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Abstract

Adequate levels of thyroid hormone are critical during development and metamorphosis, and for
maintaining metabolic homeostasis. Perchlorate, a common contaminant of water sources, inhibits
thyroid function in vertebrates. We utilized threespine stickleback (Gasterosteus aculeatus) to
determine if timing of perchlorate exposure during development impacts adult dermal skeletal
phenotypes. Fish were exposed to water contaminated with perchlorate (30 mg/L or 100 mg/L)
beginning at 0, 3, 7, 14, 21, 42, 154 or 305 days post fertilization until sexual maturity at one year
of age. A reciprocal treatment moved stickleback from contaminated to clean water on the same
schedule providing for different stages of initial exposure and different treatment durations.
Perchlorate exposure caused concentration-dependent significant differences in growth for some
bony traits. Continuous exposure initiated within the first 21 days post fertilization had the greatest
effects on skeletal traits. Exposure to perchlorate at this early stage can result in small traits or
abnormal skeletal morphology of adult fish which could affect predator avoidance and survival.
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1. INTRODUCTION

Many endocrine disrupting contaminants have deleterious effects even at low concentrations
(Carr and Patifio, 2011). Understanding the effects of these compounds during critical
developmental stages is necessary for risk assessment, establishing regulations, and
directing remediation efforts.

Perchlorate is a widespread inorganic anion found in ground and surface waters throughout
the United States and in other countries (Brandhuber et al., 2009; USEPA, 2011).
Perchlorate salts occur naturally at low levels in arid regions such as the Southwestern U.S.,
Antarctica and the Atacama Desert in Chile (Kounaves et al., 2010; Rajagopalan et al.,
2006; Rao et al., 2007; Urbansky et al., 2001). Perchlorate is highly soluble, persistent, and
stable in aqueous environments (Urbansky, 2002). These properties make perchlorate
mobile and available to interact with biota in surface waters. Because it is a strong oxidizer,
perchlorate has been manufactured for use in solid rocket propellant, munitions and many
other industrial products (Trumpolt et al., 2005). Anthropogenic sources, such as military
and manufacturing sites, are responsible for most of the environmental contamination in the
U.S. (Morrison et al., 2006; Trumpolt et al., 2005).

Perchlorate competitively inhibits the uptake of iodide from the bloodstream into thyroid
tissue (Carr et al., 2005; Wolff, 1998). Perchlorate has a greater affinity than iodide for the
sodium/iodide symporter (NIS, alias SLC5A5) located in the basolateral membrane of
thyrocytes (Urbansky, 2002; Wolff, 1998). Interruption of iodide concentration into thyroid
tissue can impair synthesis of thyroid hormone (TH, which includes both thyroxine [T4] and
triiodothyronine [T3]), as has been demonstrated in several vertebrate animal models
(Bradford, 2011; Bradford et al., 2005; Carr et al., 2005; Goleman et al., 2002; McNabb et
al., 2004; Patifio and Mukhi, 2007; Pickford et al., 2005; Yu et al., 2002). If the supply of
iodide is sufficiently reduced for an extended length of time (i.e., TH stores become
exhausted) hypothyroidism can develop (Wolff, 1998). Appropriate levels of TH are critical
to normal development, growth and metabolism in vertebrates (Choksi et al., 2003; Power et
al., 2001). Individuals most at risk to the effects of perchlorate exposure are iodide deficient,
and/or in early development or metamorphosis (Carr and Patifio, 2011; Leung et al., 2010;
Liu and Chan, 2002; Melse-Boonstra and Jaiswal, 2010; Tietge et al., 2005; Trumbo, 2010).
In addition, perchlorate may have effects independent of iodide deficiency (LaRoche et al.,
1966; McDougal et al., 2011). Environmental exposure in fish occurs via the respiratory and
gastrointestinal epithelia, integument, and sometimes ingested food (Furin et al., 2013).
Oviparous fish embryos are exposed to contaminants in the ambient water and/or pore water
of sediments that can pass through the chorion.

