gonad (U) in an adult (>300 dpf)
male. Panels F—H show spermatogenic stage progression S1-S3. Staging schema condensed
from Sokolowska and Kulczykowska (2006).
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Fig. 7.
Representative images of the effects of perchlorate treatment on gonad development and

reproductive stage in stickleback males and females. (A) Ovaries analyzed from adult
control fish not treated with perchlorate (n = 4-6 individuals) contain ovarian follicles of all
4 stages of maturity. Follicles representative of each stage denoted with black arrows (B)
Ovaries analyzed from adult fish treated with 100 ppm perchlorate (n = 4-6 individuals)
contain predominantly stage 1 immature ovarian follicles, denoted with black arrows. (C)
Testes from adult control fish not treated with perchlorate (n = 3—4 individuals) were found
to be undergoing less spermiation and to be less mature than (D) testes from 100 ppm
perchlorate treated fish (n = 3—4 individuals).
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