Disruption of TH can profoundly impact teleost development and metamorphosis (Blanton
and Specker, 2007; Carr and Patifio, 2011; Leatherland, 1982; Power et al., 2001). The role
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of TH in skeletal development has been studied in divergent fish species including zebrafish
(Daniorerio) (Brown, 1997; Shkil et al., 2012), African barbs (Labeobarbus intermedius)
(Shkil et al., 2012), medaka (Oryzias latipes) (Sekimizu et al., 2007), and Japanese flounder
(Paralichthys olivaceus) (Okada et al., 2005; Okada et al., 2003). Bony structures differ in
their response to hypo- and hyperthyroid conditions; some fail to develop entirely, some
over-develop, and others are relatively unchanged (Power et al., 2001; Shkil et al., 2012).
Effects depend on species and the character of interest with many changes being permanent.
Evidence suggests that variation in relative timing of development (heterochrony) and
relative rate of growth (allometry) drive these adverse effects under different TH levels
(Shkil et al., 2012).

Bernhardt et al. (2011) determined that chronic exposure to perchlorate reduces
development of bony structures in young threespine stickleback (Gasterosteus acul eatus,
hereafter: stickleback) in a concentration-dependent manner. They found that stickleback
exposed to greater than 12 mg/L perchlorate exhibited phenotypic abnormalities. Of the 25
measured bony characters, 24 were significantly modified, and gross abnormalities occurred
such as missing lateral plates and lack of skin pigments. Exposed fish had reduced fitness
with abnormal locomotion and reproduction (Bernhardt and von Hippel, 2008; Bernhardt et
al., 2006; Bernhardt et al., 2011). These results raise the question of the developmental time
frame during which perchlorate exerts its effects on these phenotypes.

The current study uses controlled variations in timing and duration of perchlorate exposure
to further quantify the effects of perchlorate on stickleback skeletal development.
Concentration and critical developmental windows are considered in light of development of
dermal skeleton features, with a focus on defensive traits already determined to be affected
by perchlorate (Bernhardt et al., 2011). Based on the morphological changes with
perchlorate exposure observed by Bernhardt et al. (2011), and changes in thyroid endpoints
during development (Furin et al. p. XX, this issue), we hypothesized that perchlorate
exposure during the first three weeks of embryonic and larval development will lead to
reduced growth and smaller skeletal armor traits in adults.

2. MATERIALS AND METHODS

2.1. Experimental design

Using a static renewal experiment (i.e., partial, periodic replacement of treatment solutions
(USEPA, 2002)), stickleback were exposed to one of two different concentrations of sodium
perchlorate (30 and 100 mg/L) at different time points for varying durations across their
development. Embryos started in either perchlorate treated water or control water. At 0, 3, 7,
14, 21, 42, 154 (5 months) or 305 (10 months) days post fertilization (dpf), fish were
transferred into or out of contaminated water. Fish that began in contaminated water and
subsequently moved into clean water were in the downshift (rescue) exposure regime, and
those moved from clean water to contaminated water were in the upshift exposure regime
(Figure 1). Fish were raised in their respective treatments until approximately one year of
age when they were collected and processed for morphological analysis. Due to differential
survivorship and use for other experimental endpoints, sample sizes varied (Table 1).
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2.2. Fish collection and experimental procedures

Stickleback were collected from Rabbit Slough, Alaska (61.534° N, 149.266° W) with un-
baited wire-mesh (0.64 cm) minnow traps on 4 June, 2008. They were transported to the
University of Alaska Anchorage in aerated coolers where they were kept in outdoor 1600-L
pools, in de-chlorinated city water with Instant Ocean® added to 3 g/L.

On 10 June, 2008, a mass cross was performed to generate a representative study population
with genetic variation randomly distributed throughout the treatments. Testes were collected
from 40 males and eggs from 40 females. Egg clutches from all females, and testes from all
males, were combined to randomize the genetic pool before fertilizing batches in Petri
dishes (100 x 200mm) for all treatments. Sterilized reverse osmosis (RO) purified water
with Instant Ocean® added to 4 g/L was used as the embryo medium. Sodium perchlorate (>
98% purity, Sigma-Aldrich, St. Louis, MO, USA) dried in an oven at 90° C before
weighing, was added to produce embryo medium at 30 and 100 mg/L. Water was changed
daily and dead embryos were removed. Day 0 downshift fish were fertilized in perchlorate
treated water and then moved into uncontaminated water after 15 minutes. Within 3 dpf,
embryos in the initial Petri dishes were divided into three replicates with approximately 100
embryos each (3 replicates X 100 embryos = 300 embryos/treatment).

Embryos were kept in an incubator held at 20 + 0.5° C for the first ten days and then
transferred to aerated 56-L aquaria (60cmx31cmx32cm) with an AZOO® multi sponge filter
(65mm diameter). Water levels were adjusted in aquaria to maintain a ratio of at least 1-L
water per 1cm of fish, and Bacta-pur® N3000 (IET-Aquaresearch Ltd., Quebec, Canada)
was added to control nitrogenous waste. Water was changed every two weeks or as needed.
Sodium perchlorate salt was not added directly to aquaria and was only used when making
fresh treatment water in separate holding tanks, which was added as needed on the two week
schedule. Dead fish were removed daily. RO water was added weekly to replace evaporative
loss and maintain desired perchlorate concentrations. The lighting cycle mimicked the
natural diurnal cycle for Anchorage, Alaska and the average water temperature during the
experimental period was 13.5 £ 0.5° C. Salinity (4-5 g/L), pH (7.0-8.0) and ammonia (<1.9
mg/L total nitrogen (USEPA, 2013)) were measured with a YSI photometer model 9100
(YYellow Springs Instrument Co., Yellow Springs, OH, USA) periodically to check for
abnormal levels; none were detected. Perchlorate concentrations were measured using an
Acorn lon 6 meter (Oakton Instruments, Vernon Hills, USA) with a perchlorate ISE
electrode (Cole-Parmer, Vernon Hills, IL, USA). Fry (<2 months old) were fed live brine
shrimp and a mixture of Golden Pearls 100 (a commercial larval food), Artemia food (both
from Aquatic Ecosystems, Apopka, FL, USA), and frozen ground brine shrimp (Brine
Shrimp Direct, Ogden, UT, USA). Once large enough (at approx. 50 dpf), fish were fed
frozen brine shrimp daily. Perchlorate intake from food sources was assumed to be
negligible.

At the age of 12 months, fish were euthanized with an overdose of tricane methanesulfonate
(MS-222; Argent Chemical Laboratories, Richmond, WA, USA) and fixed in 10% neutral
buffered formalin. After 14-20 days, fish were thoroughly rinsed and transferred to 70%
undenatured ethanol for storage. Mineralized tissue was stained using alizarin red S. Digital
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calipers (Fowler High precision, Newton, Massachusetts, USA) were used to measure:
standard length (SL), body depth (BD), length of 2" dorsal spine (DS), length of left and
right pelvic spines (PS), height of plate anterior to the plate aligning with the ascending
branch of the pelvic girdle (AP), and height of the plate dorsal to the anal spine (PP; Figure
2). The number of lateral plates (LP) was also recorded. Both left and right sides of bilateral
characters were measured and added together. One individual researcher measured all fish in
this study to maintain consistency.

2.3. Statistical analysis

Morphometric (continuously distributed) characters were size corrected to control for
covariation of character size and body size (Bernhardt et al., 2011; von Hippel and Weigner,
2004). For each treatment, all bony characters were regressed against SL and the residuals,
slope and Y intercept were calculated. The y value for each character for each treatment was
then calculated using the regression equation with x set as the global mean of SL. Thisy
value was added to the residuals to standardize all characters to a fish of the same SL. When
the regression for a given treatment was non-significant it was discarded (~5% of
measurements), and size correction was calculated using a larger pool (within
concentrations) of individuals.

Concordance was determined from 30 (10 each from control, 30 and 100 mg/L) randomly
chosen individuals that were measured blindly a second time at least two days after the
initial measurement (Palmer, 1994). A concordance coefficient was calculated for
morphometric characters by dividing the smaller value by the larger value (von Hippel,
2000). In addition, for the three bilateral morphometric traits, a two-way mixed model
ANOVA - with side (fixed) and individual (random) as factors and trait as the dependent
variable - was utilized to test for directional asymmetry and to determine if measurement
error (ME) contributed significantly to between-side variance (Palmer, 1994).

Normality of dependent variables was determined by visually inspecting plotted data and
using the Shapiro-Wilk test. In most cases, due to small or uneven sample sizes, non-
parametric tests were used with significance set at a<0.05. Parametric tests were used only
when all assumptions were met. Density effects were evaluated for control fish by
regressing fish density in aquaria against trait values. Measurements of bony characters were
done on preserved fish, but ~ 50% of the SL, PS and BD measurements were conducted on
digital images of anesthetized fish using ImageJ (Rasband, 1997-2013). A t-test comparing
the measurements on live fish vs. preserved fish was used to determine if the methods
resulted in significantly different results. Mortality during the first 15 dpf and survivorship
at 374 dpf was compared between perchlorate concentrations and controls using ANOVA.

After size adjusting, treatments were compared using a Kruskal-Wallis test and non-
parametric Tukey multiple contrast test. Upshift and downshift exposure regimes were
analyzed separately and compared to controls. A Hotellings T2 test was used to test for
differences between upshift and downshift exposure regimes at each dpf across all measured
traits. Mann-Whitney U tests (with Bonferroni correction) were then used to test for
differences between upshift and downshift for each character at each dpf. Directional
asymmetry of bilateral morphometric traits was assessed using plots and a t-test (with
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Bonferroni correction) to determine if R-L was different from zero. Fluctuating asymmetry
was assessed using |R-L| for each trait value and differences between treatments determined
using a non-parametric Levene’s test (Palmer, 1994).

3. RESULTS

3.1. Density, validation, mortality and asymmetry

Mean perchlorate concentrations in aquaria were maintained within the target concentration
range for the duration of the experiment (Figure 3). Fish density in aquaria was statistically
associated with two of the five traits measured. After size correction, BD and PS were
negatively correlated with the number of fish per tank (slope = -0.029, t = -3.443, p <
0.001; slope = -0.047, t = -2.514, p =0.013, respectively). These effects were primarily
driven by two aquaria with only one or two surviving fish. Overall, fish density varied little
(mean + SE: 17+0.56 fish/tank on 19 June 2009 (time point near collection)), and DS, AP
and PP were not significantly affected by density, so we did not account for density in the
following analyses. Neither mortality in the first 15 dpf nor survivorship at one year of age
significantly differed between controls and fish exposed to different concentrations of
perchlorate (One-way ANOVA: F(1 109) = 0.48, p = 0.49; F(1,109) = 0.60, p = 0.44,
respectively).

The measurements taken on digital photos vs. direct measurements on fish resulted in no
significant differences in trait values with the exception of SL (SL, t = 23.04, df =563, p <
0.0001; BD, t = 0.83, df =980, p = 0.409; PS, t = 1.69, df = 901.45, p = 0.091). SL was
expected to differ between fish measured with alternate methods due to the different
collection times of samples for each measurement type (i.e., fish measured physically were
older) and all other measurements were size corrected. The mean concordance of repeated
measurements (n = 30) for all traits ranged from 0.84-0.98 (Table 2). The nested ANOVA
(side within individual) revealed that the measurement error was sufficiently large to mask
detection of fluctuating asymmetry in this study (Table 3; see also Supplementary Data).

3.2. Concentration and timing of exposure

The traits measured in this study varied in their response to perchlorate exposure. SL, PS
and PP showed significant trends (Figures 4 & 5). The measurements for BD, DS and AP
showed a weak trend or no response to perchlorate exposure (Figures 4 & 5). Overall,
concentration of perchlorate was more important than differential timing of exposure for
disrupting development of skeletal traits.

Body size measurements (SL and BD) significantly differed between perchlorate treated and
control fish (F = 18.632 373), p < 0.0001 and F = 36.27(7 367, p < 0.0001, respectively).
Mean SL was reduced compared to controls for fish in the 30 mg/L upshift exposure regime
that were continuously exposed starting in the first two weeks post fertilization (Figure 4A).
Only fish exposed beginning at 0 dpf in the 100 mg/L upshift regime had significantly
reduced SL (Figure 4B). The mean SL for all downshift treatments was equivalent to
controls regardless of perchlorate concentration. There was not a concentration-dependent
effect on SL, except with respect to the window of effect during early upshift treatments.
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Compared to controls, mean BD increased in almost all treatments and variance in BD was
greater in the 100 mg/L exposed fish than in the 30 mg/L exposed fish (Figure 4C & D).
Stickleback in the 100 mg/L upshift exposure regime had deeper bodies than control fish in
the 7, 14, 21 and 154 dpf treatments but not in 0, 3, 42 and 305 dpf treatments (Figure 4C).
All fish exposed to 100 mg/L perchlorate in the downshift regime had deeper bodies than
control fish, with the exception of the 154 dpf treatment. Concentration-dependent trends
were not present for BD, but the 100 mg/L downshift regime suggested a critical window
between 0 and 154 dpf (Figure 4D).

The mean DS was generally reduced with exposure to both concentrations of perchlorate
(Figure 4E & F). The only discernible temporal pattern was that as the date of rescue
(downshift) increased, mean DS tended to shorten in 100 mg/L exposures. Neither
concentration of perchlorate nor timing of exposure definitively affected DS.

The mean PS increased in all 100 mg/L exposures and decreased in all 30 mg/L exposures
(Figure 5A & B). Timing of exposure was not important to PS growth.

The mean response of the AP was variable, but tended to increase with 30 mg/L exposure in
the downshift exposure regime and variance in AP was greater for 100 mg/L treatments than
for 30 mg/L treatments (Figure 5C & D). Neither perchlorate concentration nor timing of
exposure had definitive affects on AP.

The mean PP was reduced in all 100 mg/L exposures with the exception of the 305 dpf
upshift treatment (Figure 5F). The 30 mg/L concentration did not affect PP phenotype. The
100 mg/L upshift regime suggests that PP can be repressed if perchlorate exposure occurs
anytime from fertilization to 154 dpf.

Upshift and downshift exposure regimes differed across all measured bony characters on 0,
3, 14 and 21 dpf for 100 mg/L exposure (T2 =13.0, p <0.01; T2=3.92, p<0.01; T2 =
11.07, p < 0.001; T2 = 11.36, p < 0.001, respectively) and 3 and 21 dpf for 30 mg/L
exposure (T2 =6.18, p < 0.01; T2 = 57.18, p < 0.001, respectively). The 100 mg/L
concentration had a greater effect on dermal bone development than the 30 mg/L
concentration, consistent with an expected concentration and response relationship.

3.3. Gross abnormalities

With respect to observed gross abnormalities, three control fish were missing all keel plates
on the left side. One control fish was missing all plates on the right side including keel
plates, but was normal on the left side. In 30 mg/L perchlorate contaminated water, two
individuals were missing keel plates on the left side and one individual was missing a left
PS. In 100 mg/L perchlorate contaminated water, one individual had a total of 20 plates on
the left and only 4 on the right, another individual was missing all keel plates on the right
side and another fish was missing a left PS. Transparency, defined as the lack of dermal
pigment and lateral plates, was not observed. The frequency of gross abnormalities found in
this study were concluded to be similar to that of natural populations because no perchlorate
treatment effects were observed.
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4. DISCUSSION

The upshift/downshift experimental was designed to detect sensitive windows during
development in which perchlorate exposure has the greatest effect on stickleback gross
morphology. The expected result was a concentration-response reduction in growth and
skeletal development with perchlorate exposure early in development having the greatest
effect. Results showed that sodium perchlorate exposure at environmentally relevant levels
(Carr and Patifio, 2011; Theodorakis et al., 2006a; Theodorakis et al., 2006b) affects gross
morphology of stickleback, but with differential responses depending on the specific
character measured. The results reported here are part of a larger study that included
measurements of thyroid tissue histomorphology and thyroid hormone levels in whole body
homogenates of stickleback from the same experimental groups. Whole body TH levels
were not affected by perchlorate exposure but thyroid tissue histomorphology was altered
and sensitive developmental windows were detected (Furin et al., p. XX, this issue). Our
results showed that timing of exposure is likely important in the development of some
skeletal characters as well.

Different concentrations of perchlorate and the timing and duration of exposure affected fish
growth measured as SL and BD. Chronic exposure to 30 mg/L beginning in the first 14 dpf
caused fish to have a reduced SL, while in the 100 mg/L exposure group, only those fish
exposed beginning on 0 dpf had significantly reduced SL (upshift; Figure 4B). This result is
consistent with other studies in which growth was reduced when fish were chronically
exposed to perchlorate (Bernhardt et al., 2011; Crane et al., 2005; Liu et al., 2008; Mukhi et
al., 2007; Schmidt et al., 2012). There may be a threshold concentration that triggers a
physiological change and a compensatory mechanism could explain the smaller window of
sensitivity at 100 mg/L (e.g., perchlorate uptake mechanisms might become saturated or fish
may eliminate perchlorate at a greater rate when exposed to higher concentrations (Furin et
al., 2013)).

SL was significantly affected by continuous exposure to 30 mg/L perchlorate if it began
during the first two weeks post fertilization. In contrast, fish rescued within 14 dpf showed
no effect of perchlorate on SL. Therefore, the effect of perchlorate on SL is likely not driven
by exposure only during early development. Compensatory growth in which early deficits
are made up for later in development could mask those early effects, but were not measured
in the current study. Under natural conditions, reduced growth would have fitness
consequences and the timing and duration of perchlorate exposure should be considered
when evaluating risk at contaminated sites.

Most exposure windows in both 30 mg/L and 100 mg/L produced fish with deeper bodies
than controls (upshift and downshift; Figure 4C & D). BD increased in all exposure
treatments except when exposure began on 0 dpf in 100 mg/L. Being the longest duration of
exposure, this is a puzzling result and further study is needed to verify these findings.
Hyperplasia due to adenomatous goiter could contribute to a deeper BD measurement and
has been demonstrated in previous studies (Honma et al., 1977). BD increased with delayed
exposure in 100 mg/L upshift treatments through 14 dpf, but was consistently high for all
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exposures in 30 mg/L (Figure 4C & D). Body size metrics of stickleback responded to
perchlorate differently depending on exposure concentration and timing of exposure.

The PS demonstrated a concentration-dependent response, with an increase in mean spine
length in 100 mg/L and a decrease in 30 mg/L treatments, as compared to control fish
(Figure 5A & B). Perchlorate exposure at 250 mg/L has previously been shown to inhibit
pelvic fin development in zebrafish (Brown, 1997). This result was observed for PS in the
present study for 30 mg/L but not 100 mg/L exposures, suggesting possible compensatory
mechanisms at the higher concentration. Similarly, TH deficiency causes abnormal pectoral
fin development in Japanese flounder (Okada et al., 2003) and African barbs (Shkil et al.,
2012) and prevents normal caudal fin regeneration in medaka (Sekimizu et al., 2007).
Brown (1997) observed larger paired fins in 65 dpf zebrafish exposed to potassium
perchlorate with late rescue (56 dpf) using T4. Also, Shkil et al. (2012) observed some early
pectoral girdle developmental effects of hypothyroidism in zebrafish and African barbs, but
the adult morphology was minimally affected. T4 treatment generally causes premature
differentiation and abnormalities in pectoral fins of zebrafish (Brown, 1997), barbs (Shkil et
al., 2012; Smirnov et al., 2012), goldfish (Carassius auraius) (Reddy and Lam, 1992a),
chum salmon (Onchorhyncus keta) (Dales and Hoar, 1954), and tilapia (Oreochromis
mossambicus) (Reddy and Lam, 1992b). These studies demonstrate that paired fin
development is at least partially controlled by TH and perchlorate exposure may disrupt this
process.

The DS in 100 mg/L downshift treatments tended to be longer with earlier rescue (Figure
4F). In contrast, when transferred out of perchlorate during the first two weeks, the DS in 30
mg/L treatments was significantly shorter than in control fish. This finding suggests either
that the onset or the rate of character development is altered with perchlorate exposure
during the embryonic stage. The difference in concentration response could be that the 100
mg/L early rescue resulted in either early differentiation or compensatory growth as seen in
the PS. Further study is needed to determine the underlying mechanisms.

An unexpected result was that in some stickleback, the adult phenotype for BD, PS, DS, PP
and AP was altered when perchlorate exposure occurred only during the first 3-7 dpf. Given
that the embryo’s source of T4 and T3 is maternal at this early stage of development (Power
et al., 2001), and the expression of NIS and formation of functioning thyroid follicles begins
sometime between 8 and 11 dpf (A. Petersen, J. Postlethwait, W. A. Cresko, C. L. Buck and
F. A. von Hippel, unpublished data), hypothyroidism via perchlorate is likely not driving
these effects. Perchlorate may alter the timing and/or rate of development of some traits
through non-thyroidal pathways as has been demonstrated in gene expression studies
(McDougal et al., 2011). NIS is present in non-thyroidal tissues of vertebrates, such as
mammary glands, the gastric mucosa, salivary glands and kidneys (Josefsson et al., 2002).
Different effects of perchlorate, such as induction of osmatic or oxidative stress, should also
be investigated.

Taken together, our results show that perchlorate exposure from ambient water causes
abnormal development of the stickleback dermal skeleton. Overall, 100 mg/L exposures
affected bony characters to a greater degree and with more variance around the mean than
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30 mg/L exposures. Comparing all characters, the upshift and downshift exposure regimes
differed significantly from each other for four different dpf in 100 mg/L and for two in 30
mg/L treatments, both within the first 21 dpf. This result suggests that higher concentrations
of perchlorate cause a greater degree of abnormal development and the first 21 dpf represent
a critical developmental window for disruption of skeletal traits. Many developmental
milestones occur within this window (e.g., pigmentation, heart beating, fin development,
etc.), including functioning thyroid tissue (Swarup, 1958b). Concentration of perchlorate is
important in relation to skeletal development in threespine stickleback as previously
demonstrated (Bernhardt et al., 2011) with some possibility for non-thyroid driven
responses.

TH deficiency and TH excess both have effects on individual skeletal structures in fish,
including over- or under-development (Okada et al., 2003; Shkil et al., 2012). Shkil et al.
(Shkil et al., 2012) concluded that for barbs and zebrafish, skeletal elements that originate
early, such as the first skull bones, and ossification of most vertebral centra, are not TH
dependent but that some elements arising later, including neural arches and spines in the
vertebral column and fin rays in dorsal and anal fins, are TH dependent. Assuming that the
main toxic effect of perchlorate is hypothyroidism caused by disruption of TH homeostasis,
this study corroborates earlier conclusions from other fish studies for some traits in
stickleback. The DS (100 mg/L), PS (30 mg/L) and PP (100 mg/L) were all reduced (Figures
4 & 5) and develop late in stickleback ontogeny (Bell, 1981; Swarup, 1958a). The late
development conclusion is confounded, however, by toxicant concentration, as seen in PS
(Figure 5) and PP (Figure 4), and the potential for compensatory growth, which has been
documented for skeletal structures with T4 rescue (Brown, 1997). Additionally, plasma TH
levels are correlated with metamorphosis, season, migration, salinity and sexual maturity in
fish (Blanton and Specker, 2007; Carr and Patifio, 2011; Peter, 2011), and hence thyroid-
disrupting compounds such as perchlorate may have different complex interactions at
different times during development (Brown, 1997; Carr and Patifio, 2011). Furthermore,
non-thyroidal effects of perchlorate may be important.

Future work should focus on the first 21 dpf when perchlorate exposure has its greatest
apparent effect. Choosing skeletal characters that develop across different stages of
ontogeny would provide information on the influence of perchlorate at those particular
stages. Age of fish at collection, specific characters measured and timing/duration of
perchlorate exposure should be carefully considered when designing experiments to evaluate
hypothalamus-pituitary-thyroid axis effects. Including a positive control such as iodide
deficiency or another thyrotoxicant with a different mode of action could help to distinguish
direct from indirect mechanisms of perchlorate on skeletal development. Finally, given the
wide range of phenotypes induced by perchlorate exposure, future work should examine
molecular mechanisms that lead to different outcomes.

5. Conclusion

This study demonstrates the existence of complex relationships involved with perchlorate-
induced disruption of TH homeostasis and its influence on skeletal development in
stickleback. TH does not have a blanket effect on rate of development (Shkil et al., 2012).
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Rather, differences in the rate of development and/or induction period that cause skeletal
abnormalities likely depend on the particular skeletal element, concentration of perchlorate,
and duration and timing of exposure. Chronic perchlorate exposure beginning early in
development has the greatest potential for causing deleterious effects on fitness related to
growth and skeletal morphology in stickleback.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Perchlorate exposure regime. This protocol was used for both 30 and 100 mg/L exposures

with three replicates at each dpf. Zero dpf downshift fish were exposed during fertilization
and for 15 minutes post fertilization before their transfer to clean water.
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Figure 2.
Morphometric measurements made on threespine stickleback. Photo courtesy of Jeff

Colgren (UAA). Pectoral and caudal fins have been clipped on this individual.
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Figure 3.
Mean + SE perchlorate concentrations in individual aquaria over the course of the

experiment (July 12, 2008- July 1, 2009). Each point represents one aquarium.
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Figure 4.

Mean + SE of standardized trait lengths of threespine stickleback in each treatment. Upshift
= fish began in clean water and were transferred to contaminated water. Downshift =
reciprocal of upshift. Significant differences at a<0.05 indicated by: (U) between upshift
and control, (D) between downshift and control, (R) between upshift and downshift regimes.
The solid horizontal line is the control mean and the dashed lines are the SE around the
control mean.
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Figure 5.
Mean + SE trait lengths of threespine stickleback in each treatment. Upshift = fish began in

clean water and were transferred to contaminated water. Downshift = reciprocal of upshift.

Significant differences at a<0.05 indicated by: (U) between upshift and control, (D) between
downshift and control, (R) between upshift and downshift regimes. The solid horizontal line
is the control mean and the dashed lines are the SE around the control mean.
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Concordance of morphometric measurements of threespine stickleback. The smaller value was divided the by
the larger value of each trait measurement and then averaged over all individuals to determine the strength of
correlation between repeated measures; n = 30.

Trait Concordance
SL 0.98
Body Depth 0.96
Dorsal Spine 0.90
Pelvic Spine L 0.94
Pelvic Spine R 0.94
Posterior Plate L 0.84
Posterior Plate R 0.86
Anterior Plate L 0.94
Anterior Plate R 0.94
